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Preface to the Series

A major challenge confronting pharmaceutical scientists in the future will be
to design successful dosage forms for the next generation of drugs. Many of
these drugs will be complex polymers of amino acids (e.g., peptides, pro­
teins), nucleosides (e.g., antisense molecules), carbohydrates (e.g., polysac­
charides), or complex lipids.
Through rational drug design, synthetic medicinal chemists are prepar­

ing very potent and very specific peptides and antisense drug candidates.
These molecules are being developed with molecular characteristics that
permit optimal interaction with the specific macromolecules (e.g., receptors,
enzymes, RNA, DNA) that mediate their therapeutic effects. Rational drug
design does not necessarily mean rational drug delivery, however, which
strives to incorporate into a molecule the molecular properties necessary for
optimal transfer between the point ofadministration and the pharmacologi­
cal target site in the body.
Like rational drug design, molecular biology is having a significant im­

pact on the pharmaceutical industry. For the first time, it is possible to
produce large quantities ofhighly pure proteins, polysaccharides, and lipids
for possible pharmaceutical applications. Like peptides and antisense mole­
cules, the design ofsuccessful dosage forms for these complex biotechnology
products represents a major challenge to pharmaceutical scientists.
Development of an acceptable drug dosage form is a complex process

requiring strong interactions between scientists from many different divi­
sions in a pharmaceutical company, including discovery, development, and
manufacturing. The series editor, the editors of the individual volumes, and
the publisher hope that this new series will be particularly helpful to scientists
in the development areas of a pharmaceutical company (e.g., drug metabo­
lism, toxicology, pharmacokinetics and pharmacodynamics, drug delivery,

ix



x Preface to the Series

preformulation, formulation, and physical and analytical chemistry). In ad­
dition, we hope this serieswill help to build bridges between the development
scientists and scientists in discovery (e.g., medicinal chemistry, pharmacol­
ogy, immunology, cell biology, molecular biology) and in manufacturing
(e.g., process chemistry, engineering). The design ofsuccessful dosage forms
for the next generation ofdrugs will require not only a high level ofexpertise
by individual scientists, but also a high degree of interaction between scien­
tists in these different divisions of a pharmaceutical company.
Finally, everyone involved with this series hopes that these volumes will

also be useful to the educators who are training the next generation ofphar­
maceutical scientists. In addition to having a high level of expertise in their
respective disciplines, these young scientists will need to have the scientific
skills necessary to communicate with their peers in other scientific
disciplines.

RONALD T. BORCHARDT
Series Editor



Preface

The application of native proteins or polypeptides as therapeutically useful drugs,
e.g., insulin, factor vm, has been in practice for several decades; however, with the
recent advent of recombinant DNA technology, the number of protein and peptide
drugs and drug candidates has increased exponentially. Currently, eight recombinant
proteins are commercially available: human growth hormone, insulin, interferon-a,
tissue plasminogen activator, erythropoietin, granulocyte colony stimulating factor,
factor vm, and hepatitis B vaccine. In 1988, it was estimated that over 250
companies worldwide were developing nearly 100 recombinant proteins I as human
and veterinary products. Today, there are 132 biotechnology-based drugs and vac­
cines in development with 21 of these awaiting FDA approva12; this number is much
larger with many near FDA approval. In addition, nonrecombinant proteins, such as
antibodies, and peptides are being used and developed for therapeutic purposes.
These peptide and protein products of biotechnology present a unique spectrum of
problems for the pharmaceutical scientist as well as the pharmacologist. Besides the
fact that these molecules are often involved in many biological responses and
activities which are not fully understood, the size and complex physiochemical nature
of these molecules result in significant delivery limitations enforced by physiological
phenomena. These biological barriers are a composite of cellular linings, e.g.,
epithelia and endothelia, metabolism, immunology, clearance, and the physical laws
that govern solute diffusion. Consequently, the traditional approaches to drug deliv­
ery are not likely to be successful. Rational approaches to development of delivery
strategies for proteins evolve from an understanding of the nature of these biological
barriers at a fundamental level.

The scope of this volume is a current and critical review of information
regarding peptide and protein transport and metabolism as it relates to delivery of
endogenous (physiological ligands) and recombinant proteins to mammalian organs,
tissues, and cells. Although not always possible due to the paucity of information
available, each chapter emphasizes mechanisms of transport including quantitative
evidence and structure/function (cause/effect) relationships. This volume is intended

ICopsey, D. N., and Delnatte, S. Y. 1., Genetically Engineered Human Therapeutic Drugs,
Stockton, New York, 1988.
2Pharm. Manufact. Assn., Products in the Pipeline, BiolTechnology 9:947-949, 1991.
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xii Preface

to be a comprehensive, state-of-the-art treatise for use by academic and industrial
scientists who either are just beginning or are entrenched in the field of protein drug
delivery. The objective was neither to promote particular model systems nor to
attempt to develop in vivo-in vitro correlations. Rather, appropriate examples of both
in vivo and in vitro systems are used to convey our present understanding of the
various barriers from a structural and functional viewpoint. Our hope is that this
volume will further entice collaborative interactions between pharmaceutical scien­
tists and cell biologists, biochemists, physiologists, and immunologists.

The book begins with the role of tight junctions in limiting and controlling the
diffusion of peptides/proteins across cellular barriers. Albeit an insignificant path­
way for most proteins due to their size, the tight junction is an important physical
barrier which may potentially be manipulated pharmacologically. Several chapters in
the section on cellular characteristics focus on the vesicular trafficking of proteins
into the cell via endocytosis and the various environmental attributes that the protein
encounters in this pathway. Besides the implications for targeting intracellular sites,
the process of membrane trafficking is paramount to later chapters detailing the
transcellular movement of proteins in epithelium and endothelium. The latter route is
generally regarded as useful only for delivery of potent agents due to the limited
capacity of this process. Within this section is included general metabolic, mostly
proteolytic, activities associated with cell surfaces and intracellular compartments.
All of these chapters not only point out attributes of the barrier that require avoidance
but also identify those attributes that can be exploited for the purpose of targeted
delivery.

Subsequent chapters key on specific cell types that comprise the major cellular
linings of skin, oral cavity, intestine, rectum, vagina, nasal passages, trachea, lung,
and vasculature. Although other epithelial cell barriers may be the subject of delivery
strategies, e.g., ophthalmic, we generally decided to restrict the scope to barriers
where the blood compartment is the primary target. The vasculature-related chapters
are concerned with peripheral endothelium and blood-brain fluid barrier which
encompasses both endothelial and epithelial cell barriers. Each of these chapters
emphasizes different aspects of endothelial cell physiology with regard to protein
transport by highlighting different experimental approaches. Chapter 10 also de­
scribes the cellular mechanisms that control tight junction function.

The fact that most protein therapeutics are administered parenterally by intra­
venous or subcutaneous injection or infusion raises the issue of the fate of the
molecule once it has reached the vascular compartment and what governs its
movement into and out of the interstitial compartment. A combination of cellular
(transport phenomena) and metabolic barriers contribute to the clearance of proteins
from the blood by liver and kidney, each of which are detailed in separate chapters.
Related to clearance is the multifaceted barrier represented by the immune system
and this too is discussed in this book. The movement of proteins within tissues has
been separated into two chapters. One chapter reviews those variables controlling
diffusion of protein within most tissues, including those with lymphatic involvement,
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using tumors as a model. The other chapter focuses on the movement of proteins
within the unique brain parenchymal tissues and should prove timely in light of the
interest in treatment of neurological disorders with neurotropic proteins.
Last, we thank of all of the authors for their valuable and timely contributions.

We hope the information will provide the reader with an essential appreciation for the
obstacles, and the potentially useful attributes, that characterize these various barriers
and that face today's protein drug delivery scientist.

KENNETH L. Auous
THOMAS 1. RAUB
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Chapter 1

The Paracellular Pathway

A Small Version of the Kidney Nephron

Marcelino Cereijido, Octavio Ruiz, Lorenza

Gonzalez-Mariscal, Ruben Gerardo Contreras,

Maria Susana Balda, andM. R. Garda-Villegas

1. INTRODUCTION

The paracellular pathway is an aqueous, extracellular route across endothelia and
epithelia that is followed by substances according to their size and charge. Although
under certain circumstances it may be traversed by objects as large as leukocytes, it is
generally used by water and small solutes. Under normal circumstances, proteins can
only permeate through endothelia and a few types ofepithelia, such as the glomerular
and choroidal ones (Renkin and Gilmore, 1973; Kluge et al., 1986). It is limited by a
tight junction (TJ) placed at the outermost end ofthe intercellular space (Fig. 1). Since
this structure was first-and for many years-studied in epithelia like the frog skin
and the urinary bladder, where it almost completely obstructs the passage of all
substances, it is usually called a "tight" or "occluding" junction. In epithelia that
separate two compartments with different compositions (e.g., the frog skin, the colon
mucosa, the kidney collecting tubule), the TJ is in fact very restrictive and the amount
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Figure I. (Clockwise) Schematic representations of an epithelium. Six epithelial cells form tight
junctions that severely restrict the escape of substances from the lumen (UJM.). Two adjacent epithelial
cells fonn tight junetioos, adherent juoctions (1.1.), desmosomes (0), and gap junctions (G.1.). Lateralside
of an epithelial cell: while the filaments of the tight junctions form a continuous belt that completely
surrounds the cells at the apica1lbasolateral border, desmosomes and gap junctions only occur at a discrete
spot. Strands are represented at a higher magnification to illustrate hypothetical ion channels, which can
be in an open or a closed state. Current may only flow through the channels that are open at a given
moment.

of substances flowing through the paracellular pathway is almost negligible. On the
contrary, in epithelia separating two compartments with similar ionic composition,
and that have to translocate a relatively large volume of fluid in a short time (e.g., the
kidney proximal tubule, the gallbladder mucosa), the TJ is quite leaky and the
paracellular pathway may account for up to 90% of the transepithelial flux. When the
TJ is so leaky, the rate of permeation through the paracellular pathway may also be
restricted by the narrowness and tortuosity of the intercellular space, as well as by the
composition of the extracellular matrix (Cereijido, 1991).
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TJs are also observed in endothelia, in the myocardium of the fetal heart, and
even between two domains of the same cell, such as in Sertoli cells of the adult human
testis. This review focuses on TJs established between neighboring epithelial cells.

2. THE STRUCTURE OF THE TIGHT JUNCTION

The tightness of the TJ, evaluated through the value of the transepithelial
electrical resistance (TER) (see Reuss, 1991) or through the transepithelial flux of
tracers (see Contreras et al., 1991), may be as low as 8 O·cm2 (e.g., the proximal
tubule of the kidney; Boulpaep and Seely, 1971) or as high as several thousand ohms
per square centimeter (e.g., the colonic mucosa, the epithelium of the urinary
bladder; Civan and Frazier, 1968). Thirty years ago, the low TER and the high
permeability of epithelia like the mucosae of the small intestine and the gallbladder
were attributed to cell damage due to experimental handling. However, the observa­
tion that in spite of their low TER and high permeability these epithelia do transport
an appreciable amount of water, sugars, amino acids, and so forth, led to the concept
that they possess a route of high permeability that is not artifactual. Eventually,
several lines of evidence coincided in demonstrating that this route of high perme­
ability proceeds through the paracellular space and not through the cytoplasm of the
epithelial cell: (1) Epithelia like the intestinal mucosa have pores with radii of some
3-4 nm (Lindemann and Solomon, 1962), yet these large pores are not found in the
plasma membrane, whose pores have a radius of only 0.4 nm (Paganelli and
Solomon, 1957; Sidel and Solomon, 1957). (2) The electrical resistance offered by the
transcellular route (the sum of the resistances of the apical and the basolateral plasma
membranes arranged in series) is much higher than the electrical resistance measured
through the whole epithelium (Stefani and Cereijido, 1983), indicating that the
current circumvents the cells. (3) When the current flowing through the epithelium is
scanned with a glass microelectrode moved close to the apical surface of the cells, it is
observed to cross through intercellular spaces and not through cell bodies (Fromter
and Diamond, 1972; Cereijido et al., 1980a).
In transmission electron microscopy (TEM), the TJ appears as a series of

punctuate contacts between neighboring epithelial cells at the limit between the apical
and the basolateral side (Fig. 1). TEM also shows that diffusion of extracellular
markers such as hemoglobin, ruthenium red, and peroxidase is stopped at the level
of the TJ (Miller, 1960; Kaye and Pappas, 1962; Kaye et al., 1962). Permeation of
these markers is only possible when the TJ is opened by removal of Ca2+ , modifica­
tion of the osmolarity of the bathing media, pharmacological agents, etc.
In the P face of freeze-fracture replicas, the TJ appears as a flat meshwork of

anastomosing strands that are grouped in a narrow belt that runs at the limit between
the apical and the basolateral side, close to the free surface of the epithelium, and that
surrounds the whole cell. In the E face offreeze-fracture replicas, the TJ appears as a
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complementary meshwork of anastomosing grooves. Transitions between P and E
faces show that strands and grooves are in register, justifying the assumption that
strands occupy the grooves in the fresh tissue. The strands observed in freeze-fracture
replicas correspond to the punctuate contacts observed by TEM. Their chemical
nature is not known. However, the observation that inhibitors of protein synthesis
block junction formation (Cereijido et al., 1978, 1981) and that in some epithelia
junctional development depends on the presence of proteases (Polak-Charcon, 1991),
suggest that strands are constituted by polypeptides. Although there are three
peptides known to be closely and specifically associated with the TJ, they are located
too far from its lips to constitute the strands themselves (Stevenson et al., 1989b; Citi
et al., 1988; Chapman and Eddy, 1989). Kachar and Reese (1982) and Pinto da Silva
and Kachar (1982) have proposed instead that each strand is a long cylindrical micelle
in which the polar heads of lipid molecules are oriented toward the axis.
The number of strands in the junctional belt of different tissues varies from

one to ten or even more, and the TER value is observed to increase accordingly
(Claude and Goodenough, 1973). Yet this increase is not linear, as would be expected
from the addition of resistors in series, but exponential. This led Claude (1978) to
suggest that strands may be traversed by aqueous channels that fluctuate between an
open and a closed state. Figure 2A illustrates four segments of TJ with one channel
each; obviously, the TJ is conductive only in the fourth situation, i.e., when both
channels are simultaneously open. Therefore, a junctional belt with two strands
would not have twice the electrical resistance of a belt with one strand, but four times
as much. However, this explanation also holds for TJs with a single channel in each
strand. A TJ several dozens of microns long (Fig. 2B) is expected to have instead a
large population of channels, and current may cross successive strands by any of the
channels that may be open at a given moment. For this reason, we have suggested
(Cereijido et al., 1989a): (1) that strands may be constituted by segments that are
electrically compartmentalized, so that the situation described in Fig. 2B may be
avoided; and (2) that this compartmentation may be afforded by anastomosing strands
that cross from a given row to the next (Fig. 2C). This role of resistive segments that
are not primarily interposed in the route of the flowing current, would seem at first
paradoxical; yet Figs. 3 and 4 illustrate that, according to this model, the resistance
of the paracellular pathway is highly sensitive to the electrical compartmentation
of the strands, which is afforded by anastomosing segments. In this way, while the
number of strands varies from one to ten, the TER value in different epithelia may
range over several orders of magnitude, as is the case with transporting epithelia.
The permeability of the paracellular pathway also varies with the amount of

intercellular cleft (Fig. 5). Other aspects being equal, an epithelium whose cells are
smaller and with borders more interdigitated, would have a longer intercellular cleft
per square centimeter and, accordingly, a higher paracellular permeability. A dra­
matic example of these differences is given by the mammalian ileum and the toad
urinary bladder, two epithelia that exhibit roughly the same average number of
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Figure 2. (A) Segment of a TJ with two strands. at four different moments. It is only conductive when the
two channels coincide in the open state. (B) Since each strand is supposed to contain a large number of
channels. current (arrows) may flow through any channel that is open at a given time. Assuming that the
channel has an open probablity of0.5, the conductance ofa TJ with two strands is one-halfthat of aTJ with
one strand. (C) Because of the compartmentation provided by frequent anastomoses between strands,
current flowing through a given segment of strand can only utilize a restricted number of channels to cross
the next strand. If the open probability of the channel is 0.5, aTJ with two strands will have one-quarter the
conductance of a TJ with only one strand.

strands in their TJs, but whose TERs are around 200 and 10,000 OIcm2, respectively
(see Madara, 1991).
A given epithelium is usually constituted by more than one cell type, and the

structure of the TJs that they establish may show considerable variations in the
number and arrangement of their strands. Marcial et aI. (1984) developed a
morphological/electrical analysis that predicts the TER value of a given epithe­
lium by adding the partial contribution of each segment according to its length and
number of strands. This analysis allowed Madara and Dharmsathaphorn (1985) to
correctly predict increments in TER of monolayers of T84 cells (human colonic) in
which the pattern of the TJs varied as a function of time after plating.
The number and arrangement of the strands, as well as the length of the

intercellular cleft, may not be the only factors affecting the permeability of the
paracellular pathway. Thus, two subclones of the same cell type [Madin-Darby
canine kidney (MDCK)], plated at equal density, have TJs that are almost identical,
yet the TER of one is 300% higher than the other (Gonzalez-Mariscal et aI., 1989;
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The Paracellular Pathway 9

Figure 5. An epithelium may have a much higher paracellular penneability than another epithelium,
with identical TJs, if its cells are smaller and more interdigitated, by virtue of having a larger amount of
paracellular pathway per square centimeter.

Stevenson et ai., 1989a). Furthermore, the TER value in a given monolayer ofMDCK
cells may be reversibly increased by 305%, without a noticeable modification of the
freeze-fracture pattern, by changing the incubation temperature from 37°C to 4°C and
back to 37°C (Gonzalez-Mariscal et ai., 1984). It is interpreted that these variations in
TER, which cannot be accounted for by alterations of the anatomical structure of the
TJ, may be due to differences in the behavior of the flickering channels depicted
in Fig. 2.

3. JUNCTIONS AND CELL·ATTACIllNG MOLECULES THAT
COMPLEMENT THE ROLE OF THE TIGHT JUNCTION

The observation that the diffusion of extracellular markers such as hemoglobin,
peroxidase, and ruthenium red is stopped at the level of the TJ, together with the fact
that this structure is the only continuous formation that completely encircles the cell,
indicate that it is indeed a diffusion barrier. Whether it is also a cell-cell attachment
element is not known. Cell-cell attachment seems to be due instead to structures such
as adherens junctions (ZA) and desmosomes (D). There seems to be a high degree of
coordination between these structures and the TJ, as well as with gap (communicat­
ing) junctions. Thus, raising the Ca2+ concentration in the incubating medium from
the micromolar to the millimolar range provokes drastic changes in the distribution of
vinculin and actin and results in the sequential formation of ZA, D, and TJs (O'Keefe
et ai., 1987; Gonzalez-Mariscal et ai., 1985; Pasdar and Nelson, 1988a,b).

Cell-cell adhesion also depends on molecules of uvomorulin (or L-CAM),
localized mainly on the extracellular side of the ZA (Boller et ai., 1985), though it
might also be found in other positions along the lateral surface of the cells (Wang
et ai., 1990). The use of antibodies against uvomorulin blocks the assembly of all
elements of the junctional complex, emphasizing the high degree of interdependence.
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In contrast, the TER ofepithelial monolayers is not appreciably affected by treatment
with antibodies to uvomorulin, suggesting that while this molecule is essential for de
novo assembly of TJs, it might not be required to maintain already established
junctions (Gumbiner et al., 1988).

4. THE PHYSIOWGY OF THE PARACELWLAR PATHWAY

The paracellular pathway predominates over the transcellular route in epithelia
that separate two compartments with analogous chemical composition, and that·
translocate large amounts of fluid. Because of the similarity of the two media
separated by these epithelia, gradients are very small, and large fluxes are due to the
relatively high permeability of the TJ. Translocation through the paracellular pathway
is primarily passive, i.e., fluxes are driven by electrochemical potential gradients (the
sum of potentials arising from differences in concentration, electrical potential, and
hydrostatic pressure between the two sides of the epithelium). The degree of
discrimination between chemical species flowing through this route is very low. Thus,
while the Na+ :K+ discrimination of a carrier or a pump may be higher than 100:1,
in the paracellular pathway it is only 2:1. Under some circumstances, the flux of a
substance may be propelled by the force arising from the electrochemical potential
gradient of a second substance. This coupling between fluxes and forces gives rise to
phenomena such as electroosmosis, streaming potentials, solvent drag, codiffusion,
and so forth.
Of course, this does not mean that when a neutrophile crosses the paracellular

route its movement is independent of metabolic energy, nor that fluxes might not be
secondarily driven by active processes. Thus, NA+,K+ pumps located on the lateral
sides of the cells, may pour large quantities of Na+ into the interspace; since this
compartment has a small volume, its concentration ofNa+ plus the accompanying co­
ion (usually Cl-) becomes high, and this condition has two consequences: (1) the high
osmolarity draws water from the outer bathing solution across the TJ; and (2) it
develops a hydrostatic pressure that drives the content of the interspace, in bulk,
toward the serosal side (Curran and Mcintosh, 1962; Diamond, 1962). Reuss (1991)
has made a detailed description of these processes as well as the methods used to
study them.

The structure of the TJ and the permeability of the paracellular space are known
to change drastically to accommodate physiological needs. For example, the TJ
between chloride cells of aquatic organisms is relatively simple and shallow when
fish are adapted to sea water, but changes to a wider and elaborated pattern when they
are transferred to estuaries or rivers and the osmotic gradient between their plasma
and the medium becomes more steep (for a recent review see Karnaky, 1991).

Contact of glucose solutions with the apical region of intestinal cells produces
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focal separations between junctional strands and increases paracellular permeability
(Madara and Pappenheimer, 1987). Interestingly, these effects of glucose are inhib­
ited by agents such as phlorizin, a specific blocker of NA+/glucose cotransporters
which are not located along the paracellular route, but in the apical membrane. This
indicates that the sugar penetrating into the cytoplasm of the cells, acts indirectly
on the T1. Even under the blockade of Na+/glucose cotransporters elicited by
phlorizin, the effects on the TJ and paracellular permeability may be elicited by the
activation ofothercotransporters, such as the one translocating Na+/alanine. Accord­
ing to Madara (1991), Na+ and glucose penetrate across the apical membrane from the
lumen into the cytoplasm during the absorption that follows ameal; Na+ ,K+-ATPases
located at the basolateral membrane extrude this Na+ toward the intercellular space,
thus developing an osmotic gradient between the solution in the intestinal lumen and
the one in the intercellular space of the epithelium, i.e., across the T1. In parallel with
this process, a cascade of intracellular events provokes a modification of the
cytoskeleton that would in turn decrease the restriction offered by the TJ resulting in a
high solvent drag of glucose along the intercellular space. Madara and Pappenheimer
(1987) and Pappenheimer and Reiss (1987) suggest that above 250mM glucose in the
lumen, this flux of glucose through the paracellular route is comparatively larger than
the one crossing through the cytoplasm via cotransporters. On the basis that the
concentration of glucose in the lumen after a meal is about twice that figure, these
authors suggested that solvent drag through the paracellular pathway is the principal
route for intestinal translocation of glucose. However, Diamond (1991) pointed out
that there must be an error in the reasoning by which these authors reached their
conclusion, because (I) the poor discrimination of the paracellular route would allow
toxic substances of small molecular size to pass and intoxicate the organism; (2) in
vitro studies of the small intestine indicate that most of the glucose translocation
occurs through highly specific carriers; (3) glucose absorption is virtually absent in
human infants with congenital defective glucose carriers.
The permeability of the paracellular pathway is affected by the status of the

cytoskeleton. Cytochalasin B, a drug that affects actin, blocks junction formation in
monolayers of MDCK cells (Gonzalez-Mariscal et ai., 1985) and opens already
sealed TJs (Meza et ai., 1980). Electrical studies by Meza et ai. (1982) demonstrate
that these effects are not due to cell damage, but to an enhancement of paracellular
permeability. Cytochalasin B also affects the Necturus gallbladder epithelium in a
complex way: below 1.5 jLM it increases the TER, but at higher concentrations it
has an opposite effect (Bentzel et ai., 1980). Cytochalasin D increases the paracel­
lular flux of small inert hydrophilic solutes in the intestine (Madara et ai., 1986). It
also decreases the TER in monolayers ofT84 cells. Phalloidin, another actin-affecting
drug, produces a rearrangement of hepatocyte TJs and increases permeation to La3+
(Elias et ai., 1980). In keeping with these effects, immunofluorescence studies of the
distribution of actin microfilaments show that they form a continuous ring that circles
the membrane on the cytoplasmic side, in close contact with the adherent junctions
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(Hirano et al., 1987). Upon addition of cytochalasin D, the actinomyosin ring
contracts and this effect induces the opening of the paracellular pathway (Madara
et al., 1986).

On the contrary, microtubules do not seem to participate in the modulation of the
paracellular pathway. Thus, immunofluorescence studies of the distribution of tubulin
indicate that microtubules are located toward the nuclear region, far from the TJ.
Colchicine, a poison that completely distorts microtubules, fails to produce any
appreciable effect on the permeability of the paracellular pathway (Meza et al. , 1980).

The permeability of the paracellular pathway is also sensitive to drugs that affect
the intracellular concentration ofcAMP (see Bentzel et al., 1980, 1991; Duffey et al.,
1981; Balda, 1991; Balda et al., 1991).
Chapter 10 provides a detailed discussion on the sieving properties of the TJ, i.e.,

according to size, shape, and charge selectivity.

s. INTRACELWLAR STRUCTURES AND CHEMICAL SIGNALS THAT
CONTROL THE ASSEMBLY AND SEALING OF THE TIGHT
JUNCTION, AND THAT REGULATE PERMEATION THROUGH
THE PARACELWLAR ROUTE

There are several indications that TJs and the paracellular pathway are under
strict, albeit delicate cellular control: (1) Their structure and tightness in different
epithelia exhibit a wide range of variation so as to adapt the epithelium to specific
roles; (2) these variations also may be observed in the same epithelium, but in two
different physiological situations; (3) as mentioned above, TJs are known to respond
to changes in Ca2+ concentration, cAMp, osmolarity, pH, cytochalasin B and D,
perturbation of CAM molecules located far from the TJ itself, and so forth; (4) TJs
occupy a very precise position in these cells at the exact apicallbasolateral limit,
suggesting that it is the result of complex machinery for the synthesis, assembly, and
vectorial delivery of its components to the cell membrane.
TJ formation may be easily studied in monolayers of MDCK cells plated at

confluence on a permeable support. Junction formation does not require the synthesis
of new mRNA (Cereijido et al., 1978) unless the cells have been harvested from
sparse cultures (i.e., cells without cell-cell contacts) (Griepp et al., 1983). It does
require the synthesis of proteins (Cereijido et al., 1978). This synthesis may proceed
even if Ca2+ is kept at a low concentration (below 50 !J.M). However, at these low
Ca2+ concentrations, junctional components are not delivered to the plasma mem­
brane, but are retained in an intracellular compartment located beyond the Golgi
cisternae (Gonzalez-Mariscal et al., 1985). Addition of Ca2+ under such conditions
triggers a process of exocytosis that transfers the components to the membrane
surface (Gonzalez-Mariscal et al., 1990). Yet this ion does not seem to act, at least
initially, on an intracellular target, but at the level of the plasma membrane, where it
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activates Ca2+-dependent cell-attaching molecules. This requires the presence of
transducing steps that transmit the contact signal to intracellular effectors that are in
charge of delivering and assembling specific molecules to build the several types of
junctions spanning the intercellular spaces (Contreras et al., 1992a,b).

Balda et al. (1991) and Balda (1991) have shown that Ca2+ addition to MDCK
cells preincubated in Ca2+-free medium stimulates at least one G-protein in the
plasma membrane, and triggers a cascade of signals involving phospholipase C,
protein kinase C, and calmodulin (Fig. 6).

Synthesis, assembly, and sealing of the TJ also require the participation of other
junction-associated proteins, such as ZO-l, a 21O-kDa phosphoprotein (Stevenson
et al., 1986; Anderson et al., 1989), cingulin, a 140-kDa peptide (Citi et al., 1988),
and a 192-kDa peptide (Chapman and Eddy, 1989). Although these peptides are
exclusively associated with the TJs, their precise role is not understood.

6. RELATIONSHIP BETWEEN TIGHT JUNCTIONS AND APICAL/
BASOLATERAL POLARITY

Vectorial transport of substances across epithelia requires an asymmetric distri­
bution of mechanisms in the apical or in the basolateral poles of the cells (Koefoed­
Johnson and Ussing, 1953; see Cereijido et al., 1989b). Anatomically, these two
domains of the plasma membrane usually differ in area, density of intramembrane
particles, presence of microvilli, gap junctions, desmosomes, and so forth (Galli
et al., 1976; (Cereijido et al., 1980a; Gonzalez-Mariscal et al., 1985). They also differ
in the composition of their lipid matrix (van Meer et al., 1987), proteins (Caplan
et al., 1986; Simons and Fuller, 1985; Bartles et al., 1987), glycolipid molecules
(Lisanti et al., 1988, 1990), and the types of ion channels expressed (Ponce et al.,
1991; Ponce and Cereijido, 1991). Once these differences between the two poles of
epithelial cells are established by sorting processes (see Rodriguez-Boulan and
Nelson, 1989), they do not remain static, but are subject to intense recycling and
may be modified by a number of physiological signals and experimental manipula­
tions (Cereijido et al., 1989b).

For a long time, it was supposed that polarity was the result of a fence
constituted by the TJ at the apical/basolaterallimit (see Cereijido et al., 1988). Yet
even when the TJ may act as a fence to prevent the randomization of lipids (Dragsten
et al., 1981; van Meer and Simons, 1986; van Meer et al., 1986) and of proteins that
are not anchored to the cytoskeleton, and are therefore free to diffuse in the outer
leaflet of the plasma membrane (Nelson and Harnmerton, 1989; Nelson et al., 1990),
it cannot sort membrane components. There is now ample evidence that polarity
may be achieved in the absence ofTJs, and may even be modified in its presence (see
Cereijido et al., 1989b; Vega-Salas et al., 1987).

As a consequence of the polarized distribution of transporting mechanisms, the
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A B
Figure 6. Schematic view of the effect of Ca2+ (A) Cells incubated for 20 hr in Ca2+-free media have a
cytoplasmic vesicular compartment (VC) where junctional components might be stored. Extracellular
Ca2+ activates a highly glycosylated uvomorulin-like molecule and permits the attachment of neighboring
cells. This contact would stimulate PLC, which is connected to membrane receptors via two G-proteins (G'
and G") and converts PIP2 into IP3 and DAG. IP3 mobilizes Ca2+ from an internal reservoir (IR), IP4
decreases Ca2+ permeability, and DAG activates PKC. (B) This cascade of reactions provokes the
phosphorylation and incorporation of junctional components through exocytic fusion of the VC, and
activation ofcalmodulin (CaM). (C) Activation ofCaM causes actin filaments to organize into a continuous
ring that circles the cell (represented by the two groups of solid circles). TJs and other type ofjunctions are
established (gaps, adherens, etc., not shown), the paracellular space is sealed, and TER develops. (Taken
with permission from Contreras et al., 1992b, and News in Physiological Sciences.)
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plasma membrane surrounding the paracellular pathway has a very special set of
pumps, carriers, and channels. Thus, in most epithelia, the walls of the paracellular
route are rich in NA+ ,K+-ATPases. In this way, the paracellular pathway truly acts
as an assembly line that removes or adds specific ions and molecules to the
intercellular space as the flux proceeds from the apical to the basolateral end. In this
respect, the paracellular pathway may be considered a small version of the nephron.

Uvomorulin, a molecule that participates in the assembly and sealing of TJs,
also plays a role as inducer of cell polarity, for its transfection to fibroblasts is
sufficient to induce a polarized distribution of NA+ ,K+-ATPase, even when these
cells have no TJs (McNeill et al., 1990). Therefore, in principle, a variation of
paracellular permeability, that is certainly due to modifications in the tightness of
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the TJ, may in fact reflect a change in the degree of attachment of other intercellular
elements.

7. CONCLUDING REMARKS

Cells from transporting epithelia have two basic characteristics: (I) they form
TJs that confer to the layer ofcells their ability to act as diffusion barriers; and (2) their
plasma membrane polarizes into an apical and a basolateral domain, an asymmetry
that enables them to transport substances vectorially. These cells are able to regulate
the degree of attachent between themselves and control the amount and nature of the
substances allowed to permeate the epithelium, either by traversing their cytoplasm
or by crossing through the paracellular pathway. When the two fluid compartments
separated by the epithelium have similar compositions and the volume to be trans­
located is large, the cells, by controlling the permeability of the TJ, allow an easy
passage of substances through the paracellular pathway. Furthermore, the structure
and permeability of the TJ and the paracellular pathway may be drastically changed in
response to a variety of signals, so as to adapt the epithelium to physiological
requirements. From the teleological point of view, all of these properties are quite
understandable and have a paramount importance. Yet we do not know at this moment
how the cell" senses" the difference in concentrations between the two sides, and how
this information triggers the mechanisms in charge of synthesizing, assembling, and
sealing a TJ, or how this structure is regulated.

One may foresee that in the near future, manipulation of permeation of peptides
and even proteins through the paracellular route will become a crucial medical
resource. This expectancy is based on: (I) the use of cultured monolayers of epithelial
and endothelial cells (Cereijido et al., 1978) to provide crucial information on the
molecular structure of the TJ; (2) the use of these models to provide essential
information on intracellular mechanisms and messengers that control the TJ, such as
cytosolic Ca2+, microfilaments, G-proteins, calmodulin (Meza et ai., 1980; Balda,
1991; Balda et ai., 1991); (3) the availability of suitable in vitro preparations and
detailed knowledge on mechanisms that control TJs, stimulating intensive research
on pharmacological agents that may affect them. Since epithelia and endothelia not
only constitute continuous sheets lining major biological compartments, but also
carry out and regulate the exchange of substances between them, these pharmacologi­
cal agents would act as keys allowing the selective access of antibiotics and antibodies
to the desired region of the organism.

In summary, paracellular spaces are potential routes for the transfer of almost
anything, ranging in size from a proton to a leukocyte, from one biological compart­
ment to another. We should develop suitable chemicals that act as keys to open such
routes.
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Chapter 2

Ectopeptidases

Nigel M. Hooper

1. INTRODUCTION

The surfaces of a wide variety ofmammalian cell types are rich in a group ofenzymes
that are responsible for the hydrolysis of a range of biologically active peptides. These
ectopeptidases are integral proteins of the plasma membrane, asymmetrically ori­
ented, with the catalytic site exposed at the extracytoplasmic surface (see Fig. 1). For
the majority of those ectopeptidases thus far characterized, the protein is anchored
in the membrane by a sequence of hydrophobic amino acid residues, probably in an
a-helical conformation (Fig. la). Recently, though, it has become apparent that at
least two peptidases are anchored by a complex glycosyl-phosphatidylinositol
structure covalently linked to the C-terminal amino acid of the polypeptide chain
(Fig. lb) (see Cross, 1990; Turner and Hooper, 1990). Regardless of the mode of
membrane attachment, the most important feature of an ectopeptidase is that its
catalytic site faces the extracellular space where it can act on peptide substrates. Thus,
peptidases that have a predominantly, if not exclusively, cytosolic location, such as
endopeptidase-24.15 (Pierotti et ai., 1990), will not in vivo have access to circulating
peptides and will not be discussed further.

The substrate specificity of ectopeptidases is limited to small peptides (di-, tri-,
and oligopeptides) up to a maximum of approximately 30 residues. Thus, ectopepti­
dases will not act directly on large proteins or polypeptides. The classification of
ectopeptidases is based on their site of action in a susceptible substrate (Table I)
(Barrett and McDonald, 1980; McDonald and Barrett, 1986). Those peptidases that

Nigel M. Hooper • Department of Biochemistry and Molecular Biology, University of Leeds, Leeds
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Figure 1. Membrane topology ofectopeptidases. The two modes ofmembrane anchorage ofmammalian
ectopeptidases are shown: (a) a transmembrane sequence of hydrophobic amino acids located near either
the N- or C-terminus; (b) a C-terminal glycosyl-phosphatidylinositol anchor. The catalytic site (e) and the
N-linked glycans (00000) are also shown.

are capable of cleaving the internal peptide bonds of a substrate are designated as
endopeptidases. For larger peptides or those with blocked ends, e.g., an N-tenninal
pyroglutamate residue or an amidated C-terminal amino acid, it is the endopeptidases
that will be required to initiate hydrolysis. The rest of the peptidases are classified as
exopeptidases, removing one or more residues from the ends of peptides; e.g.,
aminopeptidases, carboxypeptidases, etc. (Table I). Because each of the peptidases
has a wide substrate specificity, this relatively small (14) complement of enzymes is
capable ofmetabolizing a vast number of biologically active peptides. The membrane
topology and wide tissue distribution of ectopeptidases mean that both natural
peptides and those delivered to mammalian organs or tissues are faced, at the cell
surface, by an extremely effective barrier.

In this chapter, I briefly describe the properties of the mammalian ectopepti­
dases that have been characterized in some detail. I then examine their tissue
distribution and how they may act in concert when a membrane is presented with a
susceptible peptide substrate. Finally, I consider the physiological functions of
ectopeptidases with details of a few selected systems.
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Table I
Properties of the Ectopeptidases Described in This Chapter

Subunit cDNA
size Active sequence

Class Enzyme (kDa) Specificity site available

Endopeptidases
~

Endopeptidase-24.11 90 -0-0-.-0-0- Zn2+ Yes
EC 3.4.24.11 (hydrophobic)

~/~
Endopeptidase-2 100 -0-0-.-0-0- Zn2+

(aromatic)

~
Aminopeptidases Aminopeptidase N 160 .-0-0-0- Zn2+ Yes

EC 3.4.11.2 (nonspecific)

~
Aminopeptidase A 170 .-0-0-0- ?Ca2+ Yes
EC 3.4.11.7 (GlulAsp)

~
Aminopeptidase P 90 0-.-0-0 Zn2+
EC 3.4.11.9 (Pro)

~
Aminopeptidase W 130 0-.-0-0 Zn2+
EC 3.4.11.16 (Trp)

~
Carboxypeptidases Carboxypeptidase M 62 -0-0-0-' Zn2+ Yes

EC 3.4.17.- (ArglLys)

~
Carboxypeptidase P 135 -0-0-.-0 Zn2+
EC 3.4.17.- (Pro, Ala, Gly)

~
Dipeptidyl Dipeptidyl peptidase IV 110 0-.-0-0- Ser Yes
peptidase EC 3.4.14.5 (Pro, Ala)

Peptidyl
~

Angiotensin-converting 175 -0-0-.-.

dipeptidase enzyme 100 (nonspecific) Zn2+ Yes

EC 3.4.15.1

Dipeptidases Membrane dipeptidase
~

59 .-. Zn2+ Yes
EC 3.4.13.11 (nonspecific)

~
N-Acetylated-a-linked 94 •• Me2+
acidic dipeptidase (acidic)

Omega peptidases
~

'Y-Glutarnyltranspeptidase 50,30 .-0-0-0- Yes
EC 2.3.2.2 ('Y-Glu)

Pyroglutarnyl peptidase II 230
~ .

Me2+Glp-HIS-PrONH2
EC 3.4.19.-
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2. PROPERTIES OF MAMMALIAN ECTOPEPTIDASES

2.1. Endopeptidases

2.1.1. ENDOPEPTIDASE-24.11

Nigel M. Hooper

Endopeptidase-24.11 (enkephalinase; neutral metallo-endopeptidase) is prob­
ably one of the best characterized ectopeptidases. The cDNA sequences for the
human (Malfroy et al., 1988), rabbit (Devault et al., 1987), and rat (Malfroy et al.,
1987) enzymes have been elucidated and show a high degree of similarity with each
other. As with nearly all of the ectopeptidases, endopeptidase-24.11 is glycosylated,
and the slight variations in size of the enzyme between tissues is due to differences in
the extent of glycosylation (Relton et al., 1983). The catalytic site of endopepti­
dase-24.11 contains one atom of zinc which is essential for activity (Kerr and Kenny,
1974). The specificity of endopeptidase-24.11 is directed toward peptide bonds
involving the amino groups of hydrophobic residues (Table I), provided this residue is
not C-terminal or penultimate at the N-terminus. However, there are a few irregu-

Table II
Peptides Hydrolyzed by Endopeptidase-24.11a

Peptide

Substance P (deamidated)
Neurokinin A
Substance P
[Met5)-enkephalin-Arg6-Phe7

Physalaemin
Bradykinin
Chemotactic peptide
Endothelin-I
[Met5)-enkephalin-Arg6
[Leu5)-enkephalin
[Met5)-enkephalin
Cholecystokinin-S
Dynorphin 1-9
Endothelin-2
Neurotensin
Endothelin-3
[Leu5)-enkephalinamide
Luliberin (LH-RH)
Angiotensin I
Angiotensin II
Angiotensin ill

kca,/Km
(min-t ....M-t)

203
191
159
117
70
69
62
57
54
44
42
29
24
21
16
6
2
I

Peptide

Atrial natriuretic peptide
Brain natriuretic peptide
Dynorphin 1-13
13-Endorphin
'Y-Endorphin
[Leu5)-enkephalin-Arg6
[Met5)-enkephalin-Arg6-Gly7-Leu8
FMRF amide
Gastrin
Gastrin releasing peptide
Insulin B chain
Interleukin I13
J3-Lipotropin 61-69
a-Neoendorphin
J3-Neoendorphin
Neurokinin B
Oxytocin
Safratoxin-b
Somatostatin
Vasoactive intestinal polypeptide

kca/Km
(min-t ....M-t)

aData from Thrner et al. (1987), Sakurada et al. (1990), Sokolovsky et al. (1990), and Vijayaraghaven et al. (1990).
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larities, e.g., an Arg-Ser bond is cleaved in atrial natriuretic peptide (Vanneste et al.,
1988). The catalytic site of endopeptidase-24.11 has an extended substrate binding
site (Hersh and Morihara, 1986), such that residues distant from the scissile bond can
have amarked influence on the rates of hydrolysis of substrates. Endopeptidase-24.11
can hydrolyze a wide range of natural peptides (Table IT), although only a few of these
peptides (atrial and brain natriuretic peptides, bradykinin, chemotactic peptide,
enkephalins, gastrin, neurotensin, and substance P) have been shown to be cleaved in
vivo by the enzyme (see Erdos and Skidgel, 1989; Section 5.1).

2.1.2. ENDOPEPTIDASE-2

Endopeptidase-2 (PABA peptide hydrolase; meprin) is the only other true
endopeptidase that has been identified in human tissues (Sterchi et al., 1988). This
enzyme is closely related if not identical to meprin in mice (Beynon et al., 1981) and
endopeptidase-2 in rats (Kenny and Ingram, 1987). Like endopeptidase-24. 11 ,
endopeptidase-2 has an extended substrate binding site and has an atom of zinc which
is essential for activity. Endopeptidase-2 is capable of hydrolyzing several natural
peptides including angiotensins I and II, bradykinin, [Met5]-enkephalin-Arg6-Phe7,
luliberin, neurotensin, oxytocin, and substance P.

2.2. Aminopeptidases

2.2.1. AMINOPEPTIDASE N

Aminopeptidase N (aminopeptidase M) is the best characterized of this class of
peptidases. The cDNAs coding for the human (Olsen et al., 1988), pig (Olsen et al.,
1989), and rat (Malfroy et al., 1989) enzymes have been sequenced and display a high
degree of similarity. Interestingly, there is also considerable homology with the soluble
aminopeptidase N fromE. coli, especially in the catalytic zinc binding domain (Olsen et
al., 1988). Aminopeptidase N has a broad substrate specificity, releasing the N-terminal
amino acid from unblocked peptides. Substrate hydrolysis is enhanced with increas­
ing chain length of the peptide. Hydrolysis is most rapid when the N-terminal amino
acid is Ala, although Phe, Leu, lYr, and Arg are hydrolyzed at intermediate rates. Glu,
Asp, and Pro are hydrolyzed very slowly (McDonald and Barrett, 1986). Aminopepti­
dase N is the major activity releasing the N-terminallYr residue from the enkephalins
(Matsas et al., 1985), and the enzyme may also playa role in the metabolism of
cholecystokinin-8 and neurokinin A (Matsas et al., 1984; Nau et al., 1986).

2.2.2. AMINOPEPTIDASE A

Until recently, aminopeptidase A had only been purified from pig kidney
(Danielsen et al., 1980). However, molecular cloning of the murine BP-l/6C3 antigen
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revealed that it was a member of the zinc metallopeptidase family (Wu et al., 1990)
and it was subsequently shown to possess aminopeptidase Aactivity (Wu et al., 1991)
(see Section 6). This peptidase is unusual compared with the other metallopepti­
dases in possibly containing one atom ofcalcium at its catalytic site. Aminopeptidase
A hydrolyzes the acidic residues Asp and Glu from the N-terminus of peptide
substrates, and may be involved in the conversion of angiotensin II to angiotensin ill.

2.2.3. AMINOPEPTIDASE P

Until recently, aminopeptidase P had not been purified or characterized to any
extent due to difficulties encountered in solubilizing the enzyme from other mem­
brane components. However, the observation that aminopeptidase P was anchored
by a covalently attached glycosyl-phosphatidylinositol moiety (Hooper and Thrner,
1988; see Section 1) means that the enzyme can be readily released from the
membrane in a soluble form by bacterial phosphatidylinositol-specific phospholipase
C (Hooper et al., 1990a). Aminopeptidase P contains one atom of zinc at its catalytic
site and appears to be highly specific for peptides with a penultimate Pro residue at the
N-terminus (Dehm and Nordwig, 1970; Hooper, unpublished). Thus, the enzyme may
playa role in metabolizing bradykinin, substance P, and peptides derived from the
breakdown of collagen (Dehm and Nordwig, 1970; Orawski et al., 1987). Unlike the
other aminopeptidases, aminopeptidase P is not inhibited by actinonin, amastatin, or
bestatin. Surprisingly, however, and somewhat disturbingly, the clinically used
inhibitors of angiotensin-converting enzyme (Section 2.5) are also potent inhibi­
tors of aminopeptidase P (Hooper and Turner, unpublished).

2.2.4. AMINOPEPTIDASE W

Aminopeptidase W is unique among the ectopeptidases in being discovered by
affinity chromatography using a monoclonal antibody generated to pig kidney
microvillar membranes (Gee and Kenny, 1985). Aminopeptidase W prefers short
peptides, and exhibits maximal rates toward dipeptides, in which the penultimate
residue at the N-terminus is aromatic (Gee and Kenny, 1987).

2.3. Carboxypeptidases

2.3.1. CARBOXYPEPTIDASE M

Carboxypeptidase M was originally believed to be a membrane-bound form of
the soluble carboxypeptidase N (EC 3.4.17.3) present in plasma. However, these two
enzymes are quite distinct and are coded for by separate genes (Gebhard et al., 1989;
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Tan et al., 1989). In certain cell types, carboxypeptidase M appears to be anchored by
a glycosyl-phosphatidylinositol structure (Deddish et al., 1990). Carboxypeptidase
M cleaves C-terminal basic residues from dipeptides and oligopeptides, and has been
shown to hydrolyze the natural peptides bradykinin, dynorphin A(1-13), [Met5]­
enkephalin-Lys6, [Met5]-enkephalin-Arg6, and [Leu5]-enkephalin-Arg6 (Skidgel
et al., 1989).

2.3.2. CARBOXYPEPTIDASE P

Carboxypeptidase P is a poorly characterized enzyme, cleaving C-terminal
amino acids from peptides, but not dipeptides, when the penultimate residue is Pro,
although Ala and Gly are also tolerated (Hedeager-Sorensen and Kenny, 1985).
Peptides such as angiotensins II and ill are potential substrates for this enzyme.

2.4. Dipeptidyl Peptidase

Dipeptidyl peptidase IV is alone among the mammalian ectopeptidases in
containing an active-site Ser residue (Kenny et al., 1976; Table I). The cDNA for
the rat liver enzyme has been cloned and sequenced (Ogata et al., 1989). Dipeptidyl
peptidase IV releases dipeptides from the N-terminus of susceptible peptides when
the penultimate residue is Pro or Ala (Bella et al., 1982). Substance P is the only
natural peptide that has been shown to be hydrolyzed by dipeptidyl peptidase IV
(Heymann and Mentlein, 1978).

2.5. Peptidyl Dipeptidase

Angiotensin-converting enzyme (peptidyl dipeptidase A) is one of the best
characterized ectopeptidases due, primarily, to its central role in blood pressure
regulation (reviewed in Valloton,1987; and see Section 5.2). The cDNA sequences
for the human (Soubrier et al., 1988) and mouse (Bernstein et al., 1989) endothelial
forms (175 kDa) of angiotensin-converting enzyme have been elucidated. The most
striking feature of the amino acid sequence is a high degree of internal similarity
between two large domains and the presence of two zinc binding sites, and therefore,
possibly two functional catalytic sites (Fig. 2) (reviewed in Hooper, 1991). As with
endopeptidase-24.11, the variations in size between tissues appear to be due to
differences in the extent of glycosylation (Hooper and Turner, 1987; Williams et al.,
1991), except in the testis where there is a distinct mRNA which encodes a smaller
protein (100 kDa) (Lattion et al., 1989; Ehlers et al., 1989). The testicular enzyme,
with only one catalytic site (Fig. 2), corresponds to the C-terminal domain of
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endothelial angiotensin-converting enzyme, suggesting that the endothelial form has
resulted from gene duplication while the testicular form corresponds to the ancestral,
nonduplicated form of the gene.
Angiotensin-converting enzyme was originally classified as a peptidyl dipepti­

dase due to its action in removing C-terminal dipeptides from angiotensin I and
bradykinin. Although this is its preferred action, with certain substrates angiotensin­
converting enzyme displays peptidyl tripeptidase and/or endopeptidase activities
(Table III). Angiotensin-converting enzyme is known to hydrolyze several natural
peptides (Table III).

Table III
Substrate Specificity and Peptides Hydrolyzed by Angiotensin-Converting Enzymea

kcalKm
Peptide structure Cleavage product Examples (min-1j.l.M-l)

Free C-terminus C-terminal dipeptide Angiotensin I 125
Bradykinin 1250

-v-Jx.y BzGly-His-Leu 3.6
unless X = Pro Dynorphin 1-6
or y = Asp, Glu Dynorphin 1-8

f-Met-Leu-Phe
[LeuS]-enkephalin 0.7
[MetS]-enkephalin-Arg-Phe 3.5
[MetS]-enkephalin-Arg-Gly-Leu
~-Neoendorphin

Neurotensin 2.4
Substance P (deamidated) 637

C-terminal tripeptide Angiotensin II
des-Arg9-bradykinin

!
-V-W-X-Y
when X = Pro or 1£p

Amidated C-terminal dipeptide amide Substance P 9
C-terminus [LeuS]-enkephalinamide

[MetS]-enkephalinamide
! Cholecystokinin-8 0.3

-V-W-X-YNH2
[LeulSJ-gastrin-II-17 0.3

C-terminal tripeptide amide Substance P 9
Luliberin (LH-RH) 1.3

)W-X-YNH2
Blocked N·terminal tripeptide Luliberin '(LH-RH) 1.3
N-terminus

!
V-W-X-Y-

aData from Erdos and Skidgel (1985, 1987), Skidgel and Erdos (1985), and Dubreuil et al. (1989).
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2.6. Dipeptidases

2.6.1. MEMBRANE DIPEPTIDASE

Nigel M. Hooper

Membrane dipeptidase (renal dipeptidase; microsomal dipeptidase; dehydro­
peptidase I) was the first ectopeptidase identified as possessing a glycosyl­
phosphatidylinositol membrane anchor (Hooper et at., 1987b; Littlewood et at.,
1989; Hooper and Thrner, 1989). Recently, the eDNA sequences for both the human
(Adachi et at., 1990) and pig (Rached et at., 1990) enzymes have been deduced and
shown to display a high degree of similarity. The large (14 kDa) size difference
between the human and pig forms is due exclusively to differences in the extent of
N-linked glycosylation (Hooper et at., I990b). Membrane dipeptidase is a disulfide­
linked dimer, each subunit containing one atom of zinc. However, the enzyme does
not possess the characteristic zinc-binding signature (His-Glu-Xaa-Xaa-His) present
in all of the other zinc metallopeptidases sequenced to date (Jongeneel et at., 1989a).
Membrane dipeptidase hydrolyzes dipeptides including those with a C-terminal
o-amino acid (Campbell, 1970). The enzyme may also playa role in the metabolism
of leukotriene D4 (Kozak and Tate, 1982) and 13-lactam antibiotics such as imipenem
(Kropp et at., 1982; see Section 5.3).

2.6.2. N-ACETYLATED-a-LINKED ACIDIC DIPEPTIDASE

N-Acetylated-a-linked acidic dipeptidase was first identified as the activity that
metabolized the natural acidic dipeptide, N-acetyl-Asp-Glu, subsequent to its release
from nerve endings (Blakely et at., 1986). The peptidase has recently been purified
from rat brain synaptosomal membranes and located by immunocytochemistry in
cerebellum, kidney, and testis (Slusher et at., 1990). N-Acety1ated-a-linked acidic
dipeptidase appears to be a metallopeptidase, and will also hydrolyze non-N­
acetylated dipeptides containing two acidic amino acids, e.g., Asp-Glu (Serval et at.,
1990).

2.7. Omega Peptidases

2.7.1. 'Y-GLUTAMYL TRANSPEPTIDASE

'Y-Glutamyl transpeptidase is unusual in existing in the membrane as a glycosy­
lated heterodimer (Table I). The eDNA sequences for the enzymes from human
(Rajpert-De Meyts et at., 1988), pig (Papandrilkopoulou et at., 1989), and rat
(Laperche et at., 1986) have been elucidated and show a high degree of similarity.
Recently, an alternatively processed mRNA for 'Y-glutamyl transpeptidasehas been
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isolated which may account for the inactive form of the enzyme identified in human
tissues (Pawlak et al., 1990). ')'-Glutamyl transpeptidase cleaves ')'-Glu from the
N-terminus of peptides, its principal natural substrate being glutathione (Tate and
Meister, 1974; see Section 5.4).

2.7.2. PYROGLUTAMYL PEPTIDASE II

Pyroglutamyl peptidase II (thyroliberinase) is a metallopeptidase and is thus
distinct from the cytosolic cysteine enzyme, pyroglutamyl peptidase I (EC 3.4.19.3)
(O'Connor and O'Cuinn, 1984). Pyroglutamyl peptidase II has a restricted specificity
in hydrolyzing only the Glp-His bond of thyroliberin and related synthetic peptides
(Wilk, 1986). The same bond in luliberin is not cleaved; however, it is probably
premature to describe this enzyme as a peptide-specific peptidase.

3. ORGAN, TISSUE, AND CELLULAR DISTRIBUTION OF
ECTOPEPTIDASES

The majority of the ectopeptidases are present on a wide range of cell types in a
variety of different organs throughout the body (Table IV). However, the data for
some of the ectopeptidases, especially in human tissues, are somewhat scarce. The
most detailed surveys have been carried out on angiotensin-converting enzyme and
endopeptidase-24.11. Primarily, immunohistochemical techniques (immunofluores­
cence and immunoperoxidase staining) by light microscopy have been used to detail
the tissue and cellular localization of these two enzymes (Caldwell et al. , 1976; Gee et
al., 1983). In addition, a sensitive immunoradiometric assay has been used to locate
endopeptidase-24.11 in a variety of pig tissues (Gee et al., 1985), and autoradiogra­
phy of tissue sections with radiolabeled inhibitors has been used to study the
distribution of angiotensin-converting enzyme, especially in the CNS (Mendelsohn,
1984; Strittmatter et al., 1984). Recently, the immunogold method with electron
microscopy has allowed a more detailed subcellular localization of both angiotensin­
converting enzyme (Schulz et al., 1988) and endopeptidase-24.11 (Barnes et al.,
1988).
Although such detailed surveys have yet to be carried out on most of the other

peptidases, what is clearly evident is that the major epithelial surfaces, e.g., in the
intestine, placenta, choroid plexus, and kidney, contain a battery of ectopeptidase
activities. Thus, together these enzymes form an extremely effective barrier, prevent­
ing the access of a wide range of peptides to the underlying tissues (see Section 4).
Some of the ectopeptidases have been identified in soluble forms in certain body

fluids, such as blood, urine, CSF, and amniotic fluid (Table IV), albeit at very low
levels. The origin of the soluble forms of the ectopeptidases is uncertain. They most
probably derive from the membrane-bound forms by proteolytic action (Stewart
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et ai., 1981; Hooper et ai., 1987a) or, in the case of those anchored by a glycosyl­
phosphatidylinositol structure, by the action of phospholipases (Low, 1989). In
certain disease states, the soluble forms of the ectopeptidases can be markedly
increased, e.g., angiotensin-converting enzyme in sarcoidosis, Gaucher's disease,
leprosy, and hyperthyroidism (Erdos and Skidgel, 1987), and endopeptidase-24.11 in
adult respiratory distress syndrome and in patients with end-stage renal failure
(Almenoff et ai., 1984; Johnson et ai., 1985). The role of these circulating forms of
angiotensin-converting enzyme and endopeptidase-24.11 in these pathophysiological
situations is unclear, but they are likely to make an important contribution to the
metabolism of natural and administered peptides.

4. CONCERfED ACTION OF ECTOPEPTIDASES

From the preceding section it is apparent that most cell types contain a large
complement ofectopeptidases, and thus a peptide substrate is likely to be acted on by
several of the enzymes either simultaneously or in quick succession. Thus, although
the information obtained from detailed studies on purified enzymes is important in
identifying a potential substrate and delineating the bond(s) hydrolyzed, physiologi­
cal conditions are far removed from such artificial situations. In addition, the
concentration of the peptide substrate in vivo will be several orders of magnitude
lower than those necessary for in vitro determinations. A membrane preparation
rich in the ectopeptidases, such as the renal or intestinal brush border, can be used to
investigate the effect of multiple activities on a particular peptide substrate. In the
presence of such a battery of peptidases, most peptides rapidly undergo virtually
complete hydrolysis. However, under appropriate conditions it is possible to stop the
hydrolysis at an early stage so that the initial peptide fragments can be identified.
Specific inhibitors are then also used to confirm the identity of the ectopeptidase
initiating the attack. Most of the ectopeptidases detailed in this chapter can be
selectively inhibited (Table V), although it may be necessary to assess the effects of
more than one inhibitor in order to unequivocally identify the ectopeptidase involved.

An example of this approach is illustrated in Fig. 3 where a number of
biologically active peptides have been incubated with pig kidney microvillar mem­
branes (Stephenson and Kenny, 1987a). The hydrolysis of angiotensins I, II, and III,
bradykinin, and oxytocin is initiated by endopeptidase-24.11. The degradation of
all of the peptides was markedly inhibited by the specific inhibitor of endopepti­
dase-24.11, phosphoramidon (Table V). Angiotensin-converting enzyme has a minor
role in hydrolyzing the Pro-Phe bond of bradykinin and in releasing His-Leu from
angiotensin I, although most of the His-Leu arises from the combined attack of
endopeptidase-24.11 (generating Phe-His-Leu) and aminopeptidase N (removing
Phe). The C-terminal Pro-Phe bond in angiotensins II and III is most probably cleaved
by carboxypeptidase P. A similar experimental approach has revealed that the initial
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Table V
Specific Inhibitors of Ectopeptidasesa

Recommended
Kj Iso concentration

Peptidase Inhibitor (nM) (fJ-M) (fJ-M) Ref.b

Endopeptidase-24.11 Phosphoramidon 2 0.013 I I
Thiorphan 4.7 0.013 I 2
Retrothiorphan 6.0 I 3
Kelatorphan 1.4 0.002 I 4

Aminopeptidase N Actinonin I 100 5
Arnastatin 19 0.05 la 6
Bestatin 4100 3.03 100 6
Kelatorphan 7000 0.71 100 4

Aminopeptidase A Arnastatin 250 10 7
Aminopeptidase P Enalaprilat 2.17 100 8

Ll55,212 0.33 10 8
Ramiprilat 12.0 100 8

Aminopeptidase W Arnastatin 2 10Qa 9
Bestatin 6 10Qa 9

Carboxypeptidase M MOTA 0.3 10 10
OEMSA 100 10

Oipeptidyl peptidase Oi-isopropyl lIuoro- 10 10Qa 11
IV phosphate

Oiprotin A 3.2 100 12
N-Ala-Pro-o-(4-nitro- 13
benzoyl) hydroxylamine

Angiotensin-converting Captopril 1.7 0.021 1 14
enzyme Enalaprilat 0.2 0.003 1 15

Lisinopril 0.1 0.011 I 15
Ll55,212 0.003 I 15

Membrane dipeptidase Cilastatin 700 0.11 10 16
N-Acetylated-a-linked- Quisqualate 0.48 100 17
acidic dipeptidase
-y-Glutamyl AT-125 0.6mM 18
transpeptidase

aPreincubation (30-60min) required for maximal inhibition. No specific inhibitors ofendopeptidase-2, carboxypeptidase
P, or pyroglutamyl peptidase II have yet been identified.
bReferences: I, Kenny (1977); 2, Fulcher el al. (1982); 3, Roques el al. (1983); 4, Fournie-Zaluski el al. (1985); 5,
Takeuchi (1985); 6, Rich el al. (1984); 7, Aoyagi el al. (1978); 8, Hooper and Thrner (unpublished data); 9, Gee and
Kenny (1987); 10, Skidgel el al. (1989); n, Kenny el al. (1976); 12, Umezawa el al. (1984); 13, Demuth el al. (1989); 14,
Cushman el al. (1977); 15, Hooper and Thrner (1987); 16, Campbell el al. (1984); I7, Robinson el al. (1987); 18, Gardel
and Tate (1980).
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Figure 3. Metabolism of peptides by pig kidney microvillar membranes. The figure shows the initial
points of attack when the peptides were incubated with pig kidney microvillar membranes. The horizontal
arrows define the peptide fragments characterized by amino acid analyses, after separation by HPLC, and
the thickness of each arrow relates to the yield of that peptide. The vertical arrows indicate the bonds
hydrolyzed. By including specific peptidase inhibitors in parallel incubations, it was possible to assess the
relative contributions of the principal peptidases. (See text for details.) (Reproduced from Stephenson and
Kenny, 1987a, with permission from the Biochemical Society, Portland Press, London.)

attack on atrial natriuretic peptide and brain natriuretic peptide is also due to
endopeptidase-24.11 (Stephenson and Kenny, 1987b; Bourne and Kenny, 1990). With
the natriuretic peptides, as with most of the other peptides studied, the initial attack
on the peptide is also the inactivating step. It should be noted that as well as tissues
having different complements of the ectopeptidases, they may also have different
amounts of the individual enzymes relative to one another, and this may lead to tissue­
specific differences in the hydrolysis pattern of a peptide.

To overcome possible problems associated with the high concentration (50-250
,...M) of substrate used in the above in vitro experiments revealing only peptidases
exhibiting high Km values, similar incubations were performed with 20 oM [3H]brady­
kinin. The main labeled product had the same retention time as bradykinin 1-7 and
the formation of this peptide was inhibited by phosphorarnidon, indicating that the
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initial, inactivating attack is due to endopeptidase-24.11 (Stephenson and Kenny,
1987a). This argues against the existence of other ectopeptidases, with lower Km
values, which might be dominant in physiological conditions. These experiments
demonstrate the crucial role of endopeptidase-24.11, rather than angiotensin­
converting enzyme, in the inactivation of bradykinin by renal microvillar mem­
branes. However, this does not imply that angiotensin-converting enzyme lacks this
role in vivo, as on the surfaces of the endothelium of the pulmonary vasculature it
is the only enzyme present (Table IV) capable of removing the C-terminal dipeptide.

S. PHYSIOLOGICAL FUNCTIONS OF ECTOPEPTIDASES

Obviously the location of an ectopeptidase is going to have a significant bearing
on its physiological role. In general terms, three distinct types of role can be
envisaged for ectopeptidases. (1) The scavenging of peptides for nutritional purposes,
for example in the intestine, where the ectopeptidases lining the lumen will act on the
small peptide products generated from the breakdown of ingested protein. The
resultant amino acids can then be efficiently transported into the epithelial cells. (2)
The protection of tissues against the unwanted actions of peptides that might
otherwise cause effects at a remote location. The ectopeptidases lining the lumen
of the renal proximal tubule and those on the epithelial surface of the choroid plexus,
being bathed by the CSF, may well fall into this category. (3) The termination (or
modification) of an intercellular signal, where the regulatory molecule is a peptide. In
this mode, ectopeptidases are acting in a fashion analogous to acetylcholinesterase in
hydrolyzing and inactivating acetylcholine. However, ectopeptidases are not confined
to the nervous system and will also be involved in the inactivation of bioactive
peptides derived from endocrine and paracrine secretions.

A few of the more well-characterized systems have been selected below to
demonstrate the variety of roles that ectopeptidases can play.

5.1. Endopeptidase-24.11

Endopeptidase-24.11 has twice been the focus of intensive research by the
pharmaceutical industry. The first arose with the observation that exogenous [Met5]­
enkephalin was rapidly hydrolyzed and inactivated by brain preparations (Craves
et al., 1978). After much research, it became evident that the ectopeptidase respon­
sible for this action was the enzyme previously characterized from kidney, endopepti­
dase-24.11 (Matsas et al., 1983; Relton et al., 1983; Almenoff and Orlowski, 1984).
Inhibitors of the enzyme were found to increase the recovery of [Met5]-enkephalin
when brain slices were depolarized by K+ , suggesting an in vivo role for endopepti­
dase-24.11 in the metabolism of enkephalins (Chaillet et al., 1983). This then raised



40 Nigel M. Hooper

the possibility that inhibitors of endopeptidase-24.11 might provide a new class of
analgesics (reviewed in Erdos and Skidgel, 1989). However, the aminopeptidase
inhibitor, bestatin, also augmented the recovery of [Met5]-enkephalin, pointing to a
contribution from aminopeptidases. The recovery of substance P from brain slices is
also increased in the presence of inhibitors of endopeptidase-24.11 (Mauborgne et al.,
1987; Littlewood et al., 1988). These findings reiterate that ectopeptidases are not
peptide-specific, and that anyone peptide is likely to be metabolized by more than
one peptidase.

The second wave of interest in endopeptidase-24.l1 is linked with atrial natri­
uretic peptide. This peptide is involved in the homeostasis of fluid balance and blood
pressure, raising the possibility that atrial natriuretic peptide could be administered to
treat certain cardiovascular disorders. However, the administered peptide is rapidly
inactivated, the critical enzyme being endopeptidase-24.11 (Bergey et al., 1987;
Stephenson and Kenny, 1987b; Lecomte et al., 1990). Inhibitors of endopepti­
dase-24.11 markedly increase the half-life of the hormone in plasma, and may
represent a novel class of therapeutic agents with potential applications in congestive
heart failure, essential hypertension, and various sodium-retaining states (Schwartz
et al., 1990). The related hormone, brain natriuretic peptide, which displays similar
pharmacological effects as atrial natriuretic peptide, but which has a distinct
distribution, is also inactivated by endopeptidase-24.11 (Bourne and Kenny, 1990;
Vanneste et al., 1990).

In both of these cases, however, the pharmaceutical industry is working with a
flawed hypothesis, that endopeptidase-24.11 is, to all practical purposes, peptide­
specific. The wide range of cell types expressing this ectopeptidase (Table IV) and the
large repertoire of susceptible peptides (Table II) raise serious doubts about the
capacity of inhibitors of endopeptidase-24.11 to manipulate selectively a single
(patho-) physiological process.

5.2. Angiotensin-Converting Enzyme

Angiotensin-converting enzyme is probably best known for its role in the renin­
angiotensin system (reviewed in Valloton, 1987). The lung was known for some years
(Ng and Vane, 1968) to be the major site in the body for the conversion of angio­
tensin I to angiotensin II, a potent vasoconstrictor that also stimulates the release of
aldosterone from the adrenal cortex leading to sodium ion retention. Angiotensin­
converting enzyme was then observed to have an endothelial location in this tissue
(Caldwell et al., 1976), and, with its ectoenzyme topology, is able to act on
circulating angiotensin I. Independently, angiotensin-converting enzyme was also
shown to inactivate the vasodilator, bradykinin (Erdos and Yang, 1967). Thus, the
same enzyme has a dual role in the maintenance of blood pressure and fluid and
electrolyte homeostasis. It is because of this role that inhibitors of angiotensin-
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converting enzyme have been so successful in the treatment of hypertension and
congestive heart failure (Cohen, 1985; Johnston, 1988; Unger et al., 1990).

However, angiotensin-converting enzyme has a wide tissue and cellular distribu­
tion (Table IV) and is not always colocalized with other components of the renin­
angiotensin system (Ehlers and Riordan, 1989). Together with its broad substrate
specificity (Table ill), this has led to angiotensin-converting enzyme being implicated
in a number of other physiological processes such as immunity, reproduction, and
neuropeptide metabolism (Erdos and Skidgel, 1987; Ehlers and Riordan, 1989).
Thus, some of the observed effects (or side effects) of administration of angiotensin­
converting enzyme inhibitors may be due to inhibition of the enzyme in other
processes. In addition, some of the side effects noted with the clinical use of these
inhibitors (Edwards and Padfield, 1985; Gavras and Gavras, 1988) may be due to
inhibition of aminopeptidase P (see Section 2.2.3).

5.3. Membrane Dipeptidase

This example highlights the problem encountered when a compound has been
developed to treat a disorder and is found to be inactivated upon administration.
During the search for a 13-lactam antibiotic with activity against a broad spectrum of
bacteria, a natural product of streptomyces, thienamycin, was discovered. This
compound was, unfortunately, rather unstable in concentrated solution or as a solid,
so an amidine derivative, imipenem, was developed, which has substantially im­
proved antibacterial properties. However, when imipenem was administered to
humans and other animals, although the serum half-life was very high, urinary
recoveries were extremely low, thus rendering the antibiotic ineffective against
urinary tract infections. Further investigation revealed that imipenem was rapidly
metabolized in the kidneys, and the enzyme responsible was found to be an
ectopeptidase located on the surface of the proximal tubules, membrane dipeptidase
(Kropp et at., 1982). This observation led to the development of cilastatin to inhibit
membrane dipeptidase, and when coadministered with imipenem, high urinary
recovery of the antibiotic was observed (Kahan et at., 1983). Thus, membrane
dipeptidase appears to playa physiological role in metabolizing 13-lactam compounds
(Campbell et at., 1984) and is the first example of a mammalian 13-lactamase.

5.4. 'Y·Glutamyl Transpeptidase

Glutathione ("Y-Glu-Cys-Gly) is the most abundant peptide and the major
nonprotein thiol present within mammalian cells (Meister and Anderson, 1983).
Glutathione is resistant to attack by intracellular aminopeptidases and is metabolized
in the kidney subsequent to its release from the cell into the blood. "Y-Glutamyl
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transpeptidase lining the renal proximal tubule initiates the degradation of gluta­
thione. This is the only enzyme known to catalyze the cleavage of the -y-glutamyl
bond in glutathione as evidenced from the pronounced glutathionemia and glutathion­
uria that result from the genetic deficiency or selective inhibition of -y-glutamyl
transpeptidase (Schulman et aJ., 1976; Griffith and Meister, 1979). This ectopepti­
dase can also catalyze the transfer of the -y-glutamyl group to other amino acids and
dipeptides. The cysteinyl-glycine generated by -y-glutamyl transpeptidase is then
acted on by either of two other ectopeptidases, aminopeptidase N (Section 2.2.1) or
membrane dipeptidase (Section 2.6.1).

6. CONCLUSIONS AND FUTURE PERSPECTIVES

In this chapter, I have attempted to describe those ectopeptidases that may have a
role inmetabolizing biologically active peptides and related compounds. It is evident
that certain of these peptidases, endopeptidase-24.11 and angiotensin-converting
enzyme, are extremely well characterized in their structural and catalytic properties,
and they have been identified as playing central roles in some defined physiological
functions. However, for the majority of the ectopeptidases described in this chapter,
precise physiological functions have yet to be described, mainly because we are still
ignorant of their natural substrates. What is clearly apparent, though, is that there is a
limited number of ectopeptidases that are neither peptide- nor tissue-specific. This
limited number ofenzymes ~uffices to inactivate a large number of biologically active
peptides. In addition, because the ectopeptidases are abundant on various epithelial
and endothelial surfaces, an exogenously administered peptide has to surmount a
virtually impregnable wall of enzymes in order to enter tissues and cells.

Recently, following the isolation of the cDNA sequences for certain of the
ectopeptidases, it has been shown that (1) endopeptidase-24.11 is identical with the
common acute lymphocytic leukemia antigen (CALLA) or cluster differentiation
(CD) 10 antigen (Letarte et aJ., 1988; Jongeneel et aJ., 1989b; Shipp et aJ., 1989);
(2) aminopeptidase N is identical with CD13 (Look et aJ., 1989), (3) aminopeptidase
A is identical with the murine ~-lymphocyte differentiation antigen BP-1I6C3 (Wu
et aJ., 1991); and (4) dipeptidyl peptidase IV is identical with CD26 or gpllO (Ogata
et aJ., 1989). These observations would be consistent with a role for the ectopepti­
dases in terminating peptide signals affecting the proliferation, in either a stimulatory
or an inhibitory way, of transformed and normal cells (Kenny et aJ., 1989). Thus,
inhibitors of ectopeptidases may alter the growth and differentiation of different cell
types. Also, the overexpression of ectopeptidases on transformed cells may present
problems to those administering peptide-like drugs to such patients.

The mammalian ectopeptidases present a substantial barrier to the delivery of
peptides and related compounds. In the future, the development and use of more
. specific and selective inhibitors and antibodies and the use of cDNA probes will
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undoubtedly further our understanding of the physiological functions of ectopepti­
dases, and thus aid in the design of peptidase-resistant drugs.
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Chapter 3

Endosomal and Lysosomal Hydrolases

Sandra A. Brockman and Robert F. Murphy

1. INTRODUCTION

Intracellular hydrolases degrade all types of biological polymers. Acting in concert,
they are capable of degrading protein, polysaccharide, lipid, DNA, and RNA. In
addition, sulfate and phosphate groups can be specifically removed from these
polymers. Cytochemistry, immunolocalization, subcellular fractionation, and anal­
ysis of the kinetics of hydrolysis of endocytosed substrates have all been used to
localize and identify the intracellular compartments in which these enzymes are
contained (for reviews see Kornfeld, 1987; Glaumann and Ballard, 1987; Storrie,
1988; Holtzman, 1989; Kornfeld and Mellman, 1989). Most acid hydrolases are
targeted to lysosomes by the addition of mannose 6-phosphate (M6P), which is
recognized by mannose 6-phosphate receptors (MPR) that are thought to cycle
between the Golgi apparatus and endosomes or lysosomes (for reviews see von Figura
and Hasilik, 1986; Kornfeld and Mellman, 1989). The pH optima of many of these
enzymes are less than 5 (for reviews see Barrett and McDonald, 1980; McDonald and
Barrett, 1986) consistent with their acting in lysosomes, whose pH is in this vicinity
(Ohkuma and Poole, 1978). However, some enzymes have a higher pH optimum, and
activity has been detected in early endosomal compartments (Storrie et al., 1984;
Diment and Stahl, 1985; Roederer et al., 1987) that have a pH near 6 (Murphy et al.,
1984; Roederer and Murphy, 1986; Kielian et al., 1986; Sipe and Murphy, 1987).
Therefore, it appears that some of these enzymes may be present (perhaps in varying
amounts) in many, if not all, compartments of the endocytic pathway, and that pH
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may play an important role in regulating their activity (Murphy, 1988; Yamashiro and
Maxfield, 1988). In this chapter we discuss the endocytic pathway in various cell
types, the regulation of pH within its compartments, and the enzymatic components
of the pathway. In addition, we discuss the processing ofknown physiological ligands
and implications for drug targeting.

1.1. Endosome

Endosomes are normally defined as acidic, prelysosomal compartments con­
taining endocytosed material. Support for the concept of an early acidic compart­
ment came from studies of virus and toxin entry into mammalian cells and direct
measurements of pH using fluorescence methods (for review see Mellman et aZ.,
1986). Two temporally related types of endosomes have been detected using cell
fractionation methods (Galloway et aZ., 1983; Murphy, 1985; Schmid et aZ., 1988).
The first compartment, the "early endosome," is accessible to endocytosed ligands
within 2 min, has a lower buoyant density than later compartments, and is apparently
the mildly acidic (pH 6) compartment characterized by measurements of ligand
acidification (see Section 2). By electron microscopy, this compartment does not
appear to contain significant amounts ofMPR or lysosomal membrane glycoproteins
(LGPs; see below). It does, however, contain cathepsin D (Diment and Stahl, 1985;
Geuze et aZ., 1985), cathepsin B (Roederer et aZ., 1987; Harding et aZ., 1990), and
acid phosphatase (Storrie et aI., 1984; Braun et aZ., 1989; Bowser and Murphy, 1990)
activities.

Based on in vitro assays involving horseradish peroxidase-induced density shifts
(Ajioka and Kap1an,1987) or avidin-biotin interaction between different endocytic
ligands (Braell, 1987), it appears that virtually all endocytosed molecules (fluid-phase
and receptor-mediated) pass through the same early endocytic compartment where
recycled molecules are separated from those to be retained and/or degraded.

A second class of endosomal compartments, variously referred to as late
endosomes, dense endosomes, multivesicular bodies, light lysosomes, or prelyso­
somes, has been identified by a variety of criteria. These include higher buoyant
density, more anodal deflection in free-flow electrophoresis, larger amounts of
hydrolases, and decreased accessibility to endocytosed material at 20°C relative to
early endosomes. These compartments contain a significant amount of MPR and a
small amount of LGPs. [LGPs are highly charged membrane proteins that are mainly
found in lysosomes and may playa role in protecting the lysosomal membrane from
degradation; see Kornfeld and Mellman (1989)]. Most pre-1985 models of lysosome
biogenesis postulated that intravesicular hydro1ases were delivered directly to lyso­
somes after being sorted in the trans-Golgi network. However, Griffiths et aI. (1988)
showed that the receptor for many of these hydrolases, MPR, is found primarily in an
acidic prelysosomal compartment. This, along with the observation of hydrolase
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activity in endosomes (discussed above), raised the possibility that M6P-containing
hydrolases are delivered earlier in the endosome-to-Iysosome pathway than had
previously been thought. Since significant amounts of MPR were not found in
morphologically mature lysosomes, Griffiths et al. have proposed that this late
endosome is the site ofMPRJligand entry into the pathway. They proposed that MPRJ
ligand-containing vesicles are delivered to late endosomes, that ligand dissociates
from the receptor at their acidic pH and continues to lysosomes along with soluble
contents, and that MPR is excluded from the pathway to lysosomes so that it can be
reused for another round of hydrolase transport from the Golgi. The precise location
(or locations) at which newly synthesized and preexisting hydrolytic enzymes are
delivered to the endocytic pathway remains unclear (see Storrie, 1988, for review).
However, it is likely that even material in the process of being recycled to the plasma
membrane (e.g., receptors, transferrin) may be exposed to active hydrolases.

1.2. Lysosome

The concept of a lysosome has evolved substantially from the initial demonstra­
tion of a membrane-enclosed set of hydrolases. Most current definitions emphasize
an active role in degradation of endocytosed material, a relative absence of ligands
that are normally recycled, a dense appearance in light and electron microscopy, and
high concentrations of LGPs. Density centrifugation has been used to show that this
compartment has the highest density of all of the endocytic compartments (see
Storrie, 1988, for review).

2. ACIDIFICATION OF ENDOSOMES AND LYSOSOMES

2.1. pH Measurements

Both endosomes and lysosomes have been shown to have an acidic internal pH.
The major function of endosomes, receptor-ligand segregation, requires an acidic
pH to dissociate ligands and receptors, while the major function of lysosomes,
macromolecular degradation, requires acidic pH to maximally activate hydrolases.
While studies of endocytosed viruses and toxins were crucial in demonstrating the
acidic nature of early endocytic compartments, fluorescence methods have played a
major role in determining the pH of these compartments. These methods are based on
the pH dependence of fluorescein fluorescence-the fluorescence emission of fluo­
rescein conjugates is quenched at acidic pH. This property was used to show that
mature lysosomes have a pH below 5 (Ohkuma and Poole, 1978), and to demonstrate
that endocytosed material is acidified rapidly after endocytosis (Murphy et al., 1982;
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lYcko and Maxfield, 1982), presumably in endosomes. Measurements of the ki­
netics of acidification of fluorescent conjugates of a number of probes revealed that
the pH of early endosomes is significantly higher (approximately pH 6) than that of
late endosomes and lysosomes (Murphy et al., 1984; Roederer and Murphy, 1986;
Roederer et al., 1987; Sipe and Murphy, 1987; Yamashiro and Maxfield, 1987). These
results are supported by measurements of the kinetics of infection ofa mutant Semliki
Forest virus that requires a significantly lower pH for infection than wild-type virus
(Kielian et al., 1986). In most cell types studied, all internalized molecules are
rapidly acidified to pH 6 in early endosomes. At this point, molecules that are
recycled (such as transferrin) are alkalinized to neutral pH after segregation for
transit back to the plasma membrane. In contrast, molecules that are not recycled
(such as epidermal growth factor) are further acidified to near pH 5. This biphasic
acidification pattern has been observed in mouse 3T3 fibroblasts, Chinese hamster
ovary cells, and the A549 human epidermoid cell line. However, at least one cell
type shows altered acidification. In K562, a human erythroleukemia cell line, Tf is
initially acidified with the same kinetics as described for recycled molecules above.
However, rather than being realkalinized upon recycling, Tf is further acidified to
pH 5.4, much like molecules that are to be degraded (van Renswoude et al., 1982;
Sipe et al., 1991). The overall half-times for uptake and release of Tf remain the
same as in the other cell types (5-15 min cycle time). A similar pattern of
acidification has been observed in mouse Friend erythroleukemia cells (D. M. Sipe,
R. E Murphy, and P. Kulakosky, unpublished observations) and in chicken HD3
erythroblasts (Killisch et al., 1992). The function of this further acidification remains
unclear. It may be an adaptation to ensure efficient extraction of iron from Tf for
hematopoiesis or to facilitate transport of iron into the cytoplasm. Alternatively,
it may be a consequence of the transformed nature of erythroleukemia cell
lines.

2.2. pH Regulation

In order to explain the difference between endosomal and lysosomal acidifica­
tion observed both in living cells and in subcellular fractions, Fuchs et al. (1989)
proposed that the Na+ ,K+-ATPase might act to limit proton pumping in endosomes.
The Na+ ,K+-ATPase is an electrogenic ion pump, i.e., its action leads to a change in
charge distribution across the membrane containing it. If found in endosomes (either
transiently or stably) in its normal orientation, it would be predicted to generate an
interior-positive membrane potential (pumping three Na+ into the endosome in
exchange for two K+ pumped out). This membrane potential was proposed to inhibit
the proton-translocating ATPase, and ultimately to limit the pH of any vesicle
containing both the Na+ ,K+-ATPase and the H+-ATPase. Treatment of isolated
endosomes (Fuchs et al., 1989) or living cells (Cain et al., 1989) with inhibitors of
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the Na+,K+-ATPase causes the pH within endosomes to decrease to near that of
lysosomes. These treatments do not affect the pH of lysosomes. Similarly, treatment
of K562 cells with ouabain does not decrease their already low endosomal pH (Sipe
et aZ., 1991). These results suggest that the Na+ ,K+-ATPase is either not present or
not involved in pH regulation in lysosomes (and endosomes of K562 cells). The
inhibitory effect of membrane potential on intravesicular acidification may be
relieved by the presence of channels for anions such as chloride (Van Dyke, 1988; Bae
and Verkman, 1990).

3. TRANSffiNT AND STABLE COMPARTMENT MODELS FOR
ENDOSOMES AND LYSOSOMES

One of the aspects of endocytic trafficking that is the subject of much current
interest is the means by which endocytosed materials appear in compartments of
different characteristics. By analogy with models debated for the Golgi apparatus
some years earlier, Helenius et aZ. (1983) distinguished two classes of models for
endocytic processing. The first, the vesicle shuttle model, postulates that endosomes
and lysosomes are stable compartments and that communication between them
occurs through transport vesicles. In the second, the maturation model, endosomes
are proposed to be transient and individual endosomes, or portions thereof, are
proposed to undergo a remodeling process that converts them into lysosomes. The
arguments for and against each of these models have been recently summarized
(Griffiths and Gruenberg, 1991; Murphy, 1991).

4. ENZYME ACTIVITffiS OF ENDOSOMES AND LYSOSOMES

The major classes of enzyme activities found in 1ysosomes are presented below,
along with information on the properties and localization of specific enzymes. The
major mammalian proteases were catalogued in 1980 (endoproteases) and 1986
(exoproteases) (Barrett and McDonald, 1980; McDonald and Barrett, 1986). Addi­
tional reviews oflysosomal hydrolases may be found in Glaumann and Ballard (1987),
Storrie (1988), and Holtzman (1989).

4.1. Distribution of Hydrolases between Endosomes and Lysosomes

Self-forming Percoll density gradients have been used extensively to distinguish
endosomes from lysosomes (Merion and Poretz, 1981; Merion and Sly, 1983). Most
hydrolases are found in two peaks when such gradients (typically 27% Percoll) are
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used to fractionate postnuclear supernatants. The lighter peak is also labeled with Tf
and other markers in a short pulse. While the denser peak is not accessible to Tf, it is
accessible to nonrecycled molecules when labeled for longer periods of time.
However, when the lighter peak is collected and rerun on a 17% Percoll gradient, two
peaks ofendocytosed markers are again seen, presumably corresponding to early and
late endosomes.
The distribution of individual hydrolases between the low- and high-density

peaks varies for different enzymes. The distribution of individual enzymes has also
been observed to vary between cells in active and quiescent states (Chu and Olden,
1984; Roederer et ai., 1989). Since the endosomal region of Percoll gradients also
contains elements of the endoplasmic reticulum, Golgi apparatus, and plasma
membrane, hydrolase activity observed in this region has frequently been assigned to
these compartments rather than endosomes. However, a number of studies have
demonstrated that endosomes contain a repertoire of hydrolases. Whether the pres­
ence of specific hydrolases has been demonstrated in early endocytic compart­
ments is noted below. It has been proposed that the activity of hydrolases present in
early endosomes may be limited by the higher endosomal pH and/or by interaction
with inhibitory proteins (Murphy, 1988).

4.2. Proteases

The cysteine proteases, cathepsins B, H, and L, together with the aspartate
protease, cathepsin D, are thought to be the most active intravesicular proteases
(Shaw and Dean, 1980). Not only do these proteases have acidic pH optima, but
cathepsins B, H, and L are irreversibly inactivated at mildly alkaline pH (Barrett,
1973). The cysteine proteases also require a free sulfhydryl group for optimal activity.
In vitro, this is supplied as either cysteine, dithiothreitol, or l3-mercaptoethanol.
In vivo, cysteine may serve this function.
The specificity of these enzymes varies depending on pH and substrate size

(Barrett and Kirschke, 1981). Cathepsin B cleaves after arginine residues in short
peptide substrates, yet the bond between arginine-23 and glycine-24 of oxidized
insulin B chain is not cleaved. In addition, cathepsin Bpossesses a rather nonspecific
carboxy-terminal dipeptidyl peptidase activity. Cathepsin H has endopeptidase activ­
ity similar to that of cathepsin B on short peptide substrates, and also has significant
aminopeptidase activity. Cathepsin L is an endopeptidase that cleaves after hydro­
phobic dipeptides. Finally, cathepsin D is an endopeptidase that cleaves after
aromatic- and long-side-chain-containing amino acids. It is more active against larger
peptides (Keilova, 1971).
Cathepsin D activity has been demonstrated to be present in macrophage

endosomes (Diment and Stahl, 1985) and cathepsin B activity (which could also have
been due to the action of cathepsin H or L) has been shown to be present in early
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compartments of a variety of cell types (Roederer et al., 1987; Bowser and Murphy,
1990). Precursor forms of these enzymes may also be present in endosomes.
Cathepsin B activity has also been detected in plasma membrane fractions from both
normal and transformed bovine lymphoid cells (Sloane et al., 1986). In this study,
increasing amounts of cathepsin B and N-acetyl-13-g1ucosaminidase activities were
found in a plasma membrane fraction in cell lines with increasing metastatic
potential. In addition to being found in endosome/plasma membrane fractions, both
precursor and mature lysosomal enzymes are released in small amounts by a number
of normal cell lines (Lemansky et al., 1985; Hanewinkel et al., 1987). In addition,
Moloney murine leukemia virus-transformed BALB/c 3T3 fibroblasts show increased
secretion of cathepsin B precursor (Achkar et al., 1990).
The remaining proteases are classified as exopeptidases. Before discussing

them, the convention regarding name and function will be discussed (McDonald and
Barrett, 1986). Arninopeptidases remove one amino acid at a time from the amino (N)
terminus of a protein. Dipeptidyl peptidases remove dipeptides from the amino
terminus of a protein. Tripeptidyl peptidases remove tripeptides from the amino
terminus. On the other end, carboxypeptidases remove one amino acid from the
carboxy (C) terminus, and peptidyl dipeptidases remove dipeptides from the carboxy
terminus. Furthermore, dipeptidases hydrolyze dipeptides into single amino acids,
and tripeptidases remove one amino acid from either end (not specified) of tri­
peptides.
Dipeptidyl peptidase I (DPPI) was originally named cathepsin C. It is found at

high levels in bovine spleen, and in the lysosomes of peripheral blood lymphocytes
(McDonald and Barrett, 1986; Thiele and Lipsky, 1990). More specifically, natural
killer cells detected by the presence of the surface molecule, CDl6, showed a lO-fold
higher level of activity than CD4-positive T-helper cells, and a 20-fold higher level of
DPPI activity than CDl9-positive B cells (Thiele and Lipsky, 1990). This indicates
that DPPI may serve a specific role in the cytotoxic immune response. The activity of
this enzyme is greatly affected by pH. N-terminal dipeptides are removed at acidic
pH, while at neutral to alkaline pH, DPPI polymerizes dipeptide esters or amides
(Thiele and Lipsky, 1990). Since amino acids and dipeptide esters can accumulate in
Iysosomes in a similar manner to other substituted amines and might raise lysosomal
pH if present at sufficient concentrations, it is possible that DPPI can be induced to
carry out transpeptidation even in the lysosome. This enzyme appears to be respon­
sible for the cytotoxic effect of Leu-Leu-OMe on cytotoxic lymphocytes due to the
polymerization of Leu4+ chains, which causes cell lysis (Thiele and Lipsky, 1990).
In contrast to DPPI, which displays broad specificity and removes dipeptides

from the N-termini of proteins of various lengths, dipeptidyl peptidase IT is only
active against tripeptides, cleaving prolyl bonds in the Gly-Pro-X sequence
(McDonald et al., 1968; Fukasawa et al., 1983). This sequence is present at high
frequency in collagen.
Tripeptidyl peptidase removes tripeptides from the N-terminus of bovine growth

hormone. This enzyme has an acidic pH optimum (between 4.3 and 5.0 depending on
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the arylamide derivative used for assaying its activity), and is capable of depolymer­
izing poly(Gly-Pro-Ala-) at acidic pH. In conjunction with dipeptidyl peptidase II,
tripeptidyl peptidase reduces poly(Gly-Pro-Ala) to Gly-Pro and free Ala, indicating
that together, these enzymes are capable ofdegrading collagen (McDonald et ai., 1985).
The "protective protein" is an enzyme with carboxypeptidase activity (Tranche­

montagne et ai., 1990) (optimal at pH 5.5) that was originally characterized because
of its absence in galactosialidosis. This protein copurifies with ~-galactosidase and
neuraminidase activity. The deduced amino acid sequence from the cloned protective
protein gene has homology to carboxypeptidase Y and the KEXI gene product from
yeast. At elevated pH, protective protein also has esterase and deamidase activities,
which are also reduced in cells from galactosialidosis patients (Kase et ai., 1990). In
light of the recent purification of an enzyme with esterase, peptidase, and deamidase
activities from platelets, and the fact that the N-terminal 25 residues of the platelet­
derived enzyme are identical to the deduced sequence of protective protein, it seems
likely that protective protein is responsible for all three activities. Overexpression of
protective protein increases cathepsin A-like activity, and cells from galactosialidosis
patients have reduced cathepsin A activity. In addition, affinity-purified antibodies
raised against purified recombinant protective protein remove cathepsin A activity
from normal human fibroblast extracts. Protective protein serves both as a hydrolase
and as a stabilizer for other hydrolases. Interestingly, inactivation of the enzymatic
activity by site-directedmutagenesis does not impair the protective function. In vitro,
protective protein has deamidase and carboxypeptidase activity against substance P,
bradykinin, angiotensin I, and oxytocin (Jackman et ai., 1990). Expression of
protective protein mRNA is high in mouse kidney, brain, and placenta (Galjart et ai.,
1990).
Other lysomal proteases include carboxypeptidases A and B, prolyl carboxy­

peptidase, tyrosine carboxypeptidase, and dipeptidases I and II.

4.3. Disulfide Bond Reduction

It is currently unclear whether a reduction of intrapeptide disulfide bonds occurs
in endosomes and/or lysosomes. A large body of evidence indicates that disulfide
reduction enhances protein degradation in lysosomes, yet no reductase has been
found. Mego (1984) showed that degradation of serum albumin in murine kidney and
liver lysosomes (tritosomes) is stimulated by disulfide-reducing compounds like urea
and cysteine. This stimulation was eliminated if the serum albumin disulfide bonds
were reduced and alkylated. The pH optimum for degradation of serum albumin by
cathepsin D is 3-4.4 but shifts up to 5.0 if the protein is denatured. Highly purified
cathepsins B, D, H,and L were used to show that the presence of thiol compounds
stimulates degradation of insulin, serum albumin, and denatured serum albumin by
these enzymes (Kooistra et ai., 1982). Preincubation of substrates with reducing
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agent did not affect the rate of degradation and the disulfide bonds within the
substrates were still intact. Therefore, it appears that proteins are partially degraded,
then disulfide bonds are reduced, in a combination of proteolysis and reduction.
Although thiols enhanced the intralysosomal degradation in isolated lysosomes,
studies of cystinotic patients indicate that disulfide bonds may not be reduced in all
lysosomes (Schulman et al., 1969; Thoene et al., 1977). In these patients, cystine
accumulates in fibroblast or leukocyte lysosomes. The defect appears to be an
impairment of cystine transport from lysosomes, suggesting that disulfide bonds or
cystine products of proteolysis are not reduced in these lysosomes. Since the study of
cystinosis revealed that cystine leaves normallysosomes, without prior reduction to
cysteine (Jonas et al., 1982; Steinherz et al., 1982; Gabl et al., 1982), Lloyd (1986)
proposed that cysteine itself acts as the hydrogen donor in the reduction of intrachain
disulfide bonds. Because cysteine freely crosses lipid bilayers, including the lyso­
somal membrane, it is possible that once inside the lysosome, cysteine may substitute
for one partner in an intrapeptide disulfide bond. A second molecule of cysteine may
then react with the other polypeptide cysteine, making re-formation of the original
disulfide bond unfavored. The protein would then be more susceptible to unfolding
and degradation. The result of full degradation would be two molecules of cystine per
original disulfide bond; this cystine would be transported across the lysosomal
membrane and into the cytoplasm (where it would presumably be reduced). This
hypothesis provides for a simple mechanism of disulfide bond reduction without
requiring a lysosomal reducing enzyme. Cysteine-specific uptake into lysosomes has
since been reported (Pisoni et al., 1990).
In a more recent paper, Feener et al., (1990) presented evidence that disulfide

bonds are cleaved in compartments other than endosomes or lysosomes. They
proposed the Gogli apparatus as the site of disulfide bond reduction. Reduction of a
[125I]tyramine-poly-D-Iysine conjugate, internalized by nonspecific adsorptive endo­
cytosis, was monitored. Reduction of the probe was observed to begin much earlier
after internalization than degradation of poly-L-lysine, suggesting that the site of
reduction was earlier in the pathway than lysosomes. Little reduction of the probe in
lysosomes was observed, at least at the times tested.
The mechanism of disulfide bond reduction in the endosomal pathway is

especially important in light of the number of disulfide-containing toxins that enter
the cell via endocytosis. Previous reports indicated that the disulfide bond in ricin
must be reduced before the toxin is capable of inhibiting protein synthesis. Lewis and
Youle (1986) demonstrated that the disulfide bond is only required to hold the two
subunits together at low concentrations of ricin; if the complex is reduced before
addition to cells, it is no longer toxic. They proposed that the disulfide bond is
reduced in the cytoplasm.
Diphtheria toxin enters cells via receptor-mediated endocytosis and enters the

cytoplasm after exposure to low pH in endosomes (Sandvig and Olsnes, 1980; Draper
and Simon, 1980). The toxin undergoes a conformational change when exposed to the
lower pH in endosomes, revealing hydrophobic domains. These domains may insert
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themselves into the lipid bilayer, facilitating the toxin's entry into the cytoplasm (see
Chapter 4). The A fragment of diphtheria toxin is not fully active until the interfrag­
ment disulfide bond is reduced (Pappenheimer, 1977). Moskaug et aI. (1987) exam­
ined the effect of low pH on entry of surface-bound nicked toxin into monensin­
treated cells. It was found that exposure of surface-bound nicked toxin to pH less than
5.5 caused a reduction in protein synthesis, indicating that reduction of toxin could
occur even when the toxin was artificially introduced into the cytoplasm. While this
result does not prove that reduction cannot occur in endosomes or Iysosomes,
Moskaug et aI. believe that the data in their paper and others indicate that disulfide
bond reduction occurs in the cytoplasm.

4.4. Glycosidases

As discussed above, significant fractions of most protease activities are found in
the endosomal region of density gradients. However, much lower fractions of
glycosidase activities are found in this region (e.g., Diment and Stahl, 1985). In
addition to implying differential delivery of these two types of enzymes into the
endocytic apparatus, this observation suggests that removal of sugar residues occurs
primarily in Iysosomes.

a-Galactosidase is found in two different forms. a-Galactosidase A catalyzes
the hydrolysis of terminal a-galactose from both water-soluble and lipid compounds.
The pH optimum for the hydrolysis of glycolipid substrates is 4.1 while the pH
optimum for the hydrolysis of a water-soluble ftuorogenic substrate is higher (4.6)
(Dean and Sweeley, 1979a). a-Galactosidase B has a-N-acetylgalactosarnino hydro­
lase activity (see Dean and Sweeley, 1979b).

I3-Galactosidase A hydrolyzes GMcganglioside, N-acetyllactosamine, and
asialofetuin (see Norden et aI., 1974). The saccharide side chains of these molecules
are of the type found on many glycoproteins; therefore, l3-galactosidase may playa
significant role in the degradation of glycoproteins. In fact, glycopeptides and
oligosaccharides accumulate within the Iysosomes of individuals with missing or
defective l3-galactosidase A (GMcgangliosidosis).

I3-Glucocerebrosidase is a membrane-bound enzyme found in Iysosomes. It
catalyzes the hydrolysis of glucocerebroside to glucose and ceramide with a pH
optimum of less than 5.5 in the presence of Triton X-loo and taurocholate, and a pH
of less than 5.0 in the absence of detergents (Aerts et aI., 1985). Deficiency in
glucocerebrosidase causes Gaucher's disease (Brady et aI., 1965). There appear to
be two forms of this enzyme, although they might actually be coded by the same
gene. One form binds concanavalin A with higher affinity (type I). lYpe I is present at
15% of the normal level in Gaucher's disease, while type II is present at anywhere
between 25 and 50% (Aerts et aI., 1985). Both types appear to have the same KM

against the artificial substrate, l3-glucoside.
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a-L-Iduronidase is a lysosomal enzyme that hydrolyzes a-L-iduronic acid
residues from the glycosaminoglycans dermatan sulfate, heparan sulfate, and
heparin. 1\vo forms were originally found in human urine, termed the "high"- and
"low"-uptake forms. The low-uptake form is metabolically processed from the high­
uptake form. Myerowitz and Neufeld (1981) showed that the smaller form, 66 kDa,
was secreted, while the larger form, 76 kDa, was intracellular. They also showed that
the 66-kDa form had low uptake properties and the 76-kDa form had high uptake
properties. The mature 66-kDa form is synthesized as a 75-kDa precursor form that is
processed to 72 kDa and then to 66 kDa in five days.
a-Mannosidase is found in liver, fibroblasts, and other tissues in humans

(Carroll et al., 1972). The two predominant forms, A and B, can be separated by ion­
exchange chromatography. The lysosomal storage disease, mannosidosis, shows loss
of both forms. Both forms have a small subunit of 26 kDa, connected via a disulfide
bond to a larger subunit. The large subunits bind to concanavalin A, indicating the
presence ofhigh-mannose oligosaccharides (Cheng et al., 1986). There are two types
of larger subunits, 58 and 62 kDa. The 58-kDa subunit has a lower pI, and contains
less high-mannose oligosaccharides, but may contain more phosphate than the 62­
kDa subunit. The A form consists of one small subunit and one 62-kDa subunit,
whereas the B form consists of one small subunit and a mixture of the two large
subunits. The B form has a higher affinity for MPR, indicating that it contains more
M6P. This is supported by the fact that much less of form A is taken up by enzyme­
deficient fibroblasts.

4.5. Sulfatases

a-Glucosarninide N-acetyltransferase is a membrane-bound lysosomal enzyme
that catalyzes the acetylation of terminal a-linked glucosarnine residues. This
acetylation is one of four steps in the degradation of heparan sulfate in the lysosome.
The pH optimum for this enzyme is above 5.5 (see Bame and Rome, 1985). It is
supplied with acetyl-coenzyme A from the cytoplasm. Acetyl-CoA itself is not taken
up by the lysosome; rather, the enzyme is acetylated on the cytoplasmic side, and the
acetyl group is brought into the lysosome by a conformational change in the enzyme.
Arylsulfatases A and B are found in rat brain lysosomes. Selmi et al. (1989)

found a high level of arylsulfatase A in pig thyroid lysosomes, up to one-third of the
protein, suggesting that arylsulfatase A may playa role in the generation of thyroid
hormones. Both A and B forms hydrolyze the same synthetic substrate, but their
natural substrates are distinct. Arylsulfatase Bdegrades sulfatides while arylsulfatase
A degrades sulfated mucopolysaccharides. Both forms from human tissues are
soluble lysomal enzymes.
Other sulfatases include sulfatases A and B, chondroitin 6-sulfatase, heparin

sulfamatase, and iduronosulfatase.
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4.6. Phosphatases
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Lysosomal acid phosphatase (LAP) is a glycoprotein with two identical subunits
of 48-52 kDa. While most lysosomal enzymes are thought to be directed to the
lysosome via MPR, acid phosphatase is one of the few enzymes that does not appear
to use that system (Waheed et ai., 1988; Gottschalk et ai., 1989; Peters et ai., 1990).
While the other non-M6P-containing enzymes are tightly bound to the membrane,
acid phosphatase is partially soluble. Lemansky et ai. (1985) found that two-thirds
of newly synthesized acid phosphatase is secreted from I-cells, while only 10% is
secreted in normal human skin fibroblasts (suggesting some role for the MPR in acid
phosphatase targeting). Other lines of evidence indicate that at least some acid
phosphatase can be transported to lysosomes via MPR; endocytosis of LAP is
inhibited by M6p, and anti-MPR antibodies increase the secretion of LAP. However,
other reports indicate that the enzyme is transported in a membrane form (Gottschalk
et ai., 1989; Peters et ai., 1990; Waheed et ai., 1988). Significant differences exist
between the systems used in the conflicting reports, making it difficult to draw a
conclusion. The reports indicating membrane-bound transport used an interspecies
expression system where human LAP was overexpressed (70-fold higher activity) in
baby hamster kidney cells. However, in a follow-up paper, the disruption of proper
targeting by a single amino acid change in the cytoplasmic tail of LAP provides
compelling evidence that the membrane-bound form plays a major role in the delivery
of LAP to lysosomes (Peters et ai., 1990).

While acid phosphatase has traditionally been used as a histochemical marker
for lysosomes, a significant fraction of acid phosphatase activity is present in low­
buoyant-density compartments (as much as 60% in actively growing 3T3 fibroblasts;
Roederer et ai., 1989). Significant acid phosphatase activity has also been detected in
endosomes using electron microscopic (Storrie et ai., 1984), biochemical (Braun
et ai., 1989), and fluorometric (Bowser and Murphy, 1990) assays. While the
hypothesis that endosomal acid phosphatase is entirely membrane-associated while
the lysosomal activity is entirely soluble is attractive, it remains to be rigorously
proven.

4.7. Lipases

Robinson and Waite (1983) examined the substrate specificity of purified
phospholipase A. They found that phosphatidylethanolamine (PE) was the preferred
substrate, phosphatidylcholine (PC) was second, with a hydrolysis rate one-fifth that
for PE, while phosphatidylinositol (PI), phosphatidylglycerol (PG), and phospha­
tidylserine (PS) were degraded very slowly. Hydrolysis of PE was inhibited by the
presence ofTriton WR 1339, while hydrolysis of PC, PI, PS, and PG was stimulated.
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At a 6:1 Triton/phospholipid ratio, PG was the preferred substrate. The authors found
that fatty acid chain in position 1affected the rate of PE hydrolysis, palmitic and oleic
acids being preferred. They also found a requirement for negative surface charge for
hydrolysis of PC and PE. The presence of Ca2+ stimulated hydrolysis of PI, PS, and
PG, while inhibiting the hydrolysis of PE. In the initial purification from rat liver
lysosomes, phospholipase A was recovered from the soluble fraction. The enzyme
was most active at pH 4.0. However, in a report from adifferent group, multiple forms
of phospholipase Awere found. They found that PG was the preferred substrate, and
the activity was not inhibited by the presence of positive charge (Ca2+ or Na+).
Lysosomes also contain triacylglycerollipase, phospholipase A2, phosphatidate

phosphatase, acylsphingosine deacylase, and sphingomyelin phosphodiesterase ac­
tivities.

5. PROCESSING OF PHYSIOWGICAL LIGANDS

As mentioned above, cathepsin D activity has been detected in early endosomes
ofmacrophages (Diment and Stahl, 1985). Endosomal cathepsin D is likely to play an
important role in parathyroid metabolism in macrophages. Using bovine parathyroid
hormone (PTH) and rabbit alveolar macrophages, Diment et al. (1989) demonstrated
that PTH is internalized, cleaved into fragments, including the bioactive 1-34
fragment, then released by exocytosis. They concluded that PTH is never delivered to
lysosomes. The half-time of metabolism is 10-15 min, which is consistent with the
half-time of peptide 1-34 generation in vivo. It has already been shown that Kupffer
cells are the major site of PTH metabolism; kidney plays a lesser role, and bone tissue
does not make a significant contribution. Like intact PTH, fragments from the
N-terminus can be taken up by bone tissue, where they stimulate resorption of bone
mineral. Liver metabolism of PTH may be an important source of bioactive PTH
fragments which act in the skeleton, though the significance of intact and partially
metabolized PTH remains unclear.
In another study, Yamaguchi et al. (1989) found that human PTH is degraded in

UMR-106 cells (characteristic of mature osteoblasts) by chymotrypsin-like activity.
Unlike Diment et al., they found no contribution by cathepsin D activity. They also
found no contribution by cathepsin B or metalloendoproteases, nor was the degrada­
tion inhibited by treatment with ammonium chloride, chloroquine, or monensin. This
indicates that lysosomal compartments are not involved in PTH metabolism in this
osteoblast-like cell line though degradation appeared to occur intracellularly. The
fragments generated by these cells strongly resemble fragments generated by purified
chymotrypsin, yet these peptides have not been found circulating in the blood. The
authors point out that PTH fragments generated by parathyroid slices and intact
parathyroid cells are different from fragments generated by cathepsins B and D from
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parathyroid homogenate. It appears, then, that while osteoblast-like cells and para­
thyroid tissue are capable of degrading PTH, they are not responsible for generating
the partially metabolized forms found in the blood.

6. ANTIGEN PRESENTATION

Proteases of the endosomal pathway play an important role in the humoral
immune response. Antigens are internalized by either macrophages, B cells, or den­
dritic cells [collectively referred to as antigen-presenting cells (APC)] and proteo­
lytically processed in an internal compartment (for reviews see Unanue, 1984;
Schwartz, 1985; Allen, 1987; Lanzavecchia, 1988). The resulting peptide fragments
interact with class II major histocompatibility molecules which are then expressed on
the surface of the APC. The complex is recognized by T-helper cells via specific T-cell
receptors, stimulating the T-helper cell to secrete various lymphokines which in turn
stimulate the T cell and APe to divide and differentiate. In this manner, clonal
expansion of the appropriate T cells and APCs is thought to occur.
The antigen presentation process requires time, temperatures above 20°C, an

acidic intravesicular environment, and active cysteine proteases. These requirements
have been interpreted as implicating endosomes as the site of antigen processing.
Additional evidence for the role of endosomes in antigen processing is the rapid
colocalization of internalized surface immunoglobulins with proteolytic enzymes and
major histocompatibility molecules in endosome-like compartments (Guagliardi
et al., 1990). While specific roles for cathepsins Band D in this process have been
proposed (Diment, 1990), it is unclear how internalized antigens manage to escape
complete degradation, especially by cells with high proteolytic potential, such as
macrophages. Harding et al. (1991) have demonstrated, using liposome-encapsulated
antigens, that at least some antigen fragments can escape from lysosomes and be
presented to T cells.

7. CONCLUSIONS

The results reviewed above indicate the complexity of the enzyme activities to
which endocytosed material is exposed in the endocytic system. Some of the charac­
teristics of endosomes and lysosomes have been exploited in model systems for drug
targeting. These include acidic pH (Shen and Ryser, 1981; Straubinger et al., 1983),
proteases (Monsigny et al., 1980), and reducing activity (Wan et al., 1990). The next
few years are anticipated to provide a dramatic increase in information about themecha­
nisms of regulation of enzyme activity and membrane traffic in this system. The
availability of this information may permit exploitation of the highly specialized char­
acteristics of endosomes and lysosomes to achieve particular pharmacological goals.



Endosomal and Lysosomal Hydrolases

REFERENCES

65

Achkar, c., Gong, Q., Frankfater, A., and Bajowski, A. S., 1990, Differences in targeting and
secretion of cathepsins B and L by BALB/c 3T3 fibroblasts and Moloney murine sarcoma
virus-transformed BALB/c 3T3 fibroblasts, 1. Bioi. Chem. 265:13650-13654.

Aerts, G. M. E G., Donker-Koopman, W. E., van der Vliet, M. K., Jonsson, L. M. v., Ginns,
E. I., Murray, G. 1., Barranger, 1. A., Tager, 1. M., and Schram, A. w., 1985, The
occurrence of two immunologically distinguishable ~-glucocerebrosidases in human
spleen, Eur. 1. Biochem. 150:565-574.

Ajioka, R. S., and Kaplan, 1., 1987, Characterization of endocytotic compartments using the
horseradish peroxidase-diaminobenzidine density shift technique, 1. Cell Bioi. 104:77-85.

Allen, P. M., 1987, Antigen processing at the molecular level, lmmunol. Today 8:270.
Bae, H.-R., and Verkman, A. S., 1990, Protein kinase A regulates chloride conductance in
endocytic vesicles from proximal tubules, Nature 348:637-639.

Bame, K. 1., and Rome, L. H., 1985, Acetyl coenzyme A:a-glucosaminide N-acetyl­
transferase. Evidence for a transmembrane acetylation mechanism, 1. Bioi. Chem.
260:11293-11299.

Barrett, A. 1., 1973, Human cathepsin Bl, Biochem. 1. 131:809-822.
Barrett, A. 1., and Kirschke, H., 1981, Cathepsin B, cathepsin H, and cathepsin L, Methods

Enzymol. 80:535-561.
Barrett, A. 1., and McDonald, 1. K., 1980, Mammalian Proteases: A Glossary and Bibliogra­

phy, Academic Press, New York.
Bowser, R., and Murphy, R. E, 1990, Kinetics of hydrolysis of endocytosed substrates by
mammalian cultured cells: Early introduction of lysosomal enzymes into the endocytic
pathway, 1. Cell Physiol. 143:110-117.

Brady, R. 0., Kanfer, 1. N., and Shapiro, D., 1965, Metabolism of glucocerebrosides. II.
Evidence of an enzymatic deficiency in Gaucher's disease, Biochem. Biophys. Res.
Commun.18:221-225.

Braell, W. A., 1987, Fusion between endocytic vesicles in a cell-free system, Proc. Natl. Acad.
Sci. USA 84:1137-1141.

Braun, M., Waheed, A., and von Figura, K., 1989, Lysosomal acid phosphatase is transported
to Iysosomes via the cell surface, EMBO J. 8:3633-3640.

Cain, C. C., Sipe, D. M., andMurphy, R. E, 1989, Regulationofendocytic pH by the Na+ ,K+­
ATPase in living cells, Proc. Natl. Acad. Sci. USA 86:544-548.

Carroll, M., Dance, N., Masson, P. K., Robinson, D., and Winchester, B. G., 1972, Human
mannosidosis-The enzyme defect, Biochem. Biophys. Res. Commun. 49:579-583.

Cheng, S. H., Malcolm, S., Pemble, S., andWinchester, B., 1986, Purification and comparison
oftbe structures of human liver acidic a-D-mannosidases A and B, Biochem. 1. 233:65-72.

Chu, E-E, and Olden, K., 1984, Distribution of acid hydrolases in subcellular fractions of
proliferating vs non-proliferating fibroblasts, Exp. Cell Res. 154:606-612.

Dean, K. 1., and Sweeley, C. C., 1979a, Studies on human liver a-galactosidases. I. Purifica­
tion of a-galactosidase Aand its enzymatic properties with glycolipid and oligosaccharide
substrates, 1. Bioi. Chem. .OOסס254:9994-1

Dean, K. 1., and Sweeley, C. C. 1979b, Studies on human liver a-galactosidases. II.
Purification and enzymatic properties of a-galactosidase B (a-N-acetylgalactos­
aminidase), 1. Biol. Chem. 254:10001-10005.



66 Sandra A. Brockman and Robert F. Murphy

Diment, S., 1990, Different roles for thiol and aspartyl proteases in antigen presentation of
ovalbumin, 1 Irnrnunol. 145:417-422.

Diment, S., and Stahl, P., 1985, Macrophage endosomes contain proteases which degrade
endocytosed protein ligands, 1 Biol. Chern. 260:15311-15317.

Diment, S., Martin, K, I, and Stahl, P. D., 1989, Cleavage of parathyroid hormone in
macrophage endosomes illustrates a novel pathway for intracellular processing of pro­
teins,l Biol. Chern. 264:13403-13406.

Draper, R. K., and Simon, M. 1., 1980, The entry of diphtheria toxin into the mammalian cell
cytoplasm: Evidence for lysosomal involvement, J. Cell Biol. 87:849-854.

Feener, E. P., Shen, W-C., and Ryser, H. I-P., 1990, Cleavage of disulfide bonds in
endocytosed macromolecules, J. Biol. Chern. 265:18780-18785.

Fuchs, R., Schmid, S., and Mellman, 1., 1989, A possible role for the Na+ ,K+-ATPase in
regulating ATP-dependent endosome acidification, Proc. Natl. Acad. Sci. USA 86:
539-543.

Fukasawa, K., Fukasawa, K. M., Hiraoka, B. Y., and Harada, M., 1983, Purification and
properties of dipeptidyl peptidase 11 from rat kidney, Biochirn. Biophys. Acta 745:6-11.

Gabl, W A., Tietze, R., Bashan, N., Steinherz, R., and Schulman, I D., 1982, Defective
cystine exodus from isolated lysosome-rich fractions of cystinotic leucocytes, 1 Biol.
Chern. 257:9470-9475.

Galjart, N. I, Gillemans, N., Meijer, D., and d'Azzo, A., 1990, Mouse "protective protein"
eDNA cloning, sequence comparison, and expression, 1 Biol. Chern. 265:4678-4684.

Galloway, C. I, Dean, G. E., Marsh, M., Rudnick, G., andMellman, 1.,1983, Acidification of
macrophage and fibroblast endocytotic vesicles in vitro, Proc. Natl. Acad. Sci. USA
80:3334-3338.

Geuze, H. I, Slot, I W, Strous, G. I A. M., Hasilik, A., and von Figura, K., 1985, Possible
pathways for lysosomal enzyme delivery, J. Cell Bioi. 101:2253-2262.

Glaumann, H., and Ballard, F. I (eds.), 1987, Lysosornes: Their Role in Protein Breakdown,
Academic Press, New York.

Gottschalk, S., Wabeed, A., and von Figura, K., 1980, Targeting of lysosomal acid phospha­
tase with altered carbohydrate, Biol. Chern. Hoppe-Seyler 370:75-80.

Griffiths, D., Hoflack, B., Simons, K., Mellman, 1., and Kornfeld, S., 1988, The mannose
6-phosphate receptor and the biogenesis of Iysosomes, Cell 52:329-341.

Griffiths, G., and Gruenberg, I, 1991, The arguments for pre-existing early and late endo­
somes, Trends Cell Biol. 1:5-9.

Guagliardi, L. E., Kopppleman, B., Blum, I S., Marks, M. S., Cresswell, P., and Brodsky, F.
M., 1990, Co-localization ofmolecules involved in antigen processing and presentation in
an early endocytic compartment, Nature 343:133-139.

Hanewinkel, H., Glossl, I, and Kresse, H., 1987, Biosynthesis of cathepsin B in cultured
normal and I-cell fibroblasts, J. Bioi. Chern. 262:12351-12355.

Harding, C. V, Unanue, E. R., Slot, I W, Schwartz, A. L., and Geuze, H. I, 1990,
Functional and ultrastructural evidence for intracellular formation of major histocom­
patibility complex class II-peptide complexes during antigen processing, Proc. Natl.
Acad. Sci. USA 87:5553-5557.

Harding, C. V, Collins, D. S., Slot, I W, Geuze, H. I, and Unanue, E. R., 1991, Liposome­
encapsulated antigens are processed in Iysosomes, recycled, and presented to Tcells, Cell
64:393-401.



Endosomal and Lysosomal Hydrolases 67

Helenius, A., Mellman, I., Wall, D., and Hubbard, A., 1983, Endosomes, Trends Biochem.
Sci. 8:245-249.

Holtzman, E., 1989, Lysosomes, Plenum Press, New York.
Jackman, H. L., Tan, E, Tamei, H., Beurling-Harbury, c., Li, X.-Y, Skidgel, R. A., and

Erdos, E. G., 1990, A peptidase in human platelets that deamidates tachykinins, 1. Bioi.
Chem. 265:11265-11272.

Jonas, A. 1., Greene, A. A., Smith, M. L., and Schneider, 1. A., 1982, Cystine accumulation
and loss in normal, heterozygous and cystinotic fibroblasts, Proc. Natl. Acad. Sci. USA
79:4442-4445.

Kase, R., Itoh, K., Takiyama, N., Oshima, A., Sakuraba, H., and Suzuki, Y, 1990,
Galactosialidosis: Simultaneous deficiency of esterase, carboxy-terminal dearnidase and
acid carboxypeptidase activities, Biochem. Biophys. Res. Commun. 172:1175-1179.

Keilova, H., 1971, On the specificity an inhibition ofcathepsins D and B, in: Tissue Proteinases
(A. 1. Barrett and 1. T. Dingle, eds.), North-Holland, Amsterdam, pp. 45-65.

Kielian, M. C., Marsh, M., and Helenius, A., 1986, Kinetics of endosome acidification
detected by mutant and wild-type Semliki Forest virus, EMBO J. 5:3103-3109.

Killisch, I., Steinlein, P, Romisch, K., Hollinshead, R., Beug, H., and Griffiths, G., 1992,
Characterization of early and late endocytic compartments of the transferrin cycle:
Transferrin receptor antibody blocks erythroid differentiation by trapping the receptor in
the early endosome, 1. Cell Sci. 103:211-232.

Kooistra, T., Millard, P C., and Lloyd, 1. B., 1982, Role ofthiols in degradation of proteins by
cathepsins, Biochem. J. 204:471-477.

Kornfeld, S., 1987, Trafficking of lysosomal enzymes, FASEB 1. 1:462-468.
Kornfeld, S., and Mellman, I., 1989, The biogenesis of lysosomes, Annu. Rev. Cell Bioi. 5:

483-525.
Lanzavecchia, A., 1988, Clonal sketches of the immune response. EMBO J. 7:2945.
Lemansky, P, Gieselmann, v., Hasilik, A., and von Figura, K., 1985, Synthesis and transport
oflysosomal acid phosphatase in normal and I-cell fibroblasts, J. Bioi. Chem. 260:9023­
9030.

Lewis, M. S., and Youle, R. 1., 1986, Ricin subunit association, J. Bioi. Chem. 261:11571­
11577.

Lloyd, 1. B., 1986, Disulphide reduction in Iysosomes, Biochem. 1. 237:271-272.
McDonald, 1. K., and Barrett, A. 1., 1986, Mammalian Proteases: A Glossary and Bibliogra­

phy, Academic Press, New York.
McDonald, 1. K., Leibach, E H., Grindeland, R. E., and Ellis, S., 1968, Purification of

dipeptidyl aminopeptidase II (dipeptidyl arylamidase II) of the anterior pituitary gland,
1. Bioi. Chem. 243:4143-4150.

McDonald, 1. K., Hoisington, A. R., and Eisenhauer, D. A., 1985, Partial purification and
characterization of an ovarian tripeptidyl peptidase: A lysosomal exopeptidase that
sequentially releases collagen-related (Gly-Pro-X) triplets, Biochem. Biophys. Res. Com­
mun. 126:63-71.

Mego,1. L., 1984, Role of thiols, pH and cathepsin D in the lysosomal catabolism of serum
albumin, Biochem. 1. 218:775-783.

Mellman, I., Fuchs, R., and Helenius, A, 1986, Acidification of the endocytic and exocytic
pathways, Annu. Rev. Biochem. 55:663-700.

Merion, M., and Poretz, D. R., 1981, The resolution oftwo populations oflysosomal organelles



68 Sandra A. Brockman and Robert E Murphy

containing endocytosed Wisteria floribunda agglutinin from murine fibroblasts, 1 Supra­
mol. Struct. Cell Biochern. 17:337-346.

Merion, M., and Sly, W. S., 1983, The role of intermediate vesicles in the adsorptive
endocytosis and transport of ligand to lysosomes by human fibroblasts, 1 Cell Bioi. 96:
644-650.

Monsigny, M., Kieda, C., Roche, A.-C., and Delmotte, E, 1980, Preparation and biological
properties of a covalent antitumor drug-arm-carrier (DAC) conjugate, FEBS Lett. 119:
181-186.

Moskaug,1. 0., Sandvig, K., and Olsnes, S., 1987, Cell-mediated reductions of the interfrag­
ment disulfide in nicked diphtheria toxin, 1 Bioi. Chern. 262:10339-10345.

Murphy, R. E, 1985, Analysis and isolation of endocytic vesicles by flow cytometry and
sorting: Demonstration of three kinetically distinct compartments involved in fluid-phase
endocytosis, Proc. Natl. Acad. Sci. USA 82:8523-8526.

Murphy, R. E, 1988, Processing of endocytosed material, Adv. Cell Bioi. 2:159-180.
Murphy, R. E, 1991, Maturation models for endosome and lysosome biogenesis, Trends Cell

Bioi. 1:77-82.
Murphy, R. E, Jorgensen, E. D., and Cantor, C. R., 1982, Kinetics of histone endocytosis in

Chinese hamster ovary cells, 1 Bioi. Chern. 257:1695-1701.
Murphy, R. E, Powers, S., and Cantor, C. R., 1984, Endosomal pH measured in single cells by

dual fluorescence flow cytometry: Rapid acidification of insulin to pH 6, 1 Cell Bioi.
98:1757-1762.

Myerowitz, R., and Neufeld, E. E, 1981, Maturation of a-L-iduronidase in cultured human
fibroblasts, 1 BioI. Chern. 256:3044-3048.

Norden, A. G. w., Tennant, L. L., and O'Brien, 1. S., 1974, GMI ganglioside l3-galactosidase
A, 1 Bioi. Chern. 249:7969-7976.

Ohkuma, S., and Poole, B., 1978, Fluorescence probe measurement of the intralysosomal pH
in living cells and the perturbation of pH by various agents, Proc. Natl. Acad. Sci. USA
75:3327-3331.

Pappenheimer, A. M., Jr., 1977, Diphtheria toxin, Annu. Rev. Biochern. 46:69-94.
Peters, C., Braun, M., Weber, B., Wendland, M., Schmidt, B., Pohlmann, R., Waheed, A.,

and von Figura, K., 1990, Targeting of a lysosomal membrane protein: A tyrosine­
containing endocytosis signal in the cytoplasmic tail of lysosomal acid phosphatase is
necessary and sufficient for targeting to lysosomes, EMBO 1 9:3497-3506.

Pisoni, R. L., Acker, T. L., Lisowski, K. M., Lemons, R. M., and Thoene, 1. C., 1990, A
cysteine-specific lysosomal transport system provides a major route for the delivery of
thiol to human fibroblast lysosomes: Possible role in supporting lysosomal proteolysis, J.
Cell BioI. 110:327-335.

Robinson, M., and Waite, M., 1983, Physical-chemical requirements for the catalysis of
substrates by lysosomal phospholipase AI' J. Bioi. Chern. 258:14371-14378.

Roederer, M., and Murphy, R. E, 1986, Cell-by-cell autofluorescence correction for low signal­
to-noise systems: Application to EGF endocytosis by 3T3 fibroblasts, Cytometry 7:558-565.

Roederer, M., Browser, R., and Murphy, R. E, 1987, Kinetics and temperature dependence of
exposure of endocytosed material to proteolytic enzymes and low pH: Evidence for a
maturation model for the formation of lysosomes, 1 Cell Physiol. 131:200-209,

Roederer, M., Mays, R. w., and Murphy, R. E, 1989, Effect of confluence on endocytosis by



Endosomal and Lysosomal Hydrolases 69

3T3 fibroblasts: Increased pinocytosis and accumulation of residual bodies, Eur. 1. Cell
Bioi. 48:37-44.

Sandvig, K., and Olsnes, S., 1980, Diphtheria toxin entry into cells is facilitated by low pH, 1.
Cell Bioi. 87:828-832.

Schmid, S. L., Fuchs, R., Male, P., and Mellman, I., 1988, Two distinct subpopulations of
endosomes involved in membrane recycling and transport to lysosomes, Cell 52:73-83.

Schulman,1. D., Bradley, K. H., and Seegmiller, 1. E., 1969, Cystine: Compartmentalization
within lysosomes in cystinotic leukocytes, Science 166:1152-1154.

Schwartz, R. H., 1985, T-lymphocyte recognition of antigen in association with gene products
of the major histocompatibility complex, Annu. Rev. Immunol. 3:237-261.

Selmi, S., Maire, I., and Rousset, B., 1989, Evidence for the presence of a very high
concentration of arylsulfatase A in the pig thyroid: Identification of arylsulfatase A
subunits as the two major glycoproteins in purified thyroid lysosomes, Arch. Biochem.
Biophys. 273:170-179.

Shaw, E., and Dean, R. T., 1980, The inhibition of macrophage protein turnover by a selective
inhibitor of thiol proteinases, Biochem. 1. 186:385-390.

Shen, w.-C., and Ryser, H. 1.-P., 1981, cis-Aconityl spacer between daunomycin and macro­
molecular carriers: Amodel ofpH-sensitive linkage releasing drug from a lysosomotropic
conjugate, Biochem. Biophys. Res. Commun. 102:1048-1054.

Sipe, D. M., and Murphy, R. E, 1987, High resolution kinetics of transferrin acidification in
BALB/c 3T3 cells: Exposure to pH 6 followed by temperature-sensitive alkalinization
during recycling, Proc. Natl. Acad. Sci. USA 84:7119-7123.

Sipe, D. M., Jesurum, A., and Murphy, R. E, 1991, Absence ofNA+,K+-ATPase regulation of
endosomal acidification in K562 erythroleukemia cells, 1. Bioi. Chem. 266:3469-3474.

Sloane, B. E, Rozhin, 1., Johnson, K., Taylor, H., Crissman, 1. D., and Honn, K. v., 1986,
Cathepsin B: Association with plasma membrane in metastatic tumors, Proc. Natl. Acad.
Sci. USA 83:2483-2487.

Steinherz, R., Tietze, E, Gahl, W. A. Triche, T. 1., Chiang, H., Modesti, A., and Schulman, 1.,
1982, Cystine accumulation and clearance by normal and cystinotic leukocytes exposed to
cystine dimethyl ester, Proc. Natl. Acad. Sci. USA 79:4446-4450.

Storrie, B., 1988, Assembly of Iysosomes: Perspectives from comparative molecular cell
biology, Int. Rev. Cytol. ill:52-105.

Storrie, B., Pool, R. R., Sachdeva, M., Maurey, K. M., and Oliver, C., 1984, Evidence for both
prelysosomal and lysosomal intermediates in endocytic pathways, 1. Cell Bioi. 98:108-115.

Straubinger, R. M., Hong, K., Friend, D. S., and Papahadjopoulos, D., 1983, Endocytosis of
liposomes and intracellular fate of encapsulated molecules: Encounter with a low pH
compartment after internalization in coated vesicles, Cell 32:1069-1079.

Thiele, D. L., and Lipsky, P. E., 1990, Mechanism ofL-leucyl-L-leucine methyl ester-mediated
killing of cytotoxic lymphocytes: Dependence on a lysosomal thiol protease, dipeptidyl
peptidase I, that is enriched in these cells, Proc. Natl. Acad. Sci. USA 87:83-87.

Thoene, 1. G., Oshima, R. G., Ritchie, 0. G., and Schneider, 1. A., 1977, Cystinotic
fibroblasts accumulate cystine from intracellular protein degradation, Proc. Natl. Acad.
Sci. USA 74:4505-4507.

Tranchemontagne, 1., Michaud, L., and Potier, M., 1990, Deficient lysosomal carboxypep­
tidase activity in galactosialidosis, Biochem. Biophys. Res. Commun. 168:22-29.



70 Sandra A. Brockman and Robert E Murphy

lYcko, B., and Maxfield, E R., 1982, Rapid acidification of endocytic vesicles containing
alpha-2-macroglobulin, Cell 28:643-651.

Unanue, E. R., 1984, Antigen-presenting function of the macrophage, Annu. Rev. Immunol.
2:395-428.

Van Dyke, R. w., 1988, Proton pump-generated electrochemical gradients in rat liver
multivesicular bodies, 1 BioI. Chem. 263:2603-2611.

van Renswoude, 1., Bridges, K. R., Harford, 1. B., and Klausner, R. D., 1982, Receptor­
mediated endocytosis of transferrin and the uptake of Fe in K652 cells: Identification of a
nonlysosomal acidic compartment, Proc. Natl. Acad. Sci. USA 79:6186-6190.

von Figura, K., and Hasilik, A., 1986, Lysosomal enzymes and their receptors, Annu. Rev.
Biochem. 55:167-193.

Waheed, A., Gottschalk, S., Hille, A., Krentler, e., Pohlmann, R., Braulke, T., Hauser, H.,
Geuze, H., and von Figura, K., 1988, Human lysosomal acid phosphatase is transported
as a transmembrane protein to lysosomes in transfected baby hamster kidney cells, EMBO
1 7:2351-2358.

Wan, 1., Persiani, S., and Shen, w.-e., 1990, Transcellular processing of disulfide- and
thioether-linked peroxidase-polylysine conjugates in cultured MDCK epithelial cells, J.
Cell Physiol. 145:9-15.

Yamaguchi, T., Fukase, M., Nishikawa, M., Fujimi, T., and Fujita, T., 1989, Parathyroid
honnone degradation by chymotrypsin-like endopeptidase in the clonal osteogenic
UMR-106 cell, Biochim. Biophys. Acta 1010:177-183.

Yamashiro, D. 1., and Maxfield, E R., 1987, Kinetics of endosome acidification in mutant and
wild-type Chinese hamster ovary cells, J. Cell Biol. 105:2713-2721.

Yamashiro, D. 1., and Maxfield, E R., 1988, Regulation of endocytic processes by pH, Trends
Pharmacol. Sci. 9:190-193.



Chapter 4

Protein Uptake and Cytoplasmic Access
in Animal Cells

Bo van Deurs, Steen H. Hansen, Sjur Olsnes,

and Kirsten Sandvig

1. INTRODUCTION

Cell membranes are the major barriers to protein delivery into cells. As a great deal of
pharmaceutical and biotechnological research attempts to find ways of delivering
drugs into cells-for instance, with the purpose of irreversibly inhibiting the protein
synthesis machinery of cancer cells-mechanisms by which various protein ligands
are internalized by cells and subsequently translocated across the membrane of
intracellular compartments are coming into focus.

A protein can enter a cell in two ways, either directly by translocation across the
plasma membrane into the cytosol, or by endocytosis. Following endocytosis, the
internalized protein is still separated from the cytosol by a membrane (for instance,
the endosome membrane). The protein can then either follow an endocytic pathway
which leads back to the cell surface (recycling and transcytosis) or to the Golgi
complex, or follow one leading to proteolytic destruction in lysosomes (Fig. 1).
Alternatively, the protein can be translocated across the membrane in an en­
zymatically active form to reach the cytosol from, in principle, any station on the
endocytic pathway. Once in the cytosol, the translocated protein may interact with the
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Oslo 3, Norway.
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Figure 1. Schematic model of endocytic pathways in a polarized epithelial cell. Plasma membrane with
receptors and bound ligands as well as solutes may be internalized by clathrin-coated vesicles (1) or
noncoated vesicles (2) to reach (3) the endosomal compartment (EN). From the endosome, internalized
molecules are sorted to their next or final destination. There is a recycling pathway (4) back to the cell
surface from where the internalization took place, a transcytotic pathway (5) to the opposite surface, and a
pathway (6) to lysosomes (LY). The transfer of molecules to lysosomes occurs via an intermediate stage
which communicates (7) with the trans-Golgi network (TGN). Internalized molecules reaching the TGN
may be transported back to the cell surface together with newly synthesized secretory and membrane
proteins (8).

protein synthesis machinery, an aspect of great relevance in relation to the applica­
tion of various plant and bacterial toxins for constructing immunotoxins (Olsnes
et al., 1989; van Deurs et al., 1990b).

2. ENTRY OF PROTEINS INTO THE CYTOSOL

A number of plant and bacterial toxins are able to enter the cytosol of cells and
inhibit the protein synthesis in these cells enzymatically. These toxins include the
plant toxins abrin, ricin, modeccin, viscumin, and volkensin, as well as the bacterial
toxins diphtheria toxin, Pseudomonas exotoxin A, Shiga toxin, and Shiga-like toxins
(for review, see Jackson, 1990; Olsnes and Sandvig, 1988). Also, a number of
bacterial toxins with other targets than the protein synthesis machinery seem to enter
cells. Cholera toxin, pertussis toxin, and Escherichia coli heat-labile toxin all modify
G-proteins (Moss and Vaughan, 1988), while Clostridium botulinum C2 toxin and the
three immunologically related toxins. C. perjringens E iota toxin, C. spirojorme
toxin, and one of the toxins produced by C. difficile all modify actin and lead to
depolymerization of actin and eventually cell lysis (Aktories and Wegner, 1989). C.
difficile also produces two other toxins, called toxin A and toxin B, which have a
cytotoxic effect and which seem to enter the cytosol after uptake by endocytosis
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(Henriques et al., 1987). Also, botulinum and tetanus neurotoxins seem to exert their
toxic effect after entry into the cytosol. However, in the case of these two toxins the

intracellular target is still unknown (Ahnert-Hilger et al., 1989; de Paiva and Dolly,
1990; Mochida et al., 1989; Stecher et al., 1989). Some bacteria (Bacillus anthracis
and Bordetella pertussis) produce invasive adenylate cyclase, which also enters cells
and intoxicates them (Donovan and Storm, 1990; Gordon et al., 1989). In addition
to the adenylate cyclase, Bacillus anthracis produces another protein which is highly
toxic to some cells, and which also seems to enter the cytosol to exert its effect (Singh
et al., 1989).

As described above, there are a large variety of toxins which are able to gain
access to the cytosol. Most of the toxins described here consist of a moiety that binds
the toxin to cell surface receptors, and another, enzymatically active moiety that acts
in the cytosol after translocation through the membrane. Relatively little is known
about how most of these proteins cross the membrane. The results obtained so far
suggest that many of them have to be endocytosed, in some cases modified, and that
the transport to the cytosol then occurs across the membrane of an intracellular
compartment (see Section 5). Recent data suggest that the same is the case with the
man-made immunotoxins that are constructed to specifically kill certain cell types
(Olsnes et al., 1989).

In spite of the structural similarity between some of the naturally occurring
toxins, their entry mechanisms seem to be quite different. Some of the toxins may
have to be routed to the trans-Golgi network before entry into the cytosol (see
Sections 4 and 5), whereas diphtheria toxin normally seems to enter from early acidic
endosomes (Draper and Simon, 1980; Sandvig and Olsnes, 1980, 1981), and a few of
the toxins may be able to enter directly from the plasma membrane [pertussis invasive
adenylate cyclase (Donovan and Storm, 1990), cholera toxin, pertussis toxin (Moss
and Vaughan, 1988)]. Also, when diphtheria toxin is bound to the cell surface, direct
entry can be induced by exposing the cells to medium with low pH, thus mimicking
the conditions in the endosome (see Section 4). Upon exposure to low pH, the
conformation of the toxin is changed so that hydrophobic regions are exposed
(Sandvig and Olsnes, 1981), the binding moiety is inserted into the plasma membrane
(Moskaug et af., 1988), there is formation of cation-selective channels (Sandvig and
Olsnes, 1988), and the enzymatically active fragment is translocated (Fig. 2). Recent
experiments have shown that one can, using diphtheria toxin as a vehicle, get
translocation of other proteins into the cytosol (Stenmark et af., 1991). Using this
model system, the entry of diphtheria toxin has been studied in more detail than the
entry of other toxins, and the conditions required for translocation of diphtheria toxin
have thus been characterized. The experiments strongly suggest that the binding
moiety is not only important for the binding of the toxin to the cell surface, but that
both this protein and the receptor to which it binds play an important role in the
translocation process (Stenmark et af., 1988). Such information is important in
connection with construction of immunotoxins or other molecules which one wants
to bring into the cytosol. For this purpose it is important to know whether or not a
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Figure 2. Model for translocation of
diphtheria toxin. When cells with receptor­
bound toxin are exposed to low pH, the
B-fragment inserts into the membrane, and
the A-fragment is translocated to the cyto­
plasm.

toxin has to be internalized by endocytosis before translocation and to which
destination in the cell it has to be transported. One would also like to know the
requirements for translocation across the membrane.

3. ENDOCYTIC UPTAKE

According to classical definitions (see van Deurs et aJ., 1989), endocytosis is
subdivided into phagocytosis and pinocytosis. Phagocytosis is carried out by certain
specialized cell types (e.g., macrophages) which actively encircle, for instance,
invading bacteria and other particles followed by the formation of an intracellular
vacuole. Pinocytosis, on the other hand, is uptake of ligands and solutes from the
external environment, and occurs in all cell types. Endocytosis is generally used
synonymously with pinocytosis, and in the following we analyze how cells endo­
cytose various molecules, without taking phagocytosis into consideration. Some
molecules are endocytosed in the fluid phase, that is, without any binding to the cell
surface prior to internalization. In most cases, however, molecules bind to plasma
membrane constituents and the subsequent internalization is referred to as adsorptive
endocytosis. In its most elaborate form, adsorptive endocytosis is mediated by
ligand-specific receptor molecules such as the low-density lipoprotein (LDL) recep­
tor, the transferrin receptor, or the insulin receptor, and the process is referred to
as receptor-mediated endocytosis. Many nonphysiological ligands such as viral,
plant, and bacterial toxins (opportunistic ligands) utilize various cell surface mole­
cules or specific carbohydrate moieties to become efficiently internalized, thereby
imitating receptor-mediated endocytosis.

It has become evident from studies on various cell lines that cells have at least
two different endocytic mechanisms, one depending on the clathrin molecule and
being thoroughly studied, the other clathrin-independent and much less explored
(Brodsky, 1988; Gruenberg and Howell, 1989; Hubbard, 1989; Pearse and Robinson,
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1990; Rodman et al., 1990; van Deurs et al., 1989). In the first case, endocytosis takes
place from specialized membrane domains, the coated pits, at the cell surface (Figs.
3-5). Whether these pits are almost flat (early stages in vesicle formation) or deeply
invaginated (late stages, just before the coated vesicle pinches off), they are easily
recognized in the electron microscope due to the characteristic clathrin coat on the
cytoplasmic face of the membrane. Even though the coated pits occupy less than
2% of the cell surface, they are involved in a very efficient internalization of a large
number of physiological ligands (receptor-mediated endocytosis) (Goldstein et al.,
1985). In some cases, the receptors (like those for LDL and transferrin) become
clustered in coated pits also in the absence of ligand, and are internalized and
recycled several times during their lifetime (constitutive endocytosis). In other cases,
receptors [like the epidermal growth factor (EGF) receptor and others with tryosine

Figures 3-5. Micrographs showing clathrin-coated pits in HEp-2 cells. In Fig. 3, which is an electron
micrograph of a section of Epon-embedded cells, the clathrin coat is indicated by arrows. The coated pit
contains transferrin receptors as visualized by preembedding immunogold labeling on fixed cells. The
electron micrograph in Fig. 4 is from an ultracryoseetion, where transferrin receptors are immunogold
labeled with lO..nm gold particles (large arrows) while clathrin is labeled with 5-nm gold particles (small
arrows). In Fig. 5, coated pits are visualized by immunofluorescence using the same anticlathrin antibody
as in Fig. 4. Figures 3 and 4, bar = 100 nm; Fig. 5, bar = 10 Il-m.
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kinase activity] only aggregate in coated pits after ligand binding (induced endo­
cytosis).

It has been shown for the receptors of LDL (Davis and Czech, 1986; Lehrman
et ai., 1985), polymeric immunoglobulin (poly-Ig) (Mostov et ai., 1986), EGF
(Prywes et ai., 1986), transferrin (Iacopetta et ai., 1988; Rothenberger et ai., 1987),
the Fc fragment of immunoglobulins (Miettinen et ai., 1989), and mannose 6-phos­
phate (M6P) (Lobel et ai., 1989) that a signal located in the cytoplasmic tail of these
transmembrane glycoproteins is crucial for clustering into coated pits and efficient
internalization. Although heterogeneity in the internalization sequence between
different receptors exists, the structural determinants required for high-efficiency
internalization appear, in general, to be found within a stretch of four to six amino
acids containing a crucial tyrosine or at least an aromatic residue which must be
separated from the transmembrane domain by some residues (Alvarez et ai., 1990;
Breitfeld et ai., 1990; Chen, et ai., 1990; Collawn et ai., 1990; Davis et ai., 1986,
1987; ling et ai., 1990; Ktistakis et ai., 1990; Lazarovits and Roth, 1988; Lobel et ai.,
1989; McGraw and Maxfield, 1990). These data have been generated from studies
employing site-directed mutagenesis to alter the cytoplasmic domain not only of
receptors internalized by coated pits under physiological conditions (Alvarez et ai.,
1990; Breitfeld et ai., 1990; Chen et ai., 1990; Collawn et ai., 1990; Davis et ai.,
1986; ling et ai., 1990; Lobel et ai., 1989; McGraw and Maxfield, 1990), but also of
plasma membrane proteins such as the influenza virus hemagglutinin that are
normally excluded from coated pits (Ktistakis et ai., 1990; Lazarovits and Roth,
1988). In the first case, receptor-mediated endocytosis is perturbed by mutations
in the internalization sequence, whereas in the second, high-efficiency endocytosis is
generated following insertion ofone (a tyrosine) or more residues at specific positions
in the cytoplasmic tail. Further evidence to support the idea that the internalization
sequence operates at least to some extent by mediating receptor clustering in coated
pits has come from studies on isolated receptors and plasma membrane proteins.
These studies have shown that the HA-2 adaptor, a component of coated pits (see
below), binds specifically to the cytoplasmic tail of the LDL receptor, the M6P
receptor (M6PR), the poly-Ig receptor, and a point-mutated influenza virus hemag­
glutinin, where cysteine-543 in the cytoplasmic tail has been replaced by a tyrosine
residue (Glickman et ai., 1989; Pearse, 1988).

In addition to the receptors mentioned above, which are all transmembrane
glycoproteins, at least one example exists for endocytosis via coated pits of a
membrane glycolipid, namely the receptor or binding site for Shiga toxin (from
Shigella dysenteriae) (Sandvig et ai., 1989a, 1991a). The clustering of this glycolipid
in coated pits apparently depends on ligand (Shiga toxin) binding, and it is still
unclear which "signal" in the absence of a cytoplasmic tailleads to the clustering.

Even though efficient receptor concentration in coated pits is mediated by a
signal, it is uncertain how efficient this clustering actually is. It often appears from
the literature that the majority (- 70%) of receptors, for example, for LDL and
transferrin are present in coated pits (Anderson et aJ., 1977; Hopkins, 1983; Hopkins
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and Trowbridge, 1983), although lower values have been reported in some cases
(Anderson et al., 1981; Gal et al., 1982, Harding et al., 1983; Iacopetta et al., 1988;
Watts, 1985). Recently, we have measured the efficiency of transferrin receptor
clustering in coated pits of various human cell lines by using a combination of
immunogold labeling for the receptor and biochemical measurements of uptake of
[l25I]transferrin (Hansen et al., 1992). For all cell lines, we found in confluent
cultures that only about 10% of the transferrin receptors were localized in coated pits
(including all stages from flat to deeply invaginated ones). The rate of transferrin
uptake was about 10% per min (for the first 2-4 min). These data confirm previous
estimates of the lifetime of coated pits of approx. 1min (Griffiths et al., 1989; Marsh
and Helenius, 1980). In order to link these results to the data obtained with mutated
transferrin receptors, summarized-above, we measured the relative cell surface area
occupied by coated pits in HEp-2 cells and found a value of 1.2% in confluent HEp-2.
This level seems to be quite general, as previous studies have revealed 1.4% in
fibroblasts (Anderson et al., 1976), and 1.6% in BHK cells (Griffiths et al., 1989).
Deletion of the internalization motif of the transferrin receptor reduces the efficiency
of transferrin uptake to 10-20% of the wild-type level (Collawn et al., 1990; Jing
et al., 1990), an effect which would be expected if the mutation results in a decrease
from 10% transferrin receptor clustering in coated pits to random distribution (1.2­
1.6% of transferrin receptors).
Coated pits act as molecular filters, since some membrane molecules are

excluded. This is, for instance, true of the phosphatidylinositol-anchored proteins
like Thy-l (Bretscher et al., 1980). This protein is endocytosed, however, although
only at a rate of a few percent per hour (Lemansky et al., 1990), and similarly Thy-l
immunotoxins (Marsh, 1988) and the decay accelerating factor in leukocytes (Tausk
et al., 1989) are endocytosed, possibly in a clathrin-independent way (see below).

Two classes ofcoat molecules are involved in the receptor clustering, generation
of pit curvature, and subsequent formation of coated vesicles from the plasma
membrane: the HA-2 adaptors and clathrin. The adaptor is a heterotetrarner consist­
ing of (l- and 13-adaptins and two smaller polypeptides, and in involved in the
interaction between the cytoplasmic tail of the receptor molecules and the clathrin
coat. This coat consists of a polyhedral lattice of clathrin triskelions, each made of
three clathrin heavy chains and three clathrin light chains (Brodsky, 1988; Keen,
1990; Pearse and Robinson, 1990). Changes in the clathrin lattice geometry (occur­
rence of pentagons and hexagons) are thought to be responsible for the curvature
eventually leading to formation of a free, coated vesicle (Heuser and Evans, 1980;
Larkin et al., 1986).

The structure and function of coated pits can be experimentally modified
although the underlying molecular mechanisms have not been clarified. Hence,
Larkin et al. (1983) showed that K+ depletion ofcells in combination with a hypotonic
shock removes coated pits from the cell surface. Apparently, the disappearance of
coated pits in K+-depleted cells as well as in cells incubated with hypertonic media
is due to an abnormal clathrin polymerization into empty microcages (Heuser and



78 Do van Deurs et al.

Anderson, 1989). Upon addition of KCI to K+-depleted cells coated pits rapidly
reassemble, beginning as flat clathrin lattices (Larkin et al., 1986). Analysis of the
(re)assembly of coated pits has also been carried out in an in vitro system where
fibroblast membrane adhering to a substrate was first depleted of coated pits, then
allowed to form new coated pits by adding cytosol from other cells (Mahaffey et al. ,
1989; Moore et al., 1987). The coated pit formation in this system turned out to be
rapid at both 4° and 37°C, independent of ATp, and restricted to a limited number of
assembly sites. In contrast to the effect of K+ depletion, acidification of the cytosol
(Sandvig et al., 1989b) leads to a paralysis of coated pits at the cell surface (Sandvig
et al., 1987). Using his freeze-dry replica technique, Heuser (1989) could further
show that these paralyzed pits were associated with some clathrin microcage forma­
tion, suggesting that the effect of the various treatments may be somehow related.

Huet et al. (1980) studied cell surface distribution and endocytosis ofMHC class
I molecules (HLA antigens) in cultured human fibroblasts by cross-linking the
molecules with ferritin-conjugated antibody against 132-microglobulin. They found
no labeling of coated pits, but the probe was internalized. Although this study is
difficult to interpret in terms of the physiological role of endocytosis of class I
molecules because of the cross-linking, it indicated that clathrin-independent endo­
cytosis can take place. Morphological studies on endocytosis of tetanus and cholera
toxin using gold-labeled probes similarly led to the conclusion that the absence of any
labeling of coated pits, endocytosis occurs from noncoated membrane (Montesano
et al., 1982; Tran et al., 1987).

Additional support for clathrin-independent endocytosis derives from studies
where the coated pit pathway has been experimentally blocked. Moya et al. (1985)
and Madshus et al. (1987) found that in K+-depleted cells where the uptake of
transferrig via coated pits was abolished, ricin was still endocytosed. Similarly,
human rhinovirus type 2 was endocytosed in K+-depleted cells although poliovirus
(presumably taken up by coated pits) and transferrin were not (Madshus et al., 1987).
Hence, endocytosis takes place in situations where no coated pits are present at the
cell surface. Moreover, following acidification of the cytosol, where uptake of
transferrin is inhibited, ricin and the fluid-phase markers lucifer yellow (Sandvig
et al., 1987) and HRP (West et al., 1989) are still internalized. Quantitative analy­
sis of experiments with K+ depletion and acidification indicates that clathrin­
independent endocytosis may account for roughly (or slightly more than) 50% of the
internalization of fluid-phase markers and ligands (such as ricin) not selectively
taken up by coated pits (Madshus et al., 1987; Moya et al., 1985; Sandvig et al.,
1987). Important in this context is that using acidification to block endocytosis from
coated pits, it was recently shown that a mistletoe lectin A-chain immunotoxin
directed against mouse leukemia cells seemed to exert most of its toxic effect after
entry from non-clathrin-coated membrane (Wiedlocha et al., 1991). Also, it is
important to stress that not only can endocytosis take place when the coated pit
pathway is blocked, but endocytosis of ricin and fluid-phase markers can be modified
experimentally in Vero and A431 cells without any changes in transferrin uptake via
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coated pits (Sandvig and van Deurs, 1990; and see below). Recently, Wang et al.
(1990) found that fluid-phase uptake in eHO mutant cells was reduced by 50%
without changes in transferrin uptake.

Since criticism can be raised against data obtained under nonphysiological
conditions like K+ depletion or acidification, and since the structural aspects of
clathrin-independent endocytosis were unclear, we recently analyzed whether there
actually exist distinct preendosomal (primary endocytic) vesicle populations under
nonperturbing conditions (Hansen et al., 1991). We took an ultrastructural approach
with pulse-labeling of the cell surface at 4°C with concanavalin A (Con A)-gold and
very short chase periods at 37°C (30 or 60 sec), followed by fixation and detection of
surface-connected structures by an anti-Con A-HRP incubation. Con A-gold that
has been internalized is inaccessible to the anti-Con A-HPR antibody and will thus
reveal endocytic vesicles by their absence of HRP reaction product. With this
technique, two distinct preendosomal vesicle populations were revealed with approx­
imately the same frequency. One population consisted of the typical coated vesicles
with an average diameter of 110 om; the other comprised noncoated vesicles with an
average diameter of95 om (Figs. 6-10). Following K+depletion, no coated endocytic
vesicles were observed, whereas noncoated vesicles of the same size range as
detected under nonperturbing conditions were still present. Additional control experi­
ments with an antitransferrin receptor antibody as a marker for coated pits ruled
out that noncoated vesicles could arise to any significant degree from uncoating of
coated vesicles (Hansen et al., 1991).

Which mechanism(s) could be involved in the formation of endocytic vesicles
without clathrin, i.e., be responsible for membrane invagination and final membrane
fusion-fission (pinching oft)? Although the answer is uncertain, several lines of
available information should be considered. First, we would like to stress that our
term "noncoated" is used to distinguish between coated vesicles and vesicles which
in routine preparations for the electron microscope are not covered by the characteris­
tic clathrin coat. It may well be that some kind of protein coat, which could be
involved in generating the needed forces for membrane invagination, exists, although
it is not visible in the preparation. Hence, surface pits or caveolae of smooth muscle
cells have been reported to exhibit a special striation on their cytoplasmic aspect
(Prescott and Brightman, 1976; Somlyo et al., 1971). A striped bipolar surface
structure of endothelial plasmalemmal vesicles was described by Peters et ai. (1985)
using high-resolution scanning electron microscopy. Brown and co-workers (Brown
and Orci, 1986; Brown et ai., 1987) found in rat kidney collecting duct cells that
vesicles, with a prominent cytoplasmic coat that is immunocytochemically and
morphologically distinct from clathrin, were involved in endocytosis of HRP. Also,
Orci et ai. (1986) have described vesicles with a characteristic nonclathrin coat which
seem to be involved in the transport between individual Golgi cisternae.

Second, experimental data document that growth factors and cytoskeletal
elements are involved in changes of cell surface geometry which could, in fact,
lead to clathrin-independent endocytosis. Thus, insulin, insulin-like growth factor-I,
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FIgures 6-10. Five consecutive sections from an experiment where HEp-2 cells were labeled at 4°C with
Con A-gold, and then warmed to 37°C to allow endocytosis and fixed within 60 sec. Following fixation the
cells were incubated with anti-Con NHRP to detect cell surface-associated Con A. With this approach it is
possible to distinguish between surface-connected structures and free vesicles in the cytoplasm. It is
evident that the vesicle profile appearing in Figs. 7 through 9 (arrows) is noncoated and truly endocytic,
since it contains only Con A-gold, but not anti-Con AIHRP. Bar = 0.25 f.l.m.

and EGF, as well as the tumor promoter 12-0-tetradecanoyl-phorbol-13-acetate
(TPA), induce changes in surface architecture (ruffling) as well as increased endo­
cytic activity (Brunk et al., 1976; Chinkers et al., 1979; Gibbs et al., 1986; Haigler
et al., 1979a,b; Miyata et al., 1988, 1989; Phaire-Washington et al., 1980a,b; West
et al., 1989). The cytoskeleton is involved in these processes (Miyata et al., 1988,
1989; Phaire-Washington et al., 1980a,b) and cytoskeletal inhibitors can reduce
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endocytosis (Goldman, 1976; Phaire-Washington et ai., 1980a,b; Pratten and Lloyd,
1979; Wagner et ai., 1971). Recently, we found that in Vero cells cytochalasin D
reduces endocytosis of ricin and of the fluid-phase marker sucrose without reducing
the uptake of transferrin. Moreover, colchicine had a similar effect (Sandvig and van
Deurs, 1990). In contrast to these cytoskeletal inhibitors, EGF and TPA stimulated
clathrin-independent endocytosis in A431 cells (Sandvig and van Deurs, 1990; West
et ai., 1989). Thus, the formation of noncoated endocytic vesicles described above
could somehow involve cytoskeletal elements. However, it is still an open question
whether several types ofendocytosis not dependent on clathrin exist, since it has been
suggested that the ruffling of membrane observed after addition of TPA and EGF
gives rise to large endocytic vesicles (Haigler et ai., 1979b).

4. INTRACELLULAR SORTING AND TRANSPORT

4.1. Endosomes as the Site of Intracellular Sorting

Following endocytosis, internalized molecules are delivered within minutes to
endosomes (Figs. 11-15). These are highly pleiomorphic structures with vacuolar and

Figure n. Immunofluorescence micrograph giving an impression of the amount and distribution of
endosomes in HEp-2 cells, using endocytosed transferrin as a marker of this compartment. Bar = 10 110m.
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Figures U-lS. Micrographs revealing some problems of identifying endosomes by electron micros­
copy. The vacuolar structure containing cationized ferritin in Fig. 12 may represent an endosome, or it may
be connected to the cell surface by a "neck"-suggested by small arrows-not visible in this section. In
Fig. 13 is shown an example of an endosome-like structure which, however, is clearly surface-connected
(arrow). Both pictures are from T47D cells. Figures 14 and 15 (HEp-2 cells) show true endosomes.
Following fluid-phase endocytosis of anti-Con NHRP, the cells have been washed carefully, labeled at 4°C
with Con A-gold, and then warmed to 37°C for I min (Fig 14) or 15 min (Fig 15) before fixation. The
endosomes contain both anti-Con NHRP and Con A-gold (indicated by the arrow in Fig. 14). Bar =
0.25 f.Lm.

tubulovesicular segments (Geuze et al., 1983, 1984; Griffiths et al., 1989; Marsh
et al., 1986; van Deurs et al., 1987). Recent studies using confocal microscopy and
video recording led to the conclusion that endosomes may form an extensive,
continuous network of vacuoles and tubular cisterns with swellings corresponding
to the multivesicular bodies known from electron microscopy (Hopkins et al., 1990).
It is generally believed that the endosomal system represents the major sorting station
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on the endocytic pathway (Goldstein et al., 1985; van Deurs et al., 1989; Wileman
et al., 1985). Hence, from the endosomes internalized membrane and ligand may be
delivered to intracellular proteolysis in lysosomes, pinched off in small vesicles and
transported to the cell surface (recycling or transcytosis) or to the Golgi complex.
LDL, for instance, dissociates from its receptor in the endosome, and while the
receptor recycles back to the cell surface, LDL is delivered to lysosomes. In contrast,
transferrin follows its receptor into the endosome and back to the cell surface; iron
bound to transferrin, however, dissociates in the endosome. Some molecules like
EGF and insulin may follow the receptor into lysosomes (receptor downregulation)
and others like polymeric IgA may be transported across the cell together with the
receptor (transcytosis; see below) (Goldstein et al., 1985; Mostov and Simister, 1985;
Wileman et al. , 1985). Somemolecules, for instance the toxic protein ricin, are routed
from endosomes to the Golgi complex (van Deurs et al., 1989; see below). Although
the low pH in endosomes is definitely involved in processing of internalized
molecules, e.g., dissociation of some ligands from their receptors (Mellman et al.,
1986), the molecular signals and sorting mechanisms behind the endosomal function
are largely unknown.

4.2. Transport to Lysosomes

From the endosomal compartment a major endocytic pathway leads to lyso­
somes (Figs. 16 and 17). There are, however, problems with generating a satisfactory
model for this pathway fitting all experimental data. Our current thinking of how
endosomes are "connected" to lysosomes is strongly influenced by two models of
lysosome biogenesis (Hubbard, 1989). According to the first model, the maturation
model, endosomes gradually mature, receive lysosomal enzymes, and finally become
lysosomes. The other model, the vesicle shuttle model, assumes that early and late
endosomes, prelysosomes, and lysosomes are stationary compartments connected by
transport vesicles. Data in favor of the vesicle shuttle model were reported, for
instance, by Schmid et al. (1988). Using free-flow electrophoresis, they found
subpopulations of endosomes that were functionally distinct. In a study of intracel­
lular pathways followed by a plasma membrane protein (LEP 1(0), Lippincott­
Schwartz and Fambrough (1987) showed that membrane shuttling takes place be­
tween the plasma membrane and lysosomes via endosomes. Griffiths et al. (1988)
found in NRK cells a distinct prelysosomal compartment characteristically enriched
with M6PR, also supporting the vesicle shuttle model (Figs. 16 and 17). Recently, a
membrane glycoprotein (plgp57) has been reported to be specific for prelysosomes
(Park et al., 1991). In contrast, eroze et al. (1989), characterizing amembrane protein
(endolyn-78) present in both endosomes and lysosomes in NRK cells, interpreted
their data in favor of the maturation model. Data obtained by Diment and Stahl (1985)
that proteolysis by a cathepsin D-like protease takes place in macrophage endosomes,
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Figures 16 and 17. Ultraeryosections of T47D cells showing late endosomes or Iysosomes with
characteristic internal membrane structures, in Fig. 16 immunogold-Iabeled for endocytosed ricin, in
Fig. 17 for the M6PR. Bars = 0.25 ,","m.

and by Roederer et al. (1987) showing that hydrolysis of internalized molecules can
take place very early in the endocytic pathway,.and can occur below 20°C, also seem
to favor the maturation model. It may be that the correct answer to the puzzle contains
elements of both models. For instance, there might be an anterograde transport into
lysosomes by maturation and a concomitant retrograde, vesicular backflow through
earlier "maturation steps" to the cell surface. An obvious complication would be
if the functional organization of the endocytic apparatus varies between cell types,
depending, for instance, on the nature of specialization and the degree of differen­
tiation.

Moreover, the transport of the various lysosomal membrane glycoproteins and
soluble matrix proteins from their site of synthesis is quite complicated. Thus,
whereas soluble lysosomal proteins are sorted from other proteins in the Golgi
complex due to the M6P signal and are delivered directly to endosomes-Iysosomes
(Kornfeld and Mellman, 1989; von Figura and Hasilik, 1986; and see below),
lysosomal membrane proteins are routed from the Golgi complex to lysosomes
independently of the M6PR. Thus, lysosomal acid phosphatase, which is synthesized
and handled as a transmembrane glycoprotein before final proteolytic release into the
lysosomal matrix, is first transported from the Golgi complex to the cell surface.
Here it is endocytosed and recycled between endosomes and the cell surface for 5- 6
hr before it is finally transferred to lysosomes (Braun et al., 1989). Efficient
endocytosis and further targeting to lysosomes depend on a tyrosine signal in the
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cytoplasmic tail of the lysosomal acid phosphatase. Deletion of the cytoplasmic tail
or substitution of the tyrosine with phenylalanine reduces the uptake efficiency and
delivery to lysosomes (Peters et al., 1990). Possibly other lysosomal membrane
proteins have similar tryosine-containing signals as well, as suggested by studies on
the human lysosome membrane glycoprotein h-lamp-l (Williams and Fukuda, 1990).
Although it is evident that plasma membrane and ligands can be internalized by

at least two distinct vesicle types, it is uncertain whether there also exist two (or more)
distinct intracellular pathways for endocytosed molecules. Hence, one could imagine
that molecules endocytosed by clathrin-dependent and -independent mechanisms,
respectively, remain separated intracellularly in different sets of endosomes and
lysosomes. Alternatively, all internalized membrane and ligand may reach the same
intracellular compartment immediately after internalization and thereafter follow the
same routes to the various possible stations of the endocytic pathway. Using cholera
toxin-gold as amarker for endocytosis by noncoated vesicles and u2-macroglobulin­
gold as a marker for endocytosis by coated vesicles, Tran et al. (1987) found that the
internalized markers colocalized in the same endosomes and lysosomes. However,
future studies will have to elucidate to what extent different endocytic pathways
merge.
Recently, much interest has been paid to endocytic pathways and lysosome

biogenesis in polarized epithelial cells. In simple, lining epithelia, discrete apical and
basolateral membrane domains are separated by tight junctions that do not allow
passive, intercellular diffusion of proteins (Simons and Fuller, 1985; see also Chapter
1). When cells are grown on permeable filters, protein tracers can be added from either
the apical or the basolateral surface, or different tracers can be administered from
the two sides simultaneously (Figs. 18 and 19). In this way, several recent studies have
revealed that molecules taken up from the apical and basolateral surface domains of
filter-grown MDCK cells (dog kidney epithelium) (Bomsel et al., 1989; Parton et al.,
1989; van Deurs et al., 1990a) and Caco-2 cells (human intestine epithelium)
(Hughson and Hopkins, 1990) are initially separated in discrete populations of
endosomes. Later, internalized molecules meet in apically localized late endosomes­
prelysosomes (Fig. 20-23). Also, in situ studies on exocrine pancreas (Oliver, 1982),
isolated rabbit proximal tubules (Nielsen et al., 1985), and absorptive cells of
suckling rat ileum (Fujita et al., 1990) have provided evidence for such a meeting of
apical and basolateral endocytic traffic.

4.3. Recycling

A large-scale recycling of membrane (Burgert and Thilo, 1983; Muller et al.,
1980; Schneider et al., 1979) and internalized fluid and solutes (Adams et al., 1982;
Besterman et al., 1981; Steinman et al., 1976) from endocytic compartments to the
surface of origin is well-established and mandatory to maintain a balance in the cell's
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Figures 18 and 19. Polarized MOCK cells grown on penneable filters (Fil). In Fig. 18 the epithelial cells
have been exposed to ricin-HRP from the basal side (BS), whereas in Fig. 19 the cells were exposed from
the apical side (AS). In either case, internalized ricin-HRP ends up in late endosomesllysosomes in the
apical cytoplasm (arrows). Bars = 1 f.l.m.
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Figures 20-23. Examples of late endosomesllysosomes present in the apical cytoplasm ofMOCK cells.
In Fig. 20 the cells have been incubated from the apical side for I hr with cationized ferritin (arrows).
In Fig. 21 the cells have been incubated from the apical side for I hr with ricin-HRP. In Figs. 22 and 23 the
cells have been incubated simultaneously with cationized ferritin (arrows) from the apical side and ricin­
HRP from the basal side, and the two markers clearly colocalize. Bar =0.25 j.Lm.

surface area and total membrane area of the endosome-lysosome system. About 50%
of the fluid endocytosed by a cell, and certainly most membrane, will rapidly
reappear at the cell surface. On the other hand, Burgert and Thilo (1983) calculated
that only 3% of internalized membrane at any time will enter lysosomes in a
macrophage cell line. This membrane is most likely degraded and slowly replaced
by de novo synthesis as part of the cell's basal membrane turnover. [The reader
specifically interested in kinetics of endocytosis and recycling should consult Bester­
man et ai. (1981), Burgert and Thilo (1983), and Thilo (1985).]
The continuous inward-outward membrane traffic is a carrier mechanism
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utilized by numerous receptors like those for LOL and transferrin which, based on
correct sorting in endosomes, cycle between the cell surface and the cell's interior
repeatedly during their lifetime (Goldstein et al., 1985; Mellman et al., 1986;
Steinman et al., 1983). In addition to the LOL and transferrin receptors, the
macrophage Fe receptor is a very interesting example in this context. Hence, as
long as the Fc receptor is unoccupied or only monovalent Fab fragments of IgG
molecules are bound, it is continuously recycled. However, when polyvalent IgG,
which is the physiological ligand, binds to Fc receptors, these are transported to
lysosomes (Mellman and Plutner, 1984; Mellman et al., 1984). Immunogold labeling
studies by Geuze and co-workers (Geuze et al., 1983, 1984) showed that while
internalized ligand was mainly found in the vacuolar portions of endosomes, recep­
tors were concentrated in the tubulovesicular portions from where they most likely
recycled to the cell surface. Ultrastructural double-labeling experiments and quan­
tifications on L929 fibroblasts indicate that membrane recycling is mediated by
numerous, very small vesicles (van Oeurs and Nilausen, 1982), which presumably are
derived from the tubulovesicular portions of the endosomes. Similarly, evidence has
been obtained for a role in recycling of the small tubular vesicles in kidney proximal
tubule epithelial cells in situ (Christensen, 1982).

4.4. Transcytosis

Instead of delivering internalized membrane and fluid from endosomes to the
cell surface of origin as in recycling, transcytosis in polarized epithelia leads to
transport from one pole (either the apical or the basolateral) to the opposite one. For
instance, in liver cells and breast epithelial cells, polymeric immunoglobulins (poly­
IgA and -lgM) bind to the basolaterally located poly-Ig receptor and subsequently
become transcytosed to the apical surface and released together with a large,
extracellular portion of the receptor, the secretory component, into the bile or milk
(Mostov and Simister, 1985). It was found that after injection of [1251]-poly-lgA in the
saphenous vein of rats, 36% was transported intact to the bile within 3 hr (Hoppe
et al., 1985). In neonatal rat intestine, IgG is transcytosed in the opposite, apical-to­
basolateral direction (Abrahamson and Rodewald, 1981), and prolactin is transported
in the same direction in suckling rats (Gonnella et al., 1989). Apical-to-basolateral
transcytosis of thyroglobulin similarly takes place in the thyroid follicle cells
(Herzog, 1983), and proteins in the cerebrospinal fluid can be removed by trans­
cytosis from the apical surface of the choroid plexus epithelium (van Oeurs et al.,
1981). Transcytosis is also of pathophysiological relevance. For instance, some
viruses are transcytosed across intestinal epithelium to spread systemically (see
Weltzin et al., 1989).

At present, most of our knowledge on transcytosis (as is true for most other
aspects of endocytosis as well) is based on studies of various cell lines, Le., model
systems which are easy to handle experimentally but do not necessarily reflect any
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specific in situ (organ-related) situation. Mostov and Deitcher (1986) expressed
cONA for the poly-Ig receptor in polarized MOCK cells and found that> 90% of the
newly synthesized receptor was initially inserted into the basolateral membrane, that
subsequent transcytosis of the receptor to the apical membrane was independent of
ligand binding, and that bound ligand was transcytosed with a t1/2 of 30 min. These
experiments strongly indicated that the specific transport properties of the poly-Ig
receptor depend on signals in the receptor, and that MOCK cells (which do not
normally express poly-Ig receptors) are able to read and utilize these signals (Mostov
andOeitcher, 1986). Similar results with respect to transcytosis of the poly-Ig receptor
were obtained when the cONA for the poly-Ig receptor was expressed in a rabbit
mammary cell line (Schaerer et al., 1990). In further studies with the cONA
expressed in MOCK cells, it was found that about 30% of basolaterally endocytosed
poly-Ig is transcytosed to the apical surface, whereas 45% recycles to the basolateral
membrane (Breitfe1d et al., 1989). In contrast, all apically endocytosed poly-Ig
recycles to the apical surface, thus demonstrating that the transcytosis of poly-Ig is
unidirectional. Recently, it was reported that phosphorylation of the poly-Ig receptor
at serine-664 was required for efficient transcytosis (Casanova et al., 1990).
Areceptor-mediated, unidirectional basolateral-to-apical transcytosis inMOCK

cells of EGF has also been reported (Maratos-Aier et al., 1987). The opposite
situation, a unidirectional, apical-to-basolateral transcytosis, was obtained by trans­
fecting Fc receptors into MOCK cells (Hunziker and Mellman, 1989). The receptors
were initially inserted into the apical membrane, and one isoform characterized by a
high affinity for coated pits was then transcytosed to the basolateral membrane, while
the other isotype largely remained on the apical membrane.
Although transcytosis of various physiological ligands and their receptors thus

appears to be specifically unidirectional, the polarized epithelial cell clearly has the
capability of bidirectional transcytosis. Thus, molecules endocytosed in the fluid
phase, such as HRP and FITC-dextran, are transcytosed in both directions inMOCK
cells (von Bonsdorff et al., 1985). Moreover, bidirectional transcytosis of ricin in
MOCK cells has also been shown (Figs. 24-26) (van Deurs et al., 199Oa). The
transcytosis was found to be most efficient (measured in percent of endocytosed
ricin) in the apica1-to-basolateral direction. Transcytosed ricin could intoxicate other
cells, suggesting that ricin can penetrate an epithelial barrier in intact form. Since
ricin binds to various cell surface glycoproteins (and glycolipids) with terminal
galactose, the observations suggested that endogenous glycoproteins could be bi­
directionally transcytosed in MOCK cells. Recently, Brandli et al. (1990) used a
ricin-resistant mutant of MOCK cells where surface glycoproteins could be effi­
ciently labeled with [3H]galactose and found that whereas some groups of glyco­
proteins were transcytosed only unidirectionally, one group was actually transported
bidirectionally. Studies on MOCK cells expressing Fc receptors and poly-Ig receptors
revealed that whereas apical-to-basolateral transcytosis was not influenced by micro­
tubule depolymerization with nocodazole, basolateral-to-apical transcytosis was
blocked by this treatment (Hunziker et al., 1990).
Taken together, experimental evidence suggests that although transcytosis can
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Figures 24-26. When MOCK cells are grown on filters, the apical tight junctions do not allow
penetration of proteins, as shown in Fig. 24 where the cells have been incubated with ricin-HRP from the
apical side. No labeling of the intercellular space (IS) is seen. Also, when the cells are incubated with
ricin-HRP from the basal side, the tight junctions will not allow penetration onto the apical surface (not
shown). In Figs. 25 and 26, cells have been incubated with ricin-HRP from the basal side. Labeled
transcytotic vesicles in the process of releasing their content at the apical surface are shown with open
arrows. Bars .= 0.25 lLm.
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operate in both apical-to-basolateral and basolateral-to-apical directions, the process
is clearly not an unselective "elevator mechanism" indiscriminately carrying mem­
brane and content "up and down" in the epithelium. Signals determining whether a
given membrane protein enters a transcytotic route and, subsequently, whether this
will be strictly unidirectional or bidirectional, as well as a polarity in the epithelial
cell's transport machinery, seem to be involved. Again, one may speculate to what
extent variations exist between different types of epithelia in situ.

4.5. Transport to the Golgi Complex

Newly synthesized membrane proteins, lysosomal proteins, and proteins to be
exocytosed from secretory vesicles all follow the same biosynthetic pathway in the
cell (Dunphy and Rothman, 1985;Griffiths and Simons, 1986; Kornfeld and Kornfeld
1985; Pfeffer and Rothman, 1987). From the granular endoplasmic reticulum, the
proteins are transported in vesicles to the cis compartment of the Golgi complex,
possibly via an intermediate recycling compartment (Lippincott-Schwartz et aZ.,
1989, 1990). In the Golgi complex, from the cis to the trans side, a number of protein
modifications take place, including terminal glycosylation. From the last Golgi
compartment, the trans-Golgi network (TGN) (Griffiths and Simons, 1986), the
proteins are delivered to their final destination (e.g., the plasma membrane, lyso­
somes, or secretory vesicles).
The endocytic pathway and the biosynthetic pathway intersect. Thus, newly

synthesized hydrolytic enzymes destined for the endocytic pathway are provided with
the M6P tag early in the Golgi complex, and in the TGN the M6PR selects the
enzymes and mediates vesicular transport to the endosome-lysosome pathway
(Griffiths et aZ., 1988; Kornfeld and Mellman, 1989). Following dissociation of the
lysosomal enzyme, the M6PR recycles back to the TGN. This means that there is a
vesicular transport mechanism from prelysosomes to the Golgi complex, but other
compartments on the endocytic route may also communicate with the Golgi complex
(see above). Although highly efficienVselective for the M6PR, this vesicular transport
mechanism also allows some other molecules on the endocytic pathway to reach the
TGN (Goda and Pfeffer, 1988). Endocytosed ricin, for instance, was found to reach
the Golgi complex when a monovalent ricin-HRP conjugate was used as tracer
(Fig. 27), whereas polyvalent ricin-HRP as well as a ricin-colloidal gold conjugate,
which is also polyvalent, did not. In parallel experiments, these findings were
confirmed by detecting native (unconjugated) ricin by preembedding immunoperox­
idase cytochemistry (van Oeurs et aZ., 1986). The delivery of internalized ricin to the
Golgi complex was a discontinuous, temperature-sensitive process, since it could be
completely abolished by incubating cells at 18-20°C (Sandvig et aZ., 1986; van Deurs
et aZ., 1987). In these experiments, it was realized that it was formally unwarranted to
assume that a ricin-HRP-Iabeled structure intimately associated with the Golgi stack
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Figure 27. Part of an MCF-7 cell incubated for 1hr at 37°C with ricin-HRP. Marked labeling of the TON
is obtained whereas the Oolgi stacks (OS) remain unlabeled. Bar = 0.25 IJ.m.

actually represented a GoigiffGN compartment, without further proof. We therefore
applied the G-protein of a temperature-sensitive mutant of vesicular stomatitis virus
(VSV ts045) as a marker of the TGN (Griffiths et ai., 1985). Using quantitative
analysis of immunogold labeling for ricin and VSV G-protein, it turned out that about
5% of the total amount of ricin internalized in 60 min had reached the TGN of
BHK-21 cells (van Deurs et ai., 1988). The transport of internalized ricin to the TGN
was confirmed in T47D cells using immunogold labeling for a newly synthesized
membrane molecule normally occurring in these cells (MAM-6) as a GoigiffGN
marker (Hansen et al., 1989). Similarly, we have found that internalized Shiga toxin­
HRP reaches the GoigiffGN of HeLa S3, Vero, and MDCK cells (Sandvig et al.,
1989a, 1991), and using cell fractionation, we recently found that after 60 min about
10% of the Shiga toxin was present in the Golgi fraction of MDCK cells (Sandvig
et al., 1991).

S. TRANSLOCATION ACROSS INTERNAL MEMBRANE SYSTEMS

Of the toxins transported into the cytosol from an intracellular compartment,
most is known about ricin, abrin, Shiga toxin, and diphtheria toxin, and we will
therefore concentrate on these toxins in this section. The delivery of internalized
toxin to the TGN is a very important step as it appears necessary for translocation of
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ricin A-chain to the cytosol. Hence, Youle and Colombatti (1987) found that a
hybridoma cell line producing antibodies against ricin was resistant to ricin. Most
likely, internalized ricin meets the antibody in the TGN (or a pre-TGN compartment),
before the ricin A-chain becomes translocated, strongly indicating that transport of
ricin from the cell surface to endosomes-lysosomes does not fulfill the requirements
for translocation. There is a lag time of about 45 min between ricin internalization
and initial inhibition of protein synthesis, also suggesting that ricin has to penetrate
rather deep into the cell along the endocytic pathway. At 18-20°C, when endocytosis
is ongoing, although at a reduced rate, no ricin reaches the Golgi complexITGN, and
the toxic effect is abolished. Low concentrations of monensin with no effect on
lysosomal and endosomal pH influence the Golgi complex functionally and struc­
turally and sensitize cells to ricin (Sandvig and Olsnes, 1982), and NH4Cl, which
neutralizes endosomal and lysosomal pH, also increases the sensitivity to ricin
(Sandvig et al., 1979). Similarly, both monensin and NH4Cl are able to sensitize cells
to some immunotoxins. In fact, a 30,OOO-fold increase in activity is observed with
some immunotoxins (Olsnes et al., 1989). Drugs like swainsonine and tunicarnycin,
which inhibit various steps in glycosylation of newly synthesized proteins, and cyclo­
heximide, which inhibits protein synthesis, all sensitive cells to ricin (Sandvig et al.,
1986). Similar results have been obtained with abrin. These aspects are reviewed in
greater detail elsewhere (van Deurs et al., 1989). Moreover, in recent experiments
with the fungal drug BrefeldinA(BFA), which in some cells makes theGolgi complex
disappear, apparently by a retrograde transport to the endoplasmic reticulum
(Lippincott-Schwartz et al., 1989, 1990), we found that all cell lines in which BFA
had a visible effect on the Golgi complex were protected against ricin, abrin, and
Shiga toxin, whereas there was no protection against diphtheria toxin (Sandvig et al.,
1991b). This is in agreement with the concept that diphtheria toxin enters the cytosol
from early, acidic endosomes (see Section 2). In one cell line, MDCK, however, BFA
had no effect on the structure of the Golgi complex and did not protect against ricin.

6. PERSPECTIVES

With our increasing knowledge about intracellular protein traffic and the signals
that govern the routing of individual molecules, we may in the future be able to design
immunotoxins and other cell-specific toxic molecules in such a way that they not only
bind to the right cells, but that they are also routed to the correct intracellular
compartments for translocation to occur. As more detailed information is obtained
about the specific functions of the different domains in the toxin molecules and we
learn more about the mechanisms for translocation of proteins through membranes,
new toxic molecules may, with the molecular techniques available today, be con­
structed in such a way as to be not only highly toxic, but also more stable and perhaps
smaller in size with a view to increasing their access to the cells we wish to eliminate.
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NOTE ADDED IN PROOR Recently we have shown that internalized shiga toxin in
butyric acid-treated A431 cells can be transported to the endoplasmic reticulum. This
seems necessary for the toxic effect (Sandvig et al., 1992).
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Chapter 5

Transepithelial Transport of Proteins
by Intestinal Epithelial Cells

Marian R. Neutra and Jean-Pierre Kraehenbuhl

1. INTRODUCTION

The mucosal surface of the digestive tract is a vast surface area covered by a
monolayer of epithelial cells, joined by tight junctions that provide an effective
barrier to proteins and peptides. Epithelial cells play important roles in nutrition and
mucosal immune defense apart from their simple function as a barrier, however, and
some of these functions require transepithelial vesicular transport of intact macro­
molecules (Neutra and Kraehenbuhl, 1992). For example, a minority population of
epithelial cells (the M cells) are higWy specialized for import of antigens to the cells
of the mucosal immune system, while a major population of diverse epithelial and
glandular cells selectively export polymeric immunoglobulins onto mucosal sur­
faces. In this chapter, we will focus on the basic mechanisms of membrane traffic
and the epithelial cell specializations that allow the epithelium in the intestine to
function as a gatekeeper. In addition to controlling transepithelial transport of
proteins from the lumen to the interstitial tissue of the mucosa, the intestinal
epithelium fulfills other roles such as digestion and absorption of nutrients and
maintenance of a functional barrier.

Epithelial cell diversity in the intestine has important implications for protein
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transport. The intestinal absorptive cell or "enterocyte" is not a uniform cell type; its
phenotype changes during intestinal development of the fetus and neonate, and
during differentiation of individual cells in adults. Enterocyte phenotypes vary
widely in their capacity for endocytosis and transcytosis. Dramatic changes in
endocytic activity occur in the entire absorptive enterocyte population during fetal
and postnatal development in mammals as they pass through progressive stages of
digestive function (Neutra and Louvard, 1989). In addition, important changes in cell
ultrastructure occur in the epithelium as cells migrate along the crypt-villus axis
(Neutra, 1988; Madara and Trier, 1987). In adult villus cells, the endocytic capacity of
individual absorptive enterocytes, and transport of antigens across the villus epithe­
lial barrier, are generally very limited. Although only a very small proportion of
endocytosed protein may enter transepithelial transport vesicles in these cells, the
functional effect of such transport may be amplified by the immense numbers of cells
involved (Smith et ai., 1992; Pusztai, 1989).

Over specific mucosal sites marked by the presence of organized lymphoid
follicles, a unique epithelium occurs containing an unusual phenotype, the M cell. M
cells represent an exceedingly small minority in the intestinal epithelium but their
functional significance for mucosal immunity is amplified by their unique position
over the organized lymphoid tissues, the inductive sites for mucosal immune
responses (Neutra and Kraehenbuhl, 1992). Their potential significance for protein or
peptide absorption is enhanced by their ability to transport antigens with great
efficiency. In both M cells and enterocytes, the efficiency, selectivity, and conse­
quences of protein uptake and transport depend on the directions ofmembrane traffic
in the cell and the capacity of the intracellular pathways through which proteins are
directed. These pathways function through the common mechanisms that govern
membrane traffic in all cells.

2. TRANSEPITHELIAL TRANSPORT MECHANISMS

There is now a large body of information on receptor-mediated binding of
macromolecular ligands to cell surfaces, and the cellular and molecular mechanisms
whereby macromolecules and particles are internalized. Endocytic pathways and
their component membrane compartments that carry macromolecules either toward
the degradative lysosomal compartment or to other destinations, have been elucidated
largely through studies on nonpolarized cells (Kornfeld and Mellman, 1989). Much
recent attention has been focused on the endocytic compartments in polarized
epithelial cells and the special function of transcytosis (Mostov and Simister, 1985;
Schaerer et al., 1991; Sztul et aI., 1991; see Chapter 4). Because of its convenience,
many studies have exploited the relatively simple model cell culture system of
Madin-Darby canine kidney (MOCK) cells (Casanova et ai., 1990; Brandli et ai.,
1990). Although the basic mechanisms operating in MDCK cells may be generalized
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to other cell types such as intestinal enterocytes, it is also clear that specific receptors
and the activities of intracellular vesicular pathways differ among epithelial cell
types. Thus, it is important that intestinal enterocyte-like cell lines derived from
human colon adenocarcinomas (Caco-2, T84, and HT29) have also served as in vitro
models (Hidalgo et al., 1989; Heyman et al., 1990; Lencer et al., 1992). Thus, a
few key findings derived from these in vitro models will be reviewed here.

2.1. Establishment and Maintenance of CeO Polarity

In cultured, polarized epithelial cells as well as in intestinal epithelial cells
in vivo, tight junctions prevent diffusion of many ions, small molecules, and all
macromolecules between cells (Madara, 1988) and lateral diffusion of glycolipids and
proteins between apical and basolateral domains of the plasma membrane (Dragsten
et al., 1981). The apical domain of epithelial cells, including intestinal cells, is a
differentiated structure containing components not present either in nonpolarized cell
types, or in the same cells in culture prior to junction formation and polarization
(Louvard et al., 1985; Godefroy et al., 1988; Rodriguez-Boulan and Nelson, 1989).
The basolateral cell surface is generally considered a single domain but in fact is

divided into two major subdomains. The lateral subdomain is involved in cell-cell
interactions via cell adhesion molecules (Nelson and Hammerton, 1989) and is
enriched in NA+ ,K+-ATPase, poly Ig receptors, and other components in enterocytes
(Slot and Geuze, 1984; Amerongen et al., 1989). The basal subdomain is tethered
to the basal lamina and is enriched in receptors that recognize extracellular matrix.
Within both apical and lateral domains, there are specialized microdomains such as
microvilli, cell-cell interdigitations, and other sites stabilized by submembrane
cytoskeleton and clathrin-coated pits (Mooseker, 1985; Neutra et al., 1988; Nelson
and Hammerton, 1989).

Maintenance of the two major membrane domains in intestinal cells involves
insertion of new membrane components via two routes. Vesicles derived from the
trans-Golgi network and containing domain-specific proteins are transported directly
to either the apical or basolateral domain in MDCK cells (Caplan et al., 1986), but
it was recently shown that in some cell types, specific components mis-inserted into
one domain can be endocytosed and sent to the opposite domain by "corrective"
transcytosis. In hepatocytes and intestinal enterocytes in vivo and in cell culture,
certain proteins that at steady state are residents of the apical domain are consistently
directed after synthesis form the trans-Golgi to the basolateral domain, but then are
selectively withdrawn and carried to the apical domain in transcytotic vesicles
(Massey et al., 1987; Bartles et al., 1987; Matter et al., 1990). In MOCK cells,
corrective transcytosis of viral proteins also occurs in the opposite direction (Matlin
et al., 1983) and if this also occurs in intestinal cells in vivo, it might provide a
transcytotic pathway for uptake of foreign proteins from the lumen.
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2.2. Endocytosis and Sorting into the Transcytotic Pathway

Aprerequisite for transcytosis is the endocytic uptake of adsorbed or fluid-phase
macromolecules via clathrin-coated or noncoated pits and vesicles (Anderson, 1991).
In many cells types, incoming vesicles fuse to form "early endosomes" which are
peripheral compartments consisting of clear vesicles with attached tubules (review:
Kornfeld and Mellman, 1989; Chapter 4). This compartment in most cells acidifies
to pH 6.0-6.2, and at the lowered pH certain ligands are released from their receptors
(review: Maxfield and Yamashiro, 1991; Chapter 3). An important function of early
endosomes is the physical segregation of ligands and receptors, and the segregation of
various receptors from each other in the plane of the early endosome membrane. For
example, in basolateral (sinusoidal) endosomes in hepatocytes, various receptors
were localized by EM immunocytochemistry, and the images suggested that similar
receptors cluster together and are removed from the endosomal tubules by selective
budding of small vesicles destined for transport to different destinations: recycling
to the same cell surface, transport to lysosomes, or transcytosis to the opposite
membrane domain (Geuze et al., 1984, 1987).
The basic molecular mechanisms whereby sorting occurs in the plasma mem­

brane or the endosome membrane are still unresolved. In addition, the exact site(s) at
which transcytotic vesicles are formed is not established. There is recent evidence
that recycling ofmembrane proteins and vesicle content can occur not only from early
endosomes but also from late endosomes, also called multivesicular bodies, transport
endosomes, and prelysosomal compartments (Hughson and Hopkins, 1990; Ra­
binowitz et al., 1992). This is consistent with earlier observations that vesicles all
along the endosomal pathway have tubular extensions. It is not known, however,
whether all of these extensions from early endosomes, late endosomes, and prelyso­
somes can give rise to transcytotic vesicles. This is important for intestinal cells since
it would affect the degree of proteolytic processing that might occur during trans­
cytosis.
Ultrastructural tracer studies in kidney tubular cell lines, intestinal cell lines,

and enterocytes in vivo, have identified distinct sets of apical and basolateral early
endosomes (Rodewald, 1980; Bomsel et al., 1989; Fujita et al., 1990; Hughson and
Hopkins, 1990). Although both sets ofendosomes have a tubulovesicular morphology
and are capable of recycling to their respective cell surfaces, apical and basolateral
early endosomes seem to be functionally and compositionally different. When
isolated from MOCK cells, they were unable to fuse with each other in vitro (Bomsel
et al., 1990), but both types of early endosomes nevertheless fused with common
"late endosomes" isolated from the same cells (Gruenberg and Howell, 1989). These
restricted fusion patterns correspond to the pathways of transfer of apical and
basolateral tracer proteins from separate early endosomes to common late endo­
somes, observed in MOCK cells (Parton et al., 1989), and in intact intestinal
epithelial cells in vivo (Fujita et al., 1990).
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Endosomes were once thought to lack degradative enzymes because they lack
traditional lysosomal enzyme markers such as acid phosphatase. It is now clear,
however, that degradative enzymes are present even in early endosome compartments
(Diment and Stahl, 1985; reviews: Courtoy, 1991; Chapter 3). Although lysosomal or
endosomal enzymes can enter the endosome by receptor-mediated uptake from the
outside in some cells, the major source of endosomal as well as lysosomal proteases
seems to be receptor-mediated delivery in vesicles from the Golgi complex (Griffiths
et al., 1988; Kornfeld and Mellman, 1989). Hydrolases from the trans-Golgi are
delivered into vesicles all along the endocytic pathway, but the major delivery site
is the late endosome. It is not known whether the same enzymes are delivered to early
apical and baso1atera1 endosomes in polarized cells. In epithelial cells, uptake of
enzymes from the external milieu may be limited to the basolateral side, since on
MDCK cells mannose 6-phosphate receptors were found only basolaterally (Prydz
et al., 1990). Although lysosomes have been considered nonrecycling organelles,
"resident" glycoproteins of the lysosome membrane are now known to cycle to the
plasma membrane and back via the endocytic pathway (Lippincott-Schwartz and
Fambrough, 1987). If this occurs in intestinal cells, partially digested protein
fragments could be delivered to the interstitial tissue.

2.3. Mechanism of Transcytosis

Ultrastructural tracers representing both soluble proteins and specific ligands
have been used to detect transcytosis in intact epithelial organs and epithelial cell
culture systems, but since such tracers invariably enter multiple pathways, the
identity of the transcytotic vesicles and the exact transcytotic route are not clear. A
biochemical analysis of isolated transcytotic carrier vesicles, however, was achieved
by immunoaffinity isolation of vesicles from hepatocytes (Sztul et al., 1991). Ac­
cess to apical as well as basolateral surfaces is restricted in most intact organs, and
therefore the kinetics of internalization and the fates of endocytosed proteins have
been analyzed primarily in cultured cell lines grown on permeable supports. Results
derived from MDCK cells, and Caco-2 or HT29 human colon carcinoma cells, have
revealed that there are striking differences among these models.
In MDCK cells, the amount of internalization of the fluid-phase protein horse­

radish peroxidase (HRP) from apical and basolateral surfaces was identical. Of the
HRP taken up from the apical side, relatively small amounts were directed to
lysosomes; most of the protein was released from the cells, half by recycling and
half by transcytosis to the other side (Bomsel et al., 1989). Of the HRP taken up
basolaterally, only small amounts were transcytosed to the apical side. Certain
membrane proteins were found to be transported bidirectionally across MDCK cells,
indicating that single membrane vesicles may have made the entire transepithelial trip
(Brandli et al., 1990).
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In Caco-Z cells, varying amounts of apical-to-basolateral transepithelial trans­
port ofHRP were clearly documented by some studies (Hidalgo et al., 1989; Heyman
et al., 1990), although some investigators did not observe it (Hughson and Hopkins,
1990). These discrepancies may have been due to differences in the tracers or in the
Caco-2 cell clones used. In a quantitative study (Heyman et al., 1990), little intact
HRP was transported from the apical to basal side, although significant amounts of
breakdown products were released basally. In contrast, much larger amounts of intact
HRP entered the basal-to-apical transcytotic pathway. The authors concluded that
monolayers of this cell line may resemble intestinal crypt cells in their protein
transport properties, and emphasized that the amount, rate, and direction of trans­
cytosis in cultured epithelial cell lines provide useful information but cannot accu­
rately reflect the special features of transport activity of all of the various entero­
cyte phenotypes present in vivo (Heyman et al., 1990).

To date, only two receptor systems that mediate transcytosis in vivo have been
analyzed at the molecular level (Breitfeld et al., 1989a; Simister and Mostov, 1989;
Apodaca et al., 1991) and both of these receptor systems operate in the intestinal
epithelium. The epithelial Fc receptor mediates apical-to-basolateral transcytosis of
maternal immunoglobulins in the proximal small intestine of neonatal rodents, but
is not present in neonatal humans (Rodewald, 1980; Simister and Mostov, 1989). The
poly Ig receptor mediates basolateral-to-apical delivery of IgA in a wide variety of
epithelial and glandular cells at all ages (Kuhn and Kraehenbuhl, 1982; Mostov et al.,
1984). Molecular signals mediate initial cell surface targeting, endocytosis, and
trafficking of these immunoglobulin-like receptor molecules from the Golgi to the
cell surface, through early endosomes, and into their respective tranliCytotic pathways
to the opposite cell surface. These pathways have been studied in epithelial cell lines
transfected with either wild-type or mutated receptor cDNAs encoding them (Breit­
feld et al., 1989a,b; Casanova et al., 1990). Studies to date have shown that the major
portion or perhaps all of the targeting information required for the complex itineraries
of these proteins resides in the cytoplasmic tails of the receptors. "Sorting signals"
may be contained both in specific amino acid phosphorylation sites and in motifs of
secondary structure (Schaerer et al., 1991; Apodaca et al., 1991).

It has been assumed that transcytotic vesicles directly recognize and fuse with
the contralateral cell surface, but studies on transfected MDCK cells expressing
either the Fc receptor or the poly Ig receptor showed that transcytosed membrane
proteins actually recycle between early endosomes and the adjacent cell surface. This
may occur both at their original site of insertion and at the ultimate destination
(Breitfeld et al., 1989b; Hunziker and Mellman, 1989; Hunziker et al., 1991a). Thus,
transcytotic vesicles may be targeted not to plasma membrane but to "opposite"
endosomes, and theoretically, a single population of transcytotic carrier vesicles
could shuttle between the apical and basolateral early endocytic compartments
(Schaerer et al., 1991). These vesicles would have to be able to fuse with early
endosomes at either cell pole. Since transcytotic vesicles from intestinal or MOCK
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cells have not yet been isolated, the in vitro experiments required to test this
hypothesis have not been done.

2.4. Role of the Cytoskeleton in Vesicular Traffic

Microtubules play an important but controversial role in cell membrane polarity
and transcytosis in epithelial cells. It is thought that microtubules serve primarily
to move vesicles over "long" distances in cells, but that they are not required for
endocytosis or exocytosis (Kelly, 1990). In epithelial cells, vesicles carrying newly
synthesized cell surface and secretory materials move from the Golgi to the apical
surface along a route corresponding to the microtubules that run parallel to the lateral
cell membrane (Specian and Neutra, 1984; Eilers et al., 1989; AchIer et al., 1989;
Bacallao et al., 1989; van der Sluijs et al., 1990). The minus ends of microtubules
have been shown to be oriented toward the apical cell surface of cultured epithelial
cells (Bacallao et al., 1989); therefore, polarized delivery ofapically directed vesicles
presumably involves a dynein-like motor (Schroer and Sheetz, 1989). Microtubules
may also playa role in basolateral-to-apical transcytosis: they appeared to be involved
in transcytosis of poly Ig receptors from the basolateral to the apical membrane in
transfected MDCK cells (Hunziker et al., 1990), and in transport of IgA into bile
(Goldman et al., 1983). In addition, movement of peripheral endosomes to more
central locations and to lysosomes is mediated by microtubules in both polarized
epithelial cells and nonpolarized cells (Gruenberg et al., 1989; Hughson and Hop­
kins, 1990; Bomsel et al., 1990). In this case, vesicles move toward the plus end of the
microtubules, presumably via a kinesin-type motor (Schroer and Sheetz, 1989).
Although microtubules were required for basolateral-to-apical transcytosis in trans­
fected MDCK cells expressing both the poly Ig receptor and the epithelial Fc receptor,
apical-to-basolateral transcytosis was microtubule independent (Hunziker et al.,
1990). It is possible that some other type ofmolecular motor and cytoskeletal "track"
facilitates apical-to-basolateral vesicular transport.
Transport ofproteins from one side of an epithelium to the other thus may not be

accomplished by simple movement of a vesicle derived from one plasma membrane
and fusion with the opposite membrane domain. Rather, it is likely that transcytosis
requires a sequence of events including formation and fusion of endosomes, genera­
tion of transcytotic membrane vesicles, and perhaps participation of additional
organelles and cytoskeleton. The complexity of these compartments was recently
demonstrated by the dramatic alteration in basolateral endosomes that accompanied
inhibition of transcytosis of the poly Ig receptor in MDCK cells by the antibiotic
Brefeldin A (Hunziker et al., 1991b). Current information about pathways of vesicu­
lar traffic must be considered in the interpretation of experiments exploring protein
transport across intestinal epithelial cells in vivo.
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3. MEMBRANE TRAFFIC IN INTESTINAL ENTEROCYTES

There is indirect evidence that in the intestine, antigens resulting from digestion
in the lumen, and transepithelially transported or degraded intracellularly in entero­
cyte lysosomes, could associate with MHC II and be presented to lymphocytes within
or below the epithelium. It has been suggested that this might suppress the systemic
immune response to luminal antigens such as digestion products of food (Bland and
Warren, 1986; Kaiserlain et al., 1989; Mayer et al., 1991). There is also evidence that
food antigens can be transported across the intestinal epithelium in amounts sufficient
to evoke an immune response (Pusztai, 1989; Smith et al., 1992). The exact
transepithelial transport pathways or the cell types that mediate these phenomena
are not yet clear. Thus, it is useful to review what is currently known about membrane
traffic in normal enterocytes.

3.1. Mechanisms of Antigen Exclusion by Enterocytes

Enterocytes of both villus and crypt epithelium in vivo are sealed by continuous
tight junctions that permit charge-selective passage of certain ions, water, and
perhaps small organic molecules such as glucose, but consistently exclude peptides or
macromolecules (Madara, 1988). The apical surface of enterocytes is a highly
differentiated structure covered by rigid, closely packed microvilli (Mooseker, 1985)
that are coated with the glycocalyx, a thick layer of membrane-anchored and
peripheral glycoproteins (Semenza, 1986). The glycocalyx impedes the passage of
many viruses, bacteria, particles, and protein aggregates between microvilli and can
prevent their contact with the plasma membrane of the microvillus (Gonnella and
Neutra, 1985). Although the glycocalyx is rich in the many saccharides that serve as
receptors for lectins or microorganisms on living enterocytes in vivo, some of these
receptors are masked by the macromolecular assembly of the glycocalyx (Gonnella
and Neutra, 1985; Neutra et al., 1987). Others, however, serve as binding sites for
lectins; indeed, certain lectins have been shown to induce damage to the enterocyte
brush border (Weinman et al., 1989). Crypt cell apical membranes lack a thick
glycocalyx, but outward fluid flow inhibits passive entry of many macromolecules
at this site (Phillips et al., 1987). Normal enterocytes can also clear adherent
molecules by "shedding" microvillus membrane or membrane components (Gon­
nella and Neutra, 1985). For example, microvillar vesicles were shed after cross­
linking by lectins (Weinman et al., 1989), and individual lipid-linked or integral
membrane enzymes are routinely released (Alpers, 1975). Some enterocyte-like cell
lines and MDCK cells in culture, whose apical surfaces may be less fully differenti­
ated than enterocytes in vivo, can provide misleading information concerning protein
adherence and endocytosis in the normal gut.
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Specialized plasma membrane microdomains at the bases of microvilli are
responsible for endocytosis (review: Neutra et al., 1988). In adult enterocytes, the
structure of the brush border and glycocalyx impedes access ofmany large molecules
and particles to these microdomains. The clathrin-coated endocytic pits at this site in
adult enterocytes are apparently intended for uptake of physiologic ligands such as
intrinsic factor-cobalamin complexes (Levine et al., 1984), but some endocytosis
of adherent proteins such as lectins also occurs. Such proteins appear to be directed to
lysosomes for degradation; there is also evidence that small amounts are transcytosed
(Pusztai, 1989). In suckling rodents, these endocytic microdomains can be very
large, apparently to provide for efficient uptake ofmaternal milk IgG in jejunum, and
other milk macromolecules in ileum (Rodewald, 1980; Gonnella and Neutra, 1984;
Neutra et al., 1988). It has been assumed that such endocytic structures are present in
neonatal human enterocytes, but they are not: these specialized cell types and
expanded endocytic membrane domains are present in fetal human intestine only
up to the midpoint of gestation (Moxey and Trier, 1979).

3.2. Membrane Traffic in Vacuolated Enterocytes

Enterocytes in the epithelium undergo two major bursts of cytodifferentiation
during fetal and neonatal development of the mammalian intestine (Neutra and
Louvard, 1989). The first dramatic change is the conversion of the undifferentiated
fetal epithelium to a monolayer containing enterocytes that are specialized for active
endocytosis of luminal contents. The "endocytic stage" of development varies
widely among species (Kraehenbuhl et al., 1979): as noted above, it begins and ends
during the first half of human fetal life (Moxey and Trier, 1979). In sheep and cattle,
however, it begins during fetal life but extends for a few days after birth (Trahair and
Robinson, 1986, 1989). In rats, endocytic enterocytes appear a few days before birth
and persist through the 3-week suckling period (Kraehenbuhl et al., 1979).
In suckling rats, enterocytes in proximal intestine conduct active, receptor­

mediated endocytosis and transcytosis of IgG from maternal milk (Rodewald, 1980).
This highly selective IgG uptake is mediated by epithelial Fc receptors that show
structural similarities to MHC I (Simister and Mostov, 1989). The enterocytes that
conduct IgG uptake contain abundant apical endosomes into which both IgG­
receptor complexes and soluble proteins from the lumen are delivered after uptake
from apical clathrin-coated pits (Rodewald, 1980). Apical endosomes in these cells
are a sorting compartment since proteins in the fluid content of the vesicles are
directed to lysosomes, whereas IgG ligand-receptor complexes enter small transport
vesicles that release their content by exocytosis at the lateral cell surface (Abraham­
son and Rodewald, 1981).
Enterocytes in suckling rat distal intestine, like those throughout the intestines
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of 10- to 20-week fetal humans and fetuses and newborns of other mammalian
species, are adistinct phenotype known as "vacuolated enterocytes. " These cells take
up large amounts of luminal protein into an unusual apical endosomal system and
hence into large lysosomal vacuoles (Gonnella and Neutra, 1984). It has been
suggested, but not proven, that vacuolated enterocytes in the human fetus may
conduct transfer of antibodies from amniotic fluid to the fetus (Israel et al., 1989).
These endocytic compartments have been studied in detail in rats, where endocytosis
of milk results in intracellular digestion of some proteins and transcytosis of others.
Hormones and growth factors from milk including epidermal growth factor (EGF),
nerve growth factor, and prolactin are sorted into a transepithelial transport pathway
(Siminoski et al., 1986; Gonnella et al., 1987, 1989). Transcytosed proteins may
encounter an intracellular protease either in endosomes or in transport vesicles since
EGF appears to be reduced in molecular weight after transport (Gonnella et al.,
1987).
There is evidence that positively charged peptides or lectins could also be

transported across these cells. An adherent protein tracer, cationized ferritin, entered
transepithelial transport vesicles in enterocytes of both proximal and distal intestine
of rats (Siminoski et al., 1986; Abrahamson and Rodewald, 1981). In these cells,
however, soluble proteins were consistently directed to lysosomes for degradation
(Abrahamson and Rodewald, 1981; Gonnella and Neutra, 1984). In species where
these cells function during fetal life, vacuolated enterocytes may transcytose proteins
from amniotic fluid (Moxey and Trier, 1979), but the proteins transported or the na­
ture of the transport vesicles are not known.
Human intestinal cell lines in culture and vacuolated enterocytes of suckling rats

have served as models for mapping the interactions of apical and basolateral
endocytic pathways. Apical endosomal markers such as the glycoprotein "endo­
tubin" of rat ileum, and basolateral membrane receptors such as transferrin, cycle
in and out of their separate plasma membrane domains and early endosome systems
(Wilson et al., 1987; Fujita etal., 1990; Hughson and Hopkins, 1990; Godefroy et al.,
1988). In enterocytes in vivo, soluble tracers that enter apical or basolateral early
endosomes do not mix, but they do meet in late endosomes located in the apical
cytoplasm (Fujita et al., 1990). Whether apical-to-basolateral transepithelial trans­
port vesicles can transfer protein directly from apical to basolateral endosomes is not
known. This could be relevant to antigen presentation by enterocytes, since delivery
oftranscytosed peptides into basolateral endosomes would provide an opportunity for
interaction with newly synthesized, unoccupied MHC II.

3.3. Membrane Traffic in Adult Enterocytes

At about 20 weeks gestation in the human fetus, highly endocytic, vacuolated
enterocytes are replaced by absorptive enterocytes that are analogous in most respects
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to adult enterocytes (Moxey and Trier, 1979). This second stage of cytodifferentiation
occurs much later in other species: (at weaning in rodents and one or more days after
birth in cattle, sheep, and pigs; Kraehenbuhl et al., 1979). This change has been
termed "closure," referring to the dramatic reduction in endocytosis, the halt in
maternal immunoglobulin transfer, and the disappearance of specialized endocytic
epithelial cells. In humans, maturational changes such as increased expression of
brush border enzymes continue until after birth. Although there is indirect evidence
for increased protein uptake in neonatal humans, the endocytic and transport
capacities of individual enterocytes at this age have not been studied at a cellular
level. It is important to note that monolayers of fully differentiated Caco-2 and HT29
enterocytes in culture are more analogous to enterocytes in human fetal colon during
the second half of gestation than to enterocytes in human neonates or adults (Neutra
and Louvard, 1989).

In the normal adult intestine, there is evidence for transepithelial transport of
intact, biologically active insulin and ultrastructural evidence for a vesicular trans­
port pathway carrying this hormone (Bendayan et al., 1990). This transepithelial
transport may be highly selective, but small proteins that can interact with insulin or
other hormones, with their receptors, or with other components of endocytic mem­
brane domains, could be carried along. Tracer proteins, including adherent and
soluble molecules, have been found by most investigators to be endocytosed in very
small amounts by adult enterocytes, and they appear to be directed entirely to apical
lysosomes. If late endosome or lysosome membrane-derived vesicles are delivered
to the basolateral endosomes or plasma membrane, however, intact or processed
proteins would be transcytosed. Both lysosomal membrane proteins and mannose-6­
phosphate receptors appear on basolateral membranes of MDCK cells (Nabi et al.,
1991). Lysosome-plasma membrane shuttles operate in nonpolarized cells (Braun
et al., 1989; Kornfeld and Mellman, 1989), but their existence or polarity in normal
enterocytes is not established.

Certain adherent lectins and toxins may be particularly efficient in entering
apical endocytic or transcytotic pathways. For example, cholera toxin binds with high
affinity to membrane glycolipid GMI and is efficiently endocytosed. In this case,
endocytosis may have profound effects on enterocyte physiology. Lencer et al.,
(1992) recently used confluent monolayers of polarized 184 cells in culture to
demonstrate that cholera toxin is endocytosed and may be transported beyond early
apical endosomes before it activates basolaterally located adenylate cyclase and
evokes a chloride secretory response. Cholera toxin was shown to enter a tran­
sepithelial transport pathway in enterocytes in vivo (Hansson et al., 1984). Thus, a
vesicular transport in enterocytes may have multiple consequences; for example, this
pathway could play a role in the unique modulatory action of cholera toxin in the
mucosal immune system (Lycke and Holmgren, 1986; Czerkinsky et al., 1989;
Dertzbaugh and Elson, 1991). Cholera toxin has also been shown to enhance
endocytic activity and if this occurs in enterocytes, uptake of bystander proteins
would be enhanced.
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4. MEMBRANE TRAFFIC IN INTESTINAL M CELLS

4.1. Induction of the M Cell Phenotype

The cellular epithelial barrier lining the intestine is organized around crypts, the
centers of cell proliferation. A small clonal group of undifferentiated cells in each
crypt proliferates and gives rise to several cell phenotypes that migrate in orderly
columns onto the surrounding villi (Schmidt et al., 1985). At sites of organized
mucosal lymphoid tissue such as Peyer's patches, the crypts adjacent to the mucosal
lymphoid follicles contribute cells to a villus on one side and to the follicle-associated
epithelium on the other. Even deep in the crypt, the cells on the wall facing the follicle
show a distinct phenotype lacking poly Ig receptors (Pappo and Owen, 1988), and
these cells migrate onto the dome epithelium giving rise to M cells and dome
absorptive cells (Bye et al., 1984). On the other wall of the same crypt, a more
conventional differentiating pattern is seen with goblet cells and absorptive entero­
cytes bearing poly Ig receptors. This pattern suggests that factors or cell contacts
from the specialized cells of the mucosal lymphoid follicle induce the commitment of
adjacent crypt cells to unusual phenotypes such as M cells of the follicle-associated
epithelium. This idea was recently supported by observations in immunodeficient
(SCID) mice that apparently lack mucosal lymphoid follicles and have no detectable
follicle-associated epithelium orM cells. Injection of Peyer's patch cells from normal
mice resulted in formation of new mucosal lymphoid follicles in the SCID mice, and
this was accompanied by appearance of a follicle-associated epithelium with Mcells
(T. Savidge and M. Smith, personal communication).

It is also possible, however, that local transport of antigens by epithelial cells,
perhaps reflecting local epithelial specializations, promotes the assembly of orga­
nized follicles in the mucosa. Newly differentiated M cells that emerge from the
crypts (Bye et al., 1984), as well as M cells in irradiated animals in which
lymphocytes are depleted (Ermak et al., 1989), conduct active endocytosis and
transcytosis even though the intraepithelial pocket is not present as a morphological
landmark. In addition, there is evidence that local infection or increased antigen
load on epithelial surfaces (as in bacterial infection or gut stasis) induces formation of
lymphoid follicles (Smith et al., 1987).

4.2. Adherence of Macromolecules to M Cell Apical Membranes

Soluble protein tracers and inert particles are rapidly endocytosed and trans­
cytosed by M cells (Owen, 1977; LeFevre et al., 1978). This uptake is nonselec­
tive, but it is thought that the hydrophobicity of particle surfaces may enhance
interaction with Mcell surfaces. Binding of cationized ferritin to these cells suggests
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that simple electrostatic interactions could also play a role in binding of proteins,
bacteria, and inert particles (Neutra et al., 1987). This does not explain the M cell
selectivity of binding often observed, however, since both M cell and enterocyte
surfaces are rich in negatively charged carbohydrates.
There may be oligosaccharides unique to M cell surfaces but studies using

specific lectins have so far failed to identify them (Owen and Bhalla, 1983; Neutra
et al., 1987). Since certain microorganisms bind to Mcells selectively and with high
efficiency, it seems likely that unique protein, glycoprotein, or glycolipid compo­
nents are exposed on these cells. Adherence to Mcells is ofpractical importance since
particles, microbes, or macromolecules are effectively concentrated by adherence
and may be transcytosed up to two orders of magnitude more efficiently than
nonadherent materials (Neutra et al., 1987). Adherent antigens tend to elicit strong
secretory (and often systemic) immune responses (DeAizpurua and Russell-Jones,
1988) and these responses appear to be initiated in sites such as Peyer's patches.
Thus, Mcell adherence is thought to be important for induction ofmucosal immunity.
Transport of very small amounts of soluble antigens over time has been suggested
to playa role in immune tolerance to soluble food antigens (Mayrhofer, 1984), but the
role of M cell transport in mucosal or systemic tolerance is not clear.

We have also shown thatMcells have binding sites for immunoglobulins on their
apical membranes. It was previously observed that milk secretory IgA ingested by
suckling rabbits accumulates on M cell surfaces (Roy and Varvayanis, 1987). We
observed that monoclonal IgA or polyclonal sIgA as well as IgG antibodies bind
selectively to M cells and compete with each other for binding sites (Weltzin et al.,
1989). Antibodies against epithelial and macrophage Fc receptors of other types,
however, failed to recognize any Mcell component. This binding mechanism allows
Mcells to endocytose and transport free IgA as well as IgA-antigen complexes. Such
uptake could boost an existing secretory immune response or have other modulatory
effects in the mucosal immune system (Kraehenbuhl and Neutra, 1992).

4.3. Adherence of Microorganisms to M CeUs

Several gram-negative bacteria bind selectively to M cells including Vibrio
cOOlerae (Owen etal., 1986b;Winner et al., 1991), some strains ofE. coli (Inman and
Cantey, 1983), Salmonella (Kohbata et al., 1986) and Shigella (Wassef et al., 1989).
Since Mcells might be expected to capture whole classes of pathogens for immuno­
logic sampling, a common type of binding mechanism may be used. Many bacteria
use lectin-carbohydrate recognition systems to interact with eukaryotic cells and
these may also operate in Mcell adherence. The participating lectin could be either a
bacterial adhesin, or anMcell membrane protein. Because of the absence of a system
for culture of polarized, functional M cells, these possibilities have not been
explored.
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Several pathogenic viruses also adhere selectively to M cells but the interacting
viral andM cell surface molecules responsible for adherence have not been identified.
An interesting example is the mouse pathogen, reovirus (Wolf et al., 1981). Process­
ing of ingested reovirus by proteases in the intestinal lumen increases reovirus
infectivity through cleavage of the major outer capsid protein sigma 3 and alteration
of the viral hemagglutinin sigma I (Bass et al., 1988; Nibert et aI., 1991). Helen
Amerongen, in our laboratory, recently observed that proteolytic processing of the
outer capsid is also required for M cell adherence since neither unprocessed virus nor
capsid-less cores can bind. This implies that reovirus uses either the protease­
resistant outer capsid protein mulc or the extended sigma I protein to bind to M cells,
presumably at a site not involved in serotype-specific cell tropism. Since sialylated
glycoproteins serve as viral receptors on other cell types (Paul et al., 1989), and
M cell surface components avidly bind wheat germ agglutinin (Neutra et al., 1987),
M cell sialic acid residues might be involved. Such viral adhesins could eventually be
used to elucidate the M cell molecules or oligosaccharides responsible for the
interaction (Bass and Greenberg, 1992). Similar studies of other viruses that also
adhere to M cells such as the neurotropic poliovirus (Sicinski et al., 1990) and the
retrovirus HIV-I (Amerongen et al., 1991) are needed to determine whether common
molecular motifs are used for M cell binding.

The evidence gained so far does not prove the existence of unique M cell
adhesins, since selective adherence could also be due to the absence of "blocking"
molecules. Many of the complex stalked glycoprotein enzymes that cover the
microvillar membranes of intestinal absorptive cells are not present on M cell apical
membranes (Owen and Bhalla, 1983). In our laboratory, the "blocking" effect of the
glycocalyx was demonstrated using cholera toxin. The cholera toxin receptor is
glycolipid GMI that is present on apical membranes ofM cells as well as enterocytes.
When rhodamine-labeled toxin was applied to Peyer's patch mucosa, it bound to all
cell surfaces. When applied as polyvalent toxin complexes on 15-nm colloidal gold
particles, however, the particles bound only to M cells, apparently because the thick
glycocalyx of enterocytes prevented movement of the colloidal gold probe to
microvillar membranes. Viruses and bacteria can also be considered particulate,
polyvalent ligands, and thus some microbes may have access to receptors on M cells
but not to the same receptors on enterocytes.

4.4. Transcytosis by M Cells

M cells endocytose adherent macromolecules such as cationized ferritin and
lectins via clathrin-coated pits. These molecules are then delivered to tubulovesicular
structures resembling early endosomes in the apical cytoplasm (Neutra et al., 1987).
Lysosomes in M cells are scarce, and were not visualized in the apical cytoplasm
using acid phosphatase as an enzymatic marker (Owen et al., 1986a). Viruses and
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bacteria are morphologically unaltered during transport (Amerongen et al., 1991),
but it is possible that proteins are altered in M cell vesicles since the "marker"
glycoprotein Igp120 that is found in late endosomes and lysosomes (Lewis et al.,
1985) was recently detected in M cell apical vesicles (Allan et al., 1992). IfM cell
apical endosomes contain endosomal hydrolases, immunogens may be processed by
partial proteolysis in the transepithelial pathway and this could affect the specificity
of the subsequent mucosal immune response. Transcytotic vesicle traffic in M cells
is not directed toward the lateral cell surfaces (as in enterocytes); rather, all vesicles
fuse with the modified, invaginated basolateral subdomain lining the intraepithelial
pocket (Owen, 1977; Neutra et al., 1987). The "pocket" membrane represents a
distinct subdomain of the plasma membrane; it contains very low amounts of
Na+ ,K+-ATPase (Neutra et al., 1986), and it presumably contains adhesion mole­
cules that recognize the subpopulation of lymphocytes that collect in the pocket
(Ermak et al., 1990).
Certain bacteria such as Vibrio cholerae are taken up by Mcells by a process that

resembles phagocytosis, with broad areas of close membrane interaction and assem­
bly ofM cell cytoplasmic actin (1. Mack, 1. Mekalanos, and M. Neutra, unpublished).
Presumably, specific M cell membrane components are recruited to the interaction
site, but it is not known which microbial gene products of bacteria or viruses, or
which M cell membrane components are required for binding and internalization.
The fact that bacteria, viruses, and some macromolecules are released at the
basolateral side after transport indicates that multiple, low-affinity interactions
are involved that are reversed by a shift in ionic strength or pH in the transport
vesicles, or in the intraepithelial pocket of the M cell.

5. CONCWSION

There have been several attempts to measure and compare rates of transcytosis
across Peyer's patch and nonpatch mucosa. While some investigators showed en­
hanced transport into Peyer's patch (Keljo and Hamilton, 1983; Ho et al., 1990),
others did not (Duroc et al., 1983). It is clear that individualMcells conduct rapid and
efficient transcytosis and thatMcell transport can deliver immunologically important
amounts of protein across the epithelium to the mucosal immune system. However,
such proteins are efficiently endocytosed by the numerous macrophages and dendritic
cells in the organized mucosal lymphoid tissue (Ho et al., 1990). Thus, it is not
clear to what extent proteins taken up by Mcells enter the circulation. Furthermore,
the relative contributions of M cells and enterocytes to the total amounts of luminal
protein delivered across the entire intestinal epithelium and into the circulation
remain undetermined. The answer is likely to be different for proteins of differing
size, charge, and adherence properties because of the differing natures of theMcell
and enterocyte membranes and transepithelial transport pathways.
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Chapter 6

Intraoral Peptide Absorption

Hans P. Merkle and Gregor 1 M. Wolany

1. INTRODUCTION

Among the different sites of administration for proteinaceous drugs, the intraoral
route of delivery has recently gained considerable interest. In spite of its apparent
disadvantages such as limited absorptive surface and moderate mucosal permeability,
this route of administration might be of benefit especially for small- or medium-size
peptide drugs. Potential advantages for intraoral delivery are the avoidance of
gastrointestinal or liver first-pass effect, the feasibility of locally controlled absorp­
tion enhancement, the ease of administration and removal of an administered device,
and the sustainment of drug action.

The aim of this chapter is to provide an overview on anatomical and biochemical
features of the oral epithelium relevant for peptide and protein delivery. Focusing
on the buccal epithelium, a critical literature survey, a discussion of possible
mechanisms of drug absorption, and in vivo and in vitro approaches for investigating
intraoral absorption will be given. Additionally, a brief description of intraoral dos­
age form design, of the current patent situation in the field, and a summary on
chemical absorption enhancement will be presented.
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Technology, CH-8092 Zurich, Switzerland.
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2. THE STRUCTURE OF THE ORAL EPITHELIUM

2.1. Anatomy of the Oral Cavity

The structure and function of the oral mucosa were comprehensively reviewed
by Meyer et al. (1984). The oral cavity, functionally the initial part of the gastrointes­
tinal tract, consists of lips, cheeks, floor of the mouth, gingivae, tongue, hard and soft
palate (Thews et al., 1989). The surface of the oral cavity is completely covered by a
relatively thick and protective multilayered epithelium. The structure of this epithe­
lium is not homogeneous throughout the entire oral cavity but reveals distinct
histological differences relevant for drug absorption. The mucosae of the hard and
soft palate, of the gingiva, and partly of the tongue are predominantly keratinized
multilayered tissues. Due to their high degree of keratinization, these mucosal regions
have been demonstrated to be less permeable for intraorally administered tracer
compounds (Curatolo, 1987; Chen and Squier, 1984; Pimlott and Addy, 1985; Squier
and Hall, 1985). Therefore, keratinized oral mucosae are regarded to be of limited
value as an administration site for peptide and proteinaceous drugs and will not be
discussed further. More promising intraoral tissues with or without minor keratiniza­
tion only are the floor of the mouth and the buccal mucosae of the cheek and the lips.

Despite its small surface area, the floor of the mouth is, especially in combina­
tion with the intensively blood-perfused ground of the tongue, a possible site of
absorption. This route of administration is commonly used for some small nonpeptide
drugs; well-known examples are glycerol trinitrate and analogues for treatment in
angina pectoris. For peptide drugs this intraoral site has received little attention. Laczi
et al. (1980) investigated the sublingual absorption of vasopressin analogues. While
l-dearnino-8-D-arginine-vasopressin (DDAVP) was able to provide sufficient anti­
diuretic effect in patients with diabetes insipidus, arginine-vasopressin failed to show
sublingual absorption. The sublingual absorption of leuprolide in dogs was found
to be limited (Vadnere et al., 1990). Insulin was absorbed sublingually only upon
coadministration of a vasodilatative agent (Earle, 1972); without enhancing agent,
effects were negligible (Yokusaka et al., 1977).

The nonkeratinized buccal epithelium of the cheeks covers one-third of the total
intraoral surface of approximately 100 cm2 (Ho and Higuchi, 1971). This site ap­
pears to be of special potential for the administration of systemic proteinaceous drugs
and will therefore be described in more detail.

2.2. Histology of the Buccal Mucosa

The buccal mucosa consists principally of two components, the epithelium and
the underlying connective tissue (Fig. 1). The interface between these two layers is
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Figure 1. Principal histology of human oral mucosa. After Squier and Hill (1989) (with permission from
the copyright owner).

formed by the basal membrane. The human buccal epithelium is, similar to other
epithelia like those of the esophagus, vagina, and anus, a multilayered and non­
keratinized tissue. With regard to the skin, principal differences are the lack of both a
keratinized stratum corneum and the mucus-containing salivary layer. The buccal
epithelium has a mean thickness of 500-600 J.Lm (Chen and Squier, 1984) and is
extensively infiltrated by large, conical papillae of the underlying connective tissue,
which reach up to 100 J.Lm toward the outer surface (Sloan and Soames, 1984). Due to
the connective tissue papillae, the interface between superficial epithelium and
subepithelial connective tissue is greatly increased; thus, a broad anchorage of the
epithelium and an enormous surface for intensive metabolic exchange are estab­
lished. In total, the multilayered epithelium is formed by 40-50 successive cell
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layers; between the connective tissue papillae and the outer surface, 20 or fewer cell
layers are found.

Due to mechanical abrasion in the course of mastication, the epithelial cells at
the outer surface are continuously peeled off. Therefore, starting from nondifferen­
tiated cells located above the basal membrane, fresh epithelial cells are permanently
produced by mitosis. During their 5- to 8-day passage from the basal membrane to the
outer surface, these epithelial cells undergo a process of maturation and change in
form and size (Hill, 1984) and become progressively flatter. Macromolecules such as
proteoglycans and glycogens are excreted by membrane-coated granules and form a
complex intercellular matrix.

According to Schroeder (1981), the buccal epithelium can be subdivided into
different histological sections (Fig. 1): The stratum basale is the inner nondifferen­
tiated cell layer next to the basal membrane. In the following stratum suprabasale, the
differentiation of the epithelial cells begins. The adjacent stratum filamentosum is
characterized by multiple extracellular aggregates, the filaments. Finally, the super­
ficial stratum distendum houses the fully differentiated cells and makes up to one­
third of the complete thickness of the epithelium.

Between adjacent epithelial cells, three different types of intercellular junctions
can occur, namely desmosomes, gap junctions, and tight junctions (Chen and Squier,
1984). Intercellular junctions serve either for communicative purposes or for mainte­
nance ofepithelial integrity (see Chapter 1). Desmosomes are one of the main features
of oral epithelia and represent circular or oval regions of cell contact of about 0.2-0.5
!-Lm diameter. Here a small intercellular zone 25-30 om in diameter remains between
the adjacent cells. Via this intercellular space the cells are fixed together by protein
filaments serving as an intercellular contact layer. Such junctional complexes appear
to be a minor barrier for penetrating tracer compounds or drug molecules. Gap
junctions are, similar to desmosomes, regions of parallel plasma membranes between
neighboring cells. Here only small intercellular spaces of 2-5 om are left between the
cells. Gap junctions present a higher resistance for penetrating molecules; they can­
not be permeated by larger marker molecules, e.g., lanthanum tracer particles. Gap
junctions are seen in the buccal epithelium upward from the stratum basale and are
often associated with desmosomes. While these cell contact regions are rather
common in keratinized mucosal tissues, e.g., hard palate, they are less frequent in
buccal epithelia (MUller and Schroeder, 1980). Finally, tight junctions are the most
intensive cell connections between neighboring cells (Alberts et al., 1989). They
appear as though the two adjacent plasma membranes were fused so that no
intercellular space remains. Such junctional complexes are common in the duodenal
mucosa (Farquhar and Palade, 1963), where they play an important role in sealing the
epithelial sheet. Interestingly, these highly occluding junctional complexes are rare
in the buccal epithelium (Chen and Squier, 1984).

The interface between the epithelium and the underlying connective tissue is
formed by the basal lamina, a complex layer about I !-Lm thick (Chen and Squier,
1984). There is some evidence that the basal lamina may act as a barrier for relatively
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large, hydrophilic substances, e.g., immune complexes (Brandtzaeg and Tolo, 1977)
or endotoxins (Alfano et al., 1975). The underlying connective tissue can be further
subdivided into the highly structuralized lamina propria, consisting of the papillary
layer and the reticular layer, and the submucosa. The lamina propria contains a dense
network of collagen serving for mechanical stability. The submucosa is rather
variable in thickness and composition and may contain constituents such as adipose
tissue salivary glands, nerve fibers, blood capillaries, and lymph vessels.
Blood supply to the buccal mucosa is derived primarily from the external carotid

artery, which serves several smaller buccal blood vessels (Stablein and Meyer, 1984).
Blood perfusion is high; e.g., the buccal blood flow in monkeys was found to be
21 mlImin per 100 g tissue (Nanny and Squier, 1982). A similarly diversified drain­
age of venous and lymphatic capillaries allows the exchange of metabolic products.
Via the infiltrating connective tissue papillae, the arterial as well as the venous and
the lymphatic capillaries reach far out into the depth of the multilayered epithelium
and ensure an efficient supply of oxygen and nutrients.

2.3. Biochemistry of the Buccal Mucosa

An outstanding feature of the buccal epithelium is the high proportion of
extracellular material. These macromolecular aggregates are excreted by the epithe­
lial cells and can amount to a considerable part of the epithelium, e.g., filaments
in the stratum filamentosum contribute more than 35% of the total volume (Schroe­
der, 1981). The extracellular matrix has multiple physiological functions, e.g., as
penneability barrier, as gliding coat for the maturing epithelial cells, as elasticity
factor or for maintaining tissue integrity.
The main components of the extracellular matrix were identified as glycos­

aminoglycans and multiple heterogeneous proteog1ycans (Albert~ et al., 1989;
Gerson and Harris, 1984). For simplicity, the extracellular matrix can be regarded as a
hydrated polysaccharide gel, in which fibrous proteins are embedded. Soluble
polysaccharides common in epithelia are hyaluronic acid, chondroitin sulfate, der­
matan sulfate, heparan sulfate, and keratan sulfate (Alberts et al., 1989). Except for
hyaluronic acid, all of these polysaccharides are also bound covalently to proteins and
fonn soluble proteoglycans. These macromolecular structures interact via multiple
noncovalent and covalent forces and fonn a coherent gel structure of the extracellular
matrix.

In this gel, serving as some sort of stabilizing backbone, fibrous protein
components are embedded. These macromolecular aggregates consist of different
collagens (type I-ill) and elastins. Finally, these extracellular aggregates are linked
to cellular membranes via connecting fibronectins. Fibronectins are dimer macro­
molecules of about 5000 amino acids and also seem to be involved in the migration
process of the epithelial cells during maturation.
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Lipids such as cholesterol, phospholipids, and free fatty acids are also part ofthe
epithelium. Besides their ubiquitous occurrence in plasma membranes, they are to
some extent part of the extracellular matrix (Gerson and Harris, 1984). In the
nonkeratinized buccal epithelium, mostly polar lipids occur, such as phospholipids,
cholesterol sulfate, and glycosylceramide. In contrast, the keratinized oral epithe­
lium, very much comparable with the skin, contains predominantly neutral lipids like
ceramides and triglycerides. The differences in types and distribution of lipids accord
well with known permeability differences, which show that keratinized oral mucosae
and epidermis have a similar impermeability to water and that nonkeratinized regions
have higher permeability (Squier and Hall, 1985; Squier et al., 1986).

Naturally, the proteolytic activity associated with the buccal mucosa is a relevant
barrier for buccally administered peptides or proteins. Proteolytic activity of the
buccal mucosa may include enzymes such as aminopeptidases, carboxypeptidases,
and several endopeptidases (Garren and Repta, 1988; Lee, 1988) and may vary
considerably between different species. So far only few and exemplary studies have
dealt with the protease activity using buccal cell homogenates as test system (Lee,
1988; Cassidy and Quadros, 1988; Dodda-Kashi and Lee, 1986; Nakada et al., 1987).
One paramount disadvantage of this experimental approach is its inability to discrim­
inate between cytosolic, membrane-bound, and intercellular proteolytic activity.
With respect to the possible intra- or paracellular routes of peptide or protein
absorption (see Section 5), the exact localization of mucosal proteolytic activity is
of crucial importance. Here new experimental techniques, e.g., the cell culture
technique (see Section 3.3), will hopefully enlarge our knowledge.

Summing up, the buccal epithelium, like all other epithelia, possesses some
proteolytic activity. So far the exact localization of these enzymes and their signifi­
cance for the inactivation of buccally administered proteinaceous drugs are neither
understood nor characterized in detail. As a whole, our knowledge on this topic
must be regarded as insufficient and rudimentary.

2.4. Saliva and Mucus

The superficial salivary layer covering all oral epithelia can interfere with the
penetration of drugs as well as with the adhesion of buccally administered delivery
devices (see Section 6.1). The oral cavity is constantly washed by a stream of 0.5 to 2
liters of saliva daily (Wissenschaftliche Tabellen, 1977), produced mainly by the
salivary glands. The glands are the three pairs of the parotid, the submaxillary,
and the sublingual glands. The first are located under and in front of each ear, with
ducts opening to the inner surface of the cheek. The submaxillary glands lie below the
lower jaw releasing saliva through one duct on each side. Finally, the sublingual
glands are located under the tongue with its ducts opening to the floor of the mouth.
Minor salivary glands are situated in the buccal, palatal, and retromolar regions of the
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oral cavity. Additionally, multiple smaller salivary glands are located directly in the
buccal epithelium. The pH of saliva is largely dependent on the person, age, and
degree of stimulation and varies between pH 5.8 and 7.4 (Rettig, 1981). Saliva
contains 4-6% solutes, mainly inorganic salts and mucus glycoproteins. Glandular
saliva does not contain any peptidases (Wissenschaftliche Tabellen, 1977), but due
to the complex intraoral bacterial microflora, peptidases might occur with consider­
able intra- and interindividual variability.

Structure forming macromolecules in saliva are the mucins, a group of charged
high-molecular-weight glycoproteins found on the surfaces of all inner epithelia
(Marriott and Hughes, 1990). Their mean molecular weight is l()6-107 Da (Allen
et ai., 1984). Mucins are water-soluble highly active gelling agents and form a
coherent film 10-200 11m thick on the oral epithelia. Due to the multitude of charged
functional groups in this macromolecule, the superficial mucus layer of the epithe­
lium might act as a first barrier for buccally administered proteinaceous drugs. The
physiological function of the mucus is as a protective layer for the viable tissue and
as a lubricating agent for digested nutrients.

3. EXPERIMENTAL TECHNIQUES FOR STUDYING ORAL
ABSORPTION

3.1. Human Assays

Human studies are indispensable for the clinical evaluation of a new (buccal)
delivery devise or for the validation of an animal model. A number of different
approaches may be used:

• Mouthwash procedure
• Application of mechanical absorption chambers
• Administration of buccal drug delivery devices

The most commonly described technique is the mouthwash procedure intro­
duced by Beckett (Beckett and Hossie, 1971; Beckett and Triggs, 1967). In this test a
volume of 25 m1 of a drug solution of appropriate concentration and appropriate
buffer, pH, and solvent composition is placed in a subject's mouth. Only by
movement of the cheeks and the tongue the solution is then circulated 300-400 times
around the mouth for 5 min. Care has to be taken that none of the solution is
swallowed. After the required period the solution is put into a beaker, its volume
recorded, and its pH measured. A subsequent mouth-rinse with 10 m1 of water for
10 sec is designed to wash off nonabsorbed drug. Then the solutions are combined
and analyzed for the drug remaining. In order to account for volume changes due to
the dilution by saliva, a nonabsorbable marker may be added to the initial drug
solution instead of recording its volume after the test. In spite of the somewhat
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imprecise-looking mouthwash procedure, the results obtained have been shown to be
sufficiently reproducible, with respect to both intra- and intersubject variations. It
should, however, be kept in mind that the amount ofdrug missing in the solution after
the test cannot necessarily be set equal to the amount ofdrug absorbed during the test.
Drug firmly bound to constituents of the mucin layer or to the cells is assumed as
being absorbed. Also, permeability differences between different intraoral mucosal
sites cannot be detected using this approach. Monitoring the degree of absorption
after one given interval ofmucosal contact only, e.g., 5 min, is also inadequate, since
the amount absorbed in a given time period does not allow for a kinetic treatment of
the data if absorption is a saturable process. Only under steady-state conditions is
a full kinetic evaluation feasible. Modifications and improvements of the classical
Beckett procedure were proposed by Dearden and Tomlinson (1971), Schiirmann and
Turner (1978), and, more recently, by Thcker (1988). These modifications stress the
consideration of saliva secretion and protein binding, surface binding, accidental
swallowing, and the sampling procedure.

Blood level monitoring upon buccal administration ofdrugs offers an alternative
instrument for following buccal absorption. Hereby, the meaningfulness of the
classical mouthwash procedure can be increased significantly. Such a setup may be
regarded as satisfactory for most clinical purposes. Pharmacokinetic modeling of the
plasma profiles and/or the urinary excretion data provides complete information about
the overall amount absorbed and the rate of the process. However, a clear distinction
among the different permeabilities for the various intraoral epithelia and a precise
interpretation of the factors determining the absorption process at and in the mucosa
are not possible with the mouthwash procedure even in this improved experimental
setup. The same restrictions apply to the application of conventional nondirected
intraoral dosage forms, e.g., chewable capsules or tablets.

Pimlott and Addy (1985) compared the mucosal uptake of a steroid from
different intraoral regions, e.g., sublingual, buccal, and palatal mucosae. Here the
drug solution was soaked up by a filter paper and this device was applied locally on a
defined epithelial surface for 5 min. Analyzing the drug remaining in the devices after
removal, the authors were able to show significant differences; the uptake of the
steroid was found in the sequence: sublingual > buccal > palatal.

Buccal absorption experiments were also carried out using a Polytef absorption
chamber (Anders, 1984; Anders et al., 1983). This design limits the contact area
between the device and the buccal mucosa and, therefore, is able to more realistically
simulate the absorption process for adhesive dosage forms. Similar chambers are used
routinely for transdermal penetration and absorption studies, e.g., the Hill-Top
Chamber. We recommend this experimental approach for exploratory studies in
humans. More sophisticated absorption chambers offering the possibility for con­
trolled perfusion ofmucosal segments may allow even further insights into the factors
governing the buccal absorption process. This approach is under evaluation in
humans (Ho et al., 1990); in animals such perfusion chambers have already been used
successfully (Veillard et al., 1987; Ho and Barsuhn, 1989; see Section 3.2).
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Another technique for studying oral mucosal absorption is administration of
drug-loaded adhesive patches (Anders, 1984; Merkle et al., 1986). In addition to
pharmacokinetic or pharmacodynamic monitoring, the absorption process can be
characterized by the amount of drug remaining in the patch after certain time
intervals. Such an experimental setup combines the absorption kinetics with the in
vivo liberation of a drug from an individually tailored delivery device and can
therefore be regarded as a realistic approach.

3.2. Animal Models

An increasing number of absorption studies are being conducted in animals.
Besides rodents such as hamster, rat, and rabbit, sheep and dog are used as
experimental models. So far, information is scarce whether and to what extent these
different animal models are representative of the nonkeratinized human buccal
mucosa. The rat buccal epithelium, whose thickness of about 500 mm is rather
comparable to the human buccal epithelium, is heavily keratinized and additionally
covered by a dense and coherent keratin layer (Ebert et al., 1986). Additionally,
the state of hydration of the rat buccal mucosa appears to be lower than in humans.
Concerning proteinaceous drugs, the buccal mucosa of rodents, therefore, appears to
possess a more pronounced barrier function as compared with the nonkeratinized
human buccal epithelium. Despite the relatively numerous buccal absorption experi­
ments in rodents, no attempts to correlate these results with those of human studies
have been made. Also, systematic studies correlating different animal models for
possible extrapolation from one model to another are still missing.
Tanaka et al. (1980) were the first to study the in vivo absorption of sodium

salicylate in the cheek pouch of the male golden hamster. Modifications of this
technique were subsequently employed by Ishida et al. (1983), Eggerth et al. (1987),
and Kurosaki et al. (1988, 1989a). Anesthetized rats were used by Aungst and co­
workers (Aungst and Rogers, 1988, 1989; Aungst et al., 1988), Merkle and co­
workers (Anders, 1984; Wolany et al., 1989), Nakada et al. (1988), and Paulesu et al.
(1988). Rabbits were investigated by Dh and Ritschel (1988a,b). In sheep a micro­
porous hollow fiber delivery system was evaluated for buccal use (Burnside et al.,
1989). Finally, dogs are a common animal model for buccal absorption studies (Ebert
et al., 1986; Ho et al., 1990; Ishida et al., 1981; Ritschel et al., 1988; Veillard et al.,
1987; Wolany et al., 1990a). The dog buccal mucosa is, like the human epithelium, a
nonkeratinized tissue. Among all animal models focusing on buccal absorption, only
for the beagle has a correlation of animal and human data been claimed (Cassidy
et al., 1989; Ebert et al., 1986). In these studies the buccal absorption of the
nonpeptide drug diclofenac sodium was evaluated. Whether these results are directly
transferable to the more complex situation for peptides or proteins is not known.
Nevertheless, the beagle has also been employed as an animal model for peptide drugs
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(Ishida et al., 1981; Ritschel et al., 1988; Wolany et al., 1990a) and can therefore be
considered as the best characterized animal with regard to buccal absorption studies.
In contrast to rodent experiments, the evaluations in dogs can be performed not only
in anesthetized (Ebert et al., 1986; Ho et al., 1990) but also in conscious dogs (Ishida
et al., 1981; Wolany et al., 1990a). This might be of interest with regard to possible
changes in local blood perfusion upon anesthesia. It is our experience that conscious
beagles show perfect compliance to bioadhesive dosage forms in case those devices
are optimized for flexibility, smoothness, size, and bioadhesion. As far as the animal
models mentioned above relate to the intraoral absorption of peptides or proteins,
more data will be discussed in Section 4.

3.3. In Vitro Techniques

For in vitro studies on buccal absorption, excised mucosal preparations of
rabbits were used by Galey et al. (1976), Siegel and Gordon (1985), and Robinson and
co-workers (Banerjee and Robinson, 1988; Dowty et al., 1990; Gandhi and Robinson,
1990; Harris and Robinson, 1990). Other authors investigated isolated dog frenulum
(Siegel et al., 1976), porcine buccal mucosa (De Vries et al., 1990a,b), and hamster
buccal mucosa (Kurosaki et al., 1989a,b; Tanaka et al., 1980) as in vitro test system.
With respect to peptides and proteins, a critical and thorough evaluation of the
significance of such in vitro studies has not been reported, although Tanaka et al.
(1980) describe a good in vivo/in vitro correlation for their hamster experiments on
sodium salicylate absorption.

In this context, two recent articles on the in vitro permeation and metabolism
of an amino acid substrate (leucine-p-nitroanilide) in isolated hamster cheek pouch
(Garren and Repta, 1989; Garren et al., 1989) have to be mentioned. Such experi­
mental setups should allow deeper insights into the so far poorly understood
proteolytic processes which a buccally administered peptide or protein faces during
its mucosal passage. The cell culture approach reported by Tavakoli-Saberi and
Audus (1989) with cultivated hamster pouch buccal epithelium is anticipated to
become another valuable tool to describe the enzymatic degradation of peptides or
proteins.

4. LITERATURE SURVEY ON INTRAORAL PEPTIDE ABSORPTION

An integral bibliographic index covering the literature on buccal drug absorption
has been published recently by Merkle et al. (1990b). In the past decade, our
knowledge regarding buccal peptide absorption has expanded remarkably. A chrono­
logical survey is given in Table I.

Due to the outstanding therapeutic importance of insulin, much of the research
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Table I
Chronological Survey of in Vivo Experiments
on Buccal Peptide and Protein Absorption
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Author(s)

Wieriks
Earle
Laczi et at.
Ishida et at.
Anders et at.
Anders
Schurr et at.
Veillard et at.
Aungst and Rogers
Aungst et at.
Nakada et at.
Dh and Ritschel
Paulesu et at.
Ritschel et at.
Aungst and Rogers

Burnside et at.
Ho and Barsuhn
Wolany et at.
Dowty et at.
Vadnere et at.
Wolany et at.
Zhang et at.

Year

1964
1972
1980
1981
1983
1984
1985
1987
1988
1988
1988
1988a,b
1988
1988
1989
1989
1989
1989
1990
1990
1990a
1990

Peptide (in vivo model)

a-Amylase (guinea pig, rat)
Insulina (human)
Vasopressin analoguesa (human)
Insulin (dog)
Protirelin (human)
Protirelin, buserelin (rat)
Protirelin (human)
Model tripeptide (dog, hamster)
Insulin (rat)
Insulin (rat)
Calcitonin (rat)
Insulin (rabbit)
Interferon-az (rat)
Insulin (dog)
Insulin (rat)
Gonadorelin agonist (sheep)
Protirelin, oxytocin (dog)
Dctreotide (rat)
Protirelin (dog, hamster)
Leuprolidea (dog)
Dctreotide (dog)
Insulin (dog)

aSublinguai administration.

interest has focused on it. Insulin is a relatively large peptide of 51 amino acids, and
is able to pass the oral mucosa only in the presence of absorption enhancers (see
Section 6.2) to some extent. Ishida et al. (1981) reported only a moderate bio­
availability of 0.5% in dogs when administered together with sodium glycocholate
in a cacao butter matrix. More recent studies in rats (Aungst and Rogers, 1988, 1989)
report a remarkable buccal bioefficiency of 25-30% as compared with i.m. adminis­
tration. In these studies, cholic acid derivatives, e.g., sodium glycocholate, were
effective in enhancing buccal insulin absorption. Other additives, like sodium
taurodihydrofusidate (STDHF), laureth-9, sodium dodecylsulfate, and palmitoylcar­
nitine, also demonstrated significant effects. In general, enhancer concentrations
higher than I% had to be employed to obtain significant increases in peptide
bioefficacy. Principally similar and encouraging results on buccal insulin absorption
were found in rabbits (Oh and Ritschel, 1988a,b) and dogs (Ritschel et al., 1988;
Zhang et al., 1990). The buccal absorption of human calcitonin was investigated in
anesthetized rats (Nakada et al., 1988). In this study a decrease in plasma calcium
levels could only be achieved by coadministration of absorption enhancers. Cholk
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acid derivatives and sodium dodecylsulfate were found to be most effective; sugar
esters, e.g., sucrose monopalmitate, and quillajasaponine also enhanced the buccal
calcitonin absorption. Possibilities and restrictions associated with absorption en­
hancement will be addressed in Section 6.2.
Interferon-a2 (168 amino acids) was only absorbed in trace amounts via the

oropharyngeal cavity of rats (Paulesu et al., 1988). For such complex and high­
molecular-weight proteinaceous compounds, the buccal mucosa seems to be of
limited value as an alternative site of administration as compared with parenteral
administration.
Merkle and co-workers studied the buccal absorption of protirelin (TRH) in

humans (Anders et al., 1983; Schurr et al., 1985). Here, sustained pharmacodynamic
effects were observed relative to either intravenous or nasal administration. Conduct­
ing similar buccal experiments with an adhesive delivery device in rats (Anders,
1984), the author assumed the absolute buccal TRH bioavailability to be approx­
imately 2%. However, the buccal absorption of buserelin, an LH-RH analogue, was
variable or negligible, respectively.
The buccal absorption of the somatostatin analogue octreotide (Sandostatin@,

Sandoz, CH-Basle), an enzymatically stable cyclic octapeptide (Bauer et al., 1982;
Battershill and Clissold, 1989), was studied in some detail by Merkle and co-workers
(Wolany, 1990. In rats, an experimental drug delivery device (see Section 6.1) was
administered to a defined area of the buccal mucosa (Wolany et al., 1989). Blood
samples were withdrawn at intervals by puncture of the jugular vein immediately
before and for up to 10 hr after administration. Plasma was separated by centrifuga­
tion and analyzed for octreotide content by direct radioimmunoassay. As compared
with an i. v. bolus injection, marked sustainment of peptide plasma levels with a
moderate maximum 1hr after application can be achieved upon buccal administration
(Fig. 2). This indicates a depot function of the oral mucosa. In the range of 20-1600
!J..g octreotide per animal, octreotide plasma levels increase linearly with the applied
dose (Fig. 3). However, the absolute buccal octreotide bioavailability in this animal
model without absorption enhancer was found to be moderate with only 0.2-0.6%. In
contrast to the above-mentioned significant effects of absorption enhancers with
insulin, the effects of several absorption enhancers (administered in 3% aqueous
solution together with the peptide drug) on buccal octreotide absorption were rather
low or negligible (Fig. 4). Comparing the area under the curves (AVC 0-6 hr), only a
combination ofdisodium-EDTA and sodium glycocholate raised the bioavailability to
about 100%; a marked increase was also found with 1-dodecylazacycloheptan-2-one
(Azone@, ethanolic solution). When administered alone with the peptide, disodium­
EDTA failed to enhance buccal peptide absorption. Bacitracin increased the AVC 0­
6 hr to approximately 60%, while the effects of the cholic acid derivatives sodium
glycocholate, sodium taurocholate, sodium deoxycholate, and sodium taurodihydro­
fusidate were insignificant (AVC 0-6 hr increase < 20%). Based on these experi­
ments, the heavily keratinized buccal mucosa of the rat appears to be a rather
impermeable barrier.
Corresponding studies were conducted in beagle (Wolany et al., 1990a). Due
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Figure 4. Relative efficacy of absorption enhancers (3% w/v) on the buccal absorption of octreotide
in rats (N = 5-6). AVe 0-6 hr of reference experiment without enhancer = I. Bars represent mean +
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one (ethanolic solution); 9, l-dodecylazacyc1oheptan-2-one (aqueous formulation).

to an apparent minimum threshold concentration, the absolute buccal bioavailability
of octreotide in this model is dose-dependent and varies from 0.3 to 2% (Fig. 5).
Plasma levels remain sustained for an extended period of time relative to i. v.
injection. However, the sustainment of peptide plasma profiles in the dog seems to
be less pronounced than in the rat experiments. Among the absorption enhancers,
I-dodecylazacycloheptan-2-one (Fig. 6) and the cholic acid derivatives, i.e., sodium
glycocholate (Fig. 7), had significant effects on buccal octreotide absorption with
interesting octreotide bioavailabilities of 4-6%. Obviously, the permeability of the
nonkeratinized buccal mucosa of the dog can be altered in a more pronounced way
than can the heavily keratinized rat mucosa.

5. MECHANISMS OF PEPTIDE AND PROTEIN ABSORPTION

The mechanisms and quantitative relationships of buccal/sublingual absorption
were the subject of a number of reviews and original papers (e.g., Beckett and Moffat,
1970; Dearden and Tomlinson, 1971; Dowty and Robinson, 1989; Ho and Higuchi,
1971; Schurmann and Turner, 1978; Siegel, 1984; Veillard, 1990; Wagner and
Sedman, 1973). None ofthe literature, however, includes or explicitly covers peptides
and proteins. Instead, their focus is on the common low-molecular-weight type of
drugs or nutrients. From the information available, it seems to be premature to de­
sign a fully satisfying and realistic model for absorption of peptides in the oral cavity.
But the following preliminary assumptions appear appropriate.
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It is reasonable to suppose that the intraoral absorption of peptides and proteins
is a passive transport mechanism. Endocytotic processes are not apparent in buccal
epithelium (Siegel, 1984). Except for amino acids (Evered and Vadgama, 1981;
Gandhi and Robinson, 1990), neither active nor carrier-mediated peptide transport
systems are present in the buccal epithelium (Ho and Barsuhn, 1989). Such enzymatic
transport systems are well-known to contribute to the intestinal absorption of
dipeptides and tripeptides in the course of protein digestion.

In the case of simple passive diffusion, the two principal routes of drug transport
are the transcellular and the paracellular pathway. The transcellular pathway via
partitioning into lipid membranes is the well-established route of absorption for the
majority of the usual low-molecular-weight type of compounds. This is confirmed
by a multitude of successful correlations between pH, pKa, lipophilicity, and perme­
ability or absorption, respectively. It is difficult to conceive that peptides or proteins
with predominantly hydrophilic behavior, having a relatively high molecular weight
and being usually charged under physiological conditions, could be buccally ab­
sorbed by this mechanism. If cell membranes were permeable to molecules of
comparable size (> 1000Da), then ion concentration gradients would collapse and the
living epithelial cells could not maintain a discrete internal environment. Therefore,
other pathways must be considered to explain the reported biological responses of
buccally administered peptides or proteins (see Section 4).
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The paracellular route, also referred to as the "aqueous pore pathway" (Ho
et al., 1990; see Chapters 1 and 10), involves the passage of drug molecules through
intercellular spaces. This pathway operates along cell-cell interfaces and through the
different junctional complexes of adjacent epithelial cells. McMartin et al. (1987)
propose this mechanism for the nasal penetration of oligopeptides. Despite the
differences in structure of the various epithelia, such a route of absorption also
appears to be most realistic for peptide or protein absorption in the buccal epithelium.
In this context, the lack of excluding tight junctions in the buccal epithelium appears
favorable for a paracellular transport pathway for peptides.

One might also speculate about peptides carrying lipophilic moieties. Such
molecules could preferentially be adsorbed into the bilayer and then find transient
holes to slip through the bilayer and thus into the cell. However, once inside an
epithelial cell, the proteinaceous drug is exposed to the entire cytosolic and
membrane-bound proteolytic activity and might, therefore, not survive such a route.
Keeping in mind the multilayered structure of the buccal epithelium, at least 10-20
successive passages into and out of the epithelial cells are required until the basal
lamina is reached at the interface to the underlying connective tissue.

Ion-pair formation may contribute to the permeation of charged peptides, e.g.,
cationic drug molecules may interact with ubiquitous steroids like cholesterol sulfate.
Uncharged complexes may then diffuse directly into the hydrated extracellular matrix
or pass into the depth of the epithelium via a more membrane-based lipid pathway.
But again, no hard facts are available to firmly support or to exclude one or the other
idea and further evidence is clearly needed to develop our understanding regarding
the basic mechanisms of buccal absorption.

Fundamental research on this topic has been initiated by Ho and co-workers (Ho
and Barsuhn, 1989; Ho et al., 1990). The authors performed systematic in vivo and in
vitro studies on buccal absorption employing a homologous series of small and
enzymatically stable model peptides and their t-butyl-oxycarbonyl (BOC) deriva­
tives. The peptide series (o-Phe)n-Gly, Ac(o-Phe)n, and Ac(N-CH3) (o-PhehNHz
(with n = 1-3) were investigated. The results indicate that charged amino acids and
their BOC derivatives tend to have membrane permeabilities which are smaller than
structurally similar charged nonamino acids, although the effective partition coeffi­
cients (n-octanol/Krebs-Ringer buffer) were comparable. Terminal charges on zwit­
terionic peptides exert a negative effect on membrane permeability even though the
effective partition coefficient of such compounds may be relatively high. The authors
specify that, although the partition coefficient of the homologous peptide series
studied may be increased by increasing the number of amino acids, the membrane
permeability tends to decrease. Therefore, not only the molecular size, but also
additional factors, e.g., the number of solvated amide bonds, may be rate­
determining. In contrast to many conventional nonpeptide drugs, n-octanollwater
partition coefficients seem to be inappropriate for predicting buccal peptide absorp­
tion.

To increase the buccal absorption of peptides, factors like molecular size,
lipophilicity, charge, conformation, and stability of the specific compound have to be
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considered first. In a general sense, making peptides smaller and "less peptidic"
seems to be a useful strategy for improving their permeability characteristics (Ho
et ai., 1990). The available data base, however, is still not sufficient to predict
absorption of proteinaceous compounds on the basis of the physical model designed
by these authors. Other strategies for enhancing peptide absorption will be discussed
in Section 6.

6. STRATEGIES FOR ENHANCING INTRAORAL PEPTIDE
ABSORPTION

6.1. Dosage Form Design and Patent Review

As reviewed by Merkle et ai. (l990a), conventional dosage forms for oral
mucosal delivery include solutions, gels, lozenges, and buccal or sublingual tablets.
Solutions in small quantities may be added to suitable capsules and the contents
released upon chewing. Erodible buccal or sublingual tablets employ gradually
dissolving excipients and binders. The disadvantage of the aforementioned conven­
tional dosage forms is that the drug released is subject to continuous dilution by saliva
and, therefore, to accidental loss of drug due to involuntary swallowing. Naturally,
any controlled or locally restricted or directed release of the drug, respectively, is not
within the scope of these formulations. Moreover, such dosage forms interfere with
drinking and eating, and perhaps even talking. Their application time is thus rather
limited.

Nevertheless, owing to the excellent accessibility of the oral cavity for drug
delivery, adhesive dosage forms have been developed and appear to be of some
commercial interest, as indicated by an increasing number of patents (Table II). Their
formulation is predominantly based on the use of bioadhesive polymers. Such
polymers have been extensively covered in recent textbooks and reviews (e.g.,
Lenaerts and Gurny, 1990; Gurny and Junginger, 1990). Their interaction with the
glycoprotein calyx of the oral mucosae is mainly based on the interdiffusion of the
mucosal mucin glycoproteins and the polymer chains resulting in more or less
pronounced adhesive binding depending on the polymer applied and on the thermo­
dynamics and kinetics of the interaction involved. Strong binding is usually associ­
ated with hydrogen bonds. Firm attachment to mucosal sites is an established fact
(e.g., Anders and Merkle, 1989; Bodde et ai., 1990; Merkle et ai., 1990a; Wolany
et ai., 1990b) and is normally well tolerated on the oral mucosae.

Polymers for mucosal bioadhesion are readily available and include erodible
polymers like substituted cellulose derivatives, polyacrylates, polymethacrylates, or
nonerodible cross-linked polymers, e.g., polyacrylic acid gels (polycarbophil type),
gelatin, agarose, and others. Superior bioadhesion is demonstrated by ionic polymers
like polyacrylic acid derivatives, mainly because of their extensive hydrogen bond-
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Table II
Unidirectional Buccal Drug Delivery Systems (Chronological Patent Survery)
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Patent
Inventor Short title classification Date

Sterwin Sticking plaster which adheres to mucous GB 1384537 19.02.75
membranes

American Home Buccal dosage form US 3972995 04.08.76
Products

Alza Adhesive patch containing oxytocic drug US 3699963 15.12.76
Teijin Preparation adhering to mucous membrane of oral J 56100714 12.08.80

cavity
Nippon Soda Film able to adhere to mucous membrane WO 82201129 15.04.82
Nitto Electric Mucosal preparation for oral application J 58128314 30.07.83

Adhesive oral bandage EP 200508 10.12.86
Squibb, Adhesive medicament containing tape for oral DE 3618553 08.01.87
Yamanouchi mucosa

Sato Seiyaku Medical film composition for adhering to mucous J 62135417 08.06.87
membrane

Johnson & Controlled release, extruded single or multilayer EP 250187 23.12.87
Johnson film
Nitto Electric Bandage for oral cavity J 63005757 11.01.88
Teikoku Seiyaku Thin sustained release buccal delivery form EP 262422 06.04.88

Adhesive device for application to body, especially EP 275550 27.07.88
oral cavity

Ciba-Geigy Pharmaceutical plasters for application to mucous EP 283434 21.09.88
membranes

ing. A comprehensive survey of mechanisms and experimental methods for evaluat­
ing adhesion was given by Peppas and Buri (1986) and by Gu et ai. (1990).
The use of bioadhesive polymers for buccal delivery allows exact localization

of the dosage forms on a defined area of the oral mucosae. Such dosage forms were
reviewed by Merkle et ai. (1990a). Adhesive tablets for buccal use were suggested,
e.g., by Davis et ai. (1982). Adhesive gels have been developed, among others, by
Bremecker et ai. (1983) and Ishida et ai. (1983). More recently, adhesive patches were
introduced by a number of researchers. The design and manufacture of such dosage
forms is partly derived from polymer technologies. Schematic illustrations of differ­
ent patches are given in Fig. 8. Two different approaches may be distinguished. One
type uses face-adhesive layers (Merkle et ai., 1986) to ensure exact localization and
contact at the site of administration; another option is to use peripheral adhesive rings
(Wolany, 1990). The proteinaceous drug can be incorporated directly into the face­
adhesive polymer layer (form A, Fig. 8) or into a specific drug matrix (forms B,
e, and D), the matrices being, e.g., cocoa butter (form B) or a spongy gelatinous
matrix (form D).
The maximum size of the above-mentioned patches is dependent on the desired
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Figure 8. Schematic illustrations of unidirectional buccal patches. A, Anders (1984); B, Ishida et al.
(1981); C, Veillard et al. (1987); D, Wolany (1990). Explantaion of symbols: M, drug matrix; P, adhesive
polymer; S, mucosa; U, impermeable backing layer.

site of administration. Large circular or oval patches of up to ca. 10 cm2 may be
exclusively localized to the buccal cheek surface. The sublingual area and the
mucosal surface at the inner sides of the upper or lower lip are more restrictive and are
suitable for patches of up to ca. 2 cm2 only or even less. The optimization of patch
composition, size, flexibility, and elasticity is a prerequisite for prefect adhesion and
prevention of any local discomfort and for patient acceptance and compliance.

It appears that the maximum time span available for administration to the buccal
cheek surface is naturally restricted to about 3 to 4 hr, although much longer periods
are technically feasible. Otherwise, interference with normal meal schedules may
occur, requiring detaching the patch. On the other hand, the mucosae of the upper and
lower lip allow for much longer times of administration without regard to meals, since
these areas are less involved in the masticatory process.

The use of impermeable backing layers to achieve unidirectional release (Merkle
et ai., 1986) of the drug to the mucosa and not to the saliva, along with the exact
localization of the patches, creates a rather unique situation: The absorption site is
strictly confined to the site of administration and a large drug activity gradient is
maintained during the entire time of administration. Additionally, the release of any
absorption-enhancing compound from the patch takes place only to the mucosa
underneath the patch and the agent does not spread across the whole surface. Thus,
irritation, if any, is restricted to the site of application, and local stress may be limited
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by changing sites frequently. Nevertheless, localized high enhancer concentrations
may also intensify adverse reactions and must, therefore, be critically evaluated in
light ofmaintaining the health and appearance of the oral mucosa. However, as a rule,
the buccal mucosa is certainly more robust than any other mucosal site under
discussion for nonparenteral peptide absorption. No adverse reactions of the bioadhe­
sive polymers mentioned have been reported.
A rather attractive aspect of mucoadhesive patches for buccal delivery may be

the option of controlling release rates by formulation factors, e.g., by the rate of
erosion of the bioadhesive polymers used (Anders and Merkle, 1989; Merkle et al.,
1990b) or by the effective diffusion coefficient within a cross-linked polymer gel. For
buccal peptide delivery, however, immediate peptide availability seems to be crucial
for achieving meaningful or even detectable levels of absorption (Merkle et al., 1986;
Wolany, 1990). Thus, any sustainment of release has no practical relevance for buccal
peptide delivery at this point. Instead, immediate release of the peptide, e.g., from a
porous polymer matrix, is highly advisable.

6.2. Chemical Strategies for Enhancing Buccal Peptide Absorption

Model studies on the efficacy of buccal absorption enhancement of protein­
aceous drugs were presented in Section 4. The focus of this section is to highlight the
underlying principal strategies and options.
Based on the intrinsically poor performance ofmucosally administered protein­

aceous compounds, recent research is turning toward the investigation of absorption­
enhancing agents to improve peptide or protein bioavailability. As reviewed by Lee
(1990), absorption enhancers are usually low-molecular-weight compounds which
increase the drug penetration in, or the absorption through, a given mucosal surface.
Five major classes may be distinguished (Lee, 1990):

• Chelators, e.g., disodium-EDTA
• Surfactants, e.g., sodium dodecylsulfate
• Bile salts, e.g., sodium glycocholate
• Fatty acids, e.g., caprylic acid
• Nonsurfactants, e.g., I-dodecylazacycloheptan-2-one

The compounds so far evaluated for buccal use are surface-active compounds; a
survey and classification according to their physicochemical or biochemical charac­
teristics is given in Table III.
The above-mentioned enhancers may act by several mechanisms, and multiple

mechanisms may occur with certain compounds. The following hypothetical mecha­
nisms were postulated:

• Opening of calcium-dependent junctional complexes
• Intercalation and fluidization of phospholipid bilayers
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• Peptidase or protease inhibition
• Ion-pair formation or micellar solubilization of the drug
• Solubilization of mucosal membrane lipids or proteins
• Inhibition of peptide aggregation

In a general sense, absorption enhancement may be achieved either by altering
the thermodynamic activity of the proteinaceous drug or by interacting with the
mucosal barrier. Surface-active agents are usually effective only above their critical
micelle concentration (CMC), where micellar drug solubilization becomes possible.
Additionally, the thermodynamic activity of the surfactant is then constant and
provides a steady-state flux of the absorption enhancer through the buccal epithe­
lium, an apparent requirement for altering membrane permeability throughout the
depth of the multilayered epithelium (Ho et ai., 1990). It should be pointed out that the
multilayered structure of the buccal epithelium would require higher doses of
absorption enhancing agents for full alteration of the barrier function as compared
with monolayered epithelia, e.g., the nasal mucosa.
In addition to absorption enhancers, protease inhibitors, e.g., aprotinin or

bestatin, were also investigated. However, despite their reported effects on peptide
stability in buccal tissue homogenates (Lee, 1988), these compounds lacked signifi­
cant effects upon buccal administration in vivo. For example, Aungst and Rogers
(1988, 1989) observed in rats no improvement of buccal insulin bioefficacy upon
coadministration with either aprotinin or a peptidase-inhibiting pentapeptide (Z-Gly­
Pro-Leu-Gly-Pro).

Robinson and co-workers (Knuth et ai., 1990) conducted initial in vitro studies

Table III
Exemplary Absorption Enhancers

under Investigation for Buccal Administration

Class

Chelators
Surfactants

Bile salts

Fatty acids
Peptidase inhibitors
Miscellaneous

Exemplary compounds

Ethylenediaminetetraacetic acid
Benzalkonium chloride
Brij 35
Laureth-9
Sodium dodecylsulfate
Sodium deoxycholate
Sodium glycocholate
Sodium myristate
Aprotinin
Chondroitinase ABC
I-Dodecylazacyc1oheptan-2-one
Cyc10dextrin
Quillajasaponine
Sodium salicylate

Reference

De Vries et al. (1990a)
Siegel and Gordon (1985)
Oh and Ritschel (1988a)
Aungst and Rogers (1989)
Kurosaki et al. (1988)
Nakada et al. (1988)
Aungst et al. (1988, 1989)
Nakada et al. (1988)
Aungst and Rogers (1988)
Knuth et al. (1990)
Kurosaki et al. (1989a,b)
Nakada et al. (1988)
Nakada et al. (1988)
Aungst and Rogers (1988)
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on several enzymes as a possible tool for specifically altering the paracellular
pathway. Excised buccal mucosa of rabbits was investigated. Upon treatment with
chondroitinase ABC, heparitinase, and trypsin, significant decreases in apparent
resistances of the mucosal preparations were found. However, in vivo the enzymes
chondroitinase and hyaluronidase were ineffective in enhancing buccal insulin
absorption in anesthetized rats (Aungst and Rogers, 1989). Neither for protease
inhibitors nor for topically administered enzymes have any studies on local compati­
bility and/or immunological safety been reported.

Despite the marked differences between various mucosal barriers, most studies
on mucosal absorption enhancement have been performed without consideration of
site-specific aspects, e.g., histological and biochemical features. So far, only Robin­
son and co-workers (Knuth et al., 1990) address specific structures of the buccal
mucosa as a target for absorption enhancement, i.e., the proteoglycan matrix in
which the buccal epithelial cells are embedded. Although interesting in nature, this
approach was not successful, as discussed above. Thus, the scientific degree of
sophistication in the field of buccal absorption enhancement is rather low and needs
further improvement and/or new strategies.

Despite the outstanding robustness of the buccal mucosa among the different
epithelia currently under evaluation for alternative peptide and protein delivery, an
elementary problem of absorption enhancement also applied to buccal delivery.
While numerous studies on the efficacy of these agents were conducted, little or
nothing, respectively, is known about the local toxicity of absorption enhancers.
However, most of the characterized compounds possess at least some irritating
activity. As peptide or protein therapy usually has to be frequent and long-term, the
histocompatibility of these agents under realistic and long-term treatment conditions
needs to be thoroughly evaluated. Therefore, suitable screening systems must be
developed and validated. Not only evaluation of efficacy, but also safety considera­
tions should guide our future research efforts in the field of absorption enhancement.

Nevertheless, keeping in mind the poor mucosal bioavailabilities of pro­
teinaceous compounds, the coadministration of absorption enhancers appears to be a
prerequisite for feasible buccal drug delivery at least with respect to larger peptides
and proteins. Although bioavailability may be improved to some extent with the aid of
these agents, it will presumably remain relatively low, reinforcing the fact that
buccally delivered peptides or proteins of therapeutic relevance must be highly
potent.

7. CONCLUSIONS

The intraoral route of peptide and protein drug delivery offers some unique
advantages such as robustness of the epithelium, excellent accessibility, ease of
administration, possibility to remove dosage form, and directed and localized drug
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delivery by dosage form design. Among the different intraoral epithelia, the buccal
mucosa appears most promising due to its nonkeratinization and relatively large
surface.

Relative to parenteral administration, buccal administration of peptides and
proteins may allow a fundamental change of the pharmacokinetics and, therefore,
of the pharmacodynamic profile of a peptide drugs. This is indicated, e.g., by a
prolonged apparent half-life of octreotide after buccal administration versus i. v.
administration, both in the rat and in the dog, as derived from our studies (Wolany
et at., 1989, 1990a). Obviously, the buccal mucosa acts as a tissue depot from which a
sustained peptide drug release into the circulation can be achieved. Therefore, a
practical use of intraoral peptide delivery seems to be feasible for drug candidates
where a sustained and long-lasting pharmacokinetic and pharmacodynamic profile is
desirable.

At this point, no satisfactory physical model for buccal absorption of protein­
aceous compounds is available. This is mainly due to the fact that we do not fully
understand the exact pathway taken by a peptide or protein from the oral cavity to the
systemic circulation. There is a profound need for more information on the nature of
,the aqueous pores and how these pathways may be established by using suitable
absorption enhancers.

Absorption enhancement is a prerequisite for obtaining peptide or protein
bioavailabilities of therapeutic interest. With respect to long-term administration
in humans, the histocompatibility of these excipients as of the administered devices
will become a factor of paramount interest and, therefore, has to be evaluated in
detail. There is a need for simple and meaningful in vitro techniques to supplement in
vivo experiments, and especially on absorption mechanisms a body of work remains
to be done.

The formulation of adequate dosage forms does not appear to be an essential
problem in intraoral drug delivery. Well-known and widely characterized polymers of
sufficient bioadhesion and proven compatibility are available, e.g., cellulose deriva­
tives or polymethacrylates. By means of these classical excipients, the dosage form
design as well as the release properties of the device can be varied in a broad manner
and match virtually any demand of the individual proteinaceous compound and/or the
site of intraoral administration.

Nevertheless, even under optimized conditions an intraoral route of peptide or
protein delivery may not allow bioavailabilities as high as with other mucosal sites,
e.g., the nasal mucosa. Thus, chances for buccal peptide delivery, if any, will be
restricted to special cases and for special peptides of high permeability. In this
instance, however, buccal delivery might be a preferred route of administra­
tion, mainly due to the undisputed acceptance and compliance to oral dosage forms
and due to the unmatched robustness of the epithelium.
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Chapter 7

Macromolecular Transport across Nasal
and Respiratory Epithelia

Larry G. Johnson and Richard C. Boucher

1. INTRODUCTION

The airway and alveolar epithelia in conjunction with the mucociliary escalator
act as a barrier to prevent the translocation of inhaled macromolecules, e.g., protein
and peptide antigens, across pulmonary surfaces. Nevertheless, some exogenous
macromolecules appear to cross the epithelia antigenically intact through either the
paracellular or the transcellular route. Endogenous macromolecules including albu­
min, immunoglobulin, lactoferrin, a2-macroglobin, and a)-antitrypsin have been
measured in either bronchoalveolar lavage fluid or the liquid that lines airway
surfaces, airway surface liquid (Mentz et ai., 1984; Bignon et ai., 1976). These
proteins may have specialized methods for translocation into and out of the airway
surface liquid and may also play significant roles in fluid homeostasis, particularly in
the alveolar region. Yet the knowledge of the mechanisms responsible for the
maintenance of protein gradients across respiratory epithelia is primitive in relation to
similar knowledge regarding ion gradients.
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2. ANATOMY OF THE RESPIRATORY EPITHELIA

2.1. Airway EpitheUa

The respiratory epithelia consist of two primary divisions: the proximal conduc­
ting airways and the distal respiratory portion responsible for gas exchange. In
addition, the nasal turbinates are lined by respiratory epithelia that are mor­
phologically and functionally similar to the proximal conducting airways (Carson
et al., 1986). The conducting airways extend proximally from the trachea (-2 cm
diameter) branching initially into themainstem bronchi, then dichotomously -16-20
times ending in the terminal bronchioles (-0.2 mm diameter). The epithelium lining
the proximal (cartilaginous) conducting airways is pseudostratified columnar and
consists of three major cell types: basal cells, ciliated cells, and goblet cells. Although
the exact function ofbasal cells is not fully understood, they appear to serve either as a
scaffolding cell or alternatively as a pluripotential cell. Ciliated cells are highly
polarized columnar cells with cilia, microvilli, and aprominent glycocalyx located on
the apical surface. Goblet cells, prominent in the trachea and proximal bronchi,
progressively decrease in frequency with airway division in the normal lung until they
disappear from epithelia of the more distal airway regions. These cells are primarily
secretory and contain large numbers of periodic acid-Schiff (PAS)-stained granules,
the contents ofwhich can be released onto the apical surface of the epithelium. In the
smaller airways, the Clara cell or nonciliated bronchiolar cell becomes one of the two
dominant cell types, the other being the ciliated cell which becomes much more
cuboidal with decreasing airway diameter. The Clara cell is a secretory cell with the
ability to secrete apolipoprotein, phospholipids, high-molecular-weight glycoconju­
gates, and a to-kDa protein homologous to uteroglobin (Patton et al., 1986; Singh et
al., 1987). Accordingly it has been implicated as a potential progenitor cell for the
goblet cell as well as a progenitor cell for the type IT pneumocyte (Penney, 1988) and
ciliated cell.
Superficial airway epithelial cells are connected by an interdigitated lateral

intercellular space and gap junctions at the lateral surfaces and tight junctions at the
apical surface. The tight junctions function at the cellular level to separate the apical
and basolateral surfaces and at the epithelial level as a molecular sieve restricting the
flow of large polar solutes across the airway mucosa. The goblet cell, ciliated cell,
and type IT pneumocyte have all been implicated as cell types involved in the
transcellular transport of proteins and peptides across respiratory epithelia (Rich­
ardson et al., 1976; Ranga and Kleinerman, 1982; Brown et al., 1985; Sugahara
et al., 1987).
Proximal airways also have submucosal glands, which arise from invaginations

of the surface epithelium into the submucosa during fetal development and consist of
two principal cell types, serous cells and mucous cells. Both cell types secrete high­
molecular-weight glycoconjugates and mucins. In addition, serous cells secrete
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lysozyme, lactoferrin, antileukoprotease, and possibly albumin (Bowes et ai., 1981;
Jacquot et ai., 1988). Submucosal glands have also been shown to participate in IgA
secretion in human bronchial epithelium (Goodman et ai., 1981). The ability of these
glands to absorb proteins and peptides has not been studied. Similar to goblet cells,
submucosal glands are not present in the distal airway regions.
The airway epithelium is lined by an airway surface liquid (ASL) -10 j.Lm in

depth and is thought to consist of two layer: (1) a mucous or gel layer positioned atop
the cilia presumably composed of mucus glycoproteins secreted from goblet and
glandular cells, and (2) a serous periciliary fluid (sol) layer in which the cilia beat
synchronously to propel the mucus containing trapped inhaled particles, cellular
debris, or infectious agents toward the major bronchi, trachea, and then the pharynx
where it can be either swallowed or expectorated. The composition and some of the
protein constituents ofthe periciliary fluid have been identified and include albumin,
immunoglobulins, and a variety of enzymes (Boucher et ai., 1981a; Mentz et ai.,
1984). The regulation of the volume and contents of this periciliary fluid is only
partially understood and is reviewed elsewhere (Boucher et ai., 1981a,b).

2.2. Alveolar Epithelia

The gas exchange portion of the lung in humans consists of two to four
generations of respiratory bronchioles (0.15-0.2 j.Lm diameter), alveolar ducts, and
alveolar sacs, and alveoli. While the major conducting airways have a surface area of
only -2 m2, the estimated 300million alveoli present a surface area for gas exchange
of -143 m2 (Penney, 1988). The major cell types in the respiratory portion of the lung
are the type I pneumocyte or squamous alveolar cell, the type II pneumocyte, the type
ill pneumocyte or alveolar brush cell, and the alveolar macrophage. These cell types
are all located within the alveolar ducts, alveolar sacs, and alveoli, and Clara cells
particularly in the region of the respiratory bronchioles. With the exception of the
alveolar macrophage, all of these cells rest on a basement membrane forming a
complex epithelium for the intimate contact ofair and blood over a large surface area.
The type I cell apposes the endothelial cells at the fusion of the two basement

membranes to form an air-blood gas exchange barrier measuring 0.2-0.5 j.Lm thick,
separating the alveolar wall into the septal and alveolar surfaces. This cell, known for
its extensive surface area and branching, also has limited phagocytic abilities to
ingest particulates, e.g., chrysotile asbestos (Penny, 1988). The type II pneumocyte,
the predominant cell type in the respiratory region of the lung, is a cuboidal cell
characterized by numerous cytoplasmic lamellar bodies representing the storage
granules for surfactant. This organelle-rich secretory cell replaces the type I cell
in the event of injury, becoming attenuated and losing its organelles as it migrates
down the basement membrane. This cell is rich in a basolateral Na+ ,K+-ATPase and
rich in cytochome P-450 isozymes (Penney, 1988). The rare type ill pneumocyte or
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alveolar brush cell is a cuboidal cell present in the region of the first alveolar duct
bifurcation and is essentially absent in the more distal alveoli. This type ill cell may
playa role in detoxification of inhaled pollutants given their location in a region that is
often the primary site of initial injury evoked by these agents.

As observed in airway epithelia, the alveolar cell types possess the ability to
form tight junctions and generate spontaneous transepithelial potential differences
both in vivo and in vitro. In fact, alveolar tight junctions may even be tighter than
airway tight junctions as evidenced by freeze-fracture studies (Schneeberger, 1980;
Olver et ai., 1981), increased transepithelial resistance in culture (Cheek et ai., 1989;
Kim et ai., 1989), and the increased transepithelial resistance of excised bullfrog
alveolar epithelia relative to airway tight junctions (Gatzy, 1982; Kim et ai., 1985).
Alveoli, like the airways, are covered by a complex epithelial lining fluid (ELF)
consisting of (1) an epiphase or surfactant layer comprised of a surface-active
phospholipid layer at the air-liquid interface, and (2) a hypophase beneath this layer
comprised of tubular myelin, apoprotein, IgG, albumin, phospholipid, and carbo­
hydrates. Unlike the conducting airways, no cilia are located in this region to facilitate
clearance. Moreover, no glands or goblet cells are present.
Macrophages are also located in the respiratory portion of the lung. The alveolar

macrophage is a postmitotic cell with a half-life of several days residing in the
alveolar lumen that may increase in number in response to inhaled pollutants. The
septal macrophage, which retains the ability to divide, putatively resides in the
alveolar septum for years, and is the immediate precursor cell for the alveolar
macrophage. Both macrophages are obviously derived from peripheral blood mono­
cytes. Although these cells are not of epithelial origin, they serve important lung
defense functions and may potentially have an impact on the stability of proteins
in the epithelial lining fluid.

3. EVIDENCE FOR PARACELLULAR FLOW OF PEPTIDES AND
PROTEINS

Although respiratory epithelia serve as a major barrier to the flow of soluble
macromolecules into the interstitium, some of the molecules cross the epithelium.
This molecular translocation may occur either through transcellular routes or through
small aqueous channels empirically defined as cylindrical pores in the paracellu1ar
path.

3.1. Diffusion through Pores

Evidence for functional pores comes from studies examining relative rates of
egress of large polar solutes ofdiffering molecular sizes in the fluid-filled lung (Taylor
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and Gaar, 1970; Normand et at., 1971; Theodore et at., 1975; Egan et at., 1975).
Using excised airway epithelia (Boucher, 1980) and excised bullfrog alveolar epithelia
(Gatzy, 1982; Kim et at., 1985) mounted in Ussing chambers, permeability coeffi­
cients for probes of differing molecular size were measured and referenced to the
permeability coefficient of mannitol to calculate equivalent pore radii (Solomon,
1986; Normand et at., 1971; Boucher, 1980; Gatzy, 1982). The relationship between
solute molecular size and flow across the respiratory epithelium (shown for canine
airway epithelia in Fig. 1) is linear for small solutes, but becomes nonlinear with
increasing hydrated molecular radius. Accordingly, a two-pore model has been
generated in canine airway epithelia: a small-pore population which might exist in
either the cellular or paracellular paths and another population of larger pores (mean
radius 7.5 nm) presumably too large to exist within a viable cell. This large-pore
population, corresponding to the size of many water-soluble antigens (5-50 kDa), is
presumably located in the paracellular path. Substantiation of this concept has been
realized in flux studies of canine airway epithelia in which permeability coefficients
for large polar solutes across the barrier were symmetric consistent with a diffusional
process (Boucher, 1980). Alveolar epithelia exhibit a predominant population of small
pores with radii of -1 nm (Gatzy, 1982), although a few large pores of radius >8 nm
may also be present (Theodore et at., 1975). Unfortunately, the morphologic correlate
of pores in the paracellular path has not been demonstrated satisfactorily to date.

3.2. Regulation of Paracellular Permeability

The rate ofdiffusion through the paracellular path may be regulable (see Chapter
1). A variety of physical factors have been shown to affect the paracellular perme­
ability of airway epithelia. Lowering the pH of the luminal bathing fluid to 2.8 has
been shown to increase paracellular permeability in isotopic tracer studies in airway
epithelia (Boucher, 1981), possibly by displacing calcium from the tight junctions.
Increased osmolality of the luminal fluid has been reported to increase mannitol
permeability across canine trachea (Yankaskas et at., 1987). Transalveolar pressures
greater than 30 cm H20, which are known to occur during barotrauma, increase
apparent equivalent pore radii, making the barrier less effective (Egan et at., 1976;
Egan, 1980). Finally, metabolic inhibition of airway epithelia, with either hypoxia or
sodium cyanide, has been shown to increase paracellular permeability (Stutts et at.,
1988). Hence, a variety of factors may affect paracellular permeability to increase
access of inhaled macromolecules to the submucosa or interstitium of respiratory
epithelia. Similarly, these factors may facilitate increased transudation of serum
proteins or locally produced proteins into the ASL or ELF.
Adjuvants or promoters that enhance paracellular permeability might be used to

increase delivery of peptides and proteins across respiratory epithelia. Current
research has largely focused on the nasal epithelia where a number of peptides are
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already available for intranasal delivery clinically in the United States and Europe.
Among the list of approved peptides are oxytocin, desmopressin, luteinizing
hormone-releasing hormone analogues and salmon calcitonin. The first three of these
are small peptides of less than to amino acids which easily cross the epithelia
presumably through pores. Larger peptides containing greater than 30 amino acids
traverse the nasal epithelia very poorly. Some of these which have been more actively
investigated include insulin, glucagon, growth hormone-releasing hormone, and
corticotropin-releasing hormone, and calcitonin.
A variety of promoters have been used in an attempt to enhance intranasal

absorption of these peptides and include chelating agents, surfactants, fatty acids, and
bile salts (Salzman et al., 1985; Gordon et al., 1985; Aungst and Rogers, 1988;
Pontiroli et al., 1989; Pontiroli and Pozza, 1990; Yamamoto et al., 1990). The
mechanisms of action of these promoters have not been clearly delineated but focus
mainly on changes in the paracellular path and the formation of hydrophilic pores or
channels for transepithelial flow. Chelating agents such as disodium ethylenediamine
tetraacetate (N~-EDTA), despite increasing the permeability of the tight junctions as
consequence of removal of luminal Ca2+ , cause only aminimal increase in intranasal
absorption of insulin (Aungst and Rogers, 1988). Simply dissolving insulin in dilute
acid medium (pH 3.1) to increase paracellular permeability also enhances intranasal
insulin absorption (Hirai et al., 1977). In contrast, surfactants act to enhance
intranasal absorption of peptides by a different mechanism. These agents have been
reported to bind to hydrophobic regions of membranes and tight junctions to form
pores or hydrophilic channels for the transfer ofpeptides from the nasal lumen down a
concentration gradient into the extracellular space (McMartin et al., 1987). The most
frequently studied surfactant, laureth-9, has been shown to significantly enhance
intranasal absorption of insulin in both animals and humans sufficiently to achieve
desired hypoglycemic effects (Salzman et al., 1985; Aungst and Rogers, 1988).
However, intranasal insulin remains only about 30% as efficacious as intramuscular
insulin and may be associated with local toxicity at concentrations above 0.25%
laureth-9 (Salzman et al., 1985; Aungst and Rogers, 1988). Like surfactants, bile salts
such as sodium glycocholate and its derivatives may also enhance intranasal absorp­
tion ofpeptides by reverse miceUar binding with subsequent formation ofhydrophilic
pores or channels in either cell membranes or tight junctions (Gordon et al., 1985;
McMartin et al., 1987). Biles salts may also enhance absorption by binding Ca2+
(Kahn et al., 1982) to increase paracellular permeability (Alberts et al., 1989) and by
inhibiting intranasal proteases to increase drug availability for absorption (Yamamoto
et al., 1990). Enhancement of intranasal delivery using bile salts as a promoter has
been reported for insulin, calcitonin, corticotropin-releasing hormone, and growth
hormone-releasing hormone (Gordon et al., 1985; Pontiroli et al., 1989; Pontiroli and
Pozza, 1990).
Hence, transudation of peptides and proteins across nasal and respiratory

epithelia can be regulated using a variety of physical factors and promoters. The
efficiency of delivery can perhaps be further increased through the use of protease
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inhibitors such as p-chloromercuriphenylsulfonic acid (PCPMS) and aprotinin
(Aungst and Rogers, 1988; Yamamoto et al., 1990). However, in the absence of
physical factors or promoters, the contribution of protease inhibitors to enhancement
of peptide absorption may be small (Aungst and Rogers, 1988).

4. EVIDENCE FOR TRANSCELLULAR FWW OF PEPTIDES AND
PROTEINS

4.1. Nasal Epithelia

In vivo studies of human nasal respiratory epithelium suggest that protein
absorption is transcellular and regulable. Buckle and Cohen (1975) compared the rate
of appearance of ['25I]albumin in venous blood over several intervals within a 30-min
time period after intranasal application in normal subjects, patients with extrinsic
asthma, and patients with atopic rhinitis. When the venous sampling period was
limited to the 30-min time period that ['25I]albumin remained in contact with the nasal
mucosa, 90% of the patients with atopic rhinitis had antigenically intact albumin
present in their blood samples, versus 11% ofpatients with extrinsic asthma, and 33%
of normal subjects. Dialysis of samples prior to immunoprecipitation, however,
prevented the authors from determining whether degradation of albumin occurred
during translocation across the epithelium. More recently, Svensson et at. (1989) have
demonstrated rapidly reversible increases in albumin concentrations in nasal lavage
fluid following nasal histamine challenge in normal subjects. The rapid return of
albumin concentration to prehistamine nasal levels implicates an active transcellular
process for absorption of this soluble protein against a concentration gradient from the
airway surface liquid. Moreover, since histamine has been shown to have minimal
effect on the paracellular or shunt resistance in cultured human nasal epithelia (L. C.
Clarke, A. P. Paradiso, and R. C. Boucher, unpublished observations), the reversible
changes in albumin concentrations in nasal lavage fluid suggest that transcellular
movement of albumin has occurred in response to histamine.

4.2. Conducting Airway Epithelia

We have previously reported net albumin absorption across canine bronchial
epithelium (Johnson et al., 1989). In this series of experiments, permeability
coefficients of 14C-labeled canine albumin (Palb) across excised canine bronchi in the
absorptive or mucosal-to-serosal (M~S) direction, were significantly greater than in
the serosal-to-mucosal (S~M) or secretory direction. The absence of asymmetry in
transport rates of [3H]inulin across the epithelia suggests that net absorption of



Nasal and Respiratory Epithelia 169

albumin occurred through the transcellular path. Intracellular degradation of the
[14C]albumin also appears to have occurred since the majority of the label in the
submucosal bath represented albumin fragments. Because no asymmetries in trans­
port rates were seen in albumin fragments per se, isolated from spontaneous
degradation of the tracer, it is likely that intact albumin was the substrate for transport.
In addition, lowering the temperature to 4°C reduced the Palb M~S to the same level
as Palb S~M consistent with the transcellular path as the route responsible for
net absorption of albumin.
In contrast to our work in canine bronchial epithelia, Price et al. (1990) have

reported active secretion of albumin into rabbit trachea in vitro. However, the authors
failed to examine the rates of albumin transport in the absorptive direction and hence
were unable to make statements about net direction of albumin transfer across rabbit
airways. They also failed to test the effects of the various agonists cited in their study
on the paracellular pathway. Nevertheless, their observation of increased flow of
labeled albumin into the lumen in response to albuterol, which is generally felt to
have minimal effect on the paracellular path, suggests that albumin moves across the
airway epithelia by a transcellular route. The abolition of this response to albuterol by
sodium cyanide, which inhibits vesicular transport but also modestly increases
paracellular permeability in airway epithelia (Stutts et al., 1988), is consistent with
this notion. Hence, translocation of albumin into the fluid-filled lumen of rabbit
trachea can occur via a transcellular route. As virtually no submucosal glands are
found in rabbit trachea, secretion cannot be attributed to glands.
Similar findings have been reported by Webber andWiddicombe (1989) in ferret

trachea which has abundant submucosal glands. Again, albuterol significantly
increases the rate of albumin translocation into the lumen although no change in
lysozyme, a marker of serous cell secretion, occurred. Nevertheless, a preliminary
study by Jacquot et al. (1988) suggests that submucosal glands in culture may se­
crete an albumin-like substance.

4.3. Alveolar Epithelia

In vitro studies of isolated mammalian alveolar epithelia have been technically
impossible. Many early studies have used the readily accessible planar sheet bullfrog
alveolus to study both ion and macromolecular transport across alveolar epithelia.
Using this model, Kim et al. (1985) reported a fourfold asymmetry in [14C]albumin
transport favoring absorption from lumen to the interstitium. As was seen by Johnson
et al. (1989) in canine bronchial epithelia, no asymmetries in permeabilities of
radiolabeled inulin across the bullfrog alveolar epithelia were detected, consistent
with diffusion of inulin through the small pores of the paracellular pathway and active
transcellular transport of albumin across the alveolar epithelia in the luminal-to­
serosal direction. Moreover, gel electrophoretograms demonstrated that at least
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50% ofmaterial absorbed was intact albumin. Kim et al. (1989) have also described
net albumin absorption across cultured rat alveolar epithelial cells although the
magnitude was less than observed in bullfrog lung. Hence, evidence for transcellular
permeation of proteins and/or amino acids exists in nasal, conducting airway, and
alveolar epithelia. Moreover, these processes may be regulable and saturable in nasal
and conducting airway epithelia (Svensson et al., 1989; Webber and Widdicombe,
1989; Price et al., 1990).

5. POTENTIAL MECHANISMS OF TRANSCELWLAR FLOW

5.1. Receptor-Mediated Endocytosis in Airways

The potential mechanisms most often cited for protein and peptide translocation
across respiratory epithelia involve the processes of endocytosis or transcytosis. A
detailed description of these processes is found in Chapter 4.
Evidence for a transcytotic path in respiratory epithelia arises from the ultrastruc­

turallocalization of IgA transport across the cell. IgA is sequentially localized in the
basolateral plasmalemma, plasmalemmal invaginations, cytoplasmic vesicles, and
gland lumina ofhuman bronchial epithelial gland cells (Goodman et al., 1981). These
findings are consistent with the binding of polymeric IgA to the transmembrane
receptor on the basolateral cell surface and transcytosis of IgA to the apical cell
surface as has been shown in intestinal epithelia (Mostov and Simister, 1985; Breitfeld
et al., 1989). Notably, IgA transport could not be demonstrated across ciliated cells in
this study. Further evidence for the existence of transcytosis comes from the work of
Richardson et al. (1976) in which the exogenous tracer proteins horseradish perox­
idase and ferritin were detected by electron microscopy in vesicles within the tracheal
and bronchial epithelial cells that appeared to move toward the basal surface and be
released into the extracellular space. At intervals of 5, 15, 30, and 60 min after
instillation of these tracer proteins into guinea pig trachea, they could not be detected
in the vicinity of the tight junctions of this epithelium, suggesting that the paracellular
path was not the major route of protein flux across the epithelium.
Little is known of the mechanisms by which endogenous macromolecules other

than IgA are transported across pulmonary epithelia. Precedents do exist for receptor­
mediated endocytosis in other organ systems (see Chapter 5) as has been described
for IgG in suckling rat ileum, human placenta, and rabbit yolk sac (Abrahamson and
Rodewald, 1981; Mostov and Simister, 1985; Breitfeld et al., 1989) and for albumin in
capillary endothelium (Ghitescu et al., 1986; see Chapter 10) and sinusoidal liver cell
membranes (Horiuchi et al., 1985). Park and Maack (1984) described both a low­
affinity (Km 18 IJ.M) and a high-affinity (Km 460 oM) system for albumin absorption
across isolated perfused rabbit proximal renal tubules in which 80% of the albumin
absorbed was catabolized to low-molecular-weight fragments. A more detailed
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discussion of other potential precedents is presented in other chapters of this volume.
However, the contribution of receptor-mediated endocytosis to transcellular respira­
tory epithelial cell protein and peptide transport has not been determined.
The recycling of surfactant proteins is one example where receptor-mediated

endocytosis may not participate in transcellular or transepithelial transfer of proteins
(Possmayer, 1988; Hawgood and Shiffer, 1991; Weaver and Whitsett, 1991; Wright
and Dobbs, 1991). The type II cell synthesizes both the lipid and protein components
of surfactant and stores them in lamellar bodies until they are secreted by exocytosis
into the alveolar space. Once secreted, the contents of the lamellar body form a
lattice-like structure called tubular myelin which is believed to be the precursor to the
final surface film in the alveoli enriched to dipalmitoylphosphatidylcholine. lYpe II
cells have also been shown to recycle surfactant with the percentage reutilized
ranging from 23 to 90% (Wright and Dobbs, 1991). The surfactant proteins SP-A, SP­
B, and SP-C have been shown to stimulate uptake of surfactant phospholipids (Wright
et al., 1987; Rice et al., 1989). SP-A also appears to inhibit phospholipid secretion by
type II cells (Rice et al., 1987), implying a role for SP-A in the feedback regulation of
surfactant pool size. SP-A-stimulated phospholipid uptake occurs at a time-, tempera­
ture-, and protein concentration-dependent manner (Wright et al., 1987). Binding of
SP-A to the type II cell has been shown to be a high-affinity, saturable process with a
Kd of -5 x 10-10Mconsistent with a receptor-mediated process (Kuroki et al., 1988;
Wright et al., 1989). Subsequent internalization reveals sequential localization in
coated pits, coated vesicles, endosomes, multivesicular bodies, and in close prox­
imity to lamellar bodies without evidence for significant degradation consistent with
recycling (Ryan et al., 1989). No apparent transcellular transport of intact protein
occurs. The mechanisms by which other surfactant-associated proteins are recycled
have not been clearly delineated but apparently do not involve receptor-mediated
endocytosis. Whether or not recycling of exogenous peptides and proteins occurs in
the alveolar region in vivo is unknown.

5.2. Adsorptive Endocytosis in Airways

The low-affinity system for albumin absorption in canine bronchial epithelium
(Johnson etal., 1989), with theKm (1.6 roM) being l00-fold greater than the Km of the
low-affinity system described by Park and Maack (1984), 1()4-fold greater than their
high-affinity system, and 107-fold greater than the high-affinity system described by
Ghitescu et al. (1986) in capillary endothelium, appears to be quite high for a pure
receptor-mediated system. Adsorptive endocytosis may better describe this process.
In adsorptive endocytosis, the asymmetric distribution of glycocalyceal components
on nasal and conducting airway epithelia allows selective concentration of albumin
and other soluble macromolecules on the apical cell surface that when coupled with
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endocytosis enhances absorption ofmacromolecules from the airway surface liquid in
the absence of a specific cell surface receptor. Precedent for such a mechanism has
been reported in studies of intestinal macromolecular absorption (Gonella and
Neutra, 1984; Neutra et al., 1987). The absence of a specific cell surface receptor
containing a putative signal targeting endocytotic vesicles to the contralateral cell
surface membrane (transcytosis) in its cytoplasmic domain (Davis et al., 1987;
Mostov et al., 1989) or to endosomal sorting (Breitfeld et al., 1989), might be
expected to lead to more frequent fusion of endocytotic vesicles with lysosomes. The
degradation of the majority of absorbed albumin in canine bronchial epithelium
described by Johnson et al. (1989) is consistent with such interaction of macro­
molecules with the lysosomal compartment. However, transcytosis of endogenous
surface glycoproteins by MOCK cells (Brandli et al., 1990) suggests that other
sorting signals for transcytosis may exist, permitting macromolecules absorbed via
adsorptive endocytosis to undergo either lysosomal degradation or transcytosis to the
contralateral cell membrane. In this scenario, one might expect to find that the
material absorbed across the epithelium would consist of only a small amount of the
intact macromolecule with a predominance of degraded macromolecular fragments.

5.3. Sodium.Dependent Amino Acid Cotransport in Alveolar Epithelia

The contribution of glycocalyceal components to alveolar epithelial macro­
molecular transport has not been studied. The relative roles of receptor-mediated
endocytosis and transcytosis in this region are also unknown. Moreover, other
mechanisms for protein and peptide transport have been implicated in alveolar
epithelia. Brown et al. (1985) reported a saturable Na+-dependent amino acid
cotransport system with 1:1 stoichiometry in suspensions of isolated rat type II
alveolar epithelial cells with the neutral amino acid analogue a-methylamino­
isobutyric acid (AlB). Sugahara et al. (987) extended the findings of brown et al.
(1985) for a Na+-dependent amino acid cotransporter for AlB with a 1:1 stoichiome­
try to monolayer preparations of isolated rat alveolar type II cells in primary culture
and also showed that insulin stimulated the rate of AlB uptake. Sodium-dependent
lysine flux across excised bullfrog alveolar epithelia has subsequently been reported
by Kim and Crandall (1988). In their study, a fourfold asymmetry in unidirectional
fluxes of [14C]lysine was detected favoring absorption from the luminal to the pleural
surface. Substitution of the choline+ or Li+ for sodium in Ringer solution abolished
the asymmetry in flux, reducing the alveolar to pleural flux to the same rate as the
pleural to alveolar flux. The net absorption of [14C]lysine was also significantly
reduced by ouabain, and nearly abolished by L-Ieucine, but only minimally reduced
by AlB. Thus, alveolar epithelia may have several regulable processes for the transfer
of proteins and peptides out of the alveolus.



Nasal and Respiratory Epithelia

6. ROLE OF MACROPHAGE SURVEILLANCE
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The role of macrophage surveillance in protein and peptide transport across
respiratory epithelia has not been studied. Although an airway macrophage (Brain
et al., 1984; Brain, 1986) has been described, its rare presence in the airway lumen
implies that it does not have a significant effect on airway macromolecular transport.
In contrast, the alveolar macrophage plays a significant role in the removal of
particulate debris to the alveolar region and may be in a constant state of activation
(Brain, 1986). This cell has been reported to emit toxic superoxide radicals and
elastase during phagocytosis and to release proteases and other toxic enzymes upon
cell death (Brain et al., 1977; Brain, 1986). These enzymes and 02 free radicals may
catabolize, denature, and/or alter the native protein structure of endogenous and
inhaled proteins, interfering with their ability to bind to receptors or other carrier
mechanisms for translocation across the epithelia. The macrophage has also been
shown to internalize surfactant lipids and proteins (Wright et al., 1987; Wright and
Dobbs, 1991). Macrophages bind and internalize SP-A in a mannose-dependent
fashion (Wintergerst et al., 1989; Weaver and Whitsett, 1991) which may enhance
phagocytosis of opsonized erythrocytes and bacteria. The role this enhanced phago­
cytosis might play on exogenous peptides and proteins delivered to the alveolar region
is unknown.

7. SUMMARY

A variety of endogenous macromolecules are present in both the airway surface
liquid (Mentz et al., 1984) and the alveolar epithelial lining fluid (Bignon et al.,
1976). The mechanisms responsible for the regulation of the concentrations of
macromolecules in these luminal fluids are poorly understood, as are the mechanisms
responsible for the macromolecular translocation across respiratory epithelia. The
evidence discussed in this review suggests that serum proteins and proteins produced
locally within the airway submucosa or alveolar interstitium may leak through the
paracellular path and in a few instances be actively secreted into the lumen. This rate
of translocation into the ASL or ELF may be increased by inhaled toxins and injury
(Holter et al., 1986), increasing the concentrations of these molecules above their
basal values. Once present in the ASL or ELF, these macromolecules are actively
returned to the interstitium or submucosa by a process involving transcellular
endocytosis and/or transcytosis. The effect of macrophage surveillance on this
process in the alveolar region is unknown, but may be minimized in the absence of
injury by the presence of antioxidants in the ELF (Pacht and Davis, 1988; Cantin
etal., 1990).

Similar metabolic fates await peptide and protein drugs that may be delivered to
the airways and/or alveoli via inhalation in the future. The ability of the respiratory
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epithelia to either catabolize or absorb these molecules intact raises important dose­
effect and toxicological questions. Moreover, many such molecules may be altered by
enzymes located within the ASL or ELF. Hence, understanding the mechanisms
regulating all aspects ofmacromolecular transport across respiratory epithelia will be
critical to the development ofnew protein drugs designed for delivery via inhalation.
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Chapter 8

Dermal Absorption of Peptides
and Proteins

Ajay K. Banga and fie W Chien

1. INTRODUCTION

Historically, the skin was viewed as an impermeable barrier. However, in recent
years, it has been increasingly recognized that intact skin can be used as a port for
continuous systemic administration of drugs. The first transdermal drug delivery
system which has used this new concept is a scopolamine-releasing transdermal
therapeutic system (Transderm-Scop® by Ciba) for motion sickness. This was
followed by the marketing of several nitroglycerin-releasing systems. Currently,
about ten drugs have been either successfully marketed or are under clinical
evaluation for transdermal delivery.

Several biomedical benefits offered by (trans)dermal delivery could also be
extended to peptide drugs and, furthermore, there are some advantages unique to
peptide drugs. The transdermal route provides a continuous mode of administration,
which is highly desirable for peptide drugs since these drugs are extremely short­
acting, by virtue of their short biological half-lives. In addition to the avoidance of
hepatic "first-pass" elimination, transdermal delivery offers a mechanism to reduce
proteolytic degradation encountered by delivery through the oral route (see Chapters
5,6) and also through most absorptive mucosae (see Chapters 2, 7,15). However, the

Ajay K. Banga and fie W. Chien • Controlled Drug-Delivery Research Center, College of Phar­
macy, Rutgers-The State University of New Jersey, Piscataway, New Jersey 08855. Current Address of
A.K.B.: Department of Pharmacal Sciences, School of Pharmacy, Auburn University, Auburn, Alabama
36849.

Biological Barriers to Protein Delivery, edited by Kenneth L. Audus and Thomas 1. Raub. Plenum Press,
New York, 1993.

179



180 Ajay K. Banga and Yie W Chien

dermal route has some major drawbacks which will limit its utilization for peptide
delivery. Peptide/protein drugs, because of their hydrophilicity and large molecular
dimensions, are not good candidates for dermal delivery. In addition, the enzymatic
barrier in the dermal tissue needs to be considered (Section 3).

The limitation of the dermal route for the delivery ofpeptide/protein drugs perhaps
explains the reason why not much work has been done in this area. However, there are
a few early publications and, in recent years, there has been a growing interest in this
area, as reflected by several publications. As early as 1966, Tregear studied the per­
meation ofmacromolecularproteins and polymers through the excised skin from humans
and animals. More recently, Menasche et al. (1981) found that percutaneously admin­
istered elastin peptides penetrate into the dermis and 30-40% of the administered
dose can still be found in the skin 48 hr later. Some proteins and protein hydrolysate
found application in cosmetics or toiletries for topical effects. Growth factors for
wound healing represent another use for dermal application of peptides/proteins.
Several investigations have recently reported the achievement of dermal delivery of
peptides/proteins by iontophoresis and these will be discussed in Section 4.1.4.

2. DERMAL TRANSPORT

2.1. Dermal Anatomy

The skin is a complex multilayered organ with a total thickness of about 2-3
mm. Macroscopically, it has two distinct layers: the outer epidermis and the inner
dermis. The dermis provides physiological support for the epidermis by supplying
it with blood and lymphatic vessels and also with nerve endings (Fig. 1). The
epidermis is comprised of several physiologically active epidermal tissues and the
physiologically inactive stratum corneum. The physiologically active epidermis
contains keratinocytes as the predominant cell type. These cells originate in a layer
called the stratum germinativum and undergo continuous differentiation and mitotic
activity during the course of migration upward through the layers of spinosum,
granulosum, and lucidum. Finally, a layer of dead, flattened keratin-filled cells
(corneocytes), which is called the stratum corneum or the horny layer, is produced.
The entire epidermis is avascular and is supported by the underlying dermis. The cells
migrating from the stratum germinativum layer are slowly dying as they move upward
away from their source of oxygen and nourishment. Upon reaching the stratum
corneum, these cells are cornified and dead. The time required for the cells to
proliferate from the stratum germinativum to the stratum corneum is about 28 days,
ofwhich 14 days is spent as corneocytes in the stratum corneum. The corneocytes are
then sloughed off from the skin into the environment (about one cell layer per day), a
process called desquamation. Many theories have been proposed for the biochemical
changes preceding desquamation but the underlying mechanisms are not clearly
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Flgore 1. Diagrammatic illustration showing the human skin (upper region) and the capillary network
at the dermo-epidermal junction.

known. (Wertz and Downing, 1989). There are several appendages in the skin, which
include hair follicles, sebaceous and sweat glands, but these occupy only about
0.1% of the total human skin surface.

Most of the epidermal mass is concentrated in the stratum corneum and this layer
forms the principal barrier to the penetration of drugs, i.e., it forms the rate-limiting
membrane to transdermal permeation. Elias (1983) puts it succinctly when he says,
"Our knowledge about the structure and function of the stratum corneum has
unfolded like an ever-changing kaleidoscope over the past three decades." As
reviewed by Kligman (1984), this layer has been packed with hexagonal cells, an
arrangement which has provided a large surface area with the least mass. Species
difference exists, e.g., the cells are stacked in vertical columns in mice but distributed
randomly in humans. Each corneocyte is bounded by a thick, proteinaceous envelope
with the tough fibrous protein keratin as the main component. Earlier reports based on
transmission electron microscopy suggested that the spaces between corneocytes are
empty; however, this is now believed to be an artifact of sample preparation. In fact,
an intact stratum corneum is a highly ordered structure. As the epithelial cells migrate
upward toward the stratum corneum, their plasma membrane seems to thicken due
to a deposition of material on its inner and outer surface. This is the process of
keratinization during which the polypeptide chains unfold and break down and then
resynthesize into keratin, the tough, fibrous protein which forms the main component
of the corneocyte. Corneocytes contain a compact arrangement of a-keratin filaments
60-80 A in diameter and distributed in an amorphous matrix. The intercellular
spaces of the stratum corneum are completely filled with broad, multiple lamellae.
The lipids constituting these lamellae are unique in that they do not contain
phospholipids. They are, instead, mainly composed of ceramides, cholesterol, fatty
acids, and cholesteryl esters (Fig. 2). In contrast, the lipid composition in the viable
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Figure 2. Schematic illustration of human stratum corneum with macroscopic, microscopic, and
molecular domains, and suggested routes of drug penetration. (From Barry, 1987.)

epidermis is predominantly composed of phospholipids. These changes in the lipid
composition have been demonstrated to occur during the keratinization process of the
stratum corneum.

2.2. Transport Mechanisms

It should be emphasized that unlike other epithelial barriers, the outer layer
of the dennal barrier, the stratum corneum, is a keratinized tissue. Since the stratum
corneum is the principal penneation barrier, the transdennal delivery of small
molecules has been considered as a process of interfacial partitioning and molecular
diffusion through this barrier. In contrast, the penneation of di- and tripeptides,
which are also small molecules, across the gastric mucosa is believed to occur
through a carrier-mediated mechanism while proteins, such as IgG and epidennal
growth factor, are believed to be absorbed by endocytosis (see Chapters 4,5). Also,
there is indirect evidence for the existence of amino acid carriers in the nasal mu­
cosa of the rat (Lee, 1991).

A mathematical model was developed by Michaels et al. (1975) which treats the
stratum corneum as a two-phase protein-lipid heterogeneous membrane having the
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lipid matrix as the continuous phase. Since then, several theoretical skin-permeation
models have been proposed which predict the transdermal flux of a drug based on a
few physicochemical properties of the drug. These models often make some assump­
tions about the barrier properties of the skin and predict the transdermal flux ofa drug
from a saturated aqueous solution, given a knowledge of the water solubility and
molecular weight of the drug and its lipid-protein partition coefficient. Most of these
theoretical expressions assume a two-compartment model of the stratum corneum
based on a heterogeneous two-compartment system of protein-enriched cells em­
bedded in lipid-laden intercellular domains. An analogy of "bricks and mortar" is
often given for this model.
Based on this model, drugs can diffuse through the stratum corneum via a

transepidermal or a transappendageal route. Figure 2 illustrates two potential routes
of transepidermal drug penetration through the stratum corneum. These are between
the cells (intercellular) or through the protein-filled cells (transcellular) (Barry, 1987).
The relative contribution of these routes depends on the solubility, partition coeffi­
cient, and diffusivity of the drug within these protein or lipid phases. The transcel­
lular route will predominate for polar drugs. Elias (1988) provides support for this
model by making the observation that differences in lipid content more accurately
predict regional variations in skin permeability as compared with stratum corneum
thickness. For this reason, facial stratum corneum, whose lipid content is 7-10% by
weight, is readily permeable to topical steroids.
The transappendageal route normally contributes to only a very limited extent to

the overall kinetic profile of transdermal drug delivery. However, the hair follicles and
sweat ducts can act as diffusion shunts for ionic molecules during iontophoretic
transport (Section 4.1.4). The electroosmotic effects, which accompany iontopho­
retic delivery, could also be partly responsible for the observed enhanced flux.
Additionally, as electric potential is applied across the skin, the rearrangement of
lipid bilayers and/or the flip-flop of the polypeptide helices in the stratum corneum
may occur to open up pores, as a result of repulsion between neighboring dipoles
(Jung et al. 1983), which could create "artificial shunts" leading to enhancement
of skin permeability for peptide and protein molecules (Chien, 1991).

3. DERMAL BARRIERS TO PEPTIDEIPROTEIN DELIVERY

3.1. MetaboUclEnzymatic Barrier

In the last several years, growing evidence has accumulated that the skin is not
only a barrier for passive diffusion, but also consists of an enzymatic barrier ca­
pable of metabolizing drugs. The composition of enzymes and the spectrum of
metabolic reactions in the skin are similar to those in the liver. However, the skin has
only about 10% of the metabolic activity detected in the liver (Merkle, 1989) and its
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blood perfusion is rather poor since the total blood flow to the skin is only about
6.25% of that to the liver (Tauber, 1989). Therefore, the skin does not contribute
significantly to systemic drug disposition. However, the skin could have a significant
biotransformation potential in topical and transcutaneous drug therapy. Also, it
should be borne in mind, especially for transcutaneous therapy, that proteolytic
enzymes are ubiquitous and traversing the dermal barrier is not the last, but rather the
first step. Therefore, peptides and proteins need to be protected from the enzymatic
barriers in several anatomical sites before they can exert their pharmacological or
therapeutic effects.
The metabolic activities of the skin include a considerable amount of proteolytic

activity. Both exo- and endopeptidases are known to be present in the skin. Exopepti­
dases include those enzymes that cleave peptides and proteins at the N-terminus
(e.g., aminopeptidases), at the C-terminus (e.g., carboxypeptidases), or those either
having specificity for dipeptides or liberating dipeptides from the N- or C-terminus.
Several of these enzymes are found in the skin, with the aminopeptidase (see Chapter
2) being the best known (Hopsu-Havu et al., 1977). On the other hand, endopepti­
dases cleave peptides and proteins at an internal peptide bond and these include the
proteinases. Skin homogenates have been used to study the degradation of peptides
by dermal tissues; however, the use of skin homogenates does not allow us to
determine the origin of the individual enzymes. The methods available for the
histochemical localization of enzymes are rather limited and this prevents a complete
understanding of the subcellular compartmentalization of proteolytic enzymes.
However, incubation of a peptide with a tissue homogenate is a simple first step in
characterizing the proteolytic barrier of any tissue or organ. Lee et al. (1991) have
reviewed their investigations on the stability of several peptide/protein candidates
against mucosal homogenates of the albino rabbit. The rank order of stability for
small peptides was found to be rectal> buccal> nasal> vaginal. For proteins,
however, the rank order was nasal > rectal > vaginal > buccal. The stability of
insulin in skin homogenates of hairless rat skin was investigated by Banga (1990)
and will be discussed in Section 4.1.1.
Some investigations have reported that the metabolic activity of the skin predomi­

nantly resides in the viable epidermis, but these studies have not taken into account
the mass ratio between the dermis and the epidermis. The activity per unit volume was
reported to be higher in the dermis for some enzymes (Tauber, 1989). Also, there
could be some significant difference between the species and caution should be
observed in extrapolating the results from animal studies to humans. A case in point
for the subcutaneous degradation of insulin will be discussed in Section 4.2.1.

3.2. Physical Barrier

As discussed in Section 2.2, the stratum corneum forms the principal barrier to
the systemic or dermal delivery ofdrugs. Overmost of the body, the stratumcorneum
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has 15-25 layers of flattened corneocytes with an overall thickness of about 10 /-Lm.
The permeation rate of drugs through the stratum corneum has been reported to
decrease with an increase in molecular size. A molecular size of about 1000 Da is
generally believed to be the molecular size limit for transdermal delivery but there are
some literature reports on the permeation of macromolecules (> 50,000 Da) across
the stratum corneum by passive diffusion. In addition to molecular size, the lipid­
protein partition coefficient of the penetrant is very important. For peptide/protein
drugs, both their macromolecular dimensions and hydrophilic nature are not suitable
for transdermal delivery. Some of these disadvantages, however, can be overcome
by the skin permeability-enhancing techniques, such as iontophoresis, which will be
discussed in Section 4.1.

3.3. Microbial Barrier

A wide variety of microorganisms have been isolated from the skin surface.
These dermal flora could be resident or transient and will also vary with indi­
vidual, age, skin site and condition. Collectively, the skin flora possesses a wide
range ofenzymes, and drug metabolism by skin microorganisms has been reported to
take place for drugs such as steroid esters and nitroglycerin (Denyer and McNabb,
1989). Furthermore, microbial growth on the skin would be promoted by the
occlusive environment often generated under a transdermal patch. Microbial metabo­
lism could be a potential issue for the dermal delivery of peptide/protein drugs, since
these could potentially serve as a food substrate for the skin flora. This could be
especially true if the peptide/protein delivery system is going to be in contact with
the skin for any prolonged length of time. The use of preservatives may be
advantageous in this regard, provided the preservative does not have any skin
irritation potential.

4. STRATEGIES FOR DERMAL DELIVERY OF PEPTIDESIPROTEINS

The skin is impermeable to molecules as large as peptides and proteins. The
physical and enzymatic barriers discussed above, in combination, create a formidable
block against any permeation under normal circumstances. Various techniques have
been attempted to surmount these barriers. These include the use of protease
inhibitors to suppress enzymatic activity or the use of penetration enhancers to
reversibly reduce the barrier resistance of the stratum corneum. Other alternatives
include forced delivery under an electric field (iontophoresis) or ultrasonic energy
(phonophoresis). These are strategies for delivery through the intact skin. Another
approach which has been used for decades is the subcutaneous deposition ofdrugs via
hypodermic injection. In the following sections, these techniques have been grouped
as noninvasive and invasive techniques for discussion.



186

4.1. Noninvasive Delivery through Intact Skin

4.1.1. PROTEASE INHIBITORS

Ajay K. Banga and Yie W Chien

Protease inhibitors provide a viable means to circumvent the enzymatic barrier
in achieving the delivery of peptides and proteins. Numerous agents could act as
protease inhibitors by a variety ofmechanisms, e.g., by tightly binding to or covalent
modification of the active sites of protease or by chelating the metal ions essential for
proteolytic activity. The selection ofan appropriate protease inhibitor could be guided
by studying the principal proteases responsible for the degradation of the peptide/
protein to be delivered, their subcellular compartmentalization, and the mechanism
for the transport of the peptide/protein.
Hori et ai. (1983) investigated the effect of coadministering peptides and amino

acids, as stabilizing agents, on insulin degradation at a subcutaneous injection site
in rats. They discovered benzyloxycarbonyl-Gly-Pro-Leu, benzyloxycarbonyl-Gly-
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Figure 3. In vitro evaluations ofprotease inhibitors in preventing the enzymatic degradation of insulin by
skin homogenates in pH 3.6 citrate buffer. A 10% skin homogenate was centrifuged and filtered to get a
clear extract, ofwhich 2.5% (v/v) was added to a solution of porcine insulin (10 ill/mI). After incubation at
37°C for 3 hr, the degradation of insulin was followed by HPLC assay. (Modified from Banga, 1990.)
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Pro-Leu-Gly, and dinitrophenyl-Pro-Leu-Gly as the best candidates for protecting
insulin from degradation at the subcutaneous site. Several other protease inhibitors
that have been evaluated include amastatin, aprotinin, bestatin, boroleucine,
p-chloromercuribenzoate, leupeptin, pepstatin, phenylmethylsulfonyl fluoride (PMSF),
and puromycin. Sodium glycocholate, in addition to being a penetration enhancer,
was also observed to prevent the proteolysis of insulin, though it is not as potent as
amastatin and bestatin, the aminopeptidase inhibitors. PMSF has been widely used to
prevent the breakdown of enzymes and other proteins during purification and acts by
causing the sulfonylation of serine residues. Aprotinin, also known as bovine
pancreatic trypsin inhibitor (or trypsin-kallikrein inhibitor), is also a serine protease
inhibitor. A polypeptide with a molecular weight of 6512, aprotinin is rather stable
and has a broad inhibitory specificity. It has found uses in some radioimmunoassay
kits and also for the therapy of acute pancreatitis. While its potential application in
preventing the subcutaneous degradation of insulin has been found rather controver­
sial with conflicting reports, the in vitro study by Banga (1990) has shown aprotinin's
capability of reducing the degradation of insulin by skin homogenates (Fig. 3). It was
observed that the concentration of aprotinin required for the protective effect has to be
carefully determined for any given experimental (or study) conditions. The total
substrate, enzymatic activity, temperature, and time of exposure could be some of the
important factors influencing the concentration of aprotinin required. In this study,
however, PMSF failed to offer any such protection. It has also been reported that
protease inhibitors could be used to potentiate the healing effect of epidermal growth
factor in would healing therapy. This is due to the fact that several proteases are
known to become activated in the wounded tissues (Okumura et al., 1989).

4.1.2. CHEMICAL MODIFICATION

Chemical modification of the peptide backbone or the modification and/or
blocking of the N- and C-terminals could potentially reduce proteolysis. Also,
substitution with the unnatural o-amino acids in place of the natural L-amino acids
has been used to improve the enzymatic stability of peptides. Another type of
modification, which has been reported to decrease the susceptibility of peptides to
enzymatic degradation, increase their plasma circulation half-life, as well as decrease
their immunogenicity is the covalent attachment of polyethylene glycol (PEG) to the
amino groups of a peptide/protein molecule. Chemical modification of peptides has
been used to improve the transdermal permeation of peptides. For example, lYr-o­
Ala-Gly-Phe-Leu and its amide, the enzymatically stable analogues of leucine
enkephalin (lYr-Gly-Gly-Phe-Leu), were observed to exhibit significant fluxes in the
presence of n-decylmethyl sulfoxide across hairless mouse skin (Choi et al., 1990).
The amide showed greater stability to metabolism than did the [o-Ala2]-leucine
enkephalin. Because of the structural complexity of the protein molecules, most
chemical modification has been done on peptides and not on proteins.
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4.1.3. PENETRATION ENHANCERS

Ajay K. Banga and Yie W Chien

While penetration enhancers have been widely investigated in terms of enhanc­
ing the mucosal delivery of peptide/protein drugs, their use for dermal delivery of
peptides seems to be somewhat limited. This could be attributed to the fact that the
keratinized stratum corneum is much more impermeable than the mostly nonkera­
tinized mucosal membranes. However, pen~ation enhancers have been successfully
used to enhance dermal delivery of organic-based drug molecules including hydro­
philic molecules. Attempts were made to deliver transdermally radiolabeled vaso­
pressin, and treatment of the skin with sodium lauryl sulfate, an anionic surfactant,
was found ineffective even at a concentration as high as 20%. However, following the
stripping of the skin, the transdermal flux of vasopressin was improved over 70-fold
(Banerjee and Ritschel, 1989). On the other hand, the in vitro skin permeation fluxes
of leucine enkephalin and its synthetic analogues were enhanced by the presence of
n-decylmethyl sulfoxide, a nonionic surfactant (Choi et ai., 1990). A penetration
enhancer is usually a small molecule and mechanisms of enhancement include
modification of intercellular lipid matrix with increased membrane fluidity. They
could also loosen the tight junctions between cells, e.g., increasing the dimensions
of the paracellular pathway, in the case of mucosal delivery (Chien et ai., 1989).
Examples of such enhancers include bile salts, chelating agents, surfactants, and fatty
acid derivatives. On the other hand, alkanols, alkanoic acids and their esters,
dimethylsulfoxide (DMSO), and I-dodecylazacycloheptan-2-one (Azone) have been
widely investigated as enhancers for transdermal delivery (Chien, 1987).

4.1.4. IONTOPHORESIS

Iontophoresis implies the use of small amounts of physiologically acceptable
electric current to drive ionic drugs into the body. In essence, the peptide drug can be
made to have a charge by controlling the pH of its solution relative to its isoelectric
point and an electrode of like charge can be used to facilitate the movement ofpeptide
molecules through the dermal tissue under the electric potential gradient. Ionto­
phoresis has been used for topical medication for several decades, but its use for
systemic medication by transdermal delivery is relatively recent. For comprehensive
reviews on the subject, the reader is referred to lYle (1986) and Banga and Chien
(1988).
Iontophoresis-facilitated transdermal delivery has been investigated for several

therapeutic peptides and proteins. Several literature references for such studies have
been compiled in Table I in the order of increasing molecular weight of the peptides/
proteins. Iontophoresis could also provide a potential means to deliver peptide/
protein in a pulsatile manner (by turning electric current on and oft), to prevent the
downregulation of receptors, in addition to continuous administration (Chien et ai.,
1990).
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Table I
Iontophoresis-Facilitated Transdermal Delivery of Peptide/Protein Drugs
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No. of
amino Animal model!

Peptide/protein acids Size experiment design

Thyrotropin-releasing 3 362 Nude mice/in vitro
hormone (TRH)
Vasopressin (arginine) 9 1084 Hairless rats/in vitro

LHRH and analogues

Calcitonin (human)
Insulin

9/10

32
51

1182 Humans/in vivo
Hairless mice/in vitro

3418 Hairless rats/in vitro
5808 Pigs/in vivo

Diabetic rabbits/in vivo

Hairless rats/in vitro
Diabetic hairless rats/in

vitro and in vivo
Diabetic hairless rats/in

vivo

Reference

Burnette and Marrero
(1986)
Lelawongs et al. (1989,
1990), Lelawongs
(1990), Banga (1990),
Chien et al. (1990)
Meyer et al. (1988)
Miller et al. (1990)
Banga (1990)
Stephen et al. (1984)
Kari (1986), Chien et al.
(1988), Meyer et al.
(1989)
Banga (1990)
Siddiqui et al. (1987)
Chien et al. (1988, 1990)
Liu et al. (1988)

Meyer et al. (1988) conducted a double-blind cross-over clinical study on the
transdermal delivery of leuprolide, an LARA analogue, for the hormonal treatment
ofmetastatic prostatic carcinoma. It was observed that serum LA concentrations with
active patches have been significantly increased relative to placebo patches over the
duration of the study. This successful transdermal delivery of therapeutic doses of
leuprolide to humans was attributed to electroosmotic effects.

Chien et al. (1990) conducted in vitro studies investigating the effect of
iontophoresis on the skin permeation kinetics of vasopressin. As can be seen from
Fig. 4, the skin permeation rate increased almost 190-fold after periodic applica­
tion of pulsed current, delivered from a constant-current power source (TPIS), with a
specific combination of waveform, frequency, onloff ratio, and intensity. The skin
permeation profile was found to consist of two phases: an activation phase, during
which the pulsed current was applied periodically, and a postactivation phase, during
which the current was terminated and the permeability properties of the skin
appeared to recover.

One protein that has been extensively investigated for feasibility of using
iontophoresis to facilitate the rate of transdermal delivery is insulin. The results from
various investigators are somewhat conflicting, which is most likely due to the
multitude of factors and variables in operation, and also due to different experimental
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Figure 4. In vitro skin permeation profiles of vasopressin, from donor solution at pH S, across the
abdominal skin of hairless rats and the enhancement of skin permeation by TPIS treatment (square
waveform; frequency, 2 kHz; ontoffratio, 1:1) at a current intensity of 1.0 rnA, which was switched on for
10 min and then off for 30 min repeatedly for six times over a 4-hr period. (From Chien et al., 1990.)

conditions and species. Stephen et al. (1984) were successful in delivering a highly
ionized monomeric form of insulin through pig skin for systemic effect, but failed to
deliver regular (soluble) insulin to human volunteers by iontophoresis. Kari (1986)
successfully delivered insulin to rabbits after disruption of the stratum corneum. He
also observed that blood glucose levels continued to decrease even after the current
was turned off, suggesting the formation of a reservoir in the subcutaneous tissues.
Chien et al. (1988) developed diabetic models in both hairless rats and New Zealand
White rabbits by intraperitoneal injections of streptozotocin and demonstrated the
feasibility of transdermal iontophoretic delivery of insulin through intact skin. The
results of this and several other studies have been reviewed by Chien (1991). Banga
(1990) investigated the formation of an insulin reservoir in the hairless rat skin under
in vitro conditions (Fig. 5). It was found that the amount retained in the skin (on a unit
volume basis) is much higher than the total amount of insulin permeating through the
skin over the course of 30 hr at two pH values. At pH 3.6, insulin exists as a positively
charged molecule and was delivered under anode; at pH 7.4, insulin is a negatively
charged molecule and was delivered under cathode. It is evident that permeation is
higher at a pH lower than the isoelectric point of insulin, which could be due to the
higher charge density on the molecule and/or due to the higher activity coefficient
at the lower pH.
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Figure S. A comparison between the amount of insulin accumulated in the skin, as depot, after 4 hr of
iontophoresis and the cumulative amounts of insulin permeated through the hairless rat skin for 30 hr (on a
unit volume basis) at pH 3.6 and 7.4 (current intensity, 0.62mNcm2; frequency, 2.0 kHz; on/off ratio, 1:1).
(Modified from Banga, 1990.)

4.1.5. PHONOPHORESIS

Phonophoresis implies the transport of drug molecules under the influence of
ultrasound. The drug is delivered from a coupling (contact) agent which transfers
ultrasonic energy from the ultrasonic device to the skin. The exact mechanism
involved is unknown, but enhancement presumably results from thermal, mechani­
cal, and chemical alterations in the skin induced by ultrasonic waves. Although
several drugs have been investigated for phonophoretic delivery, the results are not
always positive and many of these studies lack adequate controls. Tyle and Agrawala
(1989) have conducted a comprehensive review of drug delivery by phonophoresis
and listed several drugs, which includes papain and interferon, as peptide/protein
candidates being investigated.

4.2. Invasive Delivery through Broken Skin

4.2.1. SUBCUTANEOUS INJECfION/IMPLANT

Subcutaneous injections of insulin have been the practical and primary treat­
ment of diabetes for several decades. Zinc-insulin complexes in amorphous and
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crystalline forms are prepared to formulate long-acting insulin preparations of
varying duration of hypoglycemic activities, which are still popularly used today for
the treatment of diabetes. Several long-acting injectables, novel injectors, and
infusion pumps developed for insulin have been reviewed by Chien and Banga (1989).
It has been reported by several investigators that subcutaneously administered insulin
is also metabolized to a significant extent at the injection site. Efforts have also been
directed to minimizing this degradation by coadministration of protease inhibitors
and this has been discussed in Section 4.1.1. However, the reported magnitudes of
degradation appear to be controversial and most studies that reported considerable
degradation seem to be those conducted in animals. Kraegen and Chisholm (1985)
reported a low degradation of insulin at subcutaneous tissues in most normal and
diabetic subjects, which they felt was not of clinical significance for the majority
of the patients during subcutaneous insulin infusion therapy. Another approach for
subcutaneous delivery of peptides is via the long-acting subdermal polymeric
implants. Langer and Folkman (1976) fabricated subdermal implants from hydrox­
yethylmethacrylate and (ethylene vinyl acetate) copolymers and demonstrated that
macromolecules of up to 2 X 106Da can be made to release slowly from subdermal
implants for periods exceeding 3 months. Brown et al. (1986) implanted an insulin!
(ethylene vinyl acetate) copolymer matrix device subcutaneously in diabetic rats and
normoglycemia was achieved with a single implant for over 100 days.
A contraceptive implant (NorplantiWyeth-Ayerst Labs) that releases progestin

from a silicone-based subdermal capsule for a period of5 years was recently approved
by the FDA for marketing in the United States (Time, December 24, 1990). The
biocompatibility of polymeric implants is an important concern since these implants
are intended to reside in the body for extended periods of time. Biodegradable
polymers can also be utilized if their degradation products are innocuous and
biocompatible. For peptides and proteins, an additional concern is their immuno­
genicity. The most potent immunogens are those proteins of greater than 100 kDa.
Furthermore, chemical complexity also plays a role, e.g., the aromatic amino acid
components in the protein molecule contribute more to its immunogenicity than
do the nonaromatic amino acid residues.

4.2.2. DISRUPTION OF STRATUM CORNEUM

As discussed earlier, the stratum corneum forms the main barrier to the trans­
dermal delivery of drugs, peptides and nonpeptides alike. Removal of this barrier by
stripping or shaving produces an increase in the transdermal flux of drugs. The
passive permeation of vasopressin was reportedly increased substantially by strip­
ping the skin (Banerjee and Ritschel, 1989), but stripping of the skin was observed to
produce no enhancing effect on the skin permeation of vasopressin by iontophoresis,
because ofthe reduction in transmembrane potential (Lelawongs, 1990). On the other
hand, Kari (1986) found it necessary to disrupt the stratum corneum of diabetic
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rabbits to achieve the iontophoretic delivery of insulin. Some peptides would nor­
mally be administered only through a broken or damaged skin for a topical effect; a
typical example is the delivery of epidermal growth factors in wound healing.

s. DRUG DELIVERY DESIGN

A multitude of factors need to be carefully considered for the proper design of a
drug delivery system for the dermal delivery of peptides. These include considera­
tions of the charges on the peptide molecule and the skin in relation to the
environmental pH. Presence of proteolytic enzymes in the skin and the binding of
peptides to the skin to form a reservoir (or depot) are some of the other important
considerations. Preformulation data should be generated for the formulation develop­
ment of a dosage form or the design of a drug delivery system to achieve optimum
stability and maximum bioavailability. Peptide/protein drugs are known to have a
strong tendency to adsorb to a variety of surfaces and this must be carefully evaluated
as this could lead to misleading interpretations of data. Certain additives, e.g.,
albumin, can be used to minimize such surface adsorption. Another potential
problem is self-aggregation of peptide/protein molecules, especially under stirring.
Additives, such as urea, at low concentrations have been reported to minimize both
the self-aggregation and adsorption of insulin (Sato et ai., 1983).

The situation is even more complicated for iontophoretic delivery. A careful
choice of electrode, pH, buffer, and ionic strength is required. For example, it may
not be desirable to use a reversible electrode, such as silver-silver chloride, since
it may react with peptides to cause precipitation and/or discoloration. Platinum
electrode could be used but it will cause pH drifts and the use of buffers is thus
indicated. The electrolytes contained in these buffers will compete with the peptides
for delivery, thus reducing the efficiency of iontophoretic transport. A compromise is
often required to balance several opposing factors. The charge on the peptide
molecule can be controlled by adjusting the solution pH and thus delivery can be
manipulated for either cathodal or anodal iontophoresis. Insulin was found to have a
better permeability as a positively charged molecule delivered under the anode
(Fig. 5). The use of hydrogels could provide a pragmatic choice for a delivery sys­
tem. In actual usage, a hydrogel formulation will be easier to apply and remove from
the skin surface and will not require any elaborate devices or membranes to prevent
drug leakage as in solution formulations. Ifa miniaturized programmable iontophore­
tic device is developed in the future, a hydrogel formulation would be preferable as it
could be developed into a unit dose-type dosage form. A hydrogel device might also
be helpful in reducing skin hydration during the period of medication and might
minimize the convective flows that accompany iontophoretic delivery. A hydrogel
formulation will also increase the skin compliance of a transdermal patch. This is
because a hydrogel can absorb the secretions of skin glands, i.e., water and other
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sweat components which, under long-term occlusion, may cause skin hydration and
maceration. Three hydrogel systems-polyacrylamide, p-HEMA, and carbopol­
were evaluated for the iontophoretic delivery of three model peptides: vasopressin,
calcitonin, and insulin (Chien and Banga, 1990). The permeability coefficients were
found to follow the rank order vasopressin > calcitonin > insulin (Table II), which
are dependent upon molecular weight and other parameters.

6. PROSPECTS OF DERMAL DELIVERY OF PEPTIDESIPROTEINS

In the coming years, therapeutic peptides and proteins are going to gain
increasing importance as a result of rapid strides in the biotechnology industry. The
therapeutic application and market introduction of this new generation of therapeutic
agents will require parallel development of efficient delivery systems by the pharma­
ceutical industry. The skin, with its accessibility, enormous surface area, and
possibility for site targeting, offers a potential means of noninvasive delivery. In
addition, the skin has much less proteolytic activity relative to othermucosal barriers.
Passive diffusion of macromolecules through the skin is not very likely for most
candidates, but the use of enhancers or iontophoresis could hold some promise. Such
energy-assisted enhancing mechanisms may cause some proteins to penetrate the
stratum corneum, followed by the formation of a depot (or reservoir) in the skin.
Thus, in these cases, iontophoresis may turn out to be ameans to load the skin tissues
with protein drug, from which site the protein will then diffuse slowly into the
systemic circulation.
While the skin provides an opportunity for a zero-order delivery analogous to a

constant-rate intravenous infusion, such a delivery may not always be advantageous
for peptide drugs. Some peptides may require delivery at a pulsatile pattern to avoid
downregulation of receptors dictated by their chronopharmacology. Iontophoresis
could also potentially provide such a delivery system since the current can be turned
on and off periodically to modulate delivery.
The use of protease inhibitors or chemical modification of the peptide should

help to minimize the proteolytic degradation in the skin. New agents may be

Table II
Transdermal Iontophoretic Delivery of Peptide/Protein Drugs from Hydrogel Formulations

No. of
Penneability coefficient (cm/sec)

Peptide/protein amino acids Size (Oa) Polyacrylamide p-HEMA Carbopol

Vasopressin (arginine) 9 1084 6.16 x 10-7 1.06 X 10-7 2.74 X 10-7

Calcitonin (human) 32 3418 6.20 x 10-8 1.95 X 10-8 0.69 X 10-8

Insulin 51 5808 3.12 x 10-9 6.54 X 10-9
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uncovered or novel techniques may be discovered. For example, Chien and Banga
(1990) proposed the coadministration of a protease inhibitor, such as aprotinin,
with the iontophoretic delivery of peptide/protein drug to afford maximal protection
against proteolysis.
Another concern for the dermal delivery ofdrugs is the immunological functions

of the skin. The skin has Langerhans and other kinds of cells which could be involved
in the immunological process. It is possible that small molecules or peptides may
serve as antigens or haptens to the immunological apparatus of the skin (Merkle,
1989). Possible implications include delayed hypersensitivity, allergic contact derma­
titis, or even loss of biological activity of the drug.
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Chapter 9

Rectal and Vaginal Absorption of Peptides
and Proteins

Shozo Muranishi, Akira Yamamoto,
and Hiroaki Okada

1. INTRODUCTION

Peptide/protein drugs are increasingly becoming a very important class of thera­
peutic agents as a result ofour gaining more understanding of their role in physiology
and pathology as well as the rapid advances in the field of biotechnology/genetic
engineering. These drugs are generally not suitable for oral administration, since they
are poorly absorbed and easily degraded by proteolytic enzymes in the gastrointes­
tinal tract (Lee and Yamamoto, 1990). For systemic delivery of peptide and protein
drugs, parenteral administration is currently required in order to achieve their
therapeutic activities. However, these administration routes are poorly accepted by
patients and may cause an allergic reaction. Thus, alternative routes such as nasal
(Hirai et ai., 1981a), buccal (Ishida et ai., 1981), rectal (Nishihata et ai., 1983),
vaginal (Okada et ai., 1982), conjunctival (Yamamoto et ai., 1989), and transdermal
(Liu et ai., 1988) are being investigated for peptide and protein delivery. Among
these routes, rectal and vaginal are potentially important routes for peptide adminis­
tration, although they are poorly accepted in several countries. In contrast to the oral
route, the rectal delivery of peptide/protein drugs provides the advantage of greater
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systemic bioavailability, especially with the coadministration of adjuvants. Addi­
tional advantage is the avoidance of first-pass elimination (de Boer et al., 1980). On
the other hand, in the vaginal membrane, the predominant transport of lipophilic
substances takes place by partition and diffusion through the transcellular lipoidal
passage.

In this chapter, we introduce the anatomical and physiological aspects of the
rectum and vagina, which are related to the characteristics of absorption of drugs and
peptides from these routes. We also review the effect of absorption promoters on
peptide absorption from the rectum and vagina and their mechanisms of enhancing
action. Further, we describe the contribution of the transcellular and paracellular
routes and lymphatic transport of drugs via a rectal route and the metabolic property
of peptides in the rectal mucosa, which is another important barrier for systemic
delivery of these drugs.

2. RECTAL BARRIER

2.1. Anatomy and Physiology of the Rectum

The rectal epithelium is columnar or cuboidal with numerous goblet cells.
However, unlike the small intestine, the rectal epithelium does not contain villi. In
addition, the mucus-containing goblet cells are interspersed in an organized fashion
among absorptive cells in the small intestine, gradually increasing in number toward
the large intestine. In the descending colon of humans, goblet cells are numerous,
comprising one-eighth of the epithelial cell population (Forstner, 1978). The human
rectum has a length of 5 inches and a surface area of only about 200 to 400 cm2,
compared with 2,000,000 cm2 for the small intestine (Wilson, 1962). Consequently,
from a surface area consideration, one would expect absorption to be much less from
the rectum than from the upper gastrointestinal tract. Indeed, the rectal bio­
availability of peptide drugs is generally very low; e.g., less than 1% for the
nonapeptide leuprolide in women, 5-16% for the tetrapeptide tetragastrin in rats, and
about 1% for the tripeptide thyrotropin-releasing hormone (TRH) in humans (Hoog­
dalem et al., 1989). For the polypeptide insulin, a pharmacological availability
of 5.3% was observed, using suppositories in rabbits. Therefore, larger polypeptides
and proteins require absorption promoters in order to improve the rectal absorption of
these macromolecules.

On the other hand, in the vasculature of the rectum, the upper venous drainage
system (superior hemorrhoidal vein) is connected to the portal system, whereas the
lower venous drainage system (inferior and middle hemorrhoidal veins) is connected
directly to the systemic circulation by the ileac vein and vena cava (Banga and Chien,
1988). Thus, an opportunity to reduce the extent of hepatic first-pass elimination
exists in the rectum, especially when the drug is administered in the lower region
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of the rectum (de Boer et al., 1980; Deleede et al., 1983). The rectum also has a large
number of lymphatic vessels which offer an opportunity to target drug delivery to the
lymphatic circulation (Banga and Chien, 1988).

2.2. Rectal Absorption of Peptides and Proteins

2.2.1. ABSORPTION CHARACTERISTICS OF DRUGS IN THE RECTUM

In general, intestinal absorption of a number of organic compounds could be
explained by the pH partition hypothesis (Hogben et al., 1959; Shore et al., 1957).
OUI;: previous studies showed that the rectal absorption of sulfonamides, for example,
is good agreement with this theory (Kakemi et al., 1965a,b,c). However, we found
some discrepancies when the intestinal transport of salicylic acid and barbituric acid
was studied. Figure 1shows pH profiles of the intestinal absorption of salicylic acid in
small intestine, colon, and rectum. The absorption amount versus pH profiles of
salicylic acid showed the greatest difference in the small intestine, followed by the
colon and the rectum, as determined from the curve of the nonionized fraction versus
pH (Kakemi et al., 1969). Consequently, it is likely that, of the entire intestine,
absorption via the rectal mucous membrane is most consistent with the pH partition
theory.
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In addition, colorectal absorption is unlikely to provide a carrier-mediated
transport. It was reported that absorption of 5-ftuorouracil and nutrient-like sub­
stances such as galactose, L-tyrosine, and vitamin BI2 from the small intestine was a
saturable process to transport against a concentration gradient, while rectal and
colonic absorption of these drugs did not exhibit a carrier-mediated transport system
(Binder, 1970; Cordero and Wilson, 1961; Muranishi et al., 1979).

We therefore speculated from these data that drugs may be transported from the
colorectal mucous membrane by a simple diffusion without a carrier-mediated
mechanism.

2.2.2. ABSORPTION OF PEPTIDES AND PROTEINS AND EFFECT OF
ABSORPTION PROMOTERS

Extensive studies have been conducted regarding the rectal absorption of
peptides and proteins, especially insulin. However, in the absence of an absorption­
promoting adjuvant, the rectal absorption of these drugs is much less than for i.m.,
i.v., or s.c. administration. Incomplete absorption is probably due to a combination
of poor membrane permeability and metabolism at the absorption site (Lee and
Yamamoto, 1990). Thus, a number of absorption promoters have been utilized for
improving rectal absorption of larger polypeptides and proteins (Ichikawa et al.,
1980; Kamada et al., 1981; Yoshioka et al., 1982; Sithigorngul et al., 1983; Miyake
etal., 1984, 1985;Murakami et al., 1988b; Yoshikawa et al., 1986; Hoogdalem et al.,
1989). Examples of rectal absorption of peptides and proteins with various absorption
promoters are listed in Table I. Of the absorption promoters, the most efficacious
rectal promoters that have been studied include salicylate, medium-chain glyceride,
enamines, and mixed micelles. The mechanisms by which the absorption of peptides
was improved by these promoters, especially mixed micelles, are discussed in detail
below.
Among the peptides and proteins summarized in Table I, insulin is probably the

most often studied protein with respect to rectal absorption. Nishihata et al. (1983)
examined the effect of salicylates on rectal absorption of insulin in dogs. They found
that sodium salicylate and 5-methoxysalicylate both increased the rectal absorption of
insulin.
The absorption-promoting effect of sodium 5-methoxysalicylate was also stud­

ied in the rat with respect to rectal delivery of pentagastrin and gastrin. Rectal
bioavailability was measured by direct comparison of pharmacological effect with
intravenous dose response. As shown in Fig. 2, coadministration of the absorption
adjuvant greatly enhanced the rectal bioavailability of the model peptides (Yoshioka
et al., 1982). The bioavailability of pentagastrin and gastrin in the absence of
absorption promoter was 6 ± 4 and 0, respectively, while the bioavailability of these
peptides increased 33 ± 10 and 18 ± 7 with the adjuvant.
Concerning the regional differences of peptide absorption in various nonora!
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Table I
Enhancement of Rectal Absorption of Peptides/Proteins by Various Absorption Promoters

Peptideslproteins

Insulin

Gastrin
Pentagastrin
Lysozyme
Heparin
(Asu1.7)-eel calcitonin

Human epidermal growth factor

Interferon (human fibroblast interferon)
Des-enkephalin-'Y-endorphin

Absorption promoters

Various surfactants
Bile acid
Phospholipid
Enamine derivatives
Sodium salicylate
Sodium 5-methoxysalicylate
Sodium 5-methoxysalicylate

Enamine derivatives

Enamine derivatives
Sodium salicylate
Sodium caprate
CMCNa
Mixed micelle (linoleic acid, HC06O)
Medium-chain glyceride
N~-EDTA

Animals

Rabbits

Rabbits, rats, dogs
Dogs

Rats

Rabbits

Rats

Rats

Rats
Rats
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FIgure 2. Gastric acid secretion following administration of (a) pentagastrin and (b) gastrin to the
anesthetized rat. The solutions were administered: i. v. with 125 IJog polypeptidelkg rat in 0.1 m1 of saline,
pH 8.0 (0), and rectally with 125 IJog polypeptidelkg rat in the absence (e) and presence (.1) of 25 mg of
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routes, few studies have determined the rectal absorption of peptides. Recently,
Aungst et al. (1988) compared insulin absorption from various noninjection sites of
administration and found that rectal insulin was more efficacious than nasal, buccal,
and sublingual insulin, when administered without absorption-promoting adjuvant
(Fig. 3). Similarly, rectal administration of an LH-RH analogue was more efficacious
than nasal administration, but less so than Lv. or s.c. injections in rats (Okada et al.,
1982). Consequently, it was determined that absorption by the rectal route is better
than others.

The mechanisms whereby peptide and protein absorption was improved by
absorption promoters were examined from various aspects. These mechanisms
involve increase in membrane fluidity, interaction with the ability of calcium ions to
maintain the dimension of the intracellular space, solubilization of the mucosal
membrane, increase in water flux, reduction of the viscosity of the mucus layer
adhering to all mucosal surfaces (Lee, 1986). Further, for peptides and proteins,
inhibition of peptidase activity is also an important factor in improving the absorp­
tion of these drugs (Hirai et al., 1981b).
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We have mainly investigated the effect of mixed micelles on the intestinal
absorption of drugs and their mechanisms ofenhancing action. Generally, the barrier
to movement of drug across the membrane is provided by two major components of
the membrane: lipids and proteins. We have studied the influence of the promoters
on the lipid bilayer of egg phosphatidylcholine. The incorporation of oleic acid,
linoleic acid, or monoolein into the liposomes increased the release rates of pro­
cainamide ethobromide, an impermeable compound, while the saturated long-chain
fatty acids produced less of an increase (Muranishi et al., 1980). In addition, we have
shown by electron spin resonance (ESR) and nuclear magnetic resonance (NMR) that
the fatty acids can interact with phosphatidylcholine (Muranishi et al., 1981). The
NMR peaks of the phosphate and olefin protons disappeared, and the choline methyl
resonance was broadened. These findings suggest that the increase in membrane
permeability caused by the fatty acid is associated with the disorder in the interior
of the membrane and interaction between the incorporated fatty acid and polar head
group of the phospholipid. However, enhanced permeation through the intestinal
epithelium cannot be entirely explained by destabilization of the lipid bilayer.

We next studied the contribution of membrane-bound proteins to the enhance­
ment of intestinal permeability using several sulfhydryl (SH)-modifying reagents
(Murakami et al., 1988a). Carboxyfluorescein (CF), a poorly absorbable drug, was
used as a model drug and the absorption-enhancing effect of oleic acid on the large
intestine was estimated by the in vitro permeability of CF using the perfusion
technique. The concentration of CF in the serosal effluent was markedly increased
about 15 min after administration of the oleic acid micellar solution. N-Ethylmale­
imide (NEM), which is one of the SH-modifying agents (SH-modifiers), suppressed
the enhancing effect of oleic acid in a concentration-dependent manner. This finding
suggested that a SH-related substance is involved in the permeability-enhancing
effect of oleic acid. Further, it was found that NEM produced a concentration­
dependent decrease in both nonprotein and protein-bound SH level (Fig. 4). On the
other hand, diethylmaleate (OEM), an agent known to covalently complex and deplete
glutathione, was used in the same experiment of enhanced absorption of oleic acid.
OEM did not affect the absorption of CF, and depressed the cellular nonprotein-SH
level but not the cellular protein-SH level (Fig. 4). Oleic acid did not affect either
the SH level of protein or nonprotein (Fig. 4). The results of the experiment on SH
level determination suggest that the SH level of cellular protein is related to the
promoting effect of oleic acid.

2.2.3. CONTRIBUTION OF TRANSCELLULAR ANO PARACELLULAR
ROUTES

Intestinal epithelia have two permeation routes for the absorption of small ions
and water: a paracellular route through the junctional complex that binds the cells
together and a transcellular route through the lipoidal membrane. Lipid-soluble
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Figure 4. Effect of oleic acid (OA), N-ethylmaleimide (NEM), and diethylmaleate (OEM) on tissue
sulfhydryl content and permeability of carboxyftuorescein (CF).

organic compounds are believed to pass mostly across the lipoidal barrier (transcel­
lular pathway) of the epithelium. Ionized or polar organic solutes are absorbed with
difficulty, probably via both permeation routes. Polar macromolecules cannot be
absorbed by either route. To elucidate the transport process of macromolecules, we
have used three kinds of colorectal absorption experiments: an in vitro everted loop,
isolated epithelial cells, and brush border vesicles (Muranishi et al., 1986; Masuda
etal., 1986).

The experiment using the perfused everted loop involved permeation through
two routes. In contrast, the uptake into the isolated epithelial cells involves only
transmembrane movement and includes brush border membrane transport as well as
basolateral membrane transport. The uptake into brush border membrane vesicles,
prepared by the method of Kessler et al. (1978), involves only permeation of the
mucosal surface membrane of the cells.

We have evaluated the permeation-enhancing effect on the large intestine of rats
using various sizes of fluorescein isothiocyanate (FITC) dextrans as nonabsorbable
markers of the transport of macromolecules (Muranishi, 1989). The amounts trans­
ferred from the mucosal and serosal side of the everted loop preparation of the large
intestine in vitro were measured for 1 hr. As a result, the amount appearing on the
serosal side decreased with increasing molecular weight from 10 to 70 kDa either with
or without an enhancer, linoleic acid-polyoxygenated castor oil (HC060) mixed
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micelle (MM). The degree of enhancement was greater for small than for larger
dextrans. In studies using isolated epithelial cells of the large intestine, the uptake of
smaller dextrans, but not the largest dextran (FD-70), was also much increased by the
enhancer. The ratios of FD permeated or taken up with MM, to that without MM,
were calculated and compared. As shown in Fig. 5, the uptake into isolated epithelial
cells was less than that for the everted loop. There were some differences in the two
systems for any given FD; the biggest difference occurred for FD 10 and a slight
difference was found even for 70 kDa. In the study of brush border membrane
vesicles, the uptake of FDs smaller than 40 kDa was promoted. These results
suggested that the brush border membrane of the epithelial cells could become
permeable to the macromolecules in the presence of MM. Based on the above
permeation study, the participation of paracellular as well as transcellular transport
can be considered important in the enhancing effect of MM on the colorectal
absorption of macromolecules.

2.2.4. LYMPHATIC TRANSPORT OF PEPTIDES

After passage through the mucosal cells of the intestinal tract, there are both
blood and lymph routes by which a compound may be transported before systemic
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distribution. In general, most of the water-soluble, low-molecular-weight drugs such
as sulfonamides, p-aminosalicylic acid, and antipyrine show no selective lymph
absorption when administered into the small intestine (DeMareo and Levine, 1969;
Sieber et al., 1974). It was demonstrated that lymph/plasma (UP) concentration
ratios of these compounds were almost constant over time. However, the lymph
pathway is known to play an important role in the absorption of highly lipophilic
compounds, e.g., cholesterol, triglyceride, lipid-soluble vitamins, DDT, Sudan blue,
and naftidine (Muranishi, 1985). Some efforts have been made to enable a lympho­
tropic delivery of hydrophilic compounds by designing a lipophilic prodrug, for the
purpose of bypassing the liver or preventing lymph metastasis. However, long-chain
fatty acid 5-ftuorouracil diglycerides designed in our laboratory did not show
selective lymphotropic transport. Presently, it is difficult to design a lymphotropic
compound for such a hydrophilic drug.

On the other hand, macromolecules such as proteins, dextrans, dextran sulfate,
and enzymes, when absorbed intact, are transported selectively by the lymphatic
system (Muranishi, 1985). First, me-labeled dextrans ofvarious sizes above 10 kDa
were chosen as water-soluble macromolecules in order to evaluate the blood-lymph
selection mechanism for higher-molecular-weight compounds (Yoshikawa et al.,
1984a). The maximal plasma level decreased with increasing molecular weight,
whereas the maximal lymph levels remained high irrespective of molecular weight.
Therefore, the lymph/plasma ratio was elevated by an increase in molecular weight.
We can speculate from these results that the marked increase in lymph/plasma
ratios of FD with an increase in their molecular weight is responsible for the diffi­
culty of FD transfer into the blood circulation.

The results obtained in this study indicate that the lymph levels ofFD over 17.5
kDa were significant higher than the plasma levels. On the other hand, absorption
experiments in the small intestine using the same method showed that the lymph
levels of FD were significantly higher than the plasma levels at molecular sizes
over 39 kDa. These findings suggest that the threshold of molecular size for
permselectivity is between 17.5 and 39 kDa in the small intestine, and between 10.5
and 17.5 kDa in the large intestine.

We also considered the use of an ion-pair complex with dextran sulfate (OS) as
the lymphotropic carrier, which is an anionic high-molecular-weight compound.
Bleomycin, a cationic glycoprotein that is an anticancer agent, was chosen for
complexing with OS, and a lipid-surfactant mixed micelle was used as an effective
intestinal absorption promoter for unabsorbable high-molecular-weight compounds
(Yoshikawa et al., 1981, 1983). When bleomycin was administered alone, monoolein­
taurocholate mixed micelle induced a marked absorption of bleomycin from the
intestine; however, its concentrations in the blood and the lymph were almost
identical. On the other hand, administering the bleomycin-OS complex together with
the mixed micelle selectively produced a very high lymphatic concentration. This
lymphotropic selectivity, observed by complexing bleomycin with dextran, was more
effective in the large intestine than in the small intestine. Its mechanism may be
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due to a molecular sieving in the blood-lymph barrier in intestinal tissue. The
bleomycin-dextran complex remained stable in the lumen of the large intestine.
Recently, the application of an absorption promoter has been attempted in the

delivery of interferon (IFN) via the colorectal route (Yoshikawa et al., 1984b,
1985a,b, 1986). It is reasonable to suggest that little uptake of IFN from the
gastrointestinal tract occurs due to its large molecular size. After the administra­
tion of human (h) IFN-13-saline solution alone to the large intestine, hIFN-13 was not
detected in either the serum or the lymph for 5 hr. Neither linoleic acid nor
polyoxyethylene derivative ofhydrogenated castor oil (HC060) promoted the absorp­
tion of hIFN-13. However, the administration of a mixed micellar system combined
with the above components led to a high concentration of hIFN-13 in the lymph, but
minimal in the serum (Table II). The ratio of hIFN in the lymph to that in serum
ranged from 17 to 48 for 5 hr after administration. These ratios were much higher than
those of dextrans (D20 and D4O) having a molecular weight close to that of hIFN-13.
The extremely high lymphotropic property of hIFN-13 might be attributed to such
factors as the shape and configuration of the molecule, in addition to its molecular
weight.

2.2.5. METABOLIC PROPERTIES OF RECTAL EPITHELIUM

The far-from-complete bioavailability of peptides and proteins from various
mucosal routes, even in the presence of absorption promoters, suggests that there is at
least one more reason limiting peptide and protein absorption, namely that these
peptides are still hydrolyzed by the peptidases in the respective mucosae (Lee and
Yamamoto, 1990).
In the intestinal brush border membrane, the most abundant peptidase is

aminopeptidase, accounting for up to 3.5-8% of its total protein content. This
enzyme has been shown to be primarily responsible for completing the hydrolysis of
orally administered peptides and proteins. However, there have been few reports
on the activity of this peptidase in the various absorptive mucosae, or how the activity
in the rectum differs from the aminopeptidase activity in the other absorptive

Table II
Cumulative Amount of Human IFN-13 at 6 hr

after Administration in Lumen of Rat Large Intestine

Adjuvant

MM
Saline control
HC060
Linoleic acid

aValues are mean ± S.E.

Cumulative amount (IU)

1487.3 ± 233.2a

74.8 ± 7.1
97.0 ± 24.7
96.4 ± 23.4
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mucosae. Stratford and Lee (1986) have recently developed amethod to determine the
type and activity of aminopeptidases in homogenates of various absorptive mucosae,
so as to define the aminopeptidase barrier to peptide absorption from the nonoral
routes. 4-Methoxy-2-naphthylamides ofleucine, alanine, arginine, and glutamic acid
were used as substrates. Based on the pattern of substrate hydrolysis and the effect of
activators and inhibitors on the rate of substrate hydrolysis, four to five aminopepti­
dases were estimated to be present in the mucosal homogenates studied. As a result,
aminopeptidase activity in the rectal mucosa did not differ substantially from that in
various nonoral mucosae.
In addition, Dodda-Kashi and Lee (1986) determined the hydrolytic rate of

methionine enkephalin (YGGFM), leucine enkephalin (YGGFL), and (o-Ala2)-Met­
enkephalinamide (YAGFM) in homogenates of various absorptive mucosae. These
enkephalins were most rapidly hydrolyzed in the rectal and buccal homogenates,
followed by the nasal and then the vaginal homogenate, but the differences in the rates
were small. These findings suggest that the same enzymatic barrier to enkephalin
absorption possibly exists in both the rectal and other nonoral mucosae.

We have examined the rate of hydrolysis of insulin and proinsulin in homoge­
nates of various nonoral absorptive mucosae (Yamamoto et al., 1990). As summa­
rized in Table ill, proteolytic activity for insulin was highest in the nasal and rectal
homogenates, followed by the ileal, vaginal, conjunctival, and buccal homogen­
ates in that order. Therefore, in the rectum, insulin and proinsulin are expected to be
degraded more rapidly than are conjunctival and buccal homogenates. There was no
marked difference in the rate of hydrolysis of these peptides between rectal and
another intestinal mucosa (ileum). From these results, it was suggested that peptides
and proteins were relatively degraded in the rectal mucosa as well as the intestinal and
other nonoral mucosae, although the rectal route-was believed to have low protease
activity.

Thble III
Half-lives for the Hydrolysis of Insulin and Proinsulin in

Homogenates of Various Absorptive Mucosae of the Albino Rabbit

Half-life (min)

Mucosa

Nasal
Buccal
neal
Rectal
Vaginal
Conjunctival

-Values are mean ± S.D.

Insulin

44.8 ± 4.9<'
268.3 ± 21.4
98.1 ± 6.4
71.6 ± 11.6
106.0 ± 16.2
234.5 ± 16.0

Proinsulin

70.5 ± 4.2
395.8 ± 112.0
55.7 ± 7.0
122.7 ± 18.3
163.2 ± 24.3
186.7 ± 8.9
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Although rectal drug fonnulations do not have the level of patient acceptabil­
ity in most countries, this route offers some advantages for systemic delivery of
peptide and protein. First of all, it is possible to avoid hepatic first-pass elimination by
rectal administration of peptides, since the lower part of the rectal venous drainage is
directly connected to the general circulation. Second, rectal absorption of peptides is
typically very low due to poor membrane penneability characteristics and extensive
hydrolysis in the rectal mucosa. However, enhancement by absorption promoters was
more predominant in the large intestine than in the small intestine. Therefore, this
apparent sensitivity of the colorectal mucous membrane to the adjuvants is an
attractive characteristic for rectal dosage fonn design. Third, the selective transfer of
macromolecules and drug-macromolecule conjugate into the lymphatic system was
achieved after intestinal administration. This lymphotropic selectivity of the conju­
gate was more effective in the large intestine than in the small intestine. In summary,
it was suggested that the rectal route may be applicable for the systemic delivery
of peptides and proteins.

3. VAGINAL BARRIER

3.1. Anatomy and Physiology of the Vagina

The vaginal wall membrane in humans consists of an epithelial layer (epithelial
lamina and lamina propria), muscular layer, and tunica adventitia, and is regulated by
cyclic alteration of the reproductive system, which is directly controlled by honnones
such as estrogens, progesterone, LH, and FSH (Fig. 6) (Ganong, 1983).
The epithelium before puberty is very thin but following puberty it increases in

thickness with estrogen activity (Walz et al., 1978). In the adult stage, the vaginal
surface during the follicular phase appears homogeneous with large superficial
polygonal cells with a high degree of proliferation caused by estrogen stimulation
and the presence of cornification. The narrow intercellular edges are of a dense
structure, corresponding to the cellular cluster of a nonkeratinized squamous epithe­
lium. This proliferation of cells concomitantly increases the epithelial thickness and
number of layers (Fig. 6) (Burgos and Roig de Bargas-Linares, 1978). The vaginal
epithelium is composed of five different cell layers: basal (single row), parabasal (two
rows), intermediate (about ten rows), transitional (about ten rows), and superficial
(about ten rows). The cyclical variations of the vaginal epithelium generally involve
proliferation, differentiation, and desquamation. The intennediate, transitional, and
superficial layers are strongly affected by the cycle and become the thickest layers at
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ovulation. During the luteal phase, desquamation occurs on the superficial epithelial
layer extending as far as the intermediate cells. This cyclic desquamation is preceded
by loosening of intercellular grooves and a pore-like widening of intercellular
crevices following ovulation. The intercellular channels are narrow during the early
follicular phase, but become widely opened at ovulation and during the luteal phase.
During the luteal phase the protein pool of the lamina propria, i.e., albumin and
globulins, transudes through the dilated intercellular channels.

The lamina propria specialized supporting structure for the epithelial cells
contains a blood supply, a lymphatic drainage system, and a network of nerve fibers.
It is composed of a connective tissue, consisting ofcollagen fibers, ground substance,
and cells. The ground substance represents a pool of proteins for nutrition of the
vaginal mucosa. The cells are fibroblasts, macrophages, mast cells, lymphocytes,
plasma cells, neutrophils, and eosinophils. Each cell plays an important role in the
physiology of the vagina. Leukocytes penetrate the intercellular channels and
separate the vaginal epithelial cells, opening desmosomes and dilating the intracel­
lular space, and mechanically detach the surface epithelium in the desquamation
process during the luteal phase.

In postmenopausal women the vaginal epithelium becomes extremely thin, cell
boundaries in the surface are less distinct, the microridges are reduced, and the
vagina is often invaded by leukocytes. During pregnancy the most marked change
in the vagina is the increased vascularity and venous stasis. The epithelial layer
is greatly thickened. On the extended vaginal surface, distended and densely
convoluted intercellular microridges and tender cellular borders have been seen.
Following delivery, the vagina requires several weeks to reestablish its prepregnancy
appearance.

The vagina epithelium is aglandular but is usually covered with a surface film of
moisture (Wagner and Levin, 1978). The pH of the vaginal lumen is controlled mainly
by the lactic acid produced from the cellular glycogen by the action of the normal
microflora, Doderlein's bacilli. The pH is neutral until the onset of puberty but
following the latter, falls and varies between 4.0 and 5.0 depending on the ovarian
cycle and is the highest during menstruation. The lowest values are found near the
anterior fornix and the highest ones near the vestibule. This acidity plays a clinically
important role in preventing the proliferation of pathogenic bacteria. During preg­
nancy the pH varies between 3.8 and 4.4 owing to the increase in cellular glycogen
content, whereas in the postmenopausal state the decrease in cellular glycogen causes
elevation of the pH to 7.0-7.4.

The arterial blood supply in the vagina is derived from the visceral branches of
the internal iliac artery, and venous drainage occurs mainly via the uterine vein to the
internal iliac vein (Platzer et aI., 1978). Fine-meshed networks of lymph capillaries

Figure 6. Plasma hormone concentrations during a normal 28-day human menstrual cycle and timing of
the rodent estrous cycle (4-5 days). M, menstruation; E, estrus.
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are located in the lamina propria and tunica muscularis of the vagina, and lymph
drains to the iliac, sacral, gluteal, rectal, and inguinal lymph nodes.
Among nonhuman primates, monkeys and baboons exhibit an ovarian cycle and

reproductive system similar to that of the human female. The rat, mouse, and guinea
pig have short estrous cycles which are completed in 4 to 5 days (Fig. 6) (Thrner and
Bagnara, 1976). The rat vaginal mucosa during diestrus is thin, and leukocytes
migrate through it. During proestrus the vaginal wall is the thickest and consists of
fresh cells. During estrus many mitoses occur in the vaginal mucosa as a result of
estrogenic action, and the superficial layers become squamous and cornified. During
metestrus many leukocytes appear in the vaginal lumen along with a few cornified
cells. Ovariectomy causes a marked involution of the vagina; the vaginal mucus
becomes thin and mitotic division is seldom encountered. Adult nonpregnant domes­
tic rabbits are in a constant state of estrus, and ovulation is induced by coitus or some
comparative cervical stimulation. The ovaries of wild rabbits, however, are inactive
in the winter but enlarge in the spring. Cats and ferrets exhibit a similar type of
estrous cycle. Ovulation in dogs is spontaneous, and there are generally two estrous
periods per year. Proestrus lasts for about 10 days and is followed by a 6- to lO-day
estrus. Loss of blood occurs through the vagina during proestrus. Each estrus is
followed by a functional luteal phase lasting approximately 60 days.

3.2. Vaginal Absorption of Peptides and Proteins

3.2.1. ABSORPTION OF PEPTIDES AND PROTEINS

The first evidence ofthe absorption ofpeptides through the vaginal epithelium as
a clinical approach to drug delivery was reported using insulin in depancreatized
dogs (Fisher, 1923) and cats (Robinson, 1927). It is now known that several peptide
hormones, antigenic proteins, and penicillin are absorbed intact through the epithelial
membrane, and the bioavailability is greater than that by the oral route due to high
intercellular permeability and reduced first-pass effect (Aref et al., 1978; Benziger
and Edelson, 1983; Okada, 1991). TSH, peanut protein, and bovine milk immuno­
globulins have been reported to be absorbed in an intact form through the vaginal
membrane in the human or baboon. The vaginal absorption ofbacterial antigens, viral
DNA particles, and the sperm head caused local secretion of the respective specific
antibodies and strong local immunological responses. In these systems, the vaginal
intercellular channels play an essential role in the passage of different immunogens
from the vaginal lumen to the lamina propria and the blood or lymphatic vessels.
Absorption of bacterial and viral antigens through the epithelium is important in the
local production of antibodies to prevent infection of the genital organs. It was
recently discovered that antibodies against the sperm head prevent sperm from
penetrating the cervical mucus to cause immunological infertility (Wang et aJ.,
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1985). However, in the development of drug delivery systems it must be noted that
antibodies induced following chronic administration possibly neutralize peptides and
proteins or prevent their penetration as explicitly demonstrated in the gastrointestinal
tract (Walker and Isselbacher, 1977) and nasal mucosa (Spit et ai., 1989).
Most of the vaginal preparations on the market are used for a topical effect on the

vaginal membrane, such as antibacterial, antifungal, or antiviral agents. To obtain
systemic effects the vaginal application of insulin and LH-RH analogues was recently
investigated. Synthetic LH-RH (Humphrey et ai., 1973), (0-Ala6, des-GlylO) and (0­
Leu6, des-GlyIO) LH-RH ethylamide (leuprolide) (Nishi et ai., 1975; De La Cruz
etai., 1975) were absorbed from the vaginal lumen in ovariectomized steroid-blocked
rats and intact immature female rats. The vaginal application of these peptides
induced a greater elevation in serum LH and FSH levels than did oral administration.
Application of a tablet containing 2 mg of leuprolide in the posterior fornix of the
human vagina during the early or midfollicular phase elevated the plasma levels of
gonadotropins and estrogen, corresponding to about 0.6% bioavailability (Saito
et ai., 1977). When insulin in Cetomacrogol WOO/PEG 400 was administered
vaginally to rats with streptozotocin-induced diabetes, the blood glucose was reduced
to 50% of the mitial level 4 hr later; this effect was less than achieved by the rectal
route (Touitou et ai., 1978). Rapid and potent hypoglycemic effects were produced in
rats and rabbits with alloxan diabetes by the vaginal administration of insulin
suspended in a polyacrylic acid jelly (Morimoto et ai., 1982).
Aseries of studies on the vaginal absorption of leuprolide (leuprorelin) has been

carried out in rats to establish a rational dosage form for treating hormone-dependent
mammary tumors (Okada, 1983). Figure 7 shows the pharmacological effect in
diestrous rats after leuprolide was administered by seven different routes (Okada
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Figure 7. Ovulation induction by leuprolide after administration intravenously (0), subcutaneously (_),
vaginally (0), vaginally with 10% citric acid (e), rectally (&), nasally (6), and orally (+) in diestrous rats.
(From Okada et al., 1982.)
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et al., 1982). The absolute bioavailability was 0.05% by the oral route (in a mixed
micellar solution), 1.2% by the rectal route, and 0.11% and 1.8-3% by the nasal route
(without and with an absorption promoter; 1% sodium glycocholate, surfactin, or
laureth-9). The bioavailability by the vaginal route was relatively large, 3.8%, not
using an absorption promoter. The nasal absorption in this experiment was likely
underestimated as a consequence of drainage of the test solution; the bioavailability
estimated in the other experiments was 18.7% in rats with the orifice and outlet of the
nasal cavity closed and 2.9% in men by a nasal aqueous drop without a promoter
(unpublished data). With mucosal application of drugs, retention of the drug at the
site of absorption is very important for achieving precise and sufficient absorption
(Harris et al., 1988; IlIum et al., 1990).

The barrier properties of the nasal, rectal, and vaginal membranes in the rabbit
were investigated in vitro (Corbo et al., 1990). Progesterone (a lipophilic marker)
penetrated through the vaginal membrane more rapidly than mannitol (a hydrophilic
marker), and mannitol more easily penetrated through the vaginal than the rectal
membrane. The nasal mucosa allowed the greatest transport of both model com­
pounds.

Regarding the enzymatic barrier, few enzymes have been found in the vaginal
epithelium and most avoid the vaginal blood drainage by introduction to the portal
vein and liver. Reduced first-pass effects after vaginal application of estrogens (Rigg
et al., 1978) and propranolol (Patel et al., 1983) have been reported. Recently,
comparative studies on the peptidase activity against enkephalins, substance P,
insulin, and proinsulin in the absorptive mucous membranes in the rabbit have
demonstrated that the supernatants of homogenates of the vaginal, nasal, buccal,
rectal, and ileal mucous membranes exhibit similar proteolytic activity (Lee, 1988;
Lee and Yamamoto, 1990). For small peptides, the rectal route is the most active,
followed by the buccal, nasal, and vaginal routes. For proteins, the nasal route is more
active than the rectal, vaginal, and buccal routes. However, to avoid the enzymatic
barrier the morphological organization of the enzymes during the penetration process
should be considered as well as the gross activity; e.g., pancreatic proteases localized
on the glycocalyx mucus in the intestine, membranous or cytosolic proteolysis (80%
cytosolic in the vaginal mucosa), and transcellular or intercellular transport.

3.2.2. EFFECTS OF CHANGES IN THE REPRODUCTIVE CYCLE

The effects of the ovarian cyclic changes on the vaginal absorption of peptides
were clearly demonstrated using rats (Okada et al., 1983b, 1984). After vaginal
insertion of an insulin suppository in rats, a slight decrease in the glucose level was
observed during proestrus, whereas a remarkable decrease was observed during
metestrus and diestrus. The urinary excretion (percentage of dose) of phenol red, a
water-soluble maker, within 6 hr after vaginal administration was 2.5% during
proestrus, 5.5% during estrus, 37.5% during metestrus, and 31.4% during diestrus.
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The vaginal absorption of the undissociated salicylic acid from a low-pH buffer was
rapid and almost the same in proestrus and diestrus. The absorption of the ionized
acid was different: 66% of the dose in 1hr during diestrus and 29% during proestrus.
These results indicate that the permeability for hydrophobic compounds is less
affected by the ovarian cycle since the compound is transported mainly trans­
cellularly, while hydrophilic compounds are transported mainly through intercellular
channels. The vaginal absorption of leuprolide in rats was also remarkably influenced
by the estrous cycle (Fig. 8). This effect can be explained by the changes in the
thickness and pore-like pathway of the epithelium; the apparent porosity during
diestrus is presumed to be more than ten times that during proestrus and estrus. In
therapy using leuprolide, it is fortunate that continuous treatment halts the cycle at
diestrus in rats, corresponding to the luteal and early follicular phases in humans.
Therefore, during treatment the vaginal mucosa is thin, similar to that in diestrous or
ovariectomized rats, and the absorption is enhanced with less variation (Okada et ai.,
1984).
The effects of the reproductive cycle on the vaginal absorption of penicillin in

humans have been reported (Rock et ai., 1947). After insertion of a vaginal
suppository, high blood levels of penicillin, sufficient to be therapeutic, were found
near the end of the menstrual cycle and during menopause, but absorption was
somewhat diminished during the ovulation phase and late pregnancy. The vaginal
membrane permeability for vidarabine, a hydrophilic antiviral agent, was found to be
affected by the estrous cycle in the mouse (Hsu et ai., 1983) and guinea pig (Durrani
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Figure 8. Effects of the estrous cycle on vaginal absorption of leuprolide in rats. AVe of serum
leuprolide concentrations for 6 hr after vaginal administration at a dose of 500 IJ.g/kglO.2 ml of 5% citric
acid solution (pH 3.5) (mean :!: SE, n=5). (From Okada et al., 1984.)
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et al., 1985) in in vitro studies. The penneability coefficients were 10-100 times
higher during early diestrus or diestrus than during estrus. These observations are
well explained by the morphological changes in the vaginal epithelium during the
ovarian cycle and pregnancy.

Estrogen therapy and steroidal contraceptives influence the vaginal fluid and
epithelial thickness and vascularity, resulting in a change of the vaginal absorption of
drugs (Sjoberg et al., 1988; Pschera et al., 1989). The influence of the ovarian
cycle on the protease activity in the vagina was also demonstrated in rats (Havran and
Oster, 1977) and women (Fishman andMitchell, 1959). The trypsin-like activity in rat
vaginal smears was found to be maximal at proestrus.

3.2.3. ABSORPTION ENHANCEMENT

Although the vagina is penneable to many peptides and proteins, the bio­
availability may be insufficient for systemic therapy in most cases. Therefore,
absorption enhancement is generally required to elicit more reliable therapy by the
vaginal route.

The screening of promoters for the vaginal absorption of leuprolide has been
carried out in diestrous rats (Okada et al., 1982). The absorption was facilitated
markedly by polybasic carboxylic acids (citric, succinic, tartaric, and glycocholic
acids). The absolute bioavailability increased from 3.8% to about 20% when poly­
basic carboxylic acids were added. Interestingly, the absorption was only poorly
enhanced by surfactants such as sodium glycocholate, sodium oleate and laureth-9,
which are known to enhance rectal and nasal absorption of hydrophilic drugs. Vaginal
absorption of synthetic LH-RH and insulin in diestrous rats was enhanced 30- and
5-fold, respectively, by addition of citric acid (Okada et al., 1983a). The absolute
bioavailability of insulin after vaginal administration was elevated to 18%. The
mechanism of the absorption enhancement caused by organic acids was assumed to
result from their acidifying and chelating ability. The vaginal absorption of leupro1ide
increased as the pH of the solution decreased to 2.0. The enhancing potency of
organic acids correlated well with their chelating ability. Distinct staining of the
vaginal epithelial membrane by Evan's blue injected intravenously was elicited by
treatment with carboxylic acids but not with their calcium salts (Okada, 1983). This
observation indicates that the blood-vaginal epithelial barrier is loosened by organic
acids, ascribed to the uptake of Ca2+ due to their chelating ability. The deep staining
was observed 30 min and 1hr after treatment with a 10% citric acid solution, but the
stain gradually faded. The change in the vaginal epithelium produced by the acids
reversed rapidly, indicating that the change in the epithelium was moderate and
transient.

The tight junctions (zonula occludens, ZO) forming continuous zonular struc­
tures (strand network) circumscribing the cell apex provide a barrier to substances
which cross the epithelial membrane through the paracellular space (Fig. 9). They
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Figure 9. Model for assembly and maintenance of epithelial tight junctions. ZO, zonula occludens (tight
junction); ZA, zonula adherens. Opening of tight junctions by removal of Ca2+ results from Ca2+­
dependent loss of uvomorulin-mediated adhesion, causing dissociation of ZA.(From Gumbiner, 1987.)

can be very dynamic structures and can be influenced by the junctional complex
elements including the zonula adherens (ZA), Ca2+-dependent adhesion molecules
(cadherins), desmosomes (spotlike junction), gap junctions, and actin filaments of the
cytoskeleton (Gumbiner, 1987). Cadherins, N-, p., and E-cadherin (uvomorulin), are
found to be particularly important in the initial recognition between cells (differentia­
tion) and in the cell adhesion of various tissues leading to the formation ofmore rigid
intercellular structures such as tight and gap junctions (Hirano et al., 1987).
Uvomorulin provides the Ca2+-dependent adhesive contact that forms the ZA.
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Successively, under the influence of the actin filaments, the ZA becomes positioned
in the apical region and provide the adhesive strength and localization necessary
for the assembly of an organized ZO from individual tight junction elements (Fig. 9)
(Gumbiner and Simons, 1986). The functional tight junctions can form very rapidly
in the absence of protein synthesis; tight junction precursor molecules are readily
available, perhaps in the epithelial plasma membrane, and can be rapidly recruited to
form a complete ZO (Martinez-Palomo et al., 1980). The integrity of the tight
junctions is reversibly altered by extracellular Ca2+ concentration resulting indirectly
from Ca2+ effects on other junctional elements like cadherins, rather than from direct
effects on the ZOo The channel permeability of gap junctions, cell-to-cell channels
that provide pathways for the direct flow of hydrophilic substances of up to 1-2
kDa, is also reversibly regulated by the intracellular Ca2+ and H+ concentrations
(Loewenstein, 1984).
Schuchner et at. (1974) demonstrated by ultrastructural observations that in the

human vaginal epithelium the desmosomes open and the size of the intercellular
spaces increases after daily treatment for 6 days with a tampon impregnated with a
solution of 0.2 M EDTA (pH 3.5); these changes were reversible. Cho et at. (1989)
demonstrated by monitoring the transepithelial electrical resistance that citrate may
serve as aCa2+ chelator thereby reversibly opening tight junctions in the cultured cell
monolayer of canine kidney epithelium.
After vaginal application of a cotton ball soaked with a leuprolide solution

containing 5% citric acid (pH 3.5), high and long-lasting serum levels of the peptide
were observed in rats, the absolute bioavailability for 6 hr being 25.8% (Fig. 10)
(Okada et at., 1984). We demonstrated in rats that repeated daily vagi~al administra­
tion of leuprolide (500 ,...glkg, jelly containing 5% citric acid causes a strong
desensitization of the pituitary (Okada et at., 1983c) and significant regression of
hormone-dependent mammary tumors induced by DMBA (Okada et at., 1983d).

In preliminary human studies, persistent serum concentrations of leuprolide and
saturated gonadotropin releasing response in the dosage range of 5-25 mg have been
provided after vaginal insertion during day 8-10 of the cycle using the jelly described
above; the maximal serum level was observed about 6 hr after insertion (unpublished
data). Although therapeutic levels were provided at the 10mg dose, the bioavailability
compared with the subcutaneous route was about 1-4% (26 subjects) and fluctuated
greatly: 10-90% in 6 subjects. Thus, it should be noted that the epithelial barriers
in the human and experimental animals may be different; the number of cell layers
of the vaginal epithelium varies from 18 to 45 in humans (Fig. 6) but is only 2 in
ovariectomized rats (Richardson et al., 1989).
Richardson et at. (1989) demonstrated marked enhancement of the vaginal

absorption of gentamicin using lysophosphatidylcholine (LPC), palmitoylcarnitine
(PLC), laureth-9, and citric acid in ovariectomized rats. Severe desquamation of the
epithelium was observed with laureth-9 and LPC; this might be ascribed to the
solubilization of lipid molecules in the tight junction by detergents (Helenius and
Simons, 1975). PLC was the most effective absorption enhancer and showed only
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Figure 10. Serum leuprolide concentrations after administration intravenously (0), subcutaneously (A),
and vaginally (<» in diestrous rats. Dose: intravenous and subcutaneous, 100 Il.g!kg; vaginal, 500
ll.g!kglO.2 ml of 5% citric acid solution (pH 3.5) (mean ± SE, n= 5). (From Okada et al., 1984.)

moderate epithelial damage. Citric acid enhanced the absorption fivefold, while
causing only minor epithelial damage, similar to the results in our studies. We found
that a-cyclodextrin facilitates vaginal absorption of leuprolide in rats by about six­
fold as well as the nasal absorption of leuprolide and insulin in rats and dogs (Hirai
et ai., 1987). This effect is interestingly elicited by the removal of palmitic and oleic
acid, which are minor membrane components. More research is required to find an
absorption promoter possessing stronger promoting ability with only transient and
minor tissue alteration; however, these properties might appear to be conflicting.

3.3. Conclusions

The vagina is a complex organ with multiple functions. The vaginal epithelium
consists of noncornified, stratified squamous cells providing a tight barrier against the
external environment. It is drastically influenced by estrogen throughout a woman's
life from birth to menarche and menopause and during the menstrual cycle in adults.
During the luteal and early follicular phases in the human, during metestrus and
diestrus in the mouse and rat, and in menopausal women and ovariectomized rats, the
vaginal epithelium becomes explicitly thin and porous; this is attributed to loosened
intercellular channels and desquamation of the superficial cell layer. This elevated
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porosity results in greater permeation by peptides and proteins. First-pass effects by
topical and liver proteases are almost completely avoided using the vaginal route of
administration, and this route may be suitable for peptides and proteins. However, the
bioavailability is somewhat insufficient and fluctuates greatly; an absorption promoter
is required. The polybasic carboxylic acids, which have a chelating action in an acidic
milieu, exert a potent absorption-enhancing effect with only moderate tissue damage.
To break through the epithelial barriers, further studies to find absorption promoters
with less adverse reactions will be required; their utilization will depend on the
balance of practical merit and demerit.
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Chapter 10

Vascular Endothelial Barrier Function
and Its Regulation

Asrar B. Malik and Alma Siflinger-Birnboim

1. INTRODUCTION

The vascular endothelium has a variety of functions [hemostasis, defense reaction
(inflammatory response), angiogenesis], among which the control of the exchange of
substances between blood and tissues is of prime importance. Capillary permeability
to plasma proteins is a critical factor in regulating tissue-fluid balance. The
endothelial cell monolayer lining the vessel wall is a porous (semipermeable)
membrane through which fluid and solutes are transported. The substances trans­
ported include water, respiratory gases and other small lipid-soluble molecules, ions,
small lipid-insoluble organic molecules, large hydrophilic and lipophilic proteins.
The transport of molecules from the plasma to the vascular endothelium is governed
by several factors (Renkin, 1977; Simionescu and Simionescu, 1984): (1) vascular
driving forces (i.e., hydrostatic and oncotic pressure gradients), (2) physiochemical
properties of the permeant molecule, and (3) the surface properties of the endothelial
membrane (Table I). Transport to tissues also depends to a significant extent on the
physiochemical properties of the components underlying the endothelium (basement
membrane, extracellular matrix, interstitial fluid). This review discusses some
critical and novel aspects of transport of solutes and water across the endothelial
barrier. Although we have discussed much current literature in the field,it is highly
likely that there have been oversights.

Asrar B. Malik and Alma Sijlinger-Birnboim • Department of Physiology and Cell Biology,
The Albany Medical College of Union University, Albany, New York 12208.
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Table I
Factors Governing the Transport of Plasma Molecules

across Vascular Endothelium

Plasma and hemodynamic forces

Hydrostatic pressure gradient
Oncotic pressure gradient

Properties of the permeant molecules
Molecular size
Molecular shape
Molecular charge
Molecular chemistry (binding of molecules to cell surface receptors)
Generation of transendothelial gradients by the concentrations of the permeating molecule

Properties of endothelial cells
Endothelial surface charge
Structure of the endothelial cell surface
Location in vasculature (site specificity)

2. ROUTES OF ENDOTHELIAL TRANSPORT

The morphology of the vascular endothelium varies from organ to organ and
from one location to another within the vasculature of an organ (Simionescu and
Simionescu, 1984). Based on variations in the continuity of the endothelium and its
basement membrane, three general categories of endothelium have been determined:
continuous, fenestrated, and discontinuous endothelium (Simionescu and Simio­
nescu, 1984).

The continuous capillary endothelium occurs in large vessels, arterioles, most
venules of skeletal muscle, heart, smooth muscles, lung, skin, subcutaneous tissue,
sinus, and mucous membranes. The fenestrated endothelial cells are found in
intestinal mucosa, endocrine and exocrine glands, and glomerular and peritubular
renal capillaries. The discontinuous endothelial cells are found predominantly in the
liver, spleen, and bone marrow.

The complexity of the endothelial barrier and the different hypothesized routes
of transport in a "typical" continuous endothelial cell monolayer are shown in Fig. 1
and summarized in Table II. The transport of solutes in general occurs through
paracellular and transcellular routes (Renkin, 1977). Whether a solute is transported
via a transcellular or a paracellular route depends to a considerable degree on
properties of the solute such as its size, charge, and existence of cell surface receptors
(e.g., as in the case of transferrin). Water, small lipid-soluble substances, and
respiratory gases are transported across the cell membrane pathway. Vesicles are
responsible for transcytosis of solutes and, to some extent, water across the mem­
brane (Renkin, 1977). In some cases, plasmalemmal vesicles can fuse to form large
channels (Renkin, 1977). The interendothelial clefts comprising pathways of varying
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Figure 1. Schematics of hypothetical pathways of transport in continuous endothelium. I, transcellular
pathway; 2, vesicular pathway; 3, small and large pore pathways; 4, fused plasmalemmal channel pathway.
E, endothelial cell; BM, basement membrane. See Table II for detailed explanation.

diameters are the chief paracellular routes of solute and water transport (Renkin,
1988).

3. STARLING'S EQUATION

Several general principles have been developed to describe transport of mole­
cules across porous membranes. Starling (1896) first quantified the physical forces
responsible for the transcapillary exchange of water as the difference between

Table II
Routes of Endothelial Transport

1. Transcellular (cell membrane) pathway
Consists of three barriers in series (plasma membrane, cytoplasm, plasma membrane)

2. Vesicular pathway
Equilibrates luminal and abluminal fluids
1hlnsport may be dependent on concentration gradient and rate of vesicular turnover

3. Small- and large-"pore" pathways
Continuous route from the luminal to abluminal sides
Aux of water and solutes across these pathways can be diffusive and convective
Diffusive and convective transport may be coupled
Molecular sieving (i.e., restriction of solute permeation as molecular size approaches the pore
dimension) is a characteristic of these pathways

4. Fused plasmalemmal channels
1hlnsient fusion of two or more vesicles
Exhibit the same characteristics as junctional large "pores"
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capillary hydrostatic and colloid osmotic pressures (see Chapter 15). Kedem and
Katchalsky (1958) refined Starling's concept by subdividing solute flux into "diffu­
sive" and "convective" components.
The rate of water transport Jv is described by:

(1)

where Lp is hydraulic conductivity, S is capillary surface area, Pc and Pi are capil­
lary and interstitial hydrostatic pressures, respectively, 1Tc and 1Ti are capillary
and interstitial colloid osmotic pressures, and (J' is protein reflection coefficient of the
vessel wall «(J' = 0 if the membrane is freely permeable to the molecule crossing the
membrane and (J' = 1 if the membrane "rejects" the molecule making it imperme­
able). The movement of solutes across the porous endothelial barrier, Js' is defined
by:

(2)

where PS is permeability coefficient-surface area product, liC is solute concentra­
tion difference across the endothelial monolayer, andCs is mean concentration of the
solute within the endothelial "pores" (or interendothelial junctional clefts).

4. ENDOTHELIAL CELL MONOLAYERS IN CULTURE

Cultured endothelial cell monolayer preparations provide a means of studying
the permeability characteristics of the endothelial barrier. The use of confluent
endothelial monolayers surmounts some of the complexities associated with the study
of the intact vascular barrier due to its complex structure consisting of several barriers
with different restrictive properties. The use ofcell cultures offers advantages such as
homogeneity ofcell type, ease ofhandling, ability to study transport under controlled
conditions, and manipulation of parameters influencing the transport (Table I).
Over the last several years, approaches have been developed to measure the barrier
properties of the cultured endothelial monolayers in which critical variables such as
hydrostatic and oncotic pressures and surface area can be regulated or varied and in
which shape change of endothelial cells (a primary determinant of endothelial
permeability) can be monitored (Garcia et al., 1986; Siflinger-Birnboim et al., 1987).
Monolayers of endothelial cells from different sites have been grown by some
investigators on porous rnicrocarrier beads (Boiadjeiva et al., 1984; Bottaro et al.,
1986; Killackey et al., 1986) and most often on porous filters with different porosities
and thicknesses (Shasby et al., 1985; Bizios et al., 1986; Garcia et al., 1986;
Siflinger-Birnboim et al., 1986, 1987; Cooper et al., 1987; Del Vecchio et al., 1987;
Albelda et al., 1988; Casnocha et al., 1989; Lynch et al., 1990; Oliver, 1990).
The most commonly used system (illustrated in Fig. 2) is constructed by glu­

ing a 13-mm-diameter gelatin- and fibronectin-treated polycarbonate filter (pore size



Endothelial Penneability

ABLUMINAL
CHAMBER

LUMINAL
CHAMBER

-Stirrer

Gelatinized
Riter

235

Figure 2. In vitro system for the measurement of molecular flux across the cultured endothelial
monolayer. (From Siflinger-Birnboim et ai., 1987.)

0.8 IJ.m; 10 IJ.m thickness) to a polystyrene cylinder (13 rom outside diameter, 9 rom
inner diameter) to form the luminal (upper) chamber (Cooper et al., 1987; Siflinger­
Birnboim et al., 1987). The endothelial cells are seeded on the filter inside the luminal
chamber at a density of 2 x lOS cells/ml in Dulbecco's modified Eagle's medium,
20% fetal bovine serum, 0.01 roM nonessential amino acids, and gentamicin sulfate
(50 IJ.glml). The luminal chambers are incubated at 37°C in a humidified CO2

incubator (5% CO2, 95% room air) for 3-4 days, allowing the monolayers to become
confluent.
Permeability of the endothelial barrier to molecules of various sizes has been

studied (Del Vecchio et al., 1987; Siflinger-Birnboim et al., 1987) by equipping the
luminal chamber containing 0.7 ml of media with a Styrofoam flotation collar and
allowing it to float in a 25-ml volume of fluid contained in a beaker (the abluminal
chamber). The floating luminal chamber permits the sequential sampling of fluid
form the abluminal chamber without the development of a hydrostatic pressure
gradient. The transendothelial macromolecular diffusive flux was determined by
measuring the net transfer of tracer amounts of radiolabeled molecules across the
monolayer (Siflinger-Birnboim et al., 1987). The clearance rate of a tracer molecule,
which is a measure of endothelial permeability, was calculated from the slope of the
line produced by plotting volume of fluid cleared (IJ.I) per unit time (min). The system
allows the measurement of clearance rate for the endothelium on the filter and for the
filter without the endothelium. The endothelial permeability of the tracer molecule is
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calculated by the ratio of clearance rate-to-surface area of the filter as previously
described (Cooper et al., 1987; Siflinger-Birnboim et al., 1987). This system also
allows calculation of endothelial permeability of most tracers (except lipophilic
molecules) independent of the effects of unstirred layers (Cooper et al., 1987;
Siflinger-Birnboim et al., 1987; Barry and Diamond, 1984; Pedley, 1983).

The endothelial cells grown on the filter become confluent within 3-4 days
postseeding with no intercellular gaps obvious in the cell layer as examined by
acridine orange staining of the monolayers on the filter (Phillips et al., 1988) (Fig. 3).
The endothelial monolayer begins to demonstrate restricted diffusion to macro­
molecules within 3-4 days postseeding. Cross sections of endothelial cells revealed
that adjacent cells were fused at several discrete points. The fusion at these sties
appears to be a cell-specific phenomenon since junctional membranes were more
complex and well-developed in bovine pulmonary rnicrovessel endothelial cell
monolayers than in the mainstem pulmonary artery endothelial cells (Table III) (Fig.
4). This difference was associated with a greater restrictiveness of the cultured
pulmonary microvessel endothelial cells to solutes of varying molecular size (see
Fig. 9).

The development of an organized extracellular matrix with increased duration of
seeding, may allow the cells to form a more restrictive barrier (i.e., more complex
interendothelial junctions) (Madri and Williams, 1983). This may be achieved in
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Figure 3. Confluent endothelial monolayers grown on gelatin- and fibronectin-coated polycarbonate
fillers and visualized by fluorescence microscopy after acridine orange staining.
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Table III
Morphometric Characterization of Pulmonary Endothelial Cells (EC) in Culture
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Pulmonary microvessel EC
Pulmonary artery EC
Ratio

No. of vesiclesll.l.ma

26.7 ± 11.3
5.7 ± 4.6
4.7

No. of complexesb/
junction

4.8 ± 3.()c
0.6 ± 0.8

8.4

Junction path
length (I.l.m)

0.75 ± 0.57
0.61 ± 0.29
1.22

"Approximately 50 11m of apical endothelial membrane was examined (determined in the nonnuclear region of the cell).
bJunctional complex stricture sites defined as junctional elements with close apposition of membranes surrounded by
electron-dense matrix fibrillar material; 40 cell-to-cell junctions were examined.
<Values represent means ± SO.

BPAEC

Figure 4. Transmission electron micrographs of representative bovine pulmonary artery (BPAEC) and
bovine pulmonary endothelial cell monolayers (MY) grown to confluency on gelatin- and fibronectin­
coated polycarbonate filters. 20,OOOx. The microvessel cells show significantly more vesicles on both
luminal and abluminal sides of the plasma membrane than do BPAEC (arrows).



238 Asrar B. Malik and Alma Sifiinger-Birnboim

culture by varying the time of seeding before monolayer use from 3 to 14 days at
which time the cells have reached a confluent state and have developed extracellular
matrix constituents (i.e., fibronectin, larninin, heparin sulfate, collagens I and IV)
(Madri and Williams, 1983).

The basis of these differences between endothelial cells from the same vascular
bed is not clear nor is it clear whether these differences reflect any particular in situ
characteristics of cells from these two sites in the pulmonary circulation. These
cultured endothelial monolayer findings indicate that the cultured endothelial cells
need to be used with caution because of the widely different barrier function
characteristics and because, in culture, studies are made in the absence of flow
conditions and of tissues underlining the endothelium in vivo which can contribute
to solute and water transport.

5. EFFECT OF MOLECULAR SIZE ON ENDOTHELIAL
PERMEABILITY: THE "PORE" THEORY

The "pore" theory (Landis and Pappenheimer, 1963; Crone and Levitt, 1948)
describes the transport of lipid-insoluble molecules through cylindrical or long slit­
shaped water-filled channels between the cells. The theory describes transport
according to the molecular size of the permeant molecules, but it does not distin­
guish by which pathways these molecules are transported (Table II). The theory is
based on the premise that selected areas form a system of "pores" whose combined
total area represents less than 0.1% of the total endothelial surface area (Sirnionescu
and Sirnionescu, 1984). The size-dependent selectivity of the endothelial monolayer
to plasma proteins is determined by the ratio of molecular radius-to-pore radius
(Pappenheimer et aJ., 1951; Renkin, 1985).

In vivo studies, in fact, indicate the presence of "pores" of heterogeneous radii in
vascular endothelial cells (Taylor and Granger, 1984). For example, the "pore" sizes
in the pulmonary vessel endothelium have been estimated to be 50Aand 200A in a
model based on lung lymph clearances (Taylor and Gaar, 1970). In most analyses the
values ranged from 5 to 280A(Lassen and Trap-Jensen, 1970; O'Donnell and Vargas,
1986). The ratio of small to large "pores" is estimated to be from 30,000:1 based on
dextran transport (Grotte, 1956), to 438:1 based on lymph protein fluxes (Taylor and
Granger, 1984).

The critical shortcomings of the "pore" theory data are that they fail to account
for the role of electrostatic charge of the surface of the endothelial barrier and the
molecular charge of the molecule being transported, and do not consider the
likelihood that transport of some molecules (e.g., albumin) can occur by transcytotic
mechanisms dependent on binding of albumin to cell surface receptors (Ghitescu
et aJ., 1986; Milici et aJ., 1987; Schnitzer et aJ., 1988a,b, 1990; Siflinger-Birnboim
et ai., 1988b; Siftinger-Birnboim and Malik, 1989; Siftinger-Birnboim et aJ., 1992).
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The use of lymph to make inferences about the "pore" sizes of the endothelial
barrier is also fraught with problems. Lymph solutes become concentrated during
their passage through the lymphatic circulation (Taylor and Granger, 1984; Taylor
et al., 1985); therefore, lymph does not necessarily reflect the interstitial fluid or
events occurring at the level of the endothelial cell monolayer.
In an attempt to validate the "pore" theory, the selectivity of the vascular

endothelial cell barrier (i.e., the monolayer without its extracellular matrix compo­
nents) to different-sized molecules (varying from 0.18 to 340 kDa) (listed in Table IV)
was determined using cultured endothelial monolayers (Siflinger-Birnboim et al.,
1987). The results indicated in a clear-cut fashion that the permeability of the
endothelial monolayer to tracer molecules decreased with increasing molecular
weight (Fig. 5). The relationship shown in Fig. 5 held when the permeability of the ..
endothelial cells was corrected for effects of diffusion by dividing permeability
values by diffusion coefficients (Fig. 6A). The gelatin-coated filters without endo­
thelial cells exhibited no such selectivity (Fig. 6B). The transendothelial flux of
protein fractions in a 20% fetal calf serum solution confirmed the selective nature
of the cultured endothelium in contrast to lack of selectivity observed using gelatin­
coated microporous filters without the endothelial monolayer (Fig. 7). When modeled
according to the "pore" theory, these data were better represented by a two-pore
model (Siflinger-Birnboim et al., 1987) (Fig. 8). From these studies, the calculated
"pore" radii were 65 and 304 Afor small- and large-"pore" pathways, respectively,
and a small-to-Iarge "pore" ratio of 160:1 (Siflinger-Birnboim et al., 1987). Neutral
dextrans (6 kDa to 500 kDa) also diffused across the endothelium in a similar manner
(Bizios et al., 1986). The endothelial monolayer, therefore, behaved as a heteroporous
system discriminating between solutes according to their molecular size. This

Table IV
Physical Characteristics of Thtcer Molecules

Molecule Size (Da) r Q D3le

Mannitol 182 4.4 0.9
Sucrose 342 5.2 0.721
Inulin 5,500 11-15 0.296
Cytochrome C 12,000 16.5 0.13<
a-Thrombin 36,600 28 0.08d

Ovalbumin 43,000 27.6 O.ll
Albumin 69,000 36.1 0.093
Plasminogen 82,000 45.1 0.043
Fibrinogen 340,000 106 0.033

are' Stokes-Einstein radius (A).
bDiffusion coefficient in water at 37'C =Dl7 x 10-5 cm2/
sec.
<Free diffusion coefficient in water at 20'C.
dfree diffusion coefficient in water at 2ie.
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1. MANNITOL
2. SUCROSE
3. INULIN
4. CYTOCHROME C
5. Ol.THROMBIN
6. OVALBUMIN
7. BSA
8. PLASMINOGEN
9. FIBRINOGEN
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Figure 5. Permeability of the endothelial monolayer to molecules of differing molecular weight at 37°C
(Table IV). (From Del Vecchio et al., 1987.)

selectivity is consistent with a diffusional pathway through "pores" of heterogenous
radii. The "pore" theory, however, does not account for molecular-pore interactions
due to frictional and electrostatic effects within these hypothetical "pores" (Curry,
1980; Crone and Levitt, 1984) and the possibility of vesicular transport of molecules
such as albumin (Milici et al., 1987; Schnitzer et al., 1988a).

6. EFFECTS OF CELWLAR AND MOLECULAR CHARGE
ON ENDOTHELIAL PERMEABILITY

It is known that the intact endothelial cell membrane is nonthrombogenic
(Danon and Skutelsky, 1976). This is, in part, due to the fact that the circulating blood
cells and the endothelial surface are negatively charged (Danon and Skutelsky, 1976;
Skutelsky and Danon, 1976; Polikan et al., 1979). The endothelial cell surface has a
complex molecular composition consisting of sialyl residues which are responsible
for its negative charge (N. Simionescu et al., 1981; M. Simionescu et al., 1982). The
endothelial cell membrane and the vesicles and "channel" structures contain micro­
domains of anionic sites due to specific distribution of glycosaminoglycans, sialo­
conjugates, and monosaccharide residues (Simionescu et al., 1981; Simionescu and
Simionescu, 1984; Ghinea and Simionescu, 1985). The existence of these micro­
domains has been demonstrated using gold-labeled albumin which was shown to
decorate sites on the endothelial surface (Ghitescu et al., 1986; Milici et al., 1987).
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Figure 7. Polyacrylamide gradient gel (5-15%) electrophoresis in 0.1% SDS on 20% fetal calf serum in
DMEM obtained from luminal (control) and abluminal chambers [filter alone (F), endothelial monolayer
on the filter (EC]. Initially (time zero), the luminal chamber contained the calf serum in DMEM alone.
Aliquots were obtained from the abluminal chamber at the time points shown. (From Siflinger-Birnboim
et al., 1987.)

The permselectivity of the endothelial cell to plasma proteirts such as albumin
may be related to the anionic charge of the albumin molecule as well as the surface
charge on the endothelial cell. For example, the flux of albumin across fenestrated
glomerular capillaries is critically dependent on the negative charge of the glomerular
capillary endothelial cells as well as the extracellular matrix proteins comprising the
basement membrane (Michel, 1984). Disruption of the negatively charged sites
results in "leakage" of albumin across the capillary-matrix complex (Michel, 1984).
The endothelial cell membrane surface charge (Simionescu et al., 1981; Ghinea

and Simionescu, 1985) influences the transport of albumin (isoelectric point 4.1)
since the distribution of charge sites provides a means of preferentially "gating"
albumin across the endothelial monolayer. Neutralization of negative charges on the
endothelial cell with cationic ferritin increased the flux of ['25I]albumin (Table V),
indicating that the cell surface negative charge contributes to albumin transport.
Another charge-related effect on albumin transport is due to the negative charge
distribution of interstitial macromolecules, e.g., heparin sulfate, chondroitin sulfate,
and other complex proteoglycans (Perry et al., 1983; Lanken et al., 1985; Taylor
et al., 1985).
Because of the negative charge of the albumin molecule, the permeability to

albumin is greater than the permeability predicted from its molecular size. For
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Figure 8. One- and two-pore modeling analysis. Endothelial permeability divided by the free diffusion
coefficient (PEe/D37) x 10-2 is plotted on a log scale against the log of molecular radius. The dashed line
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example, dextran sulfate (negatively charged dextran, 500 kDa) was found to be
threefold more permeable than neutral dextran of the same molecular size (Table VI)
(Bizios et al., 1986). Sheep lung lymph data also indicate that plasma-to-Iymph
transport of negative dextrans across the pulmonary vascular endothelial barrier is
greater than transport of neutral dextrans (Lanken et al., 1985). Therefore, the

Table V
Effect of Cationic Ferritin

on [l25I]-Albumin Clearance Rate"

[12SI]-Albumin clearance rate
(1J.I!min)

Cationic ferritin
(mglrnl) Study #1 Study #2

o(control)
1.0

0.108 ± 0.021 b 0.226 ± 0.020
0.136 ± 0.015* 0.287 ± 0.023*

-The pulmonary microvessel endothelial cell monolayer was pre­
incubated with cationic ferritin for 15 min.
bValues are mean ± SEM (*p < 0.05 from control).
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Table VI
Effect of Charge of the Permeant Molecule of Permeability

of Cultured Endothelial Monolayer to Dextrans"

Abluminal concentration
(pglml)

Neutral
Sulfate (negative)
Neutral

Filter

36.7 ± 2.41'
44.1 ± 6.1
33.4

Endothelium

3.1 ± 0.3
9.4 ± 1.2
10.9 ± 1.3

-Dextran was added to the luminal chamber. The abluminal chamber was
sampled at 45 min and the concentration of dextran transported through the
endothelium was measured using spectrophotometrical evaluation.
bValues are mean ± SEM.

negatively charged molecules appear to be transported preferentially across the
endothelial barrier because of "gating" phenomenon even though the endothelial cell
membrane has a net negative charge (Lanken et al., 1985; Bizios et al., 1986).

7. REGIONAL VASCULAR DIFFERENCES IN ENDOTHELIUM
ON ENDOTHELIAL PERMEABILITY

Endothelial cells from different sites in the vasculature have many common
features, but specific properties of the cells distinguish endothelial cells from large
versus small vessels within an organ and between organs (e.g., between the blood­
brain barrier and pulmonary vascular endothelial cells) (Zetter, 1981; Simionescu and
Simionescu, 1984; Gerritsen, 1987; Belloni and Tressler, 1990; Siflinger-Birnboim
et al., 1991a). The [125I]albumin permeability value in cultured pulmonary micro­
vessel endothelial cells was about two to five times lower than the values of similarly
cultured cells from the mainstem pulmonary artery (Fig. 9). Interestingly, the
microvessel cells were significantly more restrictive with respect to sucrose and
inulin permeability (Fig. 9) indicative of less transport occurring via paracellular
pathways.

The greater restrictiveness to sucrose and inulin versus albumin suggests that
other routes of albumin transport (possible vesicles) are involved in albumin flux
across pulmonary microvessel endothelial cells relative to pulmonary artery endo­
thelial cells. Micrographs of the monolayers revealed that a greater number of vesicles
were present on the apical surface of the microvessel cells relative to the pulmonary
artery endothelial cells (Table Ill). This is clearly evident on examination of the apical
and basolateral membranes of the two cell monolayers grown on microporous filters
(Fig. 4). In addition, there were more membrane strictures observed within inter-
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Flgure 9. Comparison of selectivity of bovine pulmonary artery endothelial cell monolayers (BPAEC)
and bovine pulmonary microvessel endothelial cell monolayers (MV) to molecules of various sizes. Actual
endothelial permeability-diffusion coefficient ratios (Pf£/D) (37°C) are shown for the two cell lines.

cellular junctions in microvessel cells (Table ill). Thus, the greater complexity of the
intercellular junctions could account for the significantly lower inulin and sucrose
permeabilities in the pulmonary microvessel endothelial cells. The transport path
length is an unlikely explanation for the relatively low microvessel endothelial
permeability values since the path length of the junctions is about 25% greater in
microvessel endothelial cell monolayers than in pulmonary artery endothelial mono­
layers (Table III).

Studies of endothelial cells from different sites in the vasculature have demon­
strated organ-specific antigens on capillary endothelial cells which may be respon­
sible for the different permeability in the regional vascular beds (Auerbach et al.,
1985). For example, there are phenotypic differences in the lectin-binding domains of
different vascular endothelial cells (Del Vecchio et al., 1993). Specific lectins
[Ricinus communis agglutinin (RCA) and peanut agglutinin (PNA)] bind to pulmon­
ary microvessel endothelial glycoproteins (galactose-containing glycoproteins of
220-160, 60, and 30-40 kDa). Belloni and Nicolson (1988) have also recently
described differences in cell surface glycoproteins of endothelial cells in different
vascular beds which may be related to the permeability characteristics of these
vascular endothelial cells in situ.
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8. ACTIVE TRANSPORT OF ALBUMIN

A study by Shasby (Shasby and Shasby, 1985) using cultured endothelial
monolayers from porcine pulmonary arteries indicated that the transendothelial
albumin flux is asymmetric; i.e., the transport albumin from the abluminal to the
luminal side of the endothelial monolayer was - tenfold greater than transport
from the luminal to the abluminal side. Siflinger-Birnboim et al. (1986) using a
similar system were unable to confirm this observation using bovine or ovine
pulmonary artery endothelial cell monolayers. In the latter study, transendothelial
albumin flux was measured in the absence of hydrostatic and oncotic pressure
differences by adding (1251] albumin tracer either to the luminal or to the abluminal
side of the endothelium or by simultaneously added (1251]albumin to the luminal side
of the endothelium and (1311]albumin to the abluminal side of the endothelium
(Siflinger-Birnboim et al., 1986). The results indicated that the flux of albumin in
either direction was symmetric. It is possible that the observed differences in the
bidirectional albumin transport may be due to factors such as differences in cell types,
presence of hydrostatic pressure favoring transport in one direction, problems with
increased free tracer (1251]albumin on the abluminal side, and error due to the effect of
unstirred layers. .5hasby's results were particularly intriguing because metabolic
poisons such as cyanide inhibited the asymmetric albumin transport (Shasby and
Shasby, 1985), and hence they remain all the more inexplicable. The nature of
albumin transport across the endothelial barrier would need to be revised if this
mechanism of albumin transport is confirmed by other studies.

9. RECEPTOR-MEDIATED ALBUMIN TRANSCYTOSIS

The endothelium does not only act as a semipermeable membrane that enables
the transport of these macromolecules according to molecular size and charge. Recent
studies indicate that transendothelial flux of proteins such as insulin, transferrin, and
albumin may involve recognition by receptors located on the luminal side of the
endothelial cell (Jefferies et al., 1984; King and Johnson, 1984; Ghitescu et al., 1986;
Milici et al., 1987; Schnitzer et al., 1988a; Siflinger-Birnboim et al., 1991b).
Albumin has been shown to bind to the endothelial glycocalyx components

predominantly within plasmalemmal vesicles on the luminal side of the endothelium
(Yokoto, 1983; Jefferies et al., 1984; King and Johnson, 1984; Ghitescu et al., 1986;
Milici et al., 1987; Schnitzer et al., 1988a). Once bound, it apparently crosses
the endothelial cell by shuttling of vesicles from the luminal to the abluminal side of
the cell (Ghitescu et al., 1986; Milici et al., 1987). Albumin was shown to bind to
culturedmicrovascular rat endothelium in a specific, saturable, and reversible manner
(Schnitzer et al., 1988a). Several "albumin receptors" such as a 6O-kDa glycoprotein
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(gp60) (Schnitzer et al., 1988b) and 18 and 31-kDa cell surface proteins (Ghinea
et al., 1988, 1989) have recently been described.
Albumin binding to endothelial cells and its potential role in transendothelial

flux of albumin have been explored using cultured BPAEC monolayers (Siflinger­
Birnboim et al., 1991b). In the presence of unlabeled albumin (0 to 60 mg/ml),
binding of tracer [I25I]albumin to BPAECmonolayers grown in fibronectin-coated 24­
well plates was saturated at 5 mglml unlabeled albumin (Fig. 10), indicating that
albumin competed with [I25I]albumin for specific sites on the BPAEC surface.
Binding of (l25I]albumin to BPAEC monolayers was reduced at 4°C compared to
37°C and (l25I]albumin binding was reversible. The binding of [I25I]albumin was
independent of the concentration of other unlabeled protein (e..g, gelatin) (Fig. 10).
The apparent equilibrium binding affinity constant (Kd) for albumin binding to
BPAEC is 6 x 10-7 M with a maximum number of 1.45 x 1()6 BSA molecules per
cell. However, albumin binds with a higher affinity in pulmonary microvessel
endothelial cells (Schnitzer et al., 1988a), which is consistent with a greater number
of vesicles in these cells (Table 1lI).
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Figure 10. Competition for (I2SI}albumin binding sites on the endothelial monolayer in the presence of
increased concentrations of unlabeled albumin and gelatin. The curve was displaced downwards at 4°C
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The effect of albumin binding to endothelial cells on endothelial permeability
to [1251]albumin was studied by adding unlabeled bovine serum albumin (0 to 60
mglrnl) and a constant amount of [1251]albumin tracer to BPAEC monolayers grown
on microporous filters as described above. The transendothelial permeability to [1251]­
albumin decreased by about 40% at unlabeled albumin concentrations of5mg/rnl and
remained at this level at higher albumin concentrations (Fig. 11). Addition of other
unlabeled proteins (e.g., gelatin) to the medium did not alter the transendothelial
permeability to [1251]albumin (Fig. 11). This effect is not observed for the filters
without the endothelial cells (Fig. 11).
The lectin Ricinus communis agglutinin (RCA) binds to the 60-kDa albumin­

binding endothelial surface glycoprotein (gp60) in rat epididymal fat pad endothelial
cells (Schnitzer et al., 1988b). RCA also precipitates a 6O-kDa glycoprotein on
BPAEC plasmalemmal membrane, indicating that gp60 was also present in these cells
(Siftinger-Birnboim et al., 1991b). The addition of RCA produced a 60% decrease in
[125I]albumin binding to BPAEC, which did not occur when RCA was complexed with
its cognate hapten monosaccharide ~-D-galactose; therefore, RCA appears to interact
with a galactose-containing component of gp60. Addition of RCA to the BPAEC
monolayer reduced [1251]albumin permeability by 40% (Fig. 12), which was similar to
the decrease in albumin permeability observed with excess unlabeled albumin (Fig.
11). Several other lectins such as Ulex europaeus agglutinin (UEA) and soybean
agglutinin (SBA) (which did not bind to gp60) had no effect on [1251]albumin
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Figure 12. Effect of lectins on transendothelial permeability to 1251albumin in the absence of unlabeled
albumin. Maximum effect was observed at lectin concentrations of 50 flog/mi. RCA, Ricinus communis
agglutinin; WGA, wheat germ agglutinin; SBA, soybean agglutinin; UEA, Uiex europaeus agglutinin.
Values are mean ± SEM. Asterisk indicates different from control (Siftinger-Birnboim et ai., 1991b).
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permeability (Fig. 12). These results are the first to demonstrate a role of albumin
binding to endothelial cell membrane glycoprotein in the transendothelial albumin
flux. Although the proportion of albumin transport in BPAEC dependent on binding
of albumin is 40%, there are relatively few vesicles in BPAEC compared to
microvessel cells (Table ill). Therefore, it is conceivable that pulmonary microvessel
cells have a greater proportion of albumin transport dependent on albumin binding.
A specific receptor-linked transport of albumin may be physiologically impor­

tant in the transport of lipids such as albumin-linked long-chain free fatty acids and
hormones across the vessel wall (Peters, 1975). The upregulation of gp60 may be a
factor in the inflammatory response characterized by increased endothelial perme­
ability to albumin. The signals regulating synthesis and expression of endothelial cell
surface gp60 are not known. Upregulation of gp60 in vascular endothelial cells such
as the blood-brain barrier (which is normally impermeable to albumin) may allow
the transport of solutes by a receptor-linked mechanism.

10. MECHANISMS OF INCREASED ENDOTHELIAL PERMEABILITY

It is becoming clear that endothelial permeability increases secondary to the
activation of second messenger pathways. In the following sections, some of the
important mechanisms contributing to the increase in permeability are discussed.

10.1. Characteristics of Increased Endothelial Permeability

The effects of thrombin, a prototypic inflammatory agent mediating increases in
endothelial permeability, have been examined in several recent studies (Galdal et ai. ,
1984; Garcia et ai., 1986; Siflinger-Birnboim et ai., 1988a; Minnear et ai., 1989;
Aschner et ai., 1990). Another well-studied mediator, histamine, also increased
endothelial monolayer permeability in vitro probably by activation of common
second messenger pathways (Majno and Palade, 1961; Rotrosen and Gallin, 1986;
Bottaro et ai., 1986; Killackey et ai., 1986). Events occurring on the endothelial cell
membrane are critical for the initiation of the cascade ofevents leading to the increase
in permeability. The permeability-increasing effects of histamine are mediated by
binding to histamine receptors (N. Simionescu et ai., 1982). In contrast, the
permeability increase induced by thrombin is the result ofmore complex interactions
between thrombin and the cell membrane involving binding to the membrane as well
as proteolytic cleavage ofmembrane phospholipids (Aschner et ai., 1990). Thrombin
binding alone was insufficient in explaining the thrombin-mediated increase in
endothelial permeability (Aubrey et ai., 1979; Lollan and Owen, 1980). Thrombin's
active catalytic site is a critical requirement for the response, indicating that
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proteolysis of cell membrane components and activation of second messenger
pathways are responsible for the increase in permeability (Garcia et al., 1986;
Aschner et al., 1990).
The effect of thrombin on endothelial permeability is rapid (within 5 min after

its addition to the endothelial monolayer) (Lum et al., 1989) and the response
is reversible within 30 min after cell wash (Garcia et al., 1986; Phillips et al., 1989).
The increase in endothelial permeability is associated with the formation of inter­
cellular gaps and with alterations in the cytoskeletal elements described below.

10.2. Cytoskeletal Alterations

The increase in permeability is characteristically associated with loss of the
peripheral actin filaments and the centralization of cytosolic actin filaments (Phillips
et al., 1989). This response is evident within the time course of the permeability
increase. The reversal of increased permeability by removing the mediator is also
correlated with a reexpression of peripheral actin filaments (Garcia et al., 1986;
Phillips et al., 1989). The increased endothelial permeability involves changes in cell
shape secondary to alterations in the endothelial actin filaments resulting in the
formation of intercellular gaps (Garcia et al., 1986).
The role of intercellular gaps induced by the change in cell shape has been

confirmed by a recent observation involving osmotic shrinkage of endothelial cells
by the addition of hypertonic solution to the cell bathing medium (Shepard et al. ,
1987). This resulted in formation of intercellular gaps and an increase in endothelial
permeability to [125I]albumin, an effect which was reversed by rehydrating the cells
(Shepard et a/., 1987).
Astudy by Phillips et al. (1989) points to the role ofperipheral actin filaments in

junctional stability and the regulation of endothelial permeability under certain
stimuli. Pretreatment ofendothelial cells with 0.3 J,LM 7-nitrobenz-2-oxa-l,3-diazole
(NBD)-phallacidin, a specific actin-stabilizing agent, prevented the changes in actin
filament distribution and markedly attenuated the increase in albumin permeability
induced by a-thrombin. Disruption of the endothelial F-actin with cytochaslasins B
and D resulted in an increase in macromolecular permeability of vessels in intact
lungs and cultured endothelial cell monolayers (Shasby et al., 1982), further support­
ing a role of F-actin in the response. These findings indicate that F-actin filaments,
particularly the peripheral bands, contribute to the maintenance ofendothelial barrier
function and the shift in distribution in F-actin mediates the increase in endothelial
permeability.
F-actin may be an important cytoskeletal protein for regulation of cell shape for

several reasons (Rotrosen and Gallin, 1986; Savion et al., 1982; Shasby et al., 1982;
Phillips et al., 1989). F-actin is a globular monomer that assembles reversibly to form
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long fibers (Stossel, 1984). Changes in the state of assembly in different parts of the
cell account for differences in cytoplasmic consistency, and thereby can cause a
change in cell shape (Stossel, 1984). F-actin fibers, if sufficiently stiff or organized
into bundles, maintain the endothelial cells in a particular configuration (Stossel,
1984). F-actin acting in conjunction with myosin and other actin-binding proteins,
vinculin and myosin light chain, can cause contracture of cells (Stossel, 1984).
Therefore, the properties ofF-actin point to its dynamic role in changing endothelial
cell shape in response to inflammatory mediators.
The formation of intercellular gaps by the shift in F-actin does not imply that this

mechanism is solely responsible for the regulation of transport of albumin. Stelzner
et al. (1989) demonstrated that cholera toxin-induced cAMP resulted in decreased
permeability with loss of peripheral bands, which suggests that peripheral actin band
alterations may not be a critical determinant of the permeability alterations. The
role of F-actin distribution may depend on the specific stimulus. It has also been
shown that transendothelial albumin flux increased, following thrombin challenge of
pulmonary endothelial cell monolayers, but IgG (160 kDa) flux was greater than
albumin (69 kDa) flux (Siflinger-Birnboim et al., 1988b). Had intercellular gaps been
solely responsible for the effect, the IgG flux should have increased to the same extent
as did the albumin flux. The greater increase in albumin transport implies that
formation of endothelial vesicles also contributes to the increased albumin perme­
ability.

10.3. Intracellular Ca2+ Shifts

Recent evidence indicates that endothelial permeability is critically dependent
on a rise in intracellular Ca2+ concentration. The thrombin-induced increase in
transendothelial [125I]albumin clearance rate was inhibited by decreasing the avail­
ability of cytosolic Ca2+ (Lum et al., 1989). The direct application of the Ca2+
ionophore, A23187, also increased transendothelial albumin permeability (Selden
and Pollard, 1983), decreased transendothelial (Olesen, 1987) and transepithelial
(Palant et al., 1983) resistances, and increased hydraulic conductivity of intact
microvessels (He et al., 1990). The increase in [Ca2+]j may signal the increase in
endothelial permeability because Ca2+ is a known regulator ofcytoskeletal assembly,
structure, and contractility (Bennett and Weeds, 1986; Mooseker et al., 1986).
Reorganization of the actin cytoskeletal network involves a sequence of polymeriza­
tion and depolymerization steps of actin as well as interactions of F-actin with other
cytoskeletal proteins such as intermediate filament vimentin (Bershalsky et al., 1990)
and microbubules (Bershalsky et al., 1990; Bhalla et al., 1990). Both intermediate
filaments (Bennett andWeeds, 1986) and microtubules (Marcum et al., 1978; Bennett
and Weeds, 1986) are regulated by changes in [Ca2+]j' Several actin-binding proteins
are known to affect the polymerization state, cross-linking, and bundling activity of



Endothelial Permeability 253

F-actin in response to changes of [Ca2+]j (Stossel et al., 1985; Bennett and Weeds,
1986).

Ca2+ is also required for the activation of the phosphorylating enzymes Caz+­
calmodulin-dependent-kinase and the phospholipid-dependent protein kinase (PKC)
(England, 1986). Although the functional significance of phosphorylation of cyto­
skeletal proteins in mediating the increase in endothelial permeability remains to be
determined, these kinases phosphorylate cytoskeletal proteins such as vinculin
(Werth et al., 1983), a-actinin (Stossel et al., 1985), myosin light chain (Stossel
et al., 1985; England, 1986; Olesen, 1987), vimentin (Huang et al., 1984), and
microtubule-associated proteins (Selden and Pollard, 1983). The phosphorylated
myosin light chain determines actin organization and cell shape change in fibroblasts
(Bayley and Rees, 1986; Lamb et al., 1988) and cell retraction in endothelial cells
(Wysolmerski and Lagunoff, 1985).

Activation of PKC with the tumor promoter phorbol 13-myristate 12-acetate
decreases the transepithelial resistances (Ojakian, 1981; Mullins and O'Brien, 1986),
produces reorganization of actin and vinculin in several cell types (Schliwa et al.,
1984; Keller et al., 1989), and increases in endothelial permeability (Lynch et al.,
1990). Cytosolic Ca2+ is required for activation of these kinases, and thus may be
involved in the phosphorylation of cytoskeletal proteins. The intracellular events
hypothesized to mediate the increase in endothelial permeability are summarized
in Fig. 13.

Thrombin and other permeability-increasing agents cause a rapid initial rise in
cytosolic [Ca2+] which is followed by a second phase of slow decay (Jaffe et al.,
1987; Ryan et al., 1988; Lum et al., 1989). lYpical of the Ca2+ transient behavior
in many cell types, the initial Ca2+ rise in the endothelial cells is due to Ca2+
mobilized from intracellular stores, whereas the second phase is caused by Ca2+
influx (Ryan et al., 1988; Lum et al., 1989). The initial Ca2+ rise likely occurs in
response to increased inositol polyphosphate generation, particularly inositol 1,4,5­
trisphospate, derived from phospholipase C-activated hydrolysis of phospho­
inositides (Jaffe et al., 1987; Putney et al., 1989). The functional significance of the
initial Ca2+ rise in regulating the permeability increase may involve the activation of
Ca2+-dependent enzymes such as phospholipase Az and PKC (Fig. 13).

Although the regulation of the second phase of the Ca2+ response is less well
understood, this response is probably the critical signal mediating the increase in
permeability (Fig. 14). Goligorsky et al. (1989) have shown that inhibition of the
lipoxygenase pathway of arachidonate metabolism abolishes this long-lived Ca2+ rise
and changes in F-actin cytoskeletal reorganization, suggesting that lipoxygenase
products open Ca2+ channels and that the resultant prolonged rise in [Ca2+]j provides
the signal for the cytoskeletal reorganization and the increase in permeability. The
lipoxygenase products, the monohydroxyeicosatetraenoic acids (HETEs), have been
reported to directly increase vascular permeability (Burhop et al., 1988), and may
do it by opening Ca2+ channels as described above. The HETEs, therefore, may
be the key intracellular messengers responsible for this second critical phase of the
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FIgure 13. Schematics of hypothetical pathways by which Ca2+ and cAMP may regulate increases in
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trisphosphate; IP4• inositol 1,3,4,5,-tetrakisphosphate; 00, diacylglycerol; PLA2• phospholipase A2.

Ca2+ increase. The sequence of events by which the rise in Ca2+ "triggers" the
increase in permeability are summarized in Fig. 13.

10.4. Protein Kinase C Activation

Activation of PKC is needed to phosphorylate cytoskeletal proteins, and thus
realign F-actin filaments. Activation of PKC, which can occur as a result of the
generation of 1,2-diacylglycerol, decreases transepithelial resistance (Gainer, 1985),
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Figure 14. The hypothetical pathways of endothelial cell activation by thrombin leading to cytoskeletal
reorganization, gap formation between endothelial cells and increases in endothelial permeability. PLC,
phospholipase C; PLA2, phospholipase A2; DAG, diacylglycerol; PKC, protein kinase C. (From
Goligorsky et aI., 1989.)

suggesting that the regulation of epithelial barrier transport occurs via a PKC­
dependent pathway. The increased epithelial permeability was also associated with
the phosphorylation of cytoskeletal proteins and decreased cell-cell contact
(Ojakian, 1981; Gainer, 1985; Mullins and O'Brien, 1986).

Exposure ofconfluent BPAECmonolayers in culture to PMAor 1-0IeoyI2-acetyl
glycerol (OAG) increased PKC activity in a concentration-dependent manner and also
increased the transendothelial flux of [125I]albumin (Lynch et al., 1990). Neither
4a-phorbol 12,13-didecanoate nor I-mono-oleoyl glycerol, which did not activate
PKC, altered endothelial permeability. The increase in [125I]albumin permeability
induced by PMAwas inhibited by the isoquinolinylsulfonamide derivative H7 (Lynch
et al., 1990), a strong PKC inhibitor (Hidaka et al., 1984), but not by the control
compound HAl004 (Hidaka et al., 1984). After 16 hr of exposure to PMA, cytosolic
PKC activity was significantly reduced, and the [125I]albumin permeability returned
to baseline. Further challenge with PMA at this time resulted in no increase in PKC
activity, indicating a downregulation or depletion of the enzyme; interestingly, the
subsequent PMA challenge did not increase endothelial permeability. Exposure of
endothelial monolayers to PLC or a-thrombin (both of which increased membrane
phosphatidylinositide turnover) also induced concentration-dependent activation
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of PKC and increases in (I251]albumin endothelial permeability. Both the thrombin­
and PLC-induced permeability increases were inhibited by H7. These results indicate
that PKC activation is an important signal transduction pathway by which extracel­
lular mediators increase transendothelial molecular flux.
Studies have not examined the relationship between the increase in [Ca2+]j and

PKC activation in mediating the increase in endothelial permeability. It is tempting to
propose that increased [Ca2+]j is linked to PKC activation, which in turn phosphory­
lates cytoskeletal proteins and causes cytoskeletal reorganization resulting in a
"rounding up" of endothelial cells and/or increased vesicular transport. This may
be the common pathway by which a variety of inflammatory mediators increase endo­
thelial permeability.

10.5. Basement Membrane and Matrix Components

The behavior of cells is different when the cells are grown and maintained on
extracellular matrix versus nonbiological surfaces (Phillips and Tsan, 1988; Madri
et al., 1988). Moreover, cell behavior can be modulated depending on the composition
and organization of the matrix components or tissue used (Phillips and Tsan, 1988;
Madri et al., 1988). An organized basement membrane and extracellular matrix
surrounding the endotheliummay control transendothelial solute flux and this may be
dependent on the particular extracellular matrix [e.g., glomerular matrix is known to
restrict albumin transport because of the negative charge of its glycosaminoglycan
constituents (Taylor and Granger, 1984)]. In vivo studies indicate that the interstitial
matrix is capable of 14-fold reduction in diffusive transport of albumin (Fox and
Wayland, 1979). Collagen gels used to examine the barrier function of the matrix
components were selective to molecules ranging from 39 to 110 kDa (Shaw and Schy,
1979). Application of extracellular matrix consisting primarily of type I collagen to
microporous filters produced a to-fold reduction in the transport of (I25I]albumin.
Albumin restriction was not increased by coating the filters with fibronectin, indicat­
ing that only certain matrix components are required to impose a restrictive barrier.
The core matrix proteins (such as collagens I and IV) may be key determinants of
transendothelial protein flux. Other matrix proteins such as laminin, because of its
abundance in the matrix, may also determine cell-substratum adhesion and cell-cell
contact (Michel, 1984), and thereby may regulate endothelial cell shape in response to
inflammatory mediators. Layering endothelial cells on matrix composed of collagens
I and IV and laminin may enable these cells to form amore restrictive barrier through
the development of complex intercellular junctions.
The interrelationships among the matrix components and how they regulate

endothelial macromolecular permeability are poorly understood. Extracellular ma­
trix can be remodeled by the endothelial cell proteases, causing endothelial cells
layered on this matrix to become more permeable (Partridge et al., 1991). If the
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matrix causes endothelial cells to become more permeable, it is equally possible that
other matrix alterations can cause the endothelial cells to become more restrictive.

ll. DECREASES IN ENDOTHELIAL PERMEABILITY INDUCED
BY CYCLIC NUCLEOTIDES

There is good evidence indicating that increases in [cAMP]j produced by agents
such as cholera toxin, forskolin, and isoproterenol, decrease endothelial permeability
(Casnocha et al., 1989; Stelzner et al.,1989; Siflinger-Birnboim and Malik, 1990;
Oliver, 1990) and inhibit the permeability-increasing effects of several mediators
including thrombin (Casnocha et al., 1989; Minnear et al., 1989) and histamine
(Killackey et al., 1986; Carson et al., 1989). This effect of cAMP is associated
with an increase in cytoskeletal F-actin (Stelzner et al., 1989) and inhibition of the
F-actin reorganization caused by permeability-increasing agents such as thrombin
(Minnear et al., 1989).
It has been shown in microvessel endothelial monolayers grown on gelatin- and

fibronectin-coated filters as described above, that endothelial permeability to su­
crose, inulin, ovalbumin, and albumin was reduced in the presence of isoproterenol
(2 x 10-6M) (which produced a threefold increase in intracellular cAMP) compared
with control (untreated) endothelial cells (Fig. 15). The decrease in permeability of
the small molecules (sucrose and inulin) was greater than that of the large molecules
(ovalbumin and albumin), indicating that increased cAMP concentration primarily
reduced the transport through paracellular pathways. The cytoskeletal and cell shape
changes responsible for this effect are likely to be opposite to those occurring during
increased permeability.
However, the mechanism of action of cAMP remains unknown. The perme­

ability decrease may involve a cAMP-mediated activation of cAMP-dependent
kinases which phosphorylate proteins such as myosin light chain kinase (Fig. 14).
Their phosphorylation can inhibit the kinase activity, and thus may inhibit myosin
light chain phosphorylation and its interaction with F-actin (Bayley and Rees, 1986;
Lamb et al., 1988). Another possibility is that increases in cellular cAMP may inhibit
increases in [Ca2+]j and PKC activation (Lanza et al., 1987; Takuwa et al., 1988;
McCann et al., 1989).

12. ENDOTHELIAL WATER PERMEABILITY

The capillary endothelium provides the primary resistance to transvascular
flow of water (Johnson, 1966; Curry, 1980; Taylor and Granger, 1984), although the
relative distribution of transcapillary water flow through the paracellular and trans­
cellular pathways remains controversial (Curry, 1980; Michel, 1984). Albumin is a
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major detenninant ofendothelial water permeability since albumin serves to regulate
the vessel wall hydraulic conductivity (Curry, 1980; Curry and Michel, 1980; Michel
et aI., 1985; Huxley and Curry, 1987). This observation is the cornerstone of the
"fiber matrix" hypothesis in that an interaction between albumin and the glycocalyx
and interendothelial molecules (hyaluronic acid and sulfated proteoglycans) is re­
sponsible for regulating water flow across the endothelial barrier (Curry, 1980; Curry
and Michel, 1980).
Using a modification of the system described above for the measurement of

endothelial permeability to albumin and other solutes, the hydraulic conductivity has
been measured in endothelial cell monolayers grown on polycarbonate filters (Fig. 16)
(Powers et ai., 1989; McCandless et ai., 1991). Hydraulic conductivity across the
filters alone was 3.2±0.3 x 10-3 cm/sec per cm H20, whereas hydraulic conduc­
tivity across the endothelial monolayer on the filter was 17.4±2.7 x 10-5 cm/sec
per cm H20 [these values are 10- to loo-fold greater than those reported for intact
vessel walls (Michel et ai., 1985), which reflects the lack of series resistance due to
absence ofbasement membrane and adjacent interstitium (Fox and Wayland, 1979)].
Exposure of monolayers to albumin (0.5 to 2.5 mglml) decreased the hydraulic
conductivity in a concentration- dependent manner (Powers et ai., 1989). This did not
appear to be due to mechanical "plugging" of interendothelial clefts or other
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Figure 16. Schematic of the apparatus used to measure transendothelial protein and water flux at various
hydrostatic pressures. (From Powers et al., 1989.)

pathways since the decrease in hydraulic conductivity could be reversed by subse­
quent removal of the albumin from the media and since the hydraulic conductivity did
not decrease further when the medium albumin concentration was increased from 2.5
mg/ml to 10 mg/ml (Powers et al., 1989). The effect of albumin was the result of
physiochemical interaction of albumin with endothelial cells since the response
did not occur when albumin was replaced with 70-kDa dextran (McCandless et aI.,
1991). Michel et al. (1985) using frog mesenteric vessels suggested that the interac­
tion of albumin with the capillary endothelium occurred by the association of arginyl
residues on the albumin molecule with negative charge on the endothelium. This
interaction has been confirmed in mammalian vascular endothelial cells in which the
arginyl residues of albumin are required for the response, possibly as a result of a
charge interaction of albumin with the endothelial cell mediated via the arginyl
residues (Powers et al., 1989).

13. CONCLUSIONS

The endothelial barrier allows the free exchange of water but is restrictive, to
varying degrees in different microvascular beds, to the transport of solutes. For
example, in the brain microvessels, the endothelial barrier restricts the transport of
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albumin, whereas the endothelial barrier is semipermeable in the fenestrated and
continuous endothelial cells. The endothelial cell monolayer demonstrates selectivity,
i.e., the permeation of the transported molecules is inversely related to their molecu­
lar size. The "pore" theory describes to a degree the transendothelial flux of solutes
but fails to take into account flux via transcellular routes such as vesicles and does not
take into account the role of charge in transport. In addition to molecular size,
transport of solutes is dependent on the charge of solutes and endothelial cell
membrane, as well as the ability of the molecules to bind to receptors and to be
internalized by endothelial cells. Receptor-mediated tra:nscytosis of albumin may
contribute to about 50% of albumin transport with the remainder of the transport
via the paracellular routes.
Increased endothelial permeability in inflammatory states is dependent on the

shape and configuration of endothelial cells as determined by alterations in F-actin
and the interaction of endothelial cells with the substratum matrix proteins. The
increase in permeability is governed by activation of intracellular second messenger
pathways.
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Chapter 11

Transcytosis of Macromolecules through
the Blood-Brain Fluid Barriers in Vivo

Richard D. Broadwell

1. INTRODUCTION

The term transcytosis refers to the combined, sequential events of intracellular
internalization or endocytosis of an extracellular, non-lipid-soluble rnicro-/macro­
molecule, transport of that molecule through the cell, and secretion or exocytosis of
the molecule from the cell opposite the side of entry. The process has been described
for a variety of molecules and a host of cell types; however, no cell type in which
transcytosis has been proposed is more controversial than the endothelium of the
blood-brain barrier (BBB). A plethora of publications on morphology from the 1970s
through the present promotes a transendothelial transfer of the protein tracer horse­
radish peroxidase (HRP) from blood to brain as a consequence of central nervous
system (eNS) exposure to pathophysiological, physical, or chemical insults. Other
publications focusing on the BBB under normal conditions advocate the transcytosis
of peroxidase from blood to brain through segments of specific arterioles and from
brain to blood through capillaries and arterioles (for an extensive list of references,
see Broadwell, 1989). The conclusions derived from these studies are based largely
on repeated attempts to interpret dynamic cellular events from two-dimensional,
static electron micrographs (Fig. 1). At best, these data are suggestive, do not warrant
the stated conclusions, and, therefore, are open to criticism (Broadwell, 1989). More
recently, the BBB literature has emphasized the potential for receptor-mediated trans-
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Figure 1. Many nonfenestrated endothelial cells, under normal conditions and within or outside the eNS,
exhibit a plethora of vesicular profiles. Some of these profiles do indeed represent bona fide 40- to 70-nm·
wide vesicles and are involved in shuttling membrane and macromolecules (e.g., enzymes) among
constituents of the endomembrane system of organelles (e.g., endoplasmic reticulum, Golgi complex,
endosomes, Iysosomes, plasmalemma). Other profiles have the appearance of vesicles but are not vesicles.
For example, some "vesicular profiles" may be portions of organelles (e.g., lysosomal tubules) cut in cross
section. Additional "vesicular profiles" in proximity to the luminal and abluminal plasma membranes are
static invaginations or caveolae (arrows) in the plasmalemma; these invaginations, appreciated best in
serial thin sections, look like vesicles in random thin sections and have been interpreted as such engaged in
transendothelial transport. A critical appraisal of this interpretation is provided in the text (see also Fig. 3
and Broadwell, 1989).

cytosis of peptides (Pardridge, 1986, 1991) and other blood-borne molecules that bind
to the luminal surface of the normal, intact cerebral endothelium (Broadwell, 1989).

Circumvention of the BBB has obvious clinical implications for the delivery of
chemotherapeutic substances to combat CNS infections, tumors, enzyme and neuro­
transmitter deficiencies, and toxins associated with brain disease or dysfunction. The
nonfenestrated cerebral endothelium, which represents one of the cellular compo­
nents of the mammalian BBB, is not the only blood-brain fluid barrier within the
CNS. Additional barriers include the blood-CSF barrier associated with epithelia of
the choroid plexus and other circumventricular organs (e.g., median eminence, area
postrema), the nose-brain barrier associated with epithelia of the nasal mucosa, and
the arachnoid mater-CSF barrier. Each of these barriers is believed to be, in part,
intercellular tight junctional complexes that preclude the extracellular movement of
non-lipid-soluble micro-/macromolecules bidirectionally between the external envi­
ronment (i.e., air, blood) and the CNS milieu.

Despite reports advocating experimental manipulation to open the blood-brain
fluid barriers transiently, most notably the BBB (Brightman et aI., 1973; Rapoport,
1985, 1988), the barriers under normal conditions are not absolute. Each is circum-
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vented in a noninvasive fashion by endogenous and exogenous blood-borne proteins/
peptides moving through patent extracellular routes and/or traversing intracellular
pathways related to adsorptive and receptor-mediated endocytic processes. Before
transcytosis through the blood-brain fluid barriers can be interpreted correctly, the
potentially viable intracellular and extracellular avenues must be considered. Addi­
tionally and just as importantiy, the intracellular fate of external macromole­
cules associated with internalized cell surface membrane must be defined with regard
to the processes of fluid-phase, adsorptive, and receptor-mediated endocytoses. The
discussion to follow will address these topics. The cellular secretory process (Palade,
1975) and membrane behavior from a cell biological perspective will be emphasized
with regard to fission and fusion of cell membranes among constituents of the
endomembrane system of organelles (e.g., Golgi complex, endosomes, lysosomes,
plasmalemma).

2. ENDOCYTIC PROCESSES DEFINED

The three endocytic processes from the least to the most specific are fluid- or
bulk-phase endocytosis, adsorptive endocytosis, and receptor-mediated endocytosis
(Table I; see also Chapters 3 and 4). Each of the three processes involves the
internalization of external molecules with cell surface membrane. Cells comprising
the individual blood-brain fluid barriers all internalize or retrieve their cell surface
membrane, a normal cell biological event for exchanging or recycling old, worn-out
plasmalemma for newly synthesized plasma membrane. This cell function is associ­
ated with fluid- or bulk-phase endocytosis and permits extracellular macromolecules
not binding to the plasmalemma to enter cells nonselectively and indiscriminately
within 40- to 70-nm-wide endocytic vesicles of plasmalemmal origin; the endocytic
vesicles are directed to endosomes (a prelysosomal compartment) and/or to dense
body lysosomes (Fig. 2).
Native HRP, arguably the most well-known and utilized fluid-phase tracer, has

no difficulty in gaining entry to cells in general by fluid-phase endocytosis. Perox-

Table I
Endocytic Processes

Example Specificity Organelles

fluid phase·
Adsorptive phase

Receptor-mediated

HRP, ferritin
WGA, ricin,
cationized probes
Insulin, transferrin

Nonspecific
Specific
oligosaccharides
Specific receptors

Vesicles, endosomes, lysosomes
Vesicles, endosomes, lysosomes,
Golgi complex
Vesicles, endosomes, lysosomes,
Golgi complex (7)
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Figure 2. The endocytic activity of blood-brain barrier endothelia at the luminal front is demonstrable
upon exposure to the fluid-phase tracer horseradish peroxidase administered intravenously. Within 5 min
postinjection, blood-brain barrier endothelia exhibit peroxidase-labeled endocytic vesicles, dense bodies,
and tubular profiles (A, B; arrows); labeled dense bodies are comparable morphologically to endothelial,
acid phosphatase-positive, secondary Iysosomes (A, inset). Thbular profiles (B, arrows) harboring HRP
reaction product have not been identified to establish parajunctional channels by way of membrane
continuities with the luminal and abluminal plasma membranes (Balin et al., 1987); however, some tubules
are confluent with peroxidase-labeled dense bodies and also stain positively for acid hydrolase activity
(Balin et al., 1987; Broadwell and Salcman, 1981), indicating they too are secondary Iysosomes. Peroxidase
reaction product is not evident on the abluminal surface or within the perivascular clefts of cerebral
endothelia deep in the eNS removed from sites not possessing a blood-brain barrier (e.g., pial surface,
circumventricular organs) in animals injected intravenously with the tracer.
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idase is a 40-kDa glycoprotein that does not bind to membranes. The fate of
macromolecules entering most mammalian cells by fluid-phase endocytosis (e.g.,
HRP, serum proteins, uncharged molecules) is degradation within acid hydrolase­
containing secondary lysosomes (Balin et al., 1986, 1987; Balin and Broadwell,
1988; Broadwell, 1989; Broadwell and Salcman, 1981). Transcellular transport or
transcytosis of fluid-phase macromolecules does not occur through the blood-brain
fluid barriers (for a discussion, see Balin and Broadwell, 1988; Broadwell, 1989). The
potential for native HRP to undergo transcellular transport or transcytosis may occur
in specific cell types, e.g., in the epithelium of the seminal vesicle (Mata and David­
Ferriera, 1973) and in somatotrophs of the anterior pituitary gland (Broadwell and
Oliver, 1983). HRP introduced extracellularly to these two cell types in vivo becomes
sequestered within the innermostGolgi saccule of the cells for subsequent packaging,
export, and possible exocytosis. For both cell types, native HRP may behave as a
membrane-bound marker, comparable to a lectin or ligand, rather than as a soluble or
fluid-phase marker. The binding may involve the carbohydrate moieties of the
peroxidase molecule. Available data suggest that HRP (Straus, 1981) may bind to
mannose 6-phosphate receptors on the cell surface (Sly et al., 1981).
Adsorptive endocytosis concerns molecules like lectins [e.g., wheat germ

agglutinin (WGA), ricin] that bind to carbohydrate moieties on the cell surface and
positively charged (cationized) molecules that bind to negatively charged cell surface
components. Conversely, receptor-mediated endocytosis is identified with the binding
of a ligand (e..g, insulin, transferrin) to a cell surface receptor specific for that ligand;
the binding may trigger the internalization of the receptor-ligand complex (Dautry­
Varsat and Lodish, 1984). The intracellular fate and trafficking of macromolecules
associated with cell surface membrane entering cells by adsorptive endocytosis and
that by receptor-mediated endocytosis may be mutually exclusive; similarities do
exist, however, among fluid-phase, adsorptive, and receptor-mediated endocytic
processes (Table I).

3. CHARACTERISTICS OF THE BWOD-BRAIN FLUID BARRIERS

The BBB and the blood-CSF barrier represent the two most intensively
investigated blood-brain fluid barriers in mammals. Circumferential belts of tight
junctional complexes among nonfenestrated cerebral endothelial (Brightman, 1977;
Reese and Karnovsky, 1967) and among choroid plexus epithelia (Balin and Broad­
well, 1988; Brightman, 1968) are the distinguishing characteristic of these two
cellular barriers. Similar junctional complexes exist among cells of the arachnoid
mater (Balin et al., 1986; Nabeshima et al., 1975), but those among epithelial cells of
the nasal mucosa (Balin et ai., 1986), the median eminence (Broadwell et ai., 1983a,
1987a), and perhaps other circumventricular organs (see below) are believed not to be
circumferentially tight to the extracellular passage of many molecules. Interendo-
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thelial tight junctions within the CNS may be initiated developmentally by astrocytes
(Arthur et al., 1987; Janzer and Raff, 1987; Senjo et al., 1986; Tao-Cheng et al.,
1987).
The "enzymatic" barrier provided by intracellular secondary lysosomes, to

which internalized macromolecules and associated cell surface membrane are di­
rected in all three endocytic processes (see Chapter 3), is enhanced by additional,
nonlysosomal hydrolytic enzymes such as monoamine oxidase; this particular en­
zyme in BBB endothelial catabolizes dopamine derived by intraendothelial decar­
boxylation of blood-borne L-dopa, thus denying entry of dopamine to the CNS
through the BBB (Bertler et al., 1963, 1966).

Although the recognized blood-brain fluid barrier cells are not categorized
functionally as phagocytes per se, other cell types located behind and intimately
associated with the blood-brain fluid barriers may be phagocytic in function. These
additional cell types likely serve as an auxiliary line of defense once the initial cell
barriers are breached (Baker and Broadwell, 1992; Balin et al., 1986; Broadwell,
1989; Broadwell and Brightman, 1976; Broadwell and Salcman, 1981). Potential
phagocytic cells associated with the blood-brain fluid barriers include perivascular
pericytes, microglia, and macrophages, arachnoid and subarachnoid macrophages,
and macrophages lying on the surfaces of ependymal and choroid plexus epithelia.
The subarachnoid and perivascular phagocytes throughout the CNS in rodents and
primates are labeled with the blood-borne, fluid-phase tracer HRP, suggesting that
this probe molecule is successful in circumventing the blood-brain fluid barriers by
extracellular routes (see below).

The internalization of cell surface membrane and endocytosis are demonstrable
circumferentially in choroid plexus and median eminence epithelia as evidenced by
exposure of these epithelia to blood-borne and CSF-borne peroxidase; sequestration
of HRP reaction product is evident within epithelial vesicles, endosomes, tubular
profiles, multivesicular bodies, and dense body lysosomes (Balin and Broadwell,
1988; Broadwell et al., 1987a). Conversely, BBB endothelia do not exhibit a demon­
strable endocytic activity circumferentially. Organelles in BBB endothelia identical
to those in choroid epithelia are labeled with blood-borne peroxidase but fail to be
labeled when the abluminal plasmalemma of BBB endothelia is bathed for 5 min
through 24 hr in peroxidase delivered into the CNS by intraventricular injection
(Balin et al., 1986, 1987; Broadwell, 1989; Broadwell et al., 1983a). Pits, invagina­
tions, or caveolae in the abluminal plasmalemma of cerebral endothelia readily fill
with CSF-borne peroxidase (Fig. 3). Abluminal surface pits have been misinterpreted
as endothelial vesicles engaged in the transcytosis of protein from blood to brain and
from brain to blood under normal and experimental conditions (see Broadwell, 1989
for a critical, in-depth discussion and references; see also Fig. 1). A comparison of
membrane behavior at the luminai versus abluminal front of the BBB suggests that,
unlike choroid epithelia of the blood-CSF barrier, endothelia of the BBB are
polarized with regard to the internalization or recycling ofcell surface membrane and
endocytosis of macromolecules (Broadwell, 1989; Broadwell et al., 1983a; Villegas
and Broadwell, 1993). This polarity in the BBB suggests further that transcytosis of
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macromolecules through nonfenestrated cerebral endothelia, if indeed the process
occurs significantly, is vectorial, from blood to brain but not from brain to blood.
Selected characteristics of the blood-brain fluid barriers are summarized in Table II.

4. EXTRACELLULAR PATHWAYS CIRCUMVENTING THE BWOD­
BRAIN FWID BARRIERS

Extracellular pathways circumventing the blood-brain fluid barriers (Table ill)
are comparable in the CNS of rodents and subhuman primates (Balin et al., 1986;
Broadwell, 1989; Broadwell et al., 1987a,b, 1992a; Broadwell and Sofroniew, 1993).
The most highly documented extracellular route is through the circumventricular
organs (e.g., median eminence, organum vasculosum of the lamina terminalis,
subfornical organ, and area postrema), all of which contain fenestrated capillaries
and, therefore, lie outside the BBB (Fig. 4). Blood-borne macromolecules, specifi­
cally fluid-phase molecules, escaping fenestrated vessels supplying the circum­
ventricular organs move extracellularly into adjacent brain areas located behind the
BBB (for references see Broadwell and Brightman, 1976; Broadwell et al., 1987a;
Gross, 1987; Gross and Weindl, 1987).

Additional extracellular avenues into the CNS are associated with sites believed
to possess patent intercellular junctional complexes: the nasal mucosa, epithelial
linings of the median eminence and area postrema, and possibly endothelia of large
vessels on the pial surface and/or occupying the Virchow-Robin spaces. The
degeneration-regeneration of cells in the nasal mucosa allows the intercellular clefts
of this epithelium to be patent to fluid-phase macromolecules instilled in the nares
(i.e., airborne or applied topically) or delivered to the epithelium in the blood through
leaky capillaries. The extracellular route continues along the olfactory nerve into the
subarachnoid space at the level of the olfactory bulb (Balin et al., 1986). The absence
of a nose-brain barrier is of importance when the nose is considered a site for
delivery of drugs, viruses, and environmental toxins associated with neurological
disease (Balin et al., 1986; Barthold, 1988; Langston, 1985; Talamo et al., 1989).

Junctional complexes among ependymal cells lining the area postrema and
median eminence are suspected of being discontinuous and not circumferentially
tight, unlike the tight junctional complexes among BBB endothelia and epithelia of
the choroid plexus; the apparent absence of a blood-CSF barrier at these two
circumventricular organs heralds the bidirectional exchange of micro-/macromole­
cules between the blood and CSF (Broadwell et al., 1983a, 1987a; Gotow and
Hashimoto, 1979, 1981; Richards, 1978). Even if the junctional complexes among
ependymal cells in the median eminence and area postrema were circumferentially
tight, blood-borne, fluid-phase substances leaking from vessels in the circum­
ventricular organs can move extracellularly around the tight junctions and enter the
CSF through gap junctions among ependymal cells adjacent to the media eminence
and area postrema.
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Table II
Characteristics of the Mammalian Blood-Brain fluid Barriers
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Cell types
Blood-brain barrier: nonfenestrated endothelia
• Circumferential belts of tight junctional complexes

• Secondary Iysosomes containing acid hydrolases
• Nonlysosomal hydrolytic enzymes (e.g., monoamine oxidase)
Blood-cerebrospinal fluid barrier
Choroid plexus epithelium
• Circumferential belts of tight junctional complexes

• Secondary Iysosomes containing acid hydrolases

Arachnoid mater
• Circumferential belts of tight junctional complexes
Phagocytes
• Circumventricular organ/subarachnoid macrophages
• Perivascular cells: pericytes, microglia, macrophages
• Supraependymal macrophages, Kolmer cells

Polarity of the blood-brain barrier
The endothelium is polarized with regard to demonstrable internalization or recycling of its cell surface
membrane and endocytosis of non-lipid-soluble macromolecules. These events occur from the blood
side but not from the brain side of the endothelium.

Blood-brain barrier versus brain-blood barrier
Blood-brain barrier is not absolute, whereas its counterpart, the brain-blood barrier, may be. Potential

adsorptive and receptor-mediated transcytoses of macromolecules through the barrier is from blood to
brain but not from brain to blood; hence, transcytosis through the endothelium appears to be vectorial.

Blood-cerebrospinal fluid barrier is not polarized
Internalization of cell surface membrane associated with fluid-phase and adsorptive endocytoses is
circumferential in epithelial cells of the choroid plexus and median eminence. Adsorptive transcytosis
through these epithelial cells is bidirectional.

Figure 3. Exposure of the abluminal surface (A, arrows) of cerebral endothelia for 5 min-12 hr to
peroxidase delivered by ventriculocisternal perfusion yields no concentration of peroxidase-labeled
organelles comparable to that observed in the same endothelia exposed to blood-borne HRP (see Fig. I).
This observation suggests that the endocytic activity and internalization of abluminal surface membrane in
BBB endothelia are insignificant or minor at best. Invaginations or pits in the abluminal plasmalemma (B
and inset, arrows) fill with peroxidase delivered intraventricularly and have been misinterpreted in the
literature as endocytic and/or transporting vesicles. Abluminal surface pits also can fill with blood-borne
HRP that has circumvented the blood-brain barrier extracellularly under normal conditions (see Fig. 4) or
that has moved through the experimentally manipulated barrier; abluminal pits labeled in this fashion have
been misinterpreted as vesicles engaged in transendothelial transport and exocytosis of the tracer from
blood to brain (for a discussion, see Broadwell, 1989; Broadwell et al., 1983a; Broadwell and Sofroniew,
1993).



278 Richard D. Broadwell

Table III
Circumvention of the Blood-Brain Fluid Barriers: Extracellular Routes

Penneable blood vessels
• Circumventricular organs (e.g., median eminence, area postrema)
• Pial surface
These sites lie outside the barrier and, therefore, are not immunologically privileged sites within the
CNS.

Patent intercellular junctional complexes
• Nasal epithelium; absence of a nose-brain barrier
• Ependymal lining of median eminence and area postrema

Intracerebral transplants
• Blood vessels supplying solid tissue grafts of peripheral origin are leaky and are indigenous to the
grafted tissue; the grafts are deficient in blood-brain and brain-blood barriers.
• Blood vessels supplying cell suspension grafts of peripheral origin are leaky and are of host origin; the
vessels have forfeit their blood-brain and brain-blood barrier characteristics.

Absence ofa BBB to blood-borne macromolecules at the pial surface of the brain
was reported initially in mice injected intravenously with the fluid-phase tracer HRP
(Balin et al., 1986) and now is confirmed in rat and monkey (Broadwell, 1989;
Broadwell et al., 1992a; Broadwell and Sofroniew, 1993). We suspect the "leak" lies
at the level of larger vessels on the pial surface and/or within the Virchow-Robin
spaces. Blood-borne peroxidase entering the subarachnoid space by this route easily
moves extracellularly through the pia mater and glial limitans into the extracellular
clefts of the underlying neuropil and through the Virchow-Robin spaces for wide­
spread distribution within the perivascular clefts (Fig. 5). The circumventricular
organs also contribute to the dissemination of blood-borne HRP through the peri-

Figure 4. Seven areas within the mammalian CNS posses blood vessels penneable to peptides and many
proteins; therefore, they lie outside the blood-brain barrier. These seven sites, collectively tenned the
circumventricular organs, are outlined in black in panel A and include the organum vasculosum of the
lamina terminalis (OVLT) at the rostroventral tip of the third ventricle, the median eminence (ME) and its
ventral extension from the floor of the third ventricle, the neurohypophysis (NH) or posterior pituitary
gland, the subfornical organ (SFO), the choroid plexus (CP) in the lateral and fourth ventricles, the pineal
gland (PL) situated dorsally, and the area postrema (AP) most caudally; the subcomrnissural organ (SCO)
does not contain leaky blood vessels and is not considered a circumventricular organ by definition
(Broadwell and Brightman, 1976). Vessels supplying each of the circumventricular organs are leaky to
blood-borne peroxidase (B, median eminence), whicll, in vivo moves extracellularly into adjacent brain
parenchyma (B, arrow) supplied with blood-brain barrier endothelia. The leaky vessels are outlined (C,
arrows; median eminence) in sections from immersion-fixed brains following incubation of the sections to
reveal the endogenous peroxidase activity of red cells trapped within the vascular tree (Broadwell et al. ,
1987b). Ultrastructurally, the leaky vessels appear highly fenestrated (D and inset, arrows; median
eminence) and have open interendothelial junctions, thus permitting unobstructed, bidirectional move­
ment of non-lipid-soluble micro-/macromolecules between the parenchyma of the circumventricular organ
and the blood. (A from Weindl, 1973.)
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vascular clefts. Subarachnoid macrophages followed by perivascular phagocytes
lying superficially and deep within the brain parenchyma are labeled with blood­
borne HRP in that order. Fluid-phase markers may be propelled through the peri­
vascular clefts in vivo by the pulsatile activity of arterioles (Broadwell and Sofroniew,
1993). The patent extracellular pathways serve to explain how perivascular pha­
gocytes throughout the rodent and monkey CNS become exposed to and are labeled
with blood-borne peroxidase in less than I hr postinjection (Balin et al., 1986;
Broadwell, 1989; Broadwell and Sofroniew, 1993).
The above-referenced CNS sites leaky to fluid-phase molecules circumventing

the BBB may not be insignificant; they allow the ingress of blood-borne, fluid-phase,



280 Richard D. Broadwell

Figure 5. Blood-borne protein also can enter the mammalian brain extracellularly through permeable
vessels supplying the pial surface. Once having gained access to the subarachnoid space and the pial
surface (A, arrowheads), blood-borne peroxidase passes easily within the Virchow-Robin spaces (A. large
arrows) and farther along the perivascular clefts (C, arrowheads) into the CNS; peroxidase is endocytosed
by phagocytic cells on the pial surface (A, small arrows) and throughout the CNS perivascular spaces
(B, C, arrows).

endogenous molecules the size of IgG (165 kDa) and IgM (500 kDa) (Broadwell and
Sofroniew, 1993) and, therefore, represent nonimmuno1ogical1y privileged sites in the
eNS (Broadwell, 1989; Broadwell et ai., 1992a; Broadwell and Sofroniew, 1993;
Santos and Valdimarsson, 1982). Absence of a BBB in the circumventricular organs
and subarachnoid space is compensated for partially by populations of microglia,
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macrophages, and class II cells of the major histocompatibility complex (MHC)
occupying these sites (Baker and Broadwell, 1992). WGA-HRP as an adsorptive­
phase tracer is suspected not to follow the extracellular avenues into brain from the
blood due to avid binding of the WGA molecule to the plasma membrane of cells
(Balin and Broadwell, 1988; Broadwell et at., 1988; Villegas and Broadwell, 1993).
Whether or not blood-borne, adsorptive, and receptor-mediated phase molecules
(e.g., cationized probes, ferrotransferrin, insulin) that do not bind to the luminal
surface ofBBB endothelia gain access to extracellular routes circumventing the BBB
remains to be determined.

5. CIRCUMVENTING THE BWOD-BRAIN FWID BARRIERS
THROUGH INTRACELLULAR PATHWAYS AND TRANSCYTOSIS

Non-lipid-soluble micro-/macromolecules from the periphery are capable of
circumventing the blood-brain fluid barriers by specific intracellular routes, each of
which is related to one of the three different endocytic processes discussed above.
Suspected intracellular pathways circumventing the blood-brain fluid barriers are
considered below and are listed in Table IV

5.1. Fluid-Phase Endocytosis

When administered intravenously, the fluid-phase tracer HRP is endocytosed by
axon terminals supplying circumventricular organs and peripheral tissues (i.e.,
ganglia, muscle) possessing permeable blood vessels. Peroxidase taken into the axon
terminals first appears in vesicles the size of synaptic vesicles and subsequently
undergoes retrograde axoplasmic transport in vesicles, vacuoles, and tubular profiles
for sequestration in dendrites and perikarya. Neuronal systems so labeled with blood­
borne peroxidase include cranial and spinal cord motor and preganglionic autonomic
neurons and hypothalamic neurosecretory cells afferent to the neurohypophysis and

Table IV
Circumvention of the Blood-Brain Fluid Barriers: Intracellular Routes

Cerebral endothelium: adsorptive and receptor-mediated transcytoses of specific blood-borne micro-/
macromolecules

Choroid plexus epithelium: bidirectional, adsorptive transcytosis of protein between the blood and CSF
Primary olfactory neurons: anterograde axoplasmic transport and transsynaptic transfer (adsorptive
transcytosis) of extracellular protein

Neurosecretory cells, motor and autonomic neurons: retrograde axoplasmic transport and transsynaptic
transfer (adsorptive transcytosis) of blood-borne protein and virus
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perhaps to other circumventricular organs (Broadwell and Brightman, 1976, 1979,
1983). Retrogradely transported HRP is not secreted from the parent perikarya and
dendrites; peroxidase-labeled organelles undergoing retrograde transport eventually
fuse with perikaryal secondary lysosomes or become secondary 1ysosomes after
fusing with primary lysosomes derived from the inner saccule of the Golgi complex
(Broadwell, 1980; Broadwell and Brightman, 1979; Broadwell et al., 1980). The
retrograde labeling of well-defined neuronal perikarya positioned behind the BBB
suggests toxins, neurovirulent viruses, and other substances can enter the same
neuronal groups, as does blood-borne peroxidase, from cerebral and extracerebral
blood.
First-order olfactory neurons in the nasal mucosa exposed to blood-borne HRP

or to HRP instilled directly into the nares likewise will endocytose the tracer protein,
which then undergoes anterograde axoplasmic transport in lysosomes to axon terminals
innervating the glomeruli of the olfactory bulb (Broadwell and Balin, 1985); organ­
elles transporting peroxidase into the olfactory terminals do not secrete their contents.
The transcytosis of fluid-phase markers is not documented conclusively for cells

of the blood-brain fluid barriers (Balin and Broadwell, 1988; Broadwell, 1989);
however, a retrograde transneuronal transfer ofherpesvirus (Ugolini et al., 1989) and
the C fragment of tetanus toxin (Fishman and Carrigan, 1988) are reported from the
periphery through lower motoneurons into the cortex and brain stem. The trans­
cytosis of these substances may be a consequence of adsorptive or receptor-mediated
endocytosis.

5.2. Adsorptive Transcytosis

Potential transcytosis of lectins and cationized molecules is not specific for cells
of the blood-brain fluid barriers; the potential exists for all cells exposed to the
molecules, those located within the CNS as well as those situated peripherally. To
date, WGA (36 kDa) conjugated to HRP is the only molecule documented mor­
phologically to be associated with adsorptive transcytosis through the blood-brain
fluid barriers, specifically BBB endothelia and choroid epithelia (Balin and Broad­
well, 1988; Broadwell, 1989; Broadwell et al., 1988; Villegas and Broadwell, 1993).
Biochemical data advocate cationized serum proteins as additional molecules for
adsorptive transcytosis through BBB endothelia (Pardridge et al., 1990; Triguero
et al., 1989). Because lectins and cationized molecules are cytotoxic, they may not
represent the best vehicles for brain delivery of molecules normally excluded entry
by the blood-brain fluid barriers.
Subsequent to the binding of WGA to N-acetylglucosamine and sialic acid

moieties on the plasmalemmaofcells (Gonatas and Avrameas, 1973), the intracellular
pathway WGA-HRP follows through cells of the blood-brain fluid barriers and
neurons projecting outside the BBB is initially similar to that of fluid-phase mole-
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cules. Organelles sequestering WGA-HRP early on include endocytic 40- to 70-nrn
vesicles, tubular profiles, vacuoles that may represent endosomes or a prelysosomal
compartment, and dense bodies comparable morphologically to secondary lyso­
somes. With the passage oftime (e.g., 1-3 hr) and unlike with fluid-phase molecules,
the transmost saccule of the Golgi complex also is labeled with reaction product for
WGA-HRP. Labeling of the inner Golgi saccule precedes the apparent transcytosis
ofthe lectin conjugate from blood to brain through BBB endothelia (Broadwell et al.,
1988; Villegas and Broadwell, 1993), and the transsynaptic transfer of WGA-HRP
from the periphery in primary olfactory neurons afferent to the olfactory bulb
(Broadwell and Balin, 1985) and in the retrograde direction through hypothalamic
neurosecretory neurons (Balin and Broadwell, 1987; Villegas and Broadwell, 1989).

Support for transcytosis of WGA-HRP through BBB endothelia includes: (1)
sequestration of reaction product for blood-borne WGA-HRP within the transmost
Golgi saccule of cerebral endothelia; (2) reaction product filling the perivascular
clefts; (3) labeling of perivascular phagocytes throughout the eNS, suggesting that
adsorptive transcytosis through the BBB is global; (4) WGA-HRP reaction product in
the transmost Golgi saccule of perivascular phagocytes; and (5) WGA-HRP occupy­
ing extracellular clefts and processes in the neuropil beyond the basal lamina
surrounding the perivascular phagocytes and endothelia (Fig. 6) (Broadwell et al.,
1988; Villegas and Broadwell, 1993).
Adsorptive transcytosis of WGA-HRP figures prominently with the Golgi

complex and, therefore, with the Palade (1975) scheme of the cellular secretory
process. The transmost Golgi saccule, which in most mammalian cell types exhibits
acid phosphatase enzyme activity cytochemically, gives rise to primary lysosomes
and additional vesicles/vacuoles involved in delivering membrane and macro­
molecules such as enzymes to other organelles; this Golgi saccule also is charged with
packaging molecules for export and exocytosis at the cell surface (for references see
Balin and Broadwell, 1988; Broadwell and Balin, 1985; Broadwell and Oliver, 1981,
1983). WGA-HRP labeling of the Golgi complex may be a consequence of saturating
the endosomal compartment by the internalization of cell surface membrane tagged
with the lectin conjugate.
The endosome compartment is the common denominator among fluid-phase,

adsorptive, and receptor-mediated endocytic processes; it represents a sorting center
and first intracellular stop in the endocytic pathway for internalized cell surface
membrane associated with lectin, the ligand-receptor complex, and fluid-phase
molecules (Dautry-Varsat and Lodish, 1984; Gonatas et al., 1984; Helenius et al.,
1983; Steinman et al., 1983); some internalized membrane directed to the endosome
compartment may recycle to the cell surface after leaving the lectin/ligand within the
endosome. In fluid-phase endocytosis, internalized cell surface membrane likewise
recycles from endosomes to the plasmalemma after endocytic vesicles have deposited
their contents in endosomes. We have speculated that when individual endosomes are
saturated with endocytic membrane associated with WGA-HRP, the "normal"
intracellular endocytic pathway may be perturbed. As a consequence, internalized
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membrane with attached lectin may be diverted to the transmost Golgi saccule
wherein reside specific enzymes that contribute to the processing of membrane
macromolecules, such as the addition or replacement of sialic acid (Bennett and
O'Shaughnessy, 1981; Bennett et al., 1981) to which WGA binds on the cell surface.
Membrane and WGA-HRP recycled through the transmost Golgi saccule would be
packaged for export to other organelles (e.g., endosomes, secondary lysosomes,
plasmalemma) as well as for exocytosis. Because a population of sialic acid-rich
glycoproteins is routed through the Golgi complex constitutively, the possibility
cannot be excluded that particular subpopulations of cell surface glycoproteins and
lipids are recycled directly through the transmost Golgi saccule.

Although we have yet to identify the transcytosis of macromolecules from brain
to blood through BBB endothelia (see below and Broadwell, 1989; Broadwell et al.,
1983a; Villegas and Broadwell, 1993), transcytosis ofWGA-HRP does occur bidirec­
tionally through choroid plexus epithelia and perhaps without involvement of the
Golgi complex. WGA-HRP delivered into the lateral cerebral ventricle is endo­
cytosed avidly by choroid epithelia at the microvillus face of the cells and is
transcytosed through the epithelia within 10 min for binding to fenestrated endothelia
located at the opposite pole of the epithelia; this transcytosis appears to occur in
advance ofWGA-HRP labeling of the Golgi complex and is speculated to utilize the
endosome compartment as an intermediary in the transcytotic pathway (Balin and
Broadwell, 1988). If our speculation is correct, the transcytotic pathway through
choroid epithelia is similar to that reported for IgG through intestinal epithelia
(Rodewald and Kraehenbuhl, 1984). We also find that the transcytosis of blood-borne
WGA-HRP occurs through choroid epithelia but with difficulty. The event requires
18-24 hr to be identified ultrastructurally and is minor at best, with the signal for
transcytosis of the lectin conjugate represented by WGA-HRP labeling of the
microvillus border and of phagocytic (Kolmer) cells residing on the surface of the
microvilli (Villegas and Broadwell, 1993). The binding of blood-borne WGA-HRP to
luminal and abluminal surfaces of fenestrated endothelia supplying the choroid
plexus is so prominent that extracellular availability of the lectin for adsorptive
endocytosis by choroid epithelia may be compromised. Suspected membrane traf­
ficking within choroid epithelia is diagrammed in Fig. 7.

Figure 6. The lectin wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP) and
administered intravenously to rodents undergoes adsorptive transcytosis through the blood-brain barrier.
The lectin conjugate in time labels perivascular phagocytes (A, arrow) throughout the eNS. Prior to 3 hr
postinjection, WGA-HRP reaction product is identified ultrastructurally on the luminal surface membrane
(A inset, small arrowheads) and within the inner saccule of the Golgi complex (A inset, arrows), vesicles,
tubules, and dense bodies. Reaction product occupies the perivascular clefts (A and inset, large arrow­
heads) and extracellular spaces (B, arrows) in the neuropil beyond the endothelial basal lamina at
postinjection times of 3 hr and longer (Broadwell, 1989; Broadwell et al., 1983a; Villegas and Broadwell,
1993).
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CSF

--===--=-=-=
BLOOD

Figure 7. Three potential intracellular pathways through epithelia of the choroid plexus are proposed for
the transcytosis of CSF-borne and blood-borne proteins and peptides that bind to the plasmalemma. Such
macromolecules would enter the choroid epithelium by adsorptive endocytosis (e.g., lectins) and receptor­
mediated endocytosis (e.g., ligands). Potential transcytotic pathways include direct vesicular transport

(I) bidirectionally between the basolateral surface and apical or microvillus surface, indirect vesicular
transport (2) by way of endosomes (E), or vesicular transport with recruitment of the Goigi complex (G)
either directly from the cell surface or indirectly from endosomes (3). The transmost or inner Golgi saccule
gives rise to a host of transporting vesicles; some of the vesicles are destined to engage in exocytosis at the
apical surface (3a) or basolateral surface (3b) of the choroid epithelium, while others represent primary
Iysosomes (3c) that ferry acid hydrolytic enzymes to endosomes (prelysosomes) and secondary Iysosomes
(L). Blood-borne or CSF-borne macromolecules entering the choroid epithelium in vesicles derived from
the plasmalemma by fluid-phase endocytosis (e.g., native HRP, ferritin), adsorptive endocytosis CWGA,
cationized probes), or receptor-mediated endocytosis (e.g., ligands) are most likely directed to endosomes
or secondary Iysosomes (4); internalized plasmalemma possessing receptors freed from ligand/lectin
deposited in endosomes may recycle to the cell surface. The endoplasmic reticulum (ER) and tubular
profiles (T) do not paricipate in the transepithelial transport and exocytosis of extracellular macromolecules
(Balin and Broadwell, 1987; Cataldo and Broadwell, 1986). Because the choroid epithelium is not polarized
with regard to its endocytic activity and internalization of cell surface membranes, a bidirectional
transcytosis of extacellular macromolecules through the epithelium between blood and CSF is conceivable.
N, nucleus; TJ, tight junctional complex.

5.3. Receptor-Mediated Transcytosis

Data advocating the receptor-mediated transfer across BBB endothelia abound
for ligands, specifically a host of peptides (e.g., insulin, transferrin, vasopressin);
however, the data are more biochemical (Banks and Kastin, 1985, 1990; Banks et al. ,
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1987; Barrera et ai., 1989; Duffy and Pardridge, 1987; Fishman et ai., 1987;
Pardridge, 1986) than morphological (Broadwell, 1989; Broadwell et ai., 1992b) and
are not without controversy (Meisenberg and Simmons, 1983; Ermisch et ai., 1985).
One laboratory is of the belief that selected peptides may be involved in a bidirec­
tional transport across the BBB (Banks et ai., 1988, 1989).
The potential pathways for receptor-mediated transcytosis through and mem­

brane trafficking within BBB endothelia are diagrammed in Fig. 8; the pathways
are: (1) direct vesicular transport from the luminal to the abluminal side; (2) indirect
vesicular transport utilizing the endosome compartment as an intermediary; and
(3) vesicular transport by way of the Golgi complex. Similar pathways apply to
receptor-mediated transcytosis through epithelia of the blood-CSF barrier (Fig. 7).

BRAIN

BLOOD
Figure 8. Potential transcytotic routes through endothelial cells (EC) of the blood-brain barrier and
membrane events associated with fluid-phase, adsorptive, and receptor-mediated endocytic processes are
represented in pathways 1-4. Adirect transendothelial vesicular transfer (I) or an indirect route (2) through
the endosome compartment (E) may be utilized for the receptor-mediated transcytosis of blood-borne
ligands (e.g., transferrin, insulin); available data suggest the indirect route is the more plausible of the two
(see text). Macromolecules entering the endothelium by adsorptive endocytosis are channeled to endo­
somes (2) and either directly or indirectly to the transmost saccule of the Golgi complex (3); this Golgi
saccule is responsible for packaging macromolecules for exocytosis at the abluminal (a) and luminal (b)
faces of the endothelium. Alternatively, someGolgi-derived vesicles represent primary Iysosomes charged
with delivering acid hydrolases to endosomes (E; pathway c) and secondary Iysosomes (L; pathway d).
Fluid-phase macromolecules and some macromolecules taken into the endothelium by receptor-mediated
and adsorptive endocytic processes are directed to endosomes and secondary Iysosomes (4) for degrada­
tion. In pathway 4, the internalized cell surface membrane may recycle to the luminal plasmalemma as
vesicles from the endosome compartment. Reports that the endoplasmic reticulum (ER) of the cerebral
endothelium may be involved in the transcytosis of blood-borne macromolecules (Mollgard and Saunders,
1975, 1977) are not confirmed (Broadwell et a/., 1983b; Cataldo and Broadwell, 1986). Endocytosis and
retrieval of cell surface membrane at the abluminal front are not conspicuous in comparison to the same
events at the luminal plasmalemma (see text for discussion).
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Our data of ferrotransferrin (f-TRF; 75 kDa) conjugated to peroxidase for
receptor-mediated transcytosis through the BBB are, at best, suggestive and raise
important questions regarding the process in BBB endothelia (Broadwell, 1989;
Broadwell et ai., 1992b; Tangoren et ai., 1988). Immunohistochemistry has demon­
strated that endothelia possessing the receptor for f-TRF are restricted to cerebral
vessels (Jeffries et ai., 1984). Receptor recognition of f-TRF may promote the
transport and delivery of transferrin and iron from plasma into brain. The f-TRF-HRP
we have used is run on gel electrophoresis and chromatographed to ensure that the
conjugate administered into the carotid artery of rats (6 mg in 0.5-1.0 ml saline) is
not contaminated with free or unbound HRP. At 1 hr postinjection, reaction product
for f-TRF-HRP is observed within endothelial endocytic vesicles, tubules, spherical
endosomes, and dense bodies, and within the perivascular clefts and perivascular
phagocytes. Subarachnoid macrophages, the circumventricular organs, and Golgi
saccules in BBB endothelia appear free of reaction product. [To date, a limited
number of in vitro studies suggest that the transferrin receptor in some cell types may
recycle through the Golgi complex; see Fishman and Fine (1987), Snider and Rogers
(1985), and Woods et ai. (1986).] Infrequently, reaction product fills a presumptive
"exocytic vesicle" or pit positioned at the abluminal plasmalemma. The data suggest,
although not without argument, that the f-TRF-HRP conjugate may undergo receptor­
mediated transcytosis through the BBB. Because of the specificity of the endothelial
TRF receptor in brain, blood-borne iron-bound TRF may be an ideal vehicle for
ferrying substances across the barrier.

If receptor-mediated transcytosis of f-TRF-HRP does occur through cerebral
endothelia, the treatment of f-TRF by this endothelium differs from that in other cell
types. In the hepatocyte, for example, the f-TRF associated with the cell surface
f-TRF receptor is internalized and directed to endosomes wherein iron is dissociated
from transferrin and transferred to the iron-storing protein ferritin; the iron-free
apotransferrin remains bound to its membrane receptor and is recycled with it to the
cell surface (Dautry-Varsat and Lodish, 1983). The iron-free apotransferrin is re­
leased to bind additional iron when the receptor-apotransferrin complex encounters
the neutral pH of the extracellular medium.

A possible hypothesis is that the fate of f-TRF in the endosome of BBB
endothelia is dissociation of the ligand from its receptor, which is recycled to the
luminal surface. f-TRF is anticipated to be transferred to a vesicle of endosome origin
for export and exocytosis at the abluminal front. Iron would dissociate from the TRF
once exocytosis into the perivascular space occurs. Perivascular phagocytes are in
position to endocytose the free TRF. This scheme excludes consideration of a direct
transendothelial vesicular transport comparable to that diagrammed in Fig. 8. To
date, direct transendothelial vesicular transport is only a suggestion in the BBB
literature without confirmation. Immunocytochemistry utilizing a monoclonal anti­
body against a BBB protein (Sternberger and Sternberger, 1987) fails to support
movement of luminal surface membrane to abluminal surface; the antibody recog-
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nizes a luminal membrane antigen that is internalized but is not directed to the
abluminal surface (N. Sternberger and C. Shear, personal communication).

6. THE ENIGMA OF TRANSCYTOSIS THROUGH THE BWOD-BRAIN
BARRIER

The event of transcytosis through the BBB implies that the membrane of
exporting vesicles engaged in exocytosis at the abluminal front of the endothelium
fuses with the plasmalemma. In so doing, exocytic vesicle membrane is added
necessarily to abluminal surface membrane. The Palade (1975) scheme of the cellular
secretory process states that exocytosis and endocytosis are complementary events,
events well recognized in bona fide secretory cells such as the neuron and those of
endocrine and exocrine glands. With the addition of secretory vesicle or granule
membrane to the plasmalemma for exocytosis to commence, the endocytic process
signals the retrieval ofcell surface membrane as a compensatory response to exocyto­
sis, thereby ensuring that the overall surface area of cell membrane remains static
with each exocytic event. The endocytic activity at the luminal front of the BBB is
demonstrable upon even briefexposure to blood-borne tracer (Fig. 2) but not so at the
abluminal front exposed for 5 min through 24 hr to native peroxidase or WGA-HRP
filling the perivascular clefts following ventriculocisternal perfusion of the proteins
(Balin et al., 1986; Broadwell, 1989; Broadwell et al., 1983a; Villegas and Broad­
well, 1993); in the latter preparation, peroxidase-labeled endosomes and dense bodies
are exceedingly rare within the endothelia, and labeled tubular profiles and Golgi
saccules are nonexistent (Fig. 3). Presumptive exocytic and endocytic vesicles at the
abluminal face are impossible to discern morphologically and unequivocally from
static pits studding the abluminal plasmalemma. Abluminal surface pits are appreci­
ated readily in preparations incubated to reveal the alkaline phosphatase activity
inherent to the plasma membranes and fill with peroxidase that has gained access
to the perivascular clefts from the blood through patent extracellular routes (consid­
ered below), ventriculocisternal perfusion or from experimental manipulation of the
BBB (Broadwell, 1989).
The enigma of a significant transcytosis of blood-borne proteins and peptides

through the BBB concerns how this endothelial barrier compensates for the absence
of a demonstrable endocytic activity subsequent to exocytosis at its abluminal plasma
membrane. Such a discrepancy in the cellular secretory process applied to the BBB
requires clarification for defining transcytosis through the BBB. The problem is not
encountered with the bidirectional transcytosis through the blood-choroid epithelial
barrier, because the choroid epithelium demonstrates endocytic activity circurnferen­
tially. The apparent absence of macromolecular transcytosis through the cerebral
endothelium from brain to blood suggests the CNS possesses a brain-blood barrier
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that indeed may be absolute, whereas its counterpart, the blood-brain barrier, is not
(Broadwell, 1993).

7. INTRACEREBRAL TRANSPLANTS AND THE BWOD-BRAIN
BARRIER

Immunohistochemistry with antibodies directed against MHC class I antigen on
the luminal surface of endothelia has demonstrated that blood vessels inherent to
intracerebrally placed grafts of CNS or peripheral origin are sustained and anastomose
with host cerebral vessels (Broadwell et al., 1990, 1991, 1992a). Consequently, solid
brain tissue grafted intracerebrally presents a BBB to blood-borne macromolecules
(Broadwell, 1988; Broadwell et al., 1987b, 1989, 1990, 1991, 1992a). Cell suspen­
sions of astrocytes or neurons injected intracerebrally are supplied with host CNS
vessels and a BBB to circulating protein (Broadwell et al., 1991). Solid tissue of the
anterior pituitary gland (Broadwell et al., 1987b, 1991), adrenal medullary gland
(Rosenstein, 1987), muscle, skin, and superior cervical ganglia (Rosenstein and
Brightman, 1986; Wakai et al., 1986) grafted intracerebrally do not exhibit a BBB nor
do intracerebral cell suspensions of peripheral origin (e.g., fibroblasts, PC12 cells);
the latter are supplied exclusively with host BBB vessels that lose their BBB
properties and become fenestrated and/or have patent interendothe1ial junctional
complexes (Broadwell et al., 1990, 1991, 1992a). Not only will peripheral tissue/cell
suspension grafts create a "window" in the BBB for passive entry of blood-borne
substances, such as chemotherapeutics, to the brain, but the absence ofa BBB in these
grafts necessarily means the absence of a brain-blood barrier as well. This fact
introduces a significant problem to the intracerebral application of peripheral tissue/
cell suspension grafts for production and release of a neurotransmitter or peptide in
clinical treatment for neurodegenerative disorders (e.g., Parkinson's disease). Any
neurotransmitter or peptide anticipated to be secreted from intracerebral, peripheral
tissue/cell suspension grafts likely would fail to enter the surrounding host neuropil in
large enough concentration to effect a significant clinical improvement; rather, the
secreted product most likely would enter the non-BBB vessels supplying the graft and
be removed within the general circulation. Our investigations in mammals (Broadwell
et al., 1987, 1989, 1990, 1991, 1992b) demonstrate that the presence versus absence
of blood-brain and brain-blood barriers within intracerebrally positioned grafts is
dictated by the grafted tissue/cells and not by the surrounding host tissue contributing
vessels to the graft. The same extracellular routes circumventing the BBB In the
normal brain would apply to the host CNS and grafted CNS tissue/cells as well. For
this reason, criteria for assessing the potential for transcytosis through the BBB under
normal conditions likewise would apply to BBB vessels supplying intracerebrally
grafted solid/cell suspension CNS grafts.
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Potential intracellular and extracellular pathways that blood-borne substances
may follow for circumventing the blood-brain fluid barriers and entry to the CNS are
multiple. The extracellular avenues, patent to blood-borne protein the size of IgG and
IgM, and movement ofblood-borne macromolecules through perivascular clefts deep
into the CNS complicate the interpretation and identification of bona fide transcytosis
through the BBB. The often-stated belief in literature reviews of the BBB that
nonfenestrated cerebral endothelia fail to engage in demonstrable endocytosis and
possess few vesicles under normal conditions is invalid. Endocytic vesicle formation
and vesicular traffic among constituents of the endomembrane system are no different
in BBB endothelia than in other cell types. Available biochemical and morphological
data advocate the transcytosis of selected blood-borne protein and peptides through
nonfenestrated cerebral endothelia; however, absence of demonstrable endocytic
activity at the abluminal front compared to a very prominent endocytic activity at
the luminal surface of BBB endothelia argues against bidirectional membrane
trafficking through the BBB and supports the concept of a brain-blood barrier. The
latter is no less significant functionally than the BBB and may be more so in deterring
transendothelial transfer of peptides and proteins bidirectionally through the non­
fenestrated cerebral endothelium. The difficulty in interpreting transcytosis through
BBB endothelia is not encountered for epithelia of the blood-CSF barrier at the
level of the choroid plexus. Choroid epithelia engage in endocytosis circurnferen­
tially; hence, the potential for transcytosis and circumvention of the blood-CSF
barrier through an intraepithelial route exists bidirectionally in the choroid plexus.
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Chapter 12

Renal Uptake and Disposal of Proteins
and Peptides

Ralph Rabkin and David C. Dahl

1. INTRODUCTION

While the nonnal kidney provides an effective barrier to the elimination of large
proteins from the systemic circulation, it serves as a major route for the elimination
of most small proteins (Maack et ai., 1985; Rabkin and Kitaji, 1983). In health the
glomerular capillary wall almost completely restricts the passage of molecules of
molecular radius greater than - 42 A(- 50 kDa) while increasingly favoring the
passage of proteins as their size decreases (Brenner et ai., 1978). Thus, serum
proteins the size of albumin (36 A; 60 kDa) or greater are severely restricted by the
renal vascular barrier and the nonnal kidney plays a negligible role in their metabo­
lism (Waldmann et ai., 1972). In contrast, the renal elimination of small proteins that
circulate as monomers with radii < 20 A« 25 kDa) is highly efficient. These small
proteins escape from the renal circulation through the glomerular capillaries and, to a
variable though usually minor extent, through the peritubular capillaries (Baylis,
1982). The contribution of the kidney to the metabolism of small proteins has been
particularly well studied and, depending on the contribution of extrarenal sites, the
kidney may account for up to 80% of the total metabolism of certain proteins.

Whether the kidney serves as a barrier to or a conduit for the removal of proteins

Ralph Rabkin • Department of Medicine, Nephrology Section, Stanford University School ofMedi­
cine, Stanford, and Palo Alto Department of Veterans Affairs Medical Center, Palo Alto, California
94304. David C. Dahl • Department of Medicine, University of Minnesota, and Regional
Kidney Disease Program, Hennepin County Medical Center, Minneapolis, Minnesota 55415.

Biological Barriers to Protein Delivery, edited by Kenneth L. Audus and Thomas 1. Raub. Plenum Press,
New York, 1993.
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is detennined largely by the permeability properties of the glomerular filtration
barrier and the size, conformation, and charge of the protein (Brenner et al., 1978;
Bohrer et al., 1979). Glomerular filtration, with the delivery of protein into the
proximal tubular lumen, is the major route for renal protein elimination. There are
highly efficient mechanisms for the disposal of filtered protein. Complex polypep­
tides and proteins are rapidly internalized by endocytosis and then hydrolyzed within
the cell to peptide fragments and constituent amino acids (Maack et al., 1985; Wall
and Maack, 1985; see Chapter 3). The amino acids are transported out of the cell into
the interstitial compartment and are returned to the systemic circulation. In contrast,
small linear peptides such as angiotensin and bradykinin are hydrolyzed by the
peptide-rich luminal brush border membrane of the proximal tubules and the
products, predominantly amino acids, are transported into and across the cell and
returned to the circulation (Carone and Peterson, 1980). These proximal tubular
events are highly efficient and for most proteins and peptides, only small amounts of
the filtered material, often less than 1%, escape into the urine (see Chapter 2).
Trapping of protein within cellular components of the glomeruli with local destruc­
tion does occur but the glomerulus as a site of protein metabolism is trivial (Rabkin
and Kitaji, 1983).
In addition to the glomerular filtration-tubular degradative pathway, the kidney

also eliminates proteins from the postglomerular peritubular capillary network
(Rabkin and Kitaji, 1983; Rabkin and Petersen, 1984) (Fig. 1). Significant elimination
via this latter route occurs only for small bioactive proteins, such as insulin,

o
local

destruction

Figure 1. Pathways of protein elimination. (A) Local degradation by the glomerulus represents a minor
site of elimination for small peptide hormones such as angiotensin, bradykinin, atrial natriuretic peptide,
and possibly calcitonin. (8) Glomerular filtration and tubular absorption is the major route for proteins and
peptides. Proteins and complex peptides require internalization prior to degradation. Small linear peptides
are hydrolyzed by the luminal membrane. (C) Postglomerular peritubular elimination constitutes an
important though lesser route of elimination for some protein hormones. Their basolateral uptake is largely
receptor mediated and is followed by intracellular degradation.
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vasopressin, and parathyroid hormone, which have hormone-specific receptors
located in the basolateral tubular cell membrane. For insulin, this pathway accounts
for 40% of its renal elimination (Rabkin et al., 1984). However, for most protein
hormones the major importance of this pathway is delivery ofhormone to target cells.
A feature of the renal (whole organ) elimination of low molecular-weight

proteins is that it is extremely difficult or impossible to saturate. This presumably
reflects glomerular filtration as the major route of clearance. Consequently, as
exemplified by studies of protein hormones over a wide range of plasma levels, the
kidney eliminates low-molecular-weight proteins from a constant volume of plasma
per unit time (Emmanouel et al., 1978; Hruska et al., 1975; Rabkin and Colwell,
1969; Rabkin et al., 1970). This serves to help maintain plasma protein hormone
concentrations at basal levels, for when the plasma hormone concentration rises the
absolute amount removed increases proportionately (Fig. 2). This does not, however,
represent a true feedback regulatory mechanism.
Aside from the role of the kidney in eliminating and metabolizing proteins,

many proteins in turn may affect renal function. These are comprised largely of
protein and peptide hormones with specific receptors in the kidney through which the
hormone initiates its signals (Rabkin and Mahoney, 1987). Examples include para­
thyroid hormone, vasopressin, angiotensin, and atrial natriuretic peptide (ANP),
hormones with major renotropic actions. In addition to the physiologic action of
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Figure 2. Relationship between plasma arterial insulin concentration and renal arteriovenous insulin
difference measured in humans. Over the range of insulin levels studied, the kidney eliminates a constant
percentage. (From Rabkin et al.• 1970, with permission.)
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protein hormones, there are proteins that may have toxic effects on renal structure and
function when present in high concentration. These include myeloma proteins which
can produce renal failure (Weiss et al., 1981; Sanders et al., 1988) and the enzyme
lysozyme which can alter cellular transport function (Cojocel et al., 1982; Mason
etal., 1975). Circulating immunoglobulins with antigenic sites in the kidney may also
adversely affect renal structure and function and can result in permanent renal
damage (Kashtan et al., 1990; Saxena et al., 1989).

The key role played by the kidney is readily apparent in renal failure where
profound alterations in protein elimination may occur (Rabkin et al., 1983; Schardijn
and van Eps, 1987). This may not only be due to the loss of the kidney as a site of
elimination, but in addition extrarenal sites of metabolism may be depressed when
uremia intervenes (Rabkin et al., 1979a). In some instances, the rate of hormone
secretion may also be altered in the uremic state (Emmanouel et al., 1980). Thus, if a
reduction in protein secretion does not accompany reduced elimination, the protein
will accumulate in the extracellular compartment. If bioactive, these proteins may
then exert adverse biologic effects.

2. METHODS OF STUDY

Understanding of the renal elimination and metabolism of protein has been
greatly facilitated by the use ofradiolabeled proteins and the development of sensitive
radioimmunoassays. Problems associated with the use of radiolabeled proteins
include loss of bioactivity and altered renal handling (Shade and Share, 1976; Martin
et al., 1987). These problems have been minimized by the use of gentle methods of
iodination such as the lactoperoxidase or the Iodogen method and by lowering the
average number of radioactive iodine atoms to less than one per protein molecule.
Nevertheless, where practical, the use of endogenous or radioisotope-free exogenous
native or recombinant protein is preferable. The study ofendogenous proteins can, on
occasion, be complicated by the presence of circulating heterogeneous forms that are
indistinguishable by radioimmunoassay but differ in their bioactivity and half-lives.
This may be, as will be discussed later, a special problem in renal failure where
precursor forms of proteins or their immunoreactive fragments may accumulate
(Emmanouel et al., 1980; Kuku et al., 1976; Lee et al., 1977; Arnaud et al., 1974). To
avoid these problems, the use of site-specific antibodies, gel electrophoresis, gel
filtration chromatography, or high-performance liquid chromatography (HPLC) has
proved helpful. For both endogenous and exogenous proteins, the presence of
circulating binding proteins may further complicate their study and steps to distin­
guish between bound and free protein are required. Good examples are the insulinlike
growth factors (Powell et al., 1986; Sara and Hall, 1990).

Considerable information has been obtained from studies performed in vivo in
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which the concentration of hormone in arterial and renal vein blood has been
measured simultaneously with that of renal blood flow (Hruska et al., 1975; Katz and
Rubenstein, 1973; Rabkin et al., 1970). The renal (organ) clearance of the protein of
interest is derived from these values and allows an estimation of the contribution
of the kidney to the total (whole body) metabolic clearance rate of the protein. To
estimate the contribution of the glomerular filtration pathway to the renal (organ)
clearance of protein, it is necessary to measure the glomerular filtration rate and
then to correct for the sieving coefficient of the protein. The sieving coefficient is a
measure of a molecule's freedom of passage across the filtration barrier and its
determination for purposes of studying the glomerular elimination barrier is de­
scribed later (Section 3.1). For proteins, however, apart from a few exceptions, the
true sieving coefficient is not known and to obtain this value directly requires
micropuncture measurement in animals. Such studies are few. Indirect approaches
have been more commonly employed (Maack et al., 1979; Rabkin and Kitaji, 1983).
When peritubular removal is minimal, the sieving coefficient has been derived from
the ratio of renal (organ) clearance to glomerular filtration rate (GFR). Otherwise, the
sieving coefficient may be derived from the ratio of the urinary clearance of a protein
to the clearance of a glomerular filtration marker such as inulin obtained in the
presence of an inhibitor of tubular protein absorption. Since the action of inhibitors
is not usually limited to tubular function but may have more general effects,
inhibition studies are best performed in an isolated perfused kidney preparation
(Maack et al., 1979; Rabkin and Kitabchi, 1978). Some estimates of protein sieving
coefficients are given in Table I. With small peptides (radius < 10 A), it is reasonable
to assume that there is negligible restriction to passage through the glomerular
filtration barrier. With some protein hormones such as insulin, the renal (organ)
clearance exceeds the GFR, indicating that elimination is not restricted to glomerular
filtration and that clearance from the postglomerular peritubular circulation is

Table I
Glomerular Sieving Coefficients of Small Proteinsa

Protein

Insulin
Lysozyme
Myoglobin
Bovine PTIi
RatGH
Horseradish peroxidases

Bence-Jones (A-L chain)

"From Maack et al. (1979).

Size (Da)

6,000
14,600
16,900
9,000
20,000
40,000

44,000

Stokes-Einstein radius (A)

-15.0
19.0
18.8
-21.4
20.4
31.8
29.8
30.0
27.7

Glomerular sieving coefficient

0.89
0.75
0.75
0.69
0.65
0.007 (anionic)
0.06 (neutral)
0.34 (cationic)
0.085
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occurring (Chamberlain and Stimmler, 1967; Rabkin et al., 1970). With other
proteins, the presence of peritubular clearance is uncovered only when the GFR is
reduced experimentally (Rabkin et al., 1981; Shade and Share, 1977).
A useful approach to studying both the peritubular and glomerular elimination

pathway in vivo has been developed by Silverman and colleagues (Silverman et al.,
1984; Whiteside et ai., 1988). This multiple indicator dilution technique requires
cannulation ofboth renal artery and vein and the injection of reference tracers into the
renal artery. This is followed by timed serial collection of venous blood and urine.
Radiolabeled dextrans serve as molecular size markers, [I25I]albumin as a plasma
component marker, [I"C]inulin as a glomerular filtration reference, and a radiolabeled
protein, e.g., insulin (Whiteside et al., 1988), is used as the study protein. With use of
appropriate internal standards, the appearance of tracers in the renal vein and urine
are plotted against time to produce renal vein and urine outflow curves. As dextrans
and inulin are not actively transported or metabolized in the body, they are appropri­
ate markers for the study of transcapillary exchange. The renal outflow curves are
interpreted by means ofmathematical models as described by Silverman et ai. (1984)
and Whiteside et al. (1988).
Because of the limitations of in vivo studies, approaches using the isolated

perfused kidney, isolated nephron segments, cultured kidney cells, and subcellular
organelles have been used to further our understanding of the renal elimination
pathways. Particularly useful has been the isolated perfused rat kidney (Maack et al.,
1979; Maack, 1986; Rabkin et al., 1979b). This preparation allows for the use of
proteins and also inhibitors in concentrations impractical in vivo. Furthermore,
because ofthe high perfusion flow and low filtration fraction (GFRlglomerular blood
flow), peritubular events are exaggerated in this preparation and are more readily
studied. When necessary, peritubular elimination can be studied in the absence of
glomerular protein elimination by the use of a nonfiltering isolated kidney prepara­
tion. This is achieved by perfusing ureter-ligated preparations with hyperoncotic
albumin at a lowered perfusion pressure (Maack, 1986).
Luminal events are commonly studied by measurement of the urinary clearance

of a protein. When assaying proteins or polypeptides in urine, it is important to
recognize that even though they may be stable in plasma and other body fluids they
may disintegrate in urine. This is known to occur with 13rmicroglobulin and
neurotensin (Schardijn and van Eps, 1987; Bjerke et ai., 1989). For 132-microglo­
bulin, raising the urine pH above 6.0 stabilizes the protein. Since the urinary
clearance of a protein may be affected by changes in the GFR and hence filtered
load, it is useful to express urinary clearance as a fraction of the simultaneously
determined GFR. Unfortunately, this does not allow for changes in the permeability
properties of the filtration barrier and it may not always be possible to distinguish
between changes in tubular absorption of a protein and changes in filtered load. To
study luminal events directly in vivo, micropuncture techniques have been suc­
cessfully employed in animals. This requires anesthesia, surgical exposure of the
kidney, and the insertion of a micropipette into a superficial nephron segment on the
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kidney surface (Carone and Peterson, 1980; Seikaly et al., 1990). Direct study of
luminal and contraluminal events has been achieved with isolated microperfused
nephron segments (Bourdeau et al., 1973; Nielsen et al., 1986) and more recently
with cultured kidney cell monolayers grown on filters suspended in culture wells
(Maratos-Flier et al., 1987; Rabkin et al., 1989) (Fig. 3). Current advances in cell
culture techniques (Audus et al., 1990), methods of subcellular organelle preparation,
and electron immunocytochemistry are all serving to advance our knowledge of the
renal elimination pathways. Finally, the impact of molecular biology techniques,
which allow for the genetic engineering ofproteins, will have a profound effect on our
understanding of the cellular processing of proteins. It should, of course, be kept in
mind that cautionmust be exercised when considering information derived from these
powerful in vitro approaches since the data may not be representative of the situation
in vivo.

3. VASCULAR ELIMINATION BARRIERS

3.1. Glomerular Vascular Barrier

Quantitatively, the most important route for the renal elimination of protein is
via glomerular filtration with subsequent catabolism by the proximal tubule or
excretion in the urine. The properties of the glomerular filtration barrier determine
which proteins will be cleared by this route (Anderson et al., 1991). The clearance ofa
particular protein is influenced by factors such as its size, charge, and geometric
configuration. Intraglomerular hemodynamic factors also influence the filtration of
proteins. These factors will be considered in turn, but first the glomerular capillary
wall will be briefly described.
The glomerular capillary wall is a three-layered structure consisting of (from

capillary lumen to urinary space): an endothelial cell layer, the glomerular basement
membrane, and an epithelial cell layer (Tisher and Brenner, 1989) (Fig. 4). Frequent
fenestrations exist in the endothelium. The epithelial cells, or podocytes, send out
interdigitating cytoplasmic projections termed foot processes. Gaps exist between the
foot processes and these are covered by the so-called slit diaphragms. The glomerular
basement membrane consists of three layers of varying electron density, the relatively
lucent lamina rara interna and externa, and the more electron-dense lamina densa.
The biochemical nature of the glomerular barrier has been well studied and exten­
sively reviewed (Abrahamson, 1987). Both endothelial and epithelial plasma mem­
branes contain a 140-kDa sialoprotein termed podocalyxin (Kerjaschki et al., 1984).
This, and other, polyanions likely contribute to the charge selectivity of the glomeru­
lar barrier. The basement membrane is composed of a scaffolding of type IV collagen
(- 550-600 kDa). Enmeshed within this framework are a number of other glyco­
proteins. The polyanionic proteoglycans, most importantly heparan sulfate, are
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believed to impart to the glomerular basement membrane its charge-selective proper­
ties. Laminin and fibronectin help anchor the basement membrane to adjacent cells.

If the concentration of a particular substance is measured simultaneously in the
glomerular ultrafiltrate in Bowman's space and in the glomerular capillary plasma,
then the extent to which that substance's filtration is hindered by the glomerular
barrier can be determined. The ratio of these two concentrations (Curinary spaee"Cplasma)
is termed the sieving coefficient. For a substance which is freely filtered such as
water, electrolytes, and small uncharged solutes with an effective Stokes-Einstein
radius of less than 18 A, this value equals one (Fig. 5). Although the determination of
sieving coefficients for various proteins seems an attractive method for studying
glomerular filtration, in fact, this value has been directly determined for very few
proteins, and then only in animals by means ofmicropuncture studies (Galaske et al.,
1979). Protein concentrations in the final urine cannot be used for the purposes of
determining the sieving coefficient because, once filtered, proteins are extensively
reabsorbed and catabolized by the renal tubules.
These problems have been circumvented in part by using dextrans as test

substances to explore the properties of the glomerular capillary barrier. These
nonprotein polymers are not reabsorbed, catabolized, or secreted by the renal tubule.
The urinary clearance of dextran is compared with the clearance of inulin, which is
regarded as an ideal reference marker for GFR since it is freely filtered and is also not
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Figure 5. Sieving curves of several macromolecules. The different sieving coefficients reflect the
influence of size, charge, shape, and rigidity of the molecules. (From Arendshorst and Navar, 1988, with
permission.)
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reabsorbed, catabolized, or secreted by the renal tubule. Thus, the ratio of the dextran
clearance to the inulin clearance is equal to the sieving coefficient. When dextran size
is plotted against fractional dextran clearance, it is apparent that the glomerular
barrier is size selective and that glomerular filtration is progressively restricted as
molecular radius increases (Brenner et al., 1978; Arendshorst and Navar, 1988)
(Fig. 5). The most useful model of the glomerular barrier based on analysis of such
data describes the glomerular capillary wall as a heteroporous barrier (Deen et al. ,
1985). In this model, most of the glomerular wall functions as amembrane with pores
of equal size. However, the glomerular wall also contains a shunt pathway through
which a small portion of the glomerular filtrate passes. The shunt pathway is
nonselective in that it does not restrict proteins on the basis of size. The increased
proteinuria of certain glomerular diseases is accounted for by a larger fraction of the
glomerular filtrate (up to 2%) traversing the shunt and not by an increase in the size of
the glomerular pores.
The influence ofmolecular charge on glomerular permselectivity can be studied

by comparing the fractional clearances of anionic dextrans (e.g., dextran sulfate) or,
cationic dextrans (e.g., diethylaminoethyl dextran) with those of neutral dextran
(Brenner et al., 1978; Bohrer et al., 1978). In such experiments, the clearance of
anionic molecules is impaired relative to that of neutral substances and, conversely,
the clearance of cationic molecules is enhanced (Fig. 5). Thus, the glomerular barrier
is charge selective as well $ size selective. The influence of charge on glomerular
filtration is especially prominent for molecules with radii greater than 20 A(Maack
et al., 1985). The role of molecular configuration in determining the glomerular
filtration of proteins has not been as well studied as that ofmolecular size and charge.
Bohrer et al. (1979) compared the fractional clearances of Picoll (Pharmacia),
a spherical molecule, with those ofdextran, a flexible coil. At similarmolecular radii,
the clearance of dextran was significantly greater than that of Ficoll, indicating that
molecular shape does influence filtration to some extent.
In addition to the molecule properties of charge, size, and shape, glomerular

filtration of proteins is also influenced by the local hemodynamic conditions that
obtain in the glomerular capillary. For example, certain pathophysiologic conditions
are associated with an absolute or relative increase in the fraction of plasma water
filtered (filtration fraction), which leads to an increase in the concentration ofproteins
within the glomerular capillaries. It has been suggested that such an increased protein
concentration favors the passage of proteins across the glomerular capillary wall
by (1) creating a more favorable gradient for diffusion and also by (2) increasing the
concentration ofprotein in fluid traversing the glomerulus (Bohrer et al., 1977). Also,
increasing glomerular capillary hydraulic pressure may enhance proteinuria by
inducing a size-selective defect in the glomerular capillary wall (Yoshioka et al.,
1986).
The actual clearance of some relatively small proteins from the glomerular

circulation may be reduced dramatically by binding to large plasma proteins. This is
exemplified by growth hormone and the insulin-like growth factors. For growth
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hormone, a specific high-affinity binding protein homologous with the extracellular
domain of the growth hormone receptor is present in human plasma (Herington et al. ,
1986; Leung et al., 1987). Growth hormone complexed to this binding protein is
degraded at only one-tenth the rate of the free hormone (Baumann et al., 1989). Since
the kidney is a major site of growth hormone elimination and this occurs largely by
glomerular filtration (Johnson and Maack, 1977; Rabkin et al., 1981), the reduced
total body clearance of the hormone-binding protein complex relative to free
hormone may be due in part to impaired filtration of the hormone-binding protein
complex (Baumann et al., 1987).

Specific binding proteins also exist in human plasma for IGF-I and IGF-ll (Sara
and Hall, 1990; Rutanen and Pekonen, 1990; Powell et al., 1986). Circulating IGF is
bound to these binding proteins, primarily to the 150-kDa form. The half-life of
bound IGF is significantly prolonged relative to that of free IGF in a number of
experimental models (Drakenberg et al., 1990; Cascieri et al., 1988). For example,
when IGF-I or IGF-ll is injected into hypophysectomized rats, which do not possess
the 150-kDa binding protein, the half-lives are about 20 to 30 min, versus - 4 hr in
control rats (Zapf et al., 1986). Restricted glomerular filtration and peritubular
extraction of the IGF-binding protein complex could contribute to the prolonged
half-life of bound IGF, although experimental proof of this hypothesis is lacking.

3.2. Peritubular Vascular Barrier

The renal tubules are surrounded by a network of capillaries which is derived
from the efferent arteriole of the glomerulus (Fig. 6). The endothelium lining the
capillaries has numerous fenestrae which are bridged by thin diaphragms. Separating
the peritubular capillaries from the tubules is a narrow interstitium (Lemley and Kriz,
1991). Proteins leaving the peritubular vessels enter the interstitium either to be
returned to the circulation by lymphatic flow (Wolgast, 1985; Atkins et al., 1988;
Pinter, 1988) or to be trapped by the tubular cells. Large proteins diffuse across the
capillary walls, predominantly through the endothelial fenestrae, and enter the renal
interstitium where they tend to accumulate because of the relatively low rate of
lymphatic clearance (Venkatachalam and Karnovsky, 1972). The protein content of
the interstitium reaches a concentration of 1-2 g/dl with an albumin/globulin ratio
of 2 (in plasma it is unity) and contributes to the pressure gradient between the
interstitium and tubular cells. This favors solute and water reabsorption (Wolgast,
1985).
With respect to the permeability of the postglomerular vessels to protein, it

should be noted that in contrast to the glomerulus where there is outward movement
of fluid, the convective component of fluid flow in the peritubular vessels is directed
inwards as fluid transported across the tubular cells is reabsorbed (Silverman et al.,
1984). Hence, passage of protein out of the peritubular vessels into interstitium
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Figure 6. Renal vascular supply. Simplified diagram outlining intrarenal blood supply. Peritubular
capillaries arise from the efferent arterioles. (From Pitts, 1974, with permission.)

occurs only by diffusion. Thus, movement of protein out of the peritubular capillaries
is reduced relative to glomerular capillaries (Silverman et ai., 1984). As in glomer­
ular capillaries, the passage of proteins out of the peritubular vessels is also restricted
by size, shape, and charge (Baylis, 1982; Deen et ai., 1976; Wolgast, 1985). Because
of the electrostatic barrier, negatively charged macromolecules permeate the vessel
wall more slowly than do neutral molecules of the same size. In addition to the
passage of proteins between endothelial cells or through their fenestrae or pores
(Rippe and Haraldsson, 1987), it is likely that transcytosis may also occur (Simio­
nescu et ai., 1987). Transcytosis, which is discussed in detail in Chapter 10, is a
process whereby plasma proteins are endocytosed by the vascular endothelial cells
and transported within vesicles in intact form across the cell to be exocytosed on the
extravascular side. This process is well described in endothelial cells from a variety of
large and small vessels (Bar et ai., 1988; Simionescu et ai., 1987). Because of
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technical difficulties, transcytosis has not been studied in the peritubular vessels.
While the role oftranscytosis in the passage of large proteins such as albumin remains
controversial (Rippe and Haraldsson, 1987), this process is important in the delivery
of small protein honnones such as insulin and IGF-I (Bar et ai., 1988). Transcytosis of
protein honnones is mediated by honnone-specific receptors on the cell surface and is
characterized by a relative lack of degrading activity within the transport vesicles. In
contrast to this process, there is indirect evidence that the postglomerular vessels may
participate directly in the degradation of some small peptide honnones such as
angiotensin and ANP (Seikaly et ai., 1990; Berg et ai., 1988; Murthy et ai., 1986).
Proteins that move out of the peritubular vessels and enter the interstitial space either
are returned to the circulation by lymphatic drainage or are taken up at the contra­
luminal pole of the tubular cells. Their subsequent processing by the cell is discussed
in Section 4.2.
This peritubular pathway serves two important roles. First, it routes several

protein hormones to their site of action. Indeed, for most renotropic hormones such as
parathyroid honnone, calcitonin, vasopressin, and insulin, their receptors are located
only or predominantly on the contraluminal aspect of the tubular cells (Rabkin and
Mahoney, 1987). Second, the peritubular pathway serves to eliminate certain pro­
teins. The magnitude of this elimination process varies according to the protein, from
negligible for 132-microglobulin (Schardijn and van Eps, 1987) to 40% for the protein
hormone insulin (Rabkin et ai., 1970; Chamberlain and Stimmler, 1967). Other
protein honnones with a major peritubular elimination pathway include calcitonin
(Simmons et ai., 1988), parathyroid honnone (Martin et ai., 1987), and angiotensin II
(Seikaly et ai., 1990; Reams et ai., 1990). Apart from circulating honnones, the
peritubular pathway may also be important with respect to the removal of intrarenally
generated honnone. Recently, Seikaly et ai. (1990) noted that the concentration of
angiotensin in early postglomerular vessels was lOoo-fold greater than in the systemic
circulation. Since renal venous angiotensin concentrations are of a similar order of
magnitude to that in systemic plasma, they concluded that substantial elimination of
angiotensin occurs downstream in the postglomerular circulation.
In summary, the glomerular filtration, tubular absorption pathway is the major

route for the renal elimination of circulating proteins with the postglomerular
peritubular pathway playing a significant role for some protein honnones. The major
importance of the peritubular pathway is delivery of protein honnones to their site
of action.

4. EXTRAVASCULAR PATHWAYS IN THE KIDNEY

4.1. Apical Thbular Cell Uptake and Urinary Excretion

The fate of the filtered peptide or protein after it enters the lumen of the proximal
tubule is detennined by its size, shape, molecular structure, and charge (Maack
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et al., 1985; Carone and Peterson, 1980). Large complex polypeptides and proteins
are endocytosed by the proximal tubular epithelium while small linear peptides
undergo hydrolysis after contact with the peptidases located in the brush border
membrane (Stephenson and Kenny, 1987). Absorption of proteins and constituent
amino acids and oligopeptides (Ganapathy and Leibach, 1986; Silbernagl, 1988)
derived from surface hydrolysis is near complete and only a small fraction of the
filtered material is excreted intact in the urine. For most proteins or peptides, this
represents less than 1-2% of the filtered load (Maack et al., 1985; Rabkin and Kitaji,
1983).
Descriptions of the proximal tubular processing of small linear peptides have

been reviewed by Carone and Peterson (1980) and a brief overview and update
follows. In general, much of our information has been derived from studies in which
radiolabeled peptides were microinjected into surface tubules of the rat kidney in
vivo or microinfused into isolated rabbit nephron segments. When the linear peptides
bradykinin (Carone et al., 1976), angiotensin I (Peterson et al., 1979), and angio­
tensin II (All) (Pullman et al., 1978) were studied, analysis of metabolites revealed
that after luminal surface exposure, these peptides were typically hydrolyzed to
amino acids and transported across the tubular cell. This luminal process is extremely
efficient and only small amounts of intact hormone or metabolites are excreted in the
urine. Indeed, these events are reminiscent of the fate of ingested peptides coming
into contact with the intestinal brush border membrane (Ugolev and De Laey, 1973).
Later in this chapter a more complete description of the renal handling of a typical
linear peptide hormone, All, is provided. Brush border peptidases are described
in detail in Chapter 2.
Small peptides with more complex structures may be handled somewhat differ­

ently than linear peptides. Oxytocin, which possesses a ring configuration completed
by a disulfide bond, is not hydrolyzed on the luminal surface and its rate ofabsorption
is relatively slow (Peterson et al., 1977). Luteinizing hormone-releasing hormone
(LH-RH), a linear peptide with a C-terminal amide and an N-terminal pyroglutamyl
residue, is resistant to the action of some proteases and is incompletely degraded by
the luminal membrane (Stetler-Stevenson et al., 1981). The resultant peptide frag­
ments, and perhaps residual intact LH-RH, are absorbed and further processing
occurs within the cell. Constituent amino acids and some peptide fragments are then
released into the interstitial compartment. Stepwise cleavage of atrial natriuretic
peptide, a small peptide hormone with a ring structure, has also been observed in
studies with isolated luminal membranes (Berg et al., 1988). The effects of structure
on the handling of filtered polypeptides are further exemplified by insulin and
glucagon. Comparing the tubular handling of these two hormones, Peterson et al.
(1982) noted that hydrolysis of [1251]glucagonwith absorption ofmetabolites followed
microinfusion into proximal, but not distal, surface nephron of rats. In contrast, there
was no luminal hydrolysis of microinfused [1251]insulin which was absorbed intact
in the proximal tubules. This latter finding is consistent with electron microscopic
autoradiographic studies which indicate that insulin is internalized by endocytosis
(Bourdeau et al., 1973; Nielsen et al., 1987). This difference in handling of the two



314 Ralph Rabkin and David C. Dahl

peptides is presumably related to the more complex structure of insulin, which
includes two disulfide bonds, while glucagon is a relatively simple linear peptide.
Although it is established that insulin is internalized by endocytosis, degradation by
isolated luminal membranes does occur (Rabkin et al., 1982; Talor et al., 1982), but
at a rate severalfold slower than for glucagon (Peterson et al., 1982). It is likely,
as stressed by Peterson et al. (1982), that the two mechanisms for the tubular handling
of peptides are not mutually exclusive and some overlap may occur. Thus, while
complex peptides resistant to membrane hydrolysis are internalized by endocytosis
and simpler peptides susceptible to brush border peptidases are internalized as
metabolic products, other peptides depending on their resistance to hydrolysis may
involve both pathways to a variable degree. A typical example is arginine vaso­
pressin, a nonapeptide with a disulfide cyclic structure, which has two pathways
for its metabolism: a major mechanism involving luminal peptidases and a minor one
involving endocytosis and lysosomal hydrolysis (Carone et al., 1987).

After entering the lumen of the proximal tubules, large complex polypeptides
and proteins are absorbed by means of endocytosis (Figs. 7 and 8). Absorption,

Figure 7. Light microscopic autoradiograph of kidney cortex from a mouse sacrificed I min after
injection of 12SI-labeled growth hormone. Autoradiographic grains are located mainly over luminal half of
cells. x500. (From Rabkin et al., 1973, with permission.)
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Figure 8. Electron microscopic autoradiograph of proximal rabbit tubule perfused in vitro with 1251­
labeled lysozyme for 20 min and then chased for 40 min. Autoradiographic grains are located over
endocytotic vacuoles (EV) and Iysosomes (L). A few grains lie over the basal aspect of the cell. BB, brush
border; BM, basement membrane. x 13,500. (From Nielsen et ai., 1986, with permission.)

which is influenced by axial luminal fluid flow rate and protein concentration (Nielsen
et al., 1987; Nielsen and Nielsen, 1988), is initiated by binding of filtered protein to
luminal membrane. In many instances binding is charge related. Evidence for this is
provided by Just and Habermann (1973) who reported a close correlation between the
net positive charge ofpeptides and their binding to isolated luminal membranes. They
proposed that a basic component of the peptide binds to the negatively charged
luminal membranes. Indeed, when they treated isolated membranes with sialidase to
remove sialic acid, the binding of basic peptides was markedly decreased. These
investigators (Just and Habermann, 1977; Just et al., 1977) noted that binding of
polybasic aminonucleosides to isolated luminal membrane is proportional to the
number of free amino groups. Further support for charge-related binding is provided
by Beyer et al. (1983). They noted that binding oflysozyme (basic) to isolated luminal
membrane is competitively inhibited by basic amino acids such as lysine, ornithine,
or arginine, but not by neutral amino acids, and the authors were able to reproduce
these effects in microperfused rat proximal tubules (Cojocel et al., 1981). Studying
humans, Mogensen and S~lling (1977) observed that intravenous infusions of lysine
and arginine inhibited tubular protein absorption. Since high concentrations of lysine
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may damage proximal tubular cells (Sumpio and Maack, 1982), the measured
increase in protein excretion may, in part, reflect a toxic effect of basic amino acids.
Reflecting a charge-related interaction between protein and luminal cell mem­

brane is the presence ofcompetition between proteins of similar charge. For example,
in microperfusion experiments Cojocel et al. (1981) noted that cytochrome c (pI 10.6)
inhibited reabsorption of lysozyme (pI 11.0) in the rat proximal tubule. Similarly,
Sumpio and Maack (1982) described a dose-dependent inhibition of cytochrome c
tubular absorption by lysozyme with the isolated perfused rat kidney. On the other
hand, competition between proteins of net opposite charge does not occur (Maack
et al., 1979; Sumpio and Maack, 1982). Similarly, in vivo studies in which anionic or
basic proteins were infused into dogs and rabbits failed to increase urinary excretion
of proteins of opposite net charge (Foulkes, 1982; Harrison and Barnes, 1970).
Finally, it should be noted that specific binding sites for a small number of protein
hormones including insulin (Rabkin et al., 1982; Talor et al., 1982; Meezan et al.,
1988) and calcitonin (Marx et al., 1973) have been described on the luminal
membrane. While binding to the apical insulin receptor initiates endocytosis (Yagil
et al., 1988), the relationshipcto hormone action is unclear.
Since absorption of proteins appears to depend on a nonselective charge-related

interaction between the exposed positively charged amino acids and the positively
charged luminal membrane, it might be expected that highly basic protein would
readily compete for uptake with anionic proteins which have fewer negatively
charged exposed amino acids. Since this does not occur, Sumpio and Maack (1982)
have proposed a selective constraint model to reconcile these findings (Fig. 9). In this
model it is proposed that access of proteins to the site of endocytosis, which is
localized at the base of the microvilli, is influenced by the charge of the microvilli.
The closely juxtaposed, negatively charged microvilli may facilitate the access of
basic proteins while impeding the access of anionic proteins. When levels of basic
proteins are high, they will occupy a sufficient number of charged binding sites on
the microvilli so as to electrically impede the passage of basic, but not anionic,
proteins to the site of endocytosis. This model includes a role for factors such as
molecular size, shape, and rigidity and urine flow in determining delivery of protein
to the site of endocytosis and, hence, protein absorption.
Although the above studies indicate that most filtered proteins are absorbed by a

nonselective absorptive process that is, in part, charge related, competition among
proteins is not commonly seen under physiologic conditions. This is a consequence
of the large capacity of the endocytotic system relative to the filtered load. Conse­
quently, under normal circumstances (Sumpio and Maack, 1982), a constant fraction
of filtered protein is absorbed until the tubular maximum is exceeded at which time
fractional excretion of the protein increases. This occurs in situations when plasma
levels are elevated or when the glomerular filtration barrier is defective. Despite the
increase in fractional excretion of the protein presented in excess to the tubular cells,
the fractional excretion of other proteins does not increase unless there is associated
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Figure 9. Selective constraint model. See text for description. (From Sumpio and Maack, 1982, with
permission. )

tubular cell damage (Sumpio and Hayslett, 1985). This differs from the experimental
situation where proteins were infused in high concentration and may be related to the
greater filtered load presented to the renal tubules in the experimental model.

The intracellular routing of internalized proteins in renal tubular epithelial
cells is similar to that described in Chapters 4, 5, and 7 for epithelial cells in general.
What follows is a brief description of events observed in the kidney. After interacting
with the plasma membrane at the base of the microvilli, the protein is internalized in
clathrin-coated vesicles (van Deurs and Christensen, 1984; Wall and Maack, 1985).
As they traverse the cell, these early endosomes lose their clathrin coat and acquire an
ATP-driven proton pump, which lowers the intravesicular pH (see Chapter 3), causing
the protein to dissociate from its binding site. Sorting of vesicular traffic follows, with
routing of endosomes to lysosomes, to the original (retroendocytosis) or opposite
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pole (transcytosis) of the cell. The vesicles that recycle contain the binding site
which is reinserted into the plasma membrane. Since uncoupling of protein from its
binding site may be incomplete, a small amount of the internalized protein may also
recycle to the cell surface where it is released into the extracellular fluid. In the
kidney, this process of retroendocytosis has been best described for insulin (Dahl
et al., 1989) and will be discussed in detail later. The most common destination for
endocytosed protein is the lysosome. After endosomes and lysosomes fuse, hydro­
lysis of protein follows with efflux of constituent amino acids into the peritubular
space. The rate at which proteins are broken down varies according to their resistance
to lysosomal enzymes (Clapp et al., 1988). Until recently, it was generally believed
that the lysosomes were the sole site of intracellular protein hydrolysis in the kidney.
However, as will be discussed later in the section on insulin, hydrolysis may
commence in endosomes (Fawcett and Rabkin, 1990).

Evidence for transcytosis of protein from the apical to the basolateral cell surface
has been provided but this appears to be a trivial process. Nielsen et al. (1986, 1987)
microperfused isolated rabbit proximal tubules with radiolabeled insulin and
lysozyme and found trace amounts released on the basolateral side. Similarly, after
exposing the apical surface of cultured proximal dog tubule cells to albumin,
Goligorsky and Hruska (1986) noted basolateral release ofalbumin. However, most or
all of the proteins transported across the cell can be accounted for by fluid-phase
endocytosis. Hence, apical-to-basolateral transcytosis represents a trivial pathway.

Finally, it is worth considering the potential benefits to the body of proximal
tubular cell uptake and metabolism of filtered proteins and peptides. This is not
readily apparent since the nutritional gain of absorbing amino acids derived from
their metabolism is trivial (Maack et al., 1985) and whether proteins and peptides are
metabolized or excreted in the urine they are essentially lost to the body. One likely
benefit is that filtered bioactive materials are deactivated. If they were not, then they
might exert unwanted effects on more distal nephron sites, especially as their
concentrations rise as water is reclaimed from tubular fluid. Indeed, it is possible to
deliberately inhibit proximal hydrolysis of specific peptides in order to enhance their
distal nephron actions. This could be of therapeutic value and is being explored
for ANP (Section 5.2).

4.2. Basolateral Thbular Cell Protein Uptake

Whereas the apical pole of the proximal tubular cells is rich in peptidases and has
a prominent endocytic system which is easily detected by electron microscopy, this is
not true for the basolateral pole. Thus, while proximal internalization of filtered
protein is a highly efficient process and easy to monitor, basolateral internalization
of large proteins is a minor process, and is detected with difficulty (Bourdeau and
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Carone, 1974; Nielsen and Christensen, 1985). Similarly, compared with the apical
membranes, basolateral membranes have relatively low or absent degrading activity
(Talor et ai., 1982, 1983; Berg et ai., 1988). Ultrastructural studies utilizing
horseradish peroxidase, ferritin, or catalase as tracers have revealed that these
proteins are internalized by small endocytotic invaginations in the basolateral
membrane (Feria-Velasco, 1974; Venkatachalam and Karnovsky, 1972; Nielsen and
Christensen, 1985). Protein-containing endosomes ultimately fuse with lysosomes
which often have a multivesicular appearance unlike that of the lysosomes to which
protein taken up from the apical pole localizes. This prompted Nielsen and Chris­
tensen (1985) to suggest that a different population of lysosomes may serve as the
final destination of proteins absorbed from the basal side. In an attempt to quantitate
the basolateral uptake of albumin, Bourdeau and Carone (1974) exposed microper­
fused rabbit tubule segments, isolated from the proximal tubule thick ascending loop
and cortical collecting tubules, to [125I]albumin. Basolateral uptake was negligible
compared with luminal uptake. Taken together with clearance studies in the intact
animal, these reports indicate that elimination of large proteins by basolateral up­
take is quantitatively inconsequential.
On the other hand, there is strong evidence indicating that clearance from the

peritubular circulation is important for the elimination of some protein hormones. For
example, it has been estimated that peritubular clearance accounts for approximately
40% of the insulin eliminated by the human kidney, based on direct measurements
in vivo (Chamberlain and Stimmler, 1967; Rabkin et ai., 1970). Other protein
hormones with amajor peritubular pathway include calcitonin (Simmons et ai., 1988)
and All (Seikaly et ai., 1990; Reams et ai., 1990). The presence of a significant
peritubular pathway for parathyroid hormone is controversial (Martin et ai., 1987;
Daugaard et ai., 1988).
Since basolateral internalization of large proteins is negligible and direct study

of basolateral events in the intact kidney is impractical, it has been debated for several
years whether protein hormones cleared from the peritubular circulation are degraded
on the basolateral cell surface or within the cell after being internalized (Rabkin and
Kitaji, 1983). As discussed earlier, the low or absent degrading activity associated
with basolateral plasma membranes makes intracellular degradation the more likely
event and this is supported by two different in vitro studies. In a cell culture model,
Rabkin et ai. (1989) observed that insulin exposed to the basal cell surface underwent
receptor-mediated internalization followed by degradation. Utilizing isolated per­
fused rabbit proximal tubules and electron microscopic autoradiography, Nielsen
et ai. (1987) noted that [125I]insulin added to the tubule outer surface was endocytosed
and delivered to lysosomes. These investigators also noted basal-to-luminal trans­
port of small amounts of [125I]insulin in the form of TCA-precipitab1e radioactivity.
Whether this represents transcytosis of intact insulin or release of large insulin
metabolites requires further study. Albeit a quantitatively minor process, unidirec­
tional transcytosis of epidermal growth factor from the basolateral to the apical
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surface has been described in the distal nephron-like cultured Madin-Darby canine
kidney cell line (Maratos-Flier et at., 1987). While possessing epidermal growth
factor receptors restricted to the basolateral surface, these cells are essentially devoid
of insulin receptors and do not transport insulin in either direction.

In summary, it appears that basolateral internalization and degradation repre­
sents a significant cellular pathway for the processing of some protein hormones with
receptors located on the basolateral cell surface. While transcytosis may occur, its
contribution to renal protein metabolism is trivial. For nonhormonal proteins,
basolateral uptake plays essentially no role in their elimination.

5. RENAL HANDLING OF BIOACTIVE PROTEINS AND PEPTIDES:
REPRESENTATIVE EXAMPLES

5.1. Insulin

The renal handling of insulin is described in some detail as it exemplifies the
complex elimination pathways which protein hormones may follow. Endogenous
insulin secreted by the pancreas enters the portal circulation and during its first
passage through the liver - 50% is extracted. Proinsulin also undergoes significant
hepatic extraction, while extraction of C-peptide is negligible. On reaching the
systemic circulation, insulin is removed by several tissues including kidney, muscle,
liver, and fat (Rabkin et al., 1984). The renal contribution to the systemic clearance of
insulin, proinsulin, and C-peptide averages 30,50, and 70%, respectively (Katz and
Rubenstein, 1973). Insulin (6 kDa) and its related peptides are extracted from the
renal circulation mainly by glomerular filtration with minor restriction to its passage
through the glomerular capillary wall (sieving coefficient - 0.85). The filtered
insulin is absorbed in the proximal tubule and less than 1% appears in the urine. In
addition to filtration, a large amount is extracted from the peritubular circulation
(Rabkin and Kitabchi, 1978). In humans, this accounts for - 40% of the total renal
clearance (Chamberlain and Stimmler, 1967; Rabkin et at., 1970). Insulin removed by
this pathway undergoes either partial or complete degradation (Petersen et at., 1982;
Duckworth et at., 1988). The partially modified insulin molecule has a similar
molecular weight and size as insulin but lacks immunoreactivity.

Insulin-specific binding sites are present in isolated luminal and contraluminal
membranes, suggesting that tubular uptake is, at least in part, receptor mediated
(Talor et at., 1982; Rabkin et at., 1982, 1986). In addition to true insulin receptors,
Meezan et at. (1988) have described luminal insulin recognition sites that are broadly
specific and of low affinity. The exact contribution of true receptors and recognition
sites to luminal insulin internalization has yet to be clarified. The contraluminal
receptors which are severalfold more plentiful than the luminal receptors are not
confined to the proximal tubule but are distributed throughout the nephron (Naka-



Renal Uptake and Disposal 321

mura et al., 1986). Binding to contraluminal, but not luminal, membrane receptors is
followed by receptor phosphorylation (Hammerman, 1985). Taken together, it ap­
pears that contraluminal receptors participate in hormone action while luminal
receptors probably serve a role in the absorption of filtered insulin. Insulin-degrading
activity is present throughout the length of the nephron but is maximal in the proximal
tubule which is the site of filtered insulin absorption (Nakamura et al., 1986).
Subcellular sites of proximal tubular insulin-degrading activity include lysosomes,
mitochondria, and cytosol (Hjelle et al., 1984). Degrading activity has also been
identified in luminal membranes and to a lesser extent in contraluminal membranes
(Ta10r et al., 1982; Rabkin et at., 1982). Glomeruli possess insulin receptors, but
exhibit little degrading activity (Meezan and Freychet, 1982).
While electron microscopic autoradiographic studies have shown that filtered

insulin absorbed in the proximal tubule localizes to lysosomes (Nielsen et al., 1987;
Bourdeau et al., 1973), there is mounting evidence that insulin degradation is not
confined to lysosomes. Suggesting extralysosomal degradation is the observation
that the major insulin-degrading enzymes, insulin-protease and glutathione-insulin
transhydrogenase, are located in extralysosomal sites, especially cytosol, and are not
found in lysosomes (reviewed in Rabkin et at., 1984). Furthermore, intermediate
products of insulin degradation released from intact kidneys and cultured kidney
tubular cells have anHPLe pattern similar to that observed when insulin is exposed to
purified insulin protease, a nonlysosomal enzyme (Duckworth et at., 1988, 1989)
(Fig. 10). Whether any of these products retain bioactivity is unknown. Also,
Herrman et al. (1988), studying the subcellular distribution of (l25I]insulin and
(l4C]cytochrome c in rat kidneys, noted that insulin is distributed in a pattern different
from that of cytochrome c (12.3 kDa), which localizes to lysosomes. This suggested
that insulin is degraded in a compartment different from the classic compartment of
protein degradation. The possibility that endosomes may form this compartment is
suggested from studies with cultured kidney cells in which retroendocytosis of
insulin taken up from the apical cell surface was demonstrated. In these studies, both
intact insulin and large intermediates were released from recycling endosomes (Dahl
et at., 1989, 1990). Finally, a recent study from the author's laboratory (Fawcett and
Rabkin, 1990) provides direct evidence for endosomal processing of insulin (Fig. 11).
In this study, isolated rat renal cortical endosomes loaded with (l25I]insulin in vivo
degraded insulin in a pH- and ATP-dependent manner. Taken together, it appears that
insulin is internalized by means of endocytosis with degradation commencing in
endosomes and reaching completion in lysosomes. Regarding insulin cleared from
the peritubular circulation, it appears, as discussed earlier (Section 4.2), that the
hormone is internalized by tubular cells via basolateral receptor-mediated endo­
cytosis. As occurs with luminal uptake, this is followed by intracellular processing
with stepwise degradation to constituent amino acids (Duckworth et at., 1989). That
the kidney produces large intermediates during its stepwise degradation of insulin
is of great interest, for the possibility arises that one or more of these intermediate
products may possess bioactivity. The concept that an early metabolic product might
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Figure 10. HPLC elution pattern of insulin-size radiolabeled material extracted from the recycling
perfusate of an isolated filtering rat kidney. The kidney was perfused for 70 min with (2SI-labeled [AI4]
insulin and perfusate was then chrornatographed on a Sephadex G-50 column. Insulin-size radioactivity
was concentrated, dissolved in HPLC buffer, and injected on a reverse-phase HPLC. (2SI-labeled insulin
elutes at 53 min and six other distinct peaks are present. (From Duckworth et at., 1989, with pennission.)
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Figure 11, Degradation of [1251] insulin by isolated renal cortical endosomes. Rats injected intravenously
with [12SI] insulin were sacrificed 5 min later. [12SI] insulin-containing endosornes were isolated from
cortical homogenates by differential and Percoll gradient centrifugation. Endosomes were incubated in an
intracellular buffer, pH 7.4, at 37°C in the absence (controls) or presence of 10 roM ATP. Degradation of
[12SI] insulin was detennined by solubility in 10% trichloroacetic acid. (From Fawcett and Rabkin, 1990.)
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exhibit bioactivity is important not only because of the possibility that products may
serve as mediators of hormone action, but it is conceivable that proteins, including
engineered proteins, may have metabolic intermediates with unwanted properties
including immunogenicity.

5.2. Atrial Natriuretic Peptide

Although produced in many extracardiac sites, including the eNS, lung, adrenal
and pituitary glands, arch of aorta, cardiac ventricles, and kidney medullary col­
lecting tubules, the vast majority of ANP is produced in the cardiac atria (Inagami,
1989). ANP is rapidly cleared from the plasma (Gerbes and Vollmar, 1990) with a
half-life of about 30 sec in rats (Katsube et 01., 1986) and 60 sec in uninephrec­
tomized dogs (Woods, 1988). The kidneys extract significant amounts of ANP from
the circulation. Woods (1988) found the renal extraction ratio of endogenous ANP to
be 35% in the dog and this value increased significantly to 69% during ANP infusion.
Other investigators (Hollister et 01., 1989) have documented similar extraction ratios
of endogenous hormone (42% in the dog and 35% in humans). Since the filtration
fraction in humans is approximately 20%, an extraction ratio of 35% suggests a major
extrafiltration pathway in the kidney. Nevertheless, the kidneys' contribution to total
ANP clearance is modest and in humans accounts for about 20% of total ANP
clearance (Vierhapper et 01., 1990). In uninephrectomized dogs the renal clearance
rate of the hormone represents only 14% of the whole body metabolic clearance rate
(Woods, 1988). The half-life of exogenous ANP approximately doubles in rats after
bilateral nephrectomy, but even after this maneuver the half-life is only 64 sec. (Katsube
et al., 1986). In humans with end-stage renal failure, the metabolic clearance rate of
exogenous ANP is approximately 1.0 liter/min and the half-life 4.6 min, compared
with 2.6 liters/min and 3.5 min, respectively, in normals (Tonolo et 01., 1988). Plasma
ANP levels are increased about sixfold in hemodialysis patients but this may be due in
large part to volume expansion stimulating release of ANP (Hasegawa et 01., 1986).
In normal subjects, all segments of the nephron have the capacity to degrade ANP
(Fig. 12), but degrading activity is greatest in the proximal tubule and relatively
insignificant in the glomerulus (Berg et 01., 1988). In subcellular fractions of
homogenized kidney cortex, the greatest ANP-degrading activity resides in isolated
luminal membranes with negligible activity in basolateral membranes (Fig. 13). This
suggests that ANp, like other small peptides, is hydrolyzed primarily by brush border
peptidases in the proximal tubule with neutral endopeptidase-24.11 initiating break­
down (Kenny and Stephenson, 1988). However, the fact that ANP degradation is only
mildly impaired in the nonfiltering isolated perfused kidney compared with the
filtering kidney suggests that other intrarenal pathways exist for the elimination of this
peptide hormone (Maack, 1986). As Berg et 01. (1988) have suggested, the renal
vasculature itself may play a role in the degradation of ANP. Nonrenal vasculature is
known to have a substantial ANP-degrading capability (Murthy et 01., 1986).
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FigureU. ANP-degrading activity of isolated nephron segments. Segments were permeabilized so as to
expose 125I-labeled rat a-ANP to intracellular enzymes. Degrading activity was highest in proximal
convoluted tubules, pars recta, and distal convoluted tubules but is present throughout the nephron.
Glomeruli degrade ANP poorly. (From Berg et aI., 1988, with permission.)
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All of the ANP extracted by the kidney may not be immediately degraded, but a
significant portion may be bound by clearance receptors (Maack et al., 1987; Fuller
et al., 1988) which are biologically inactive. These receptors avidly bind ANP but
do not mediate any of the hormone's known physiologic actions. Up to 99% of the
ANP receptors of the kidney may be of this biologically silent type (Maack et al.,
1987). While Maack and colleagues found these clearance receptors to comprise the
vast majority of ANP receptors in the cortex, medulla, and papilla, others (Brown
et al., 1990) have found evidence for clearance receptors only in the glomeruli and
renal vasculature up to the proximal interlobular arteries.
Maack et al. (1987) suggested that clearance receptors may modulate plasma

hormone levels by acting as storage sites for ANP. Furthermore, clearance receptors
appear to be important for the degradation of ANP (Maack et al., 1988). In
comparison with biologically active ANP receptors, structural requirements for
binding to clearance receptors are less strict and clearance receptors bind ANP
analogues in addition to ANP. When ANP analogues which bind clearance receptors
but not biologically active receptors are administered to experimental animals, the
analogues displace native ANP from clearance receptors, reduce the metabolic
clearance rate and hydrolysis of the hormone, increase ANP levels in plasma, and
lead to enhanced physiologic effects of native ANP (Maack et al., 1988). Accord­
ingly, Maack and colleagues have suggested that these differential binding require­
ments might be exploited therapeutically. Another pharmacologic approach to mod­
ifying ANP metabolism to therapeutic advantage is the use of enzyme inhibitors.
Administration of inhibitors of neutral endopeptidase 24.11 is associated with sup­
pressed ANP degradation and enhanced solute and water excretion in response to
ANP (Margulies etal., 1990; Richards etal., 1990; Gerbes and Vollmar, 1990). While
the endopeptidase plays a role in the peripheral degradation ofANp, its predominance
in the proximal renal brush border membrane suggests that by inhibiting proximal
tubular hydrolytic activity the hormone is spared to act on distal nephron segments.
Another pharmacologic approach is development of analogues resistant to neutral
endopeptidase activity (Kenny and Stephenson, 1988). Thus, pharmacologic mod­
ification of physiologic processes may permit strategies whereby the action of ANP
can be enhanced for the treatment of hypertension and fluid-retaining states.

5.3. Angiotensin

Removal of circulating All by the kidney is substantial and extraction ratios for
this hormone have been reported as 64 to 75% in the dog (Bailie et al., 1971; Oparil
and Bailie, 1973; Reams et al., 1990). Although All is sensitive to proteolytic
enzymes in plasma, the metabolism of All in the renal circulation is too rapid to be
accounted for by this process alone (Oparil and Bailie, 1973). Furthermore, circulat­
ing All extracted by the kidney is metabolized and is not sequestered in the kidney
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(Oparil and Bailie, 1973). As a decapeptide and octapeptide, respectively, AI and AIl
are presumably freely filtered at the glomerulus. A number of experiments have
demonstrated that filtered AIl is catabolized at the proximal tubule brush border and
the constituent amino acids then reabsorbed. Pullman et ai. (1975) microinfused
[14C]-AI1 into the proximal and distal surface nephrons of anesthetized rats. Recovery
of radiolabel from urine was only 11% when proximal tubules were infused and most
of the recovered radiolabel was in the form of AIl metabolites. In contrast, when
distal tubules were infused, 95% of the infused radioactivity was recovered in urine,
almost all in the form of intact All. Because of the rapidity of metabolite formation,
these findings are most consistent with proximal tubule brush border hydrolysis
of AIl followed by absorption of metabolites. These results are supported by
experiments in which proximal straight tubule segments from the rabbit were
perfused in vitro with 3H- or 14C-Iabeled AI (Peterson et ai., 1979) or AIl (Peterson
et ai., 1977). There was marked reabsorption of radiolabel from these tubule
segments without sequestration in the segments themselves. The collection fluid was
characterized by electrophoresis and found to contain radiolabeled amino acids
indicating that the angiotensins had been hydrolyzed. Also supporting the concept of
angiotensin hydrolysis at the proximal tubule brush border is the finding that isolated
renal cortical brush border preparations are enriched in angiotensinase (Ward et ai.,
1976) and rapidly hydrolyze AI and AIl (Peterson et ai., 1979). Isolated glomeruli
also contain angiotensinase, but at less than one-tenth the concentration found in
brush border preparations (Ward et ai., 1977). Recently, angiotensin-specific recep­
tors which serve to transduce the modulatory actions of AIl on tubular cell solute
transport have been identified in brush border membranes (Douglas, 1987).

The kidney itself generates AIl (Dzau, 1987; Rosivall et ai., 1987; Reams et ai.,
1990; Seikaly et ai., 1990) and this fact complicates studies of renal angiotensin
clearance. Seikaly et ai. (1990) noted that the concentration of AIl in early post­
glomerular vessels is lOoo-fold higher than in the systemic circulation. Since renal
venous angiotensin concentrations are of a similar order of magnitude to that in
systemic plasma, they concluded that substantial elimination of angiotensin occurs
downstream in the peritubular circulation.

6. RENAL HANDLING OF GLYCOPROTEINS

The renal metabolism of glycoproteins has not been extensively studied. The
kidneys are, however, an important site of disposal for glycoprotein hormones and a
brief overview follows. Studies in rats after acute renal ablation suggest that renal
clearance accounts for 94, 78, and 32% of the total metabolic clearance rate of
luteinizing hormone, follicle-stimulating hormone, and erythropoietin, respectively
(Emmanouel et ai., 1984a,h). Renal metabolism of glycoproteins is known to differ
in some respects from that of proteins. First, renal clearance of glycoproteins is
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relatively slow compared to that ofmost low-molecular-weight proteins. Presumably,
this is a result of restricted glomerular filtration due to their size and physiochemical
properties. Also, the existence of a significant peritubular pathway is unlikely, again
because of their size and also because of a lack of basolateral tubular membrane
receptors. Despite this, the kidney's role in the elimination of glycoprotein hormones
is important because their total metabolic clearance rates are also slow. Second, renal
glycoprotein metabolism differs from protein metabolism in that tubular absorption
is far less efficient. Substantial amounts of filtered glycoproteins appear in the final
urine. For follicle-stimulating hormone, erythropoietin, and luteinizing hormone,
urinary clearance accounts for 35, 7, and 4%, respectively, of their total metabolic
clearance rates (Emmanouel et ai., 1984a,b). Thus, the contribution of urinary
clearance to the overall metabolic clearance of these hormones is relatively high
compared with that of protein.
A good example of the renal metabolism of a glycoprotein is human chorionic

gonadotropin (hCG). Its renal metabolism is of particular interest because this
hormone and its metabolites appear in the serum and urine of pregnant women and
individuals with certain malignancies and is thus of diagnostic importance. The
urinary clearance of hCG is 22% (Wehmann and Nisula, 1981). When radiolabeled
hCH is injected into rats, kidney, liver, and ovaries take up most of the radioactivity
(Markkanen et ai., 1979). Quantitatively, the kidney is the most important site of
accumulation, taking up approximately five times more radioactivity than the liver or
ovaries. Most of this radioactivity in the kidney represents degradation products and
is localized to proximal tubules (Markkaneu et ai., 1979). Autoradiographic studies
suggest that hCG is filtered at the glomerulus, absorbed by endocytosis at the
proximal tubular cell, and degraded in lysosomes (Markkanen and Rajaniemi, 1979).
Despite desialylated hCG being smaller than intact hCG, its urinary clearance is
substantially less (Amr et ai., 1985). As it is likely that the desialylated molecule is
filtered to at least the same extent as the intact molecule, this suggests that the
carbohydrate portion of the hCG molecule influences its uptake at the proximal
tubular cell apical membrane. When renal homogenates of rats infused with hCG are
analyzed, they mostly contain a metabolite of the 13 subunit, termed the 13-core
fragment (Lefort et ai., 1986). The degradation rate of this fragment is slow. 13-core
fragment is found in the urine of pregnant women (Kato and Braunstein, 1988) where
it appears to be derived from the metabolism of hCG, likely intrarenally (Wehmann
et ai., 1989).

7. EFFECT OF RENAL FAIWRE ON ELIMINATION OF PROTEINS

In kidney failure, the plasma levels of low-molecular-weight proteins which are
largely dependent on renal elimination are often elevated. In early renal failure, this is
due to decreased renal blood flow and thus reduced delivery of the protein to the
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kidney, for usually the proportion of delivered hormone extracted by the kidney
remains constant. In more advanced renal failure, the proportion of hormone
extracted also falls (Rabkin et al., 1970). As a consequence of primary tubular disease
or the secondary tubular damage which accompanies progressive renal failure,
absorption of filtered proteins becomes impaired and fractional urinary clearance of
filtered proteins increases (Kaysen et al., 1986; Waldmann et al., 1972). In diseases
that affect the glomerulus, the permselective properties of the glomerular wall
become altered and an increase in the passage of proteins normally restricted by the
filtration barrier occurs (Anderson et al., 1991). This also leads to an increase in
urinary losses. Low-molecular-weight proteins may also appear in increased quan­
tities in the urine of individuals with normal kidneys (Kaysen et al., 1986). This
occurs when the production of a protein that is relatively freely filtered at the
glomerulus is increased to such an extent that the resorptive capacity of the proximal
tubule is overwhelmed. Examples of such an overload proteinuria include urinary
immunoglobulin light chains in multiple myeloma (Wochner et al., 1967) and
lysozyme in certain leukemias (Muggia et al., 1969). When abnormally high
concentrations of proteins are presented to the renal tubule, they may be toxic as
illustrated by renal failure induced by myeloma proteins. Taken together, it is clear
that quantitation of urinary protein excretion as a measure of protein production is
fraught with pitfalls.
There are mechanisms in addition to reduced renal clearance which contribute to

the elevated plasma protein levels found in renal failure. In some instances, the
uremic state may impair the extrarenal clearance of proteins (Rabkin et al., 1979a;
Hruska et ai., 1981) and in other instances enhanced secretion of protein contributes
to the elevated concentrations found in chronic renal failure. Enhanced secretion
occurs with parathyroid hormone (Slatopolsky et al., 1990), prolactin (Sievertsen
et al., 1980), and perhaps growth hormone (Mehls et al., 1990). Also, some protein
hormones circulate in heterogeneous forms in renal failure, all of which may bind an
antibody probe, but only some of which may possess biologic activity. These
disparate forms are often made up of low-molecular-weight components which are
likely protein fragments; normal-weight proteins corresponding to the active hor­
mone or usual protein; and high-molecular-weight substances which may represent
aggregates or prohormones (Fig. 14). Examples include parathyroid hormone (Ar­
naud et al., 1974), calcitonin (Lee et al., 1977), insulin (Jaspan et al., 1977), and
glucagon (Kuku et al., 1976). The reduced clearance of proteins normally metabo­
lized by the kidneys often accounts for this heterogeneity. Finally, there may be
substances in uremic serum which interfere with the assay of proteins (Powell et al.,
1986).
The accumulation of proteins and protein hormones in uremic serum often has

deleterious consequences for the patient with renal failure. In renal insufficiency,
serum levels of 13rrnicroglobulin (11.8 kDa) are increased and in hemodialysis
patients may rise 50-fold (Vincent et al., 1978). Over time, polymerized 132-rnicro­
globulin may deposit in the bones and joints of dialysis patients in the form of
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Figure 14. Gel chromatography (Bio-Gel P-lO) elution profile of calcitonin immunoreactivity in plasma
from two patients with renal failure. Radiolabeled monomer elutes in position indicated by arrow (From
Lee et aJ., 1977, with permission.)

amyloid fibrils and may cause bone disease (Gorevic et at., 1985). Bone disease in
patients with renal failure may also result from the elevated parathyroid hormone
levels. Other manifestations of protein hormone accumulation, such as insulin­
induced hypoglycemia, have been reviewed by Emmanouel et at. (1980). From this
account of the disturbances of protein homeostasis that occur in renal failure, it is
readily apparent that the kidney plays an important role in the elimination of proteins.
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Chapter 13

Mechanisms for the Hepatic Clearance
of Oligopeptides and Proteins

Implications for Rate of Elimination,
Bioavailability, and Cell-Specific Drug Delivery
to the Liver

Dirk K. F. Meijer and Kornelia Ziegler

1. SCOPE OF THE REVIEW

The role of the liver in the disposition of oligopeptides and proteins of various size,
charge, and hydrophobicity is of paramount importance in relation to the following
aspects:

• The organ can efficiently remove certain oligopeptides that entered the portal
system after gastrointestinal absorption and consequently can be a major
factor determining systemic bioavailability.

• If oligopeptides enter the general circulation or are parenterally administered,
the clearance by various cell types in the liver can largely determine the
residence time in the body of such agents.
• Oligopeptides can have major pharmacological effects on the liver circulation
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and function of the cells. Some representatives of these peptides are involved
in local communication between the cell types.
• Proteins can be used for cell-specific delivery of drugs to the various cell
types in the liver with the aims of increasing the local therapeutic effects and
of reducing the general side effects.

The fact that numerous biologically active peptides and monoclonals are produced
and optimal formulations are sought for their desired therapeutic effects, has acceler­
ated research aimed at a better understanding of the fundamental processes that define
their kinetic profiles in the body.
Questions that arise are: What are the mechanisms of hepatic uptake? How can

major first-pass elimination by the liver be prevented? And/or how can the residence
time of peptides in the body be prolonged by manipulating hepatic clearance
function? Such practical questions can only be answered if the fundamental processes
that are responsible for hepatic uptake and degradation of proteins and oligopeptides
are unraveled. In particular, the mechanisms of these processes in relation to the
chemical structure of the ligands are relevant in this respect. Studies on structure­
kinetic relationship in the hepatic disposition of oligo- and polypeptides are scarce.
Such studies should enable proper predictions of the kinetic profiles of proteins and
peptides in vivo on the basis of their physicochemical features. The purpose of this
chapter is to review the nature of the membrane transport processes and m~tabolic

pathways for oligopeptides and proteins in the various cell types in the liver in rela­
tion to their chemical properties. On the other hand, the basic knowledge of these
processes can be favorably employed for site-specific drug delivery purposes and the
achievements in this rapidly growing field will be discussed.

2. THE LIVER

2.1. Organizational Aspects

The liver plays a major role in the clearance of endogenous and exogenous
(macro)molecules from the circulation. Many compounds from the intestinal tract,
including various peptides and nutrients, reach the liver via the portal vein but
normally fail to enter the systemic circulation to a considerable extent because they
are efficiently removed by this organ (De Boer et al., 1982; Pond and Tozer, 1984).
The liver not only synthesizes proteins but also has a function in their removal

from the blood. In particular, structurally modified endogenous proteins, in addi­
tion to exogenous peptides, can be easily captured. Endogenous small peptides that
are released from the antral and duodenal mucosa in response to various physiologic
stimuli enter the portal circulation and traverse the liver before arriving in the
systemic circulation en route to potential target tissues. A potential target that is
primarily reached consequently is the liver itself.
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The liver is well equipped for this clearance function because of the abundant
presence of transporting and endocytotic cells. The organ contains the major part of
the total number of cells belonging to the reticuloendothelial system (RES) and is
therefore equipped to phagocytose particulate and macromolecular material such as
effete red blood cells, circulating tumor cells, microorganisms, colloidal material,
immune complexes, aggregated proteins as well as monomolecular glycoproteins.
The liver architecture guarantees an optimal exchange between blood and the
sinusoidal liver cells and also with the parenchymal cells or hepatocytes. These cell
populations are equipped with numerous mechanisms to endocytose soluble material
including peptides. The blood, including the blood cells and other large particles,
flows through the sinusoids in direct contact with the sinusoidal lining cells, Le.,
Kupffer cells and endothelial cells (Jones and Summerfield, 1988; Brouwer et al.,
1988), while the hepatocytes are exposed to the blood plasma via the fenestrated
endothelial lining and the space of Disse (see Fig. 1). The rate by which the liver
removes a given substance from the blood depends on the nature of the substance, the
rate of delivery to the liver as determined by hepatic blood flow (especially for highly
extracted compounds), the transport capacity of the liver cell type involved in the
clearance as well as the relative affinity of the substrate for the carrier- or receptor­
proteins in the plasma membrane of the particular cell type.

Flgure 1. Schematic representation of the cellular liver structure with fenestrated endothelial lining of
the sinusoids (S) that receive blood from the hepatic artery and terminal portal venules. Bile is primarily
excreted in the bile canaliculi (Be) draining into the bile ductules. Four cell types are indicated:
parenchymal cells (hepatocytes) (P), endothelial cells (E), Kupffer cells (K), and fat-storing cells or
lipocytes (F). Sinusoids finally drain their contents in the central veins.
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Lipophilic molecules including very hydrophobic peptides [logP(octanol!H20
~ 2] can enter liver cells by passive diffusion through the plasma membrane (Ziegler
et ai., 1988b). More polar substances like glucose, amino acids, bilirubin, bile salts,
hydrophilic peptides, and charged drugs can only be taken up by carrier-mediated
transport mechanisms (Meijer, 1989; Meijer et ai., 1990b; Klaassen and Watkins,
1984; Berk et ai., 1987). Relatively large peptides (> 10 kDa) most commonly
undergo receptor-mediated endocytosis whereas smaller peptides can be taken up
in the liver via various carrier-mediated membrane transport processes.

2.2. Functional Liver Structure

The hepatic artery delivers up to 25% of the total hepatic blood flow in the form
of oxygen-rich blood, while the portal vein yields about 75% of the total hepatic
blood flow and contains blood enriched in endogenous and exogenous components
absorbed from the gastrointestinal tract (Fig. 1). Sinusoidal blood flows from the
terminal portal venule (Campra and Reynolds, 1988) toward the terminal hepatic
venule, creating different rnicroenvironments around periportal (zone 1) and peri­
venous (zone 3) hepatocytes (Fig. 2). Azonal heterogeneity in hepatocyte functions is

PT':J'~~ ........ ........ PT.
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Flgure 2. Schematic representation of the microcirculatory units of the liver: the acini. The liver acinus
can be divided into three zones: zone I (with periportal cells arranged around the sinusoids), zone 2
(intermediate), and zone 3 (mostly the pericentral cells). The classical hexagonal liver lobule arranged
around the central vein (CV) does not adequately represent a functional unit. PT, portal triad.
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observed not only in ultrastructure, but also in metabolic and transport functions
(reviewed in Gumucio and Chianale, 1988; Groothuis et at., 1985; Gumucio, 1989;
Thurman and Kauffman, 1985). In sinusoidal blood, there is a zone I-to-zone 3
gradient of substances efficiently taken up by hepatocytes (Groothuis et at., 1985;
Gumucio, 1989). Assuming that hepatocytes along the acinus have identical transport
characteristics, a similar gradient would be expected inside the cells. Tissue gradients
of endogenous and exogenous compounds observed in various reports support this
hypothesis (Jones et al., 1980; Groothuis et al., 1982; Braakman et al., 1987). Such
gradients can be due to the different location of the cells regarding the incoming
blood, as mentioned above, as well as due to intrinsic differences in uptake rates
between zone 1 and zone 3 cells. The latter differences may be the indirect conse­
quence of acinar gradients of oxygen, hormones, and other endogenous compounds
(i.e., amino acids and bile acids) (Jungermann, 1986).

2.3. Cell lYpes of the Liver

The liver contains several cell types of which the arrangement in the hepatic
acinus is depicted in Fig. 1, showing hepatocytes, endothelial cells, Kupffer cells, and
fat-storing cells. Their contribution to the total liver volume is 78,2.8,2.1, and 1.4%
(Ballet, 1990; Hendriks et at., 1987; Brouwer et at., 1988) and to the total liver cell
volume 92.5,3.3,2.5, and 1.7%, respectively. About 15% of the total liver volume
consists of intravascular space, the space of Disse (between endothelial lining and the
hepatocytes), bile canaliculi and ductuli as well as lymphatic vessels. The space of
Disse, although optically empty in the standard EM pictures, contains the compo­
nents of the extracellularmatrix such as collagens and glycosarninoglycans (predomi­
nantly heparan sulfates and fibronectin). These components may influence the
elasticity of the fenestrated blood vessel wall and probably also the rate of exchange
of substrates. Development of perisinusoidal fibrosis may create an extra diffusion
barrier for compounds to be taken up in hepatocytes (Ballet, 1990).
The endothelial cells form a sieved wall within the sinusoids with fenestrations

having a diameter of 50-150 nm (Brouwer et al., 1988). This arrangement of cells
enables hepatocytes to exchange substances with plasma via the space of Disse.
However, due to the limited size of the pores, there is a distinct selection of sub­
stances to be allowed through. Molecules exceeding 250 kDa cannot pass through the
pores (Ballet, 1990; Brouwer et al., 1988) and, therefore, do not significantly interact
with hepatocytes. This may partly protect the hepatocytes against direct injuries
caused by bacteria and viruses but also limits the opportunities to deliver drugs in fair
amounts to hepatocytes through inclusion in normal liposomes (Poznansky and
Juliano, 1984).

Kupffer cells are located in the sinusoidal lumen at intersections of sinusoids and
anchored to the endothelial cells by long processes. The preferential location of
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Kupffer cells in zone 1 of the acinus suggests that blood entering the sinusoid is
monitored for material that can be endocytosed. It appears that in analogy to
hepatocytes, there is also a functional heterogeneity in the Kupffer cell population,
for instance with regard to endocytic and tumoricidal capacities (Brouwer et al.,
1988; Smit et al., 1991). Kupffer cells are part of the RES, and represent 80-90%
ofall resident macrophages in the body. They are involved in antigen presentation and
processing, modulation of the immune response, as well as the uptake and metabo­
lism oflipids and glycoproteins (Brouwer et al., 1988; Jones and Summerfield, 1988).
Kupffer cells also modulate certain hepatocyte functions through the release of
various mediators demonstrating a local and chemical communication between these
cell types (Brouwer et al., 1988; Jones and Summerfield, 1988; Ballet, 1990). They
are activated by agents such as a-interferon, endotoxins, platelet activating factor
(PAF), phorbol esters, zymosan, and Ca2+ ionophores. After activation, they produce
cytokines such as interleukin 1 and 6, tumor necrosis factor, a- and 13-interferon
as well as lipid mediators (PAP, leukotrienes, and prostaglandins) (Ballet, 1990).

2.4. Protein Synthesis in the Liver

The liver is the principal source ofmost of the plasma proteins such as albumin
and acute-phase proteins. The synthetic activity is mainly situated in the parenchymal
cells that exhibit a highly developed vectorial mechanism for sorting and secretion of
the manufactured proteins. Certain amino acid sequences as sorting domains in the
particular proteins play a role in intracellular routing in addition to glycosy1ation
of the proteins in the endoplasmic reticulum and Go1gi apparatus (McCullough and
Tavil, 1987). Biosynthetic controls include the overall composition, the nature of the
terminal sugar, as well as branching and microheterogeneity of the oligosaccharide
chains of the particular glycoproteins. Transcriptional control ofglycosyl transferases
and glycosidases in the assembling process may, therefore, in principle provide an
additional controlling system in intracellular routing and export.
It follows that synthesis, intracellular routing, and secretion of proteins is a

complex phenomenon regulated at various levels which can be potentially influenced
by multiple physiological and nutritional stimuli as well as by the presence of drugs.
Secretion, endocytosis, and degradation of polypeptides in the liver is a dynamic
equilibrium, the status of which may also influence clearance of exogenous peptides
since competition may in principle occur at the levels of receptor recognition and
degradative enzymes.

2.5. Degradation of Proteins and Peptides in the Liver

Catabolism of proteins in the liver involves multiple mechanisms in various cell
types. In fact, synthesis and degradation may be closely linked phenomena in
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secretion-coupled degradation en route from the Golgi system to the cell surface.
Such a coupling provides amajor posttranslational route in controlling the net protein
secretion as well as protein-precursor processing. Muscle and liver are the major sites
for proteolysis in mammals and half-lives of hepatic proteins are the shortest,
reflecting their high turnover rate and proteolytic capacity of the particular cells
(Mayer and Doherty, 1985; Yamazaki and Larusso, 1989). Intracellular protein
catabolism is composed of an extensive set of energy (ATP)-requiring processes that
include lysosomal and nonlysosomal systems acting on "short"- and "long"-lived
proteins, respectively. The particular digestive pathways may be classified into four
categories (Yamazaki and Larusso, 1989): on the basis of the origin of the protein
to be degraded (i.e., heterophagy or autophagy), on the basis of the site of digestion
(lysosomal and nonlysosomal), on the basis of the regulatory status of the proteolytic
process (basal proteolysis and stimulated proteolysis), as well as on the basis of the
properties of the proteins to be degraded (i.e., short-lived and long-lived proteins).
Degradation of intracellular resident proteins is called autophagy and occurs

predominantly by lysosomal digestion of cytoplasmic organelles and proteins. Large
bodies are initially sequestered in autophagosomes without lysosomal enzymes and
subsequently fuse with lysosomes (Mayer and Doherty, 1985; Yamazaki and Larusso,
1989). Soluble proteins are directly sequestered by the lysosomal membranes. Total
cellular proteolysis cannot be completely blocked by inhibitors of lysosomal func­
tion. Other organelles such as nuclei, mitochondria, and ER as well as the cyto­
plasmic fraction display abundant proteolytic activities. The latter include Ca2+­
activated cysteine endopeptidases such as the calpains that specifically cleave
substrates that give rise to physiological responses or regulate intracellular cell
movements. In the so-called ubiquitin pathway, target proteins become covalently
coupled to the 8.5-kDa protein ubiquitin in an ATP-requiring process. Lysine amino
groups and/or N-terminal amino groups of the proteins to be degraded react with the
carboxyl glycine of this small peptide and the particular poly-ubiquitin conjugates are
proper substrates for cytosolic proteases. Proteolysis of these protein conjugates also
requires ATP and regenerates ubiquitin with progressive enzymatic cleavage of the
protein ligand (Mayer and Doherty, 1985; Yamazaki and Larusso, 1989). In liver,
ubiquitin itself also undergoes proteolytic degradation via a cathepsin-like thiol
protease. Small peptides that enter the cytosol by carrier-mediated processes or
passive diffusion may, therefore, enter multiple degradative routes. Short-lived
endogenous proteins including rate-limiting enzymes such as ornithine decarboxy­
lase are degraded by the nonlysosomal systems. Long-lived proteins are mainly
degraded by the lysosomal apparatus. The rate of lysosomal proteolysis may de­
pend on physicochemical features like molecular weight, subunit size, charge,
hydrophobicity-hydrophilicity balance, thermolability and conformation of the par­
ticular molecules among others. Proteins were previously regarded to be degraded
faster when they were larger, more acidic, more hydrophobic, and had little oligosac­
charide chains. It is more likely, however, that the half-life of the proteins is largely
determined by the presence of specific amino acid sequences in the protein.
The responsible proteases can be inhibited by certain peptides such as leupeptin.
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This tripeptide inhibits the cathepsins B, H, and L and causes a marked change in
lysosomal density presumably by lysosomal constipation. Low lysosomal pH that is
maintained by an ATP-driven electrogenic proton pump is essential for the function
of such enzymes and therefore tertiary amines (chloroquine), inhibitors of the H+
pump (quercetin, vanadate), and proton exchangers such as monensin will largely
affect proteolytic activity of these organelles (Mayer and Doherty, 1985; Yamazaki
and Larusso, 1989; see Chapter 3).
Proteolysis is started by endopeptidases that act on the middle part of the

proteins. The major proteinase is cathepsin Dwith an intralysosomal concentration of
1mM. Oligopeptides released by such enzymes are further degraded by exopepti­
dases but the endopeptidase step is rate-limiting (McCullough and Tavil, 1987). The
resulting amino acids and dipeptides reenter the metabolic pool of the cell.
It should be emphasized that the rate of glycoprotein catabolism in the liver can

also be largely influenced by the rate of glycanolysis, i.e., the removal of the
oligosaccharide moieties. The presence of the branched antennary sugar chains may
"protect" the protein core from rapid breakdown since the prosthetic groups have
to be degraded in a stepwise process first. The particular glucosidases and man­
nosidases can be blocked by N-containing sugar derivatives, i.e., the glucosidase and
mannosidase inhibitors such as castanospermine, and deoxynojirimicin, among
others (Mayer and Doherty, 1985; McCullough and Tavil, 1987).
Glycoproteins that are taken up by receptor-mediated endocytosis generally enter

a lysosomotropic route that will finally lead to proteolytic degradation in a hetero­
phagic process. Some proteins can bypass this abortive route and may undergo trans­
cytosis to the biliary pole of the cell (McCullough and Tavil, 1987) to be secreted or
will be recirculated to the sinusoidal domain of the plasma membrane to reenter the
bloodstream. It is important to realize that the relative contribution of those different
intracellular routes in the total disposition can be largely dose-dependent and
influenced by pathological conditions and presence ofpharmacologically active com­
pounds. In the case of insulin, apart from chloroquine-sensitive lysosomal degrada­
tion, major endosomal proteolysis by an insulin-glucagon protease has also been
described. The latter process can be inhibited by the antibiotic bacitracin (Burwen
and Jones, 1990). Finally, internalization of peptides is not always a prerequisite for
proteolysis: peptic hydrolases can be present at the cell surface as has been shown for
degradation of certain dipeptides in the liver (Lochs et ai., 1986; see Chapter 2).

3. MECHANISMS FOR HEPATIC UPTAKE OF PROTEINS AND
OLIGOPEPTIDES

3.1. Carrier-Mediated Membrane Transport

For relatively small, polar or charged substrates, carrier-mediated membrane
transport is necessary for substantial penetration into the cell (Berk et aJ., 1987;
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Meijer, 1989; Smith, 1971; Meijer et al., 1990b; Meier, 1988; Boyer, 1986) (see
Fig. 3).

Carriers probably are single or grouped structural membrane proteins that form
some sort of pores or undergo conformational changes that result in reallocation in the
lipid bilayer by which a bound substrate is shuttled through this cellular barrier. It
is not known whether this shuttling process involves passage through gated channels,
flip-flop movements of single proteins, or positional changes of closely associated
pairs of proteins (Sorrentino and Berk, 1988; Meier, 1988). Nevertheless, much
progress was made in identification of potential carrier proteins by specific photo­
affinity labeling (Kurz et al., 1989), protein isolation, and determination of their
amino acid and sugar composition (Berk et al., 1987; Sorrentino and Berk, 1988;
Meijer et al., 1990b). Antibodies raised against such potential carrier proteins
potentially can block transport and are employed to study cellular and tissue
localization (Sorrentino and Berk, 1988; Levy, 1989). Some of the isolated carrier
proteins have been reconstituted in proteoliposomes (Sottocasa et al., 1982; Meier,
1988; Von Dippe and Levy, 1990; Ruetz et al., 1988) and attempts are under way to
sequence the proteins and identify the genetic material involved in their synthesis
(Meier, 1988).

Passive, carrier-mediated transport involves recognition by a specific carrier

AD"'"
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receptor mediated
endocytosis
or pinocytosis

non-ionic diffUSion

active carrier
mediated uptake
a) primary active
b) secondary active

facititated diffusion

Figure 3. Mechanisms for membrane transport in the liver repsonsible for uptake of peptides, proteins,
and other endogenous and exogenous compounds. Carrier-mediated transport can be facilitated, secondary
active, and primary active. depending on type of energization. Endocytosis occurs with entirely different
mechanisms.
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on the basis of the physicochemical features of the substrate (Stein, 1986; Meijer,
1989) (see Fig. 3). Transport occurs along the (electro-) chemical concentration
gradient. This process is saturable, displays competition between structurally related
ligands, and transstimulations or accelerated exchange diffusion (Stein, 1986; Meier,
1988). The latter phenomena can be demonstrated in isola~ed cells or membrane
vesicles by pre10ading them with a transportable agent and observing an increased
initial rate of uptake of a chemically related compound under these conditions. This
preloading effect is supposed to be due to reorientation of the carrier binding site
to the outer site of the membrane, a process that is supposed to occur only in the drug­
bound form (Stein, 1986).

Vectorial transport of charged compounds can lead to unequal concentration at
each side of the membrane simply due to equilibration according to the membrane
potential (Meijer, 1989). For instance, compounds with a net cationic charge can
reach a fourfold higher intracellular concentration (Meijer, 1989; Meijer et al., 1989)
only due to the inside negative membrane potential of the hepatocyte (- 30 to 40 mV)
while anionic compounds can be driven out of the cell for instance at the canalicular
level for the same reason (Weinman et al., 1989; Meier, 1988). Real "uphill
transport" against an electrochemical gradient requires energy-rich cosubstrates
such as ATP (primary active transport) or may operate via existing gradients of
organic ions (H+, OH-, HC03", Na+, or K+) driving the translocation process
(Meier, 1988). Since such ion gradients can only be built up through the use of energy­
rich compounds, such transfer of the organic solute via ion gradients is called
secondary active transport. In the latter category, one finds clear examples of Na+­
linked transport of bile acids (Ruifrok and Meijer, 1982; Meier, 1988; Blitzer et al.,
1982; Zimmerli et al., 1989), fatty acids (Stremmel, 1989; Potter et at., 1989), and
certain amino acids (Christensen, 1979). One or more Na+ ions are supposed to be
bound to the carrier together with the substrate. After translocation to the intracellular
site where the Na+ concentration is much lower, Na+ dissociates from the carrier and
the drug is released because affinity of the bile acid for the Na+-free carrier is
supposed to be reduced (Stein, 1986; Zimmerli et at., 1989).

Primary active transport using ATP is definitely established for Na+ ,K+ trans­
port (the electrogenic Na+ ,K+-ATPase pump system) and recently also for the
removal of hydrophobic and cationic antineoplastic drugs from resistant tumor cells.
This system operates via the so-called gp-170 multidrug resistance protein that is an
ATPase too (Beck, 1987; Zamora et al., 1988). This protein is also present in the
canalicular pole of normal hepatocytes (Kamimoto et al., 1989) and is a candidate for
extrusion of lipophilic, mostly cationic drugs (Beck, 1987; Zamora et al., 1988).
Uptake of certain organic cations into the liver has been demonstrated to be very
sensitive to depletion of ATP (Steen et al., 1991). Also for the excretion of non-bile­
salt anionic compounds such as glutathione conjugates, sulfates, glucuronides, and,
in general, organic anions with two or more negative charges, an ATP-dependent
multispecific transporter has recently been identified by several groups in the
canalicular pole of the hepatocyte (Oude Elferink et at., 1990; Ishikawa et at., 1990;
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Kobayashi et ai., 1990; Kamimoto et ai., 1989). There is also increasing evidence for
ATP-dependent uptake of organic anions at the sinusoidal pole of the cell that may
operate in the case of hydrophilic organic anions such as dibromosulfophalein
(DBSP) and aniline naphthaline sulfonate (ANS), but interestingly not for more
hydrophobic compounds such as BSP and Rose Bengal (Yamazaki et ai., 1990).

3.2. Multiplicity in Hepatic Transport Mechanisms

It is clear that all of the mentioned hepatic uptake processes in principle can
contribute to some extent to the clearance of a ligand. However, the physicochemical
features of the molecule such as charge, charge density, and distribution of charge,
as well as the size and the hydrophilicity-lipophilicity balance of the drug molecule
determine which process will be favored (Meijer, 1989; Smith, 1966). It is important
to note here that for endogenous and exogenous organic compounds including
peptides, multiple carrier-mediated mechanisms in the sinusoidal domain of the
plasmamembrane of liver parenchymal cells are operating in concert (see Pig. 4). At
least three different processes are present for anionic compounds (Berk et ai., 1987;
Meijer, 1989; Tiribelli et ai., 1990; Meier, 1988), four separate mechanisms have been
described for endogenous and exogenous cationic compounds (Meijer, 1989; Meijer
et ai., 1990b), and at least two have been described for uncharged compounds like the
cardiac glycosides and steroidal hormones (Meijer, 1989; Smith, 1966; Klaassen and
Watkins, 1984). Some of these carrier systems also accommodate small peptides
(Primmer and Ziegler, 1988). Especially at relatively low concentrations these
processes may be quite specific for a certain molecule, but at higher concentrations
there is overlapping substrate specificity: more than one of the above-mentioned
carrier systems contribute to the net hepatic uptake of the drug. It is not excluded
that, in addition, an aspecific (multiplicit) transport process is involved in the
translocation of amphipathic molecules including small peptides (Kurz et ai., 1989;
Primmer and Ziegler, 1988). Such a system is hypothesized to accommodate all kinds
of "bulky," hydrophobic drug molecules irrespective ofcharge. This idea is based on
photoaffinity labeling of structural membrane polypeptides in the range of 50 kDa
for a wide variety of drugs, showing transport interactions and mutual inhibition of
photolabeling (Kurz et ai., 1989; Primmer, 1982). Alternatively, these observations
could be compatible with overlapping substrate specificity of a family of closely
related carrier proteins that have a similar molecular mass but slightly different
composition and net charge (Berk et ai., 1987; Boyer, 1986; Sorrentino and Berk,
1988;Meijer et ai., 1990b). It is clear, however, that independent processes must exist
for bile acids, anionic dyes, and for uncharged steroids since they develop differently
from birth (Klaassen and Watkins, 1984; Suchy et ai., 1989).
Some of the unexpected interactions observed during hepatic uptake between

very different categories oforganic compounds can be explained by the fact that drug
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Figure 4. Thmsport systems for various types of endogenous organic compounds that have been
identified in the sinusoidal domain of the hepatocyte plasma membrane. Small peptides can be accommo­
dated by the bile acid carriers and possibly also by the cation carriers. Separate processes are indicated;
however, the organic anion transporter may be identical to the bilirubin carrier. There is recent evidence
that the organic cations thiamine, choline, and N-methyl noctinamide (NMN) as well as cationic drugs are
taken up by dissimilar mechanisms.

molecules can be present in the body in multiple forms or, like certain peptides,
expose both anionic and cationic groups. For instance, ,bile acids, at physiological
pH, can be present as uncharged steroidal structures, but also in the anionic
(dissociated) form, and can even be combined with Mg2+ or Ca2+ in a net positively
charged complex (Meijer, 1989). Assuming that multiple mechanisms for anionic,
cationic, and uncharged compounds exist, bile acids in these various forms could
interfere with all of these processes and also be transported via such mechanisms,
especially at relatively high concentrations (Vonk et al., 1978). Consequently, mutual
transport interactions between structurally unrelated agents should be anticipated
even without existence ofthe hypothesized nonspecific transport system. On the other
hand, a single channel-like structure for all of the above-mentioned categories of
drugs could be envisioned, realizing that any organic solute could be accompanied
by a different and unequal number of inorganic ions while passing the channel.
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Consequently, transport would still show a certain substrate specificity as the
consequence of interactions with the charged lining of the "pore" (Frimmer, 1982).
There is evidence now that one taurocholate molecule is transported combined with
more than one Na+. Such a symport system is electrogenic (carrying net positive
charge) and could therefore be helped by the negative membrane potential (Meijer
et ai., 1990b). Various types of oligopeptides display high affinity for these carriers
due to the presence of charged groups and hydrophobic regions (see Sections 4.1­
4.9). Indirect evidence suggests that anionic compounds could be accompanied by
Na+ as well as Cl- ions in a symport system (Frimmer, 1982) or exchange for OH- or
HC03- ions (anion antiport) (Meier, 1988). Interactions of the complexes with the
charged inner sites of the carrier pores during transport or the ability to pass charged
barriers within the pore could explain such ion requirements (Berk et ai., 1987).
Apart from interactions on the basis ofcharged groups, hydrophobic interactions

may play an important role in the affinity of organic solutes for carrier systems in the
sinusoidal membranes. Structure-kinetic studies with anionic and cationic com­
pounds clearly indicate that, in contrast to the renal tubular secretion system, the liver
parenchymal transport system favors transport of relatively hydrophobic (lipophilic)
drugs. These are often compounds with a relatively high molecular mass and their
bulky ring structures render them hydrophobic. Since the various carrier proteins
mentioned above very likely possess hydrophobic binding sites, that largely deter­
mine the affinity for their substrates, it is not surprising that many cholephilic ligands
and also certain peptides noncompetitively interact during hepatic uptake in spite of
their different overall charge. Part of the observed interactions may alternatively be
explained by a direct influence of the lipid bilayer that may indirectly affect carrier
mobility and efficiency of carrier-mediated transport. Treatment of rats with ethinyl
estradiol leads to a cholestatic condition and impaired bile acid transport that may be
due to an increased rigidity of the sinusoidal plasma membrane. It has been shown
that membrane fluidity and transport of bile acids and BSP can be restored by
administration of certain detergents (Simon et ai., 1980; Miccio et ai., 1989).

4. CARRIER- AND NON-CARRIER-MEDIATED UPTAKE OF
OLIGOPEPTIDES BY THE LIVER

4.1. Introduction

Peptides, in particular hormone modifications, superagonists and antagonists,
and some peptide receptor blockers, are gaining importance in drug development
(Hruby, 1985; Bertrams and Ziegler, 1991a; Gloff and Benet, 1990; Bocci, 1990;
Wunsch, 1983) (see Fig. 5). Drug design based upon peptide structure, however,
must take into consideration two problems: one is the prevention of proteolytic
degradation. Efforts to circumvent the tendency of rapid degradation have succeeded
in the development of enzymatically stable peptides. These compounds are confor-
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Figure 5. Chemical composition of some oligopeptides with cyclic or linear structures.

mationally restricted and often have only a partial peptide structure, especially in the
case of linear renin-inhibiting peptides (Hui et ai., 1988). The other problem is that
some of these proteolytically stable peptides also have a short half-life in vivo as a
result of rapid hepatocellular elimination (Caldwell et ai., 1985).

The first step in hepatic elimination is the permeation of these substrates through
the sinusoidal membrane of liver cells. Data are available for the molecular mecha­
nism ofhepatocellular uptake ofcertain small cyclic and linear peptides of pharmaco­
logical value or of toxicological importance, such as somatostatins (Wolfe et ai.,
1987; Caldwell et ai., 1985), cyclosomatostatins (Kessler et ai., 1986), cyclolinopep­
tides (Tancredi et ai., 1989), cyclosporins (Borel et ai., 1976), antamanide (Wieland
et ai., 1969), phallotoxins (Frimmer, 1975), linear renin-inhibiting peptides (Haber
et ai., 1987) (Fig. 5), cholecystokinins (Gores et ai., 1986a,b, 1989; Hunter et ai.,
1990; Doyle et ai., 1984), dipeptides (Gly-Ala; Gly-Leu; Gly-Pro; Gly-Sar) (Lochs
et ai., 1986), cyclo(His-Pro) (Koch et ai., 1982) oligopeptides (Lombardo et ai.,
1988), leupeptin (Leu-Leu-Arg) (Dennis and Aronson, 1985), a-amanitin (Kroncke
et ai., 1986), gastrin-releasing peptide and gastrin (Doyle et ai., 1984; Wolfe et ai.,
1987; Seno et ai., 1985) (Table I).
In comparative kinetic studies on isolated hepatocytes, some of the above small

cyclic and linear peptides are taken up by energy-dependent carrier-mediated trans­
port as well as by nonionic diffusion. The physicochemical' properties of the
individual compounds determine the mode of transport. For dipeptides and some
oligopeptides (Lochs et ai., 1986; Lombardo et ai., 1988), clearance seems to be
due to extracellular hydrolysis by enzymes located on the liver plasma membrane or
released from the cytosol. From these studies, it was concluded that the liver does not
possess a transPQl1 system for dipeptides. On the other hand, Mori and colleagues
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Table I
Physiochemical Properties of Peptides

Size (Da) No. of amino acids Lipophilicitya

Dipeptides -220 2 0ooooo14ס.0
Glutathione 307 3
Leupeptin 476 3
Leu-enkephalin 555 5 1.12
Met-enkephalin 573 5 0.031
Phalloidin 789 7
Bradykinin 1,060 9
Antidiuretic hormone 1,084 9
Cyclolinopeptide 1,048 9
Vasopressin 1,083 9
Oxytocin 1,007 9
Antamanide 1,147 10
Cyclosporin A 1,200 II 991
Substance P 1,347 II 0.275
Somatostatin (N-lYr) 1,637 14 0.081
Endothelin 2,500 21
Secretin 3,052 27
VIP 3,327 28
Glucagon 3,485 29 0.063
Calcitonin 3,604 32
Cholecystokinin 3,716 33
~-Endorphin (N-lYr) 3,540 31 0.014
Insulin 6,000 51 0.021
Lysozyme 14,307 129
'(-Interferon 25,000 (+G)b 166
(Xt-Acid glycoprotein 41,000 (+G) 181
Ovalbumin 45,000 (+G) 400
Transferrin 79,000 (+G) 679
Albumin 65,000 575
IgA 160,000 (+G)
Fibronectin 250,000 (+G)
urMacroglobulin 820,000 (+G) 1450

aLipophilicity as detennined by partition between n-octanol and aqueous buffers.
b+G = including oligosaccharide chains.

(Mori et al., 1986, 1989) detected a highly specific receptorlike uptake mechanism
for cyclo(His-Pro), a metabolite of thyrotropin-releasing hormone (TRH).

4.2. Peptide Transport by Bile Acid Carriers

Cyclosomatostatins (Ziegler et al., 1990, 1991; Ziegler and Frimmer, 1986a),
cyclolinopeptides (Ziegler et al., 1990), phallotoxins (Petzinger and Frimmer, 1980),
antamanide (Petzinger et al., 1983), a-amanitin (Kroncke et al., 1986), hydrophilic
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and hydrophobic linear renin-inhibiting peptides (Bertrarns and Ziegler, 1989a,b;
Seeberger and Ziegler, 1990a,b), and cholecystokinin octapeptide (Gores et al.,
1986a,b, 1989; Hunter et al., 1990) enter liver cells by an energy-dependent carrier­
mediated process. Since it is improbable that the liver possesses a specific transport
system for various foreign peptides, the possible physiological substrates of these
carrier systems were sought.

There exist several transport systems for endogenous substrates (Fig. 4) at the
basolateral membrane of the hepatocytes (see Section 3.2). The transport systems for
bile acids turned out to be important for the elimination of peptides. Sodium­
dependent and independent transport systems were described for the uptake of
conjugated and unconjugated bile acids, respectively. Eighty percent of the uptake of
taurocholate is sodium-dependent, whereas only 50% of cholate uptake is mediated
by an inwardly directed sodium gradient (Frimmer and Ziegler, 1988). These relative
contributions, however, are concentration-dependent.

In addition, the transport of several of the peptides studied is inhibited by
bromosulfophthalein, a putative foreign substrate of the bilirubin carrier (for review
see Frimmer and Ziegler, 1988). This interference of uptake is due to a noncompeti­
tive type of transport inhibition, suggesting that transport sites for bilirubin/BSP and
peptides are not identical.

In earlier studies with phalloidin it could be shown by Frimmer and his group
(Frimmer et al., 1980; Petzinger, 1981) that a transport system physiologically
handling cholate is also responsible for the hepatospecific elimination of the toxin
phalloidin. Several chemically different compounds such as cholecystographic
agents, cardiac glycosides, and loop diuretics have been identified as further sub­
strates of this carrier system (for review see Frimmer and Ziegler, 1988). It seems that
this system is unable to discriminate between steroids and cyclopeptides. In 1985, the
above transport system was termed multispecific transporter (Ziegler et al., 1985)
(see Fig. 6).

On the basis of the presently collected data, it emerges that the transport system
for cyclosomatostatins (Ziegler et al., 1991), cyclolinopeptides (Ziegler et al., 1990),
antamanide (Petzinger et al., 1983), phalloidin (Frimmer and Ziegler, 1988), and
cholate is identical. This interpretation is supported by mutual transport inhibition in
isolated hepatocytes as well as isolated rat liver plasma membrane vesicles (see Table
II). The compounds tested turned out to be mutually competitive transport inhibitors.
In addition, these peptides also competitively inhibit sodium taurocholate cotransport
and vice versa. The affinity of the above cyclopeptides to the multispecific cholate
transporter, however, is tenfold higher than to the sodium taurocholate cotransporter.
Furthermore, these cyclopeptides inhibit sodium-dependent as well as sodium­
independent uptake of cholate and taurocholate. This is in contrast to the hydrophobic
linear renin inhibitors (Bertrams and Ziegler, 1989a,b). The latter peptides have a
higher affinity to the sodium taurocholate cotransporter than to the multispecific
cholate transporter. They noncompetitively inhibit the sodium-independent part of
taurocholate uptake, but competitively block the sodium-dependent part.
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Figure 6. Overview of identified mechanisms for hepatocyte uptake of various classes of oligopeptides.
Relatively hydrophobic peptides prefer the Na+-dependent bile acid carrier, cyclopeptides the multi­

specific one, and hydrophilic linear peptides a separate route. Very lipophilic peptides like cyclosporin
(eSA) enter by passive lipoid permeation.

Table II
Kinetic Properties of Hepatocellular Uptake

Taurocholate Cholate Cyclosomatostatin Linear peptides

Km (jLM) 19-57 58-74 5, 8 2
Vmax (pmole/mg per min) 750-1300 570-1170 165 160
Energy dependent + + + +
Activation energy (kJ/mole) 121 108 37 60
Sodium dependent + +/-
Membrane potential dependent + + + +
Mutual competitive inhibition + + + +
Uptake into AS 30 D ascites cells
Identified binding proteins (kDa) 48-50,54 48-50,54 50,54 50,54
Functional molecular mass (kDa) 170 109 100 n.d.
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At present, the identity of protein components of the mUltispecific cholate
transporter with those of the sodium-dependent taurocholate cotransporter is not
proven. But as discussed later, evidence exists that two different bile acid transport
systems are located in the sinusoidal membrane of liver cells. One of them,
responsible for the sodium-dependent uptake of taurocholate, also transports linear
hydrophobic renin inhibitors and the other mediates the uptake of cholate and certain
cyclopeptides. The two transport systems, however, show overlapping substrate
specificities.

LaRusso and colleagues (Gores et al., 1986b, 1989) studied the processing of
cholecystokinin by isolated liver cells. The authors described an active carrier­
mediated transport system for cholecystokinin octapeptide, which could be inhibited
by taurocholate. It was suggested that these peptides are taken up by a similar
mechanism as discussed above.

4.3. Mechanisms and Energization of the Peptide Transporters

All cyclic as well as linear peptides tested in our studies (Primmer, 1989;
Bertrams and Ziegler, 1991a) noncompetitively inhibit the uptake of BSP and
rifampicin, probably substrates of the bilirubin carrier in the liver. Other carrier
systems existing in the liver cell membrane (Primmer and Ziegler, 1988; Meier, 1988),
for example those for amino acids, hexoses, cationic compounds, and long-chain fatty
acids, were not influenced by the peptides and vice versa (Fig. 4).

Cyclosomatostatins (Bertrams and Ziegler, 1991a; Ziegler et al., 1990; Ziegler
and Primmer, 1986a) and some linear hydrophobic renin-inhibiting peptides
(Bertrams and Ziegler, 1989a,b, 1991b), are taken up into liver cells in an energy-,
temperature-, and concentration-dependent manner. Comparing the kinetics of the
uptake of cholate, taurocholate, cyclosomatostatins, and hydrophobic linear renin
inhibitors (Table II), it became evident that the affinity of the peptides for the transport
system is higher than that of bile acids. In contrast, the Vmax is higher for bile acids.
At high substrate concentrations, a minor part of the uptake is mediated by diffusion.
Permeability coefficients in the range of 8.1 x 10-6 em/sec were calculated. The
carrier-mediated part of the uptake is saturable as well as temperature- and energy­
dependent. Activation energies in the range of 37-60 kllmole also indicate a carrier­
mediated process. In the absence of oxygen or in the presence ofmetabolic inhibitors,
uptake of cyclic and linear peptides is inhibited. These transport characteristics
are also shared by bile acids.

4.4. Driving Forces for Hepatic Uptake of Peptides

The main difference in the transport characteristics of peptides and bile acids is
the driving force needed for the uptake. Whereas 80% of the uptake of taurocholate
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and 40% of the uptake of cholate are driven by an inwardly directed sodium gradient,
the uptake of the tested cyclopeptides as well as of the linear peptides is not sodium­
dependent (Table II). The same phenomenon was described for the uptake of
cholecystokinin octapeptide (Gores et al., 1989; Hunter et al., 1990). Sodium can be
replaced by choline or lithium without any effect on uptake. When sodium is replaced
by potassium, the uptake is reduced significantly. Since potassium also alters the
membrane potential, it was inferred that the membrane potential could be the domi­
nant driving force for the uptake of cyclopeptides and linear hydrophobic renin
inhibitors. This suggestion is supported by anion replacement studies: the uptake of
peptides is stimulated by making the inner side of the membrane more negative,
whereas a more positive membrane potential inhibits the uptake of the above sub­
strates. One must, however, realize that the cyclosomatostatins are neutral at physio­
logical pH whereas the hydrophobic renin-inhibiting peptides are positively charged.

4.5. Structure-Kinetic Relationships of Peptides

At present, the structural requirements determining the affinity of the peptides
to the bile acid transporters are not unequivocally known. Studies with various
derivatives of cyclosomatostatins, cyclolinopeptides, and linear renin-inhibiting
peptides were performed. The structure-activity relationship of peptide analogues on
hepatocellular transport inhibition was investigated (Ziegler, 1989; Kessler et al.,
1987, 1988; Zanotti et al., 1990).

Apart from the number of amino acids, the hydrophobicity and certain confor­
mational characteristics are prerequisites for binding to bile acid carrier systems. The
oligopeptide charge per se seems not to be a crucial factor determining extent of
hepatic clearance. Cyclopeptides that are neutral at physiological pH, linear hydro­
phobic renin-inhibiting peptides that are positively charged, and the cholecystokinins
that exist principally in the anionic form all are rapidly taken up in the liver especially
if hydrophobicity reaches a certain threshold (Gores et al., 1989; Hunter et al., 1990).
Amino acids and dipeptides have no affinity to the transporter, while some tripeptides
have a low affinity (Bertrams and Ziegler, 1991b). Larger oligopeptides of up to 33
amino acids, as shown in the case ofcholecystokinins, have a sevenfold lower affinity
for these carrier systems compared with the endogenous bile acid substrates (Gores
et al., 1989; Hunter et al., 1990). For the linear renin-inhibiting peptides tested, there
is a nonlinear correlation between their hydrophobicity and their affinity for the
transporter (Bertrams and Ziegler, 1991a). Hydrophilic linear renin-inhibiting pep­
tides have a 200-fold lower affinity for the bile acid transporters compared with bile
acids themselves. In addition, the type of transport inhibition turned out to be
noncompetitive (Seeberger and Ziegler, 1990, 1993). Hydrophilic linear renin­
inhibiting peptides are not substrates of bile acid carriers; nevertheless, they are
probably taken up by some other kind oforganic cation carrier system (Seeberger and
Ziegler, 1990, 1993).
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Since most linear peptides, up to a size of approximately 30 amino acids, are
mixtures of many conformations, structurally rigid cyclic peptides, such as cyclo­
somatostatins, cyclolinopeptides, and antarnanide, were used to elaborate the confor­
mational prerequisites for affinity to bile acid transporters. Natural somatostatin has
a low affinity for the bile acid transport system. Aconcentration of 200 11M is needed
to inhibit bile acid transport by 50% (Ziegler et al., 1985). Cyclic peptides derived
from the active sequence of somatostatin are about lOO-fold more active than natural
somatostatin (Table ill). The analogues possess a reduced conformational freedom
owing to cyclization and exhibit increased enzymatic stability.
Interestingly, alteration of the direction of the peptide bonds, generating retro

peptides, led to the development of analogues with higher activity (Ziegler et al.,
1985). Since both the peptides and their retro analogues have affinity for bile acid
carriers, it is suggested that a small recognition area is responsible for binding to the
bile acid carrier. The peptide with the highest affinity is a retro peptide with the
sequence C(D-Pro-Phe-Thr-Lys-Trp-Phe), termed 008 (Fig. 5). The affinity is further
increased when the Lys side chain is protected by a Z group (benzyloxycarbonyl).
This is true for all cyclohexa- and pentapeptides synthesized. It points to the fact that
a higher hydrophobicity of the analogues, due to the Z group, has effects on the
affinity (Kessler et al., 1987, 1988).

By replacing each amino acid in 008 by an alanine residue, the importance of the
side chains of each amino acid for affinity to the bile acid carrier was defined. The
conformation of the peptides was determined by NMR spectroscopy and shown to be
very similar. All alanine-containing peptides inhibited bile acid uptake. All amino
acids in the peptides turned out to be important for binding, since substitution ofeach
of the aromatic amino acids led to a decreased affinity.

Thble III
Chemical Structure and Inhibition of Uptake of Cholate and Taurocholate

of Cyclolinopeptide A (CLA) and Its Analoguesa

ICso

Structure Size (Da) Cholate Thurocholate

Pro Pro Phe Phe Leu De De Leu Val
Ala - -
- Ala -

Ala
Ala

Aib Aib - D-Ala ­
Gly

~-Ala ~-Ala

~-Ala ~-Ala

1048 0.83 ± 0.19 69.75 ± 23.47
1022 1.22 ± 0.15 24.88 ± 5.87
1022 1.30 ± 0.80 11.36 ± 1.63
972 5.65 ± 0.94 25.21 ± 5.42
972 3.19 ± 0.81 40.84 ± 19.19
941 20.92 ± 1.81 58.46 ± 9.07
546
610
386

"Amino acid substitutions and/or chain shortening leads to dissimilar changes in affinity for the multi­
specific cholate carrier and the Na+ dependent taurocholate carrier system.
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The important structural elements common to all cyclopeptide analogues are
two adjacent aromatic amino acids such as Phe-Phe or Phe-Trp and a neighboring Pro
or o-Pro residue. The Phe residue in position 3 of cyclolinopeptides is the most
important in this series. This sequence, however, is not alone sufficient for affinity
to the transporter. In addition to sequential requirements, the spatial arrangement is
important. The synthetic cyclic pentapeptides cyclo-Pro-Pro-Phe-Phe-Gly or -Ala do
not inhibit bile acid uptake. The conformation of these analogues differ from that of
bile acid transport-inhibiting cyclopeptides, indicating that a certain conformation is
required for recognition by bile acid transporters. The amino acids surrounding the
aromatic fragment have the task of fixing a certain conformation for the aromatic side
chain.
Vasoactive intestinal peptide has an efficient first-pass clearance in the isolated

perfused rat liver, while gastrin-releasing peptide (GRP-14 and GRP-27) and somato­
statin (S-14 and S-28) are poorly cleared (Doyle et al., 1984; Wolfe et al., 1987; Seno
et al., 1985). Hepatic processing ofcholecystokinin was studied in more detail (Gores
et al., 1986a,b, 1989). Small forms of cholecystokinin (CCK-4 and CCK-8) are
extracted more efficiently than are large forms (e.g., CCK-33). Furthermore, hepatic
recognition and uptake seem to be dependent upon the carboxyl-terminal tetrapeptide
sequence (Trp-Met-Asp-Phe-NH2).
The physicochemical determinants for hepatic clearance of CCK and related

compounds were recently studied (Hunter et al., 1990). A series of 13 tetrapeptides,
including 8 analogues of the carboxyl-terminal tetrapeptide of CCK-8 but with
different charge, hydrophobicity, and amino acid sequence, were investigated.
Hydrophobicity of individual radiolabeled peptides was calculated or measured
directly by determining their partitioning between octanol and an aqueous phase.
First-pass hepatic extraction of the peptides in the isolated perfused rat liver varied
from 4% to 86% and correlated significantly with hydrophobicity. Hydrophobic
peptides with either positive, neutral, or negative charges were avidly extracted
(30% to 86%) by the liver. Interestingly, first-pass clearance of hydrophobic peptides
with similar charge varied with amino acid sequence. In contrast, the first-pass
hepatic extraction of positively or negatively charged hydrophilic tetrapeptides was
negligible « 10%). These results suggest that hydrophobicity and amino acid
sequence, but not anionic or cationic nature, are the major determinants of hepatic
extraction of CCK, and perhaps other small circulating peptides.

4.6. Carrier Proteins of the Peptide Uptake Systems

Protein components of these carrier systems have been identified by affinity- and
photoaffinity-Iabeling with chemically reactive or photoreactive bile acid or cyclo­
somatostatin analogues (Kramer et al., 1982; Wieland et al., 1984; Ziegler, 1989;
Ziegler and Frimmer, 1986b; Ziegler et al., 1990, 1991). Proteins of 48-50,52-54,
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67, and 37 kDa were labeled with conjugated and unconjugated bile acid analogues in
isolated rat liver cell plasma membranes (Table II) (Ziegler, 1989). Photoreactive
cyclosomatostatin analogues bind to proteins of identical molecular masses (Ziegler,
1989). Binding of the photoreactive analogues can be prevented by preincubation with
an excess of bile acids or with cyclosomatostatins and vice versa. Studies in other
laboratories suggest that the protein subunit of 48-50 kDa is related to the sodium­
dependent taurocholate cotransporter (Ananthanarayanan et al., 1988), whereas the
protein subunit of 52-54 kDa is involved in the binding ofcholate (Kurz et al., 1989).
It was shown that cyclosomatostatins have affinity for both systems.

Binding proteins for linear hydrophobic peptides were identified by affinity
chromatography on Affi-Gel-15 columns (Bio-Rad Laboratories, Richmond, Calif.)
with a hydrophobic linear renin inhibitor as ligand (Sanger, 1989). Under these
conditions, proteins of 48,50,54, and 58 kDa were also partially isolated (Table II).
In contrast, no proteins could be eluted after chromatography of solubilized plasma
membrane proteins from AS 30D ascites hepatoma cells (Sanger and Ziegler, 1990).
This points again to the specificity of these proteins as components of the transport
system.

4.7. Energy-Dependent Carrier-Mediated Peptide Transport Not Related to
Bile Acid Carriers

In contrast to the hydrophobic linear renin inhibitors, hydrophilic modifications
do not yield substrates for the bile acid carriers (Seeberger and Ziegler, 1990, 1993).
These hydrophilic peptides noncompetitively inhibit the uptake of cholate and
taurocholate and vice versa. They are transported into hepatocytes by an energy­
dependent carrier- mediated mechanism, which is not related to bile acid, amino acid,
bilirubin, long-chain fatty acid carriers but rather to cation transporters (see Meijer,
1989; Meijer et al., 1990b). The physiological substrate of this transporter is not
known at present; as competitive inhibitors, d-tubocurarine and ouabain have been
found (Ziegler et al., unpublished observation).

4.8. Peptide Uptake by Passive Lipoid Permeation

Cyclosporins (CSA) (Borel et al., 1976), very hydrophobic cyclic peptides,
permeate the membrane by nonionic passive diffusion (Ziegler et al., 1988b). They
noncompetitively inhibit the uptake ofcholate (Ziegler and Frimmer, 1986c), whereas
the uptake of taurocholate is blocked competitively (Kukongviriyapan and Stacey,
1988). In photoaffinity labeling studies, a photoreactive CSA analogue binds to
proteins of 85, 54, 50, and 37 kDa (Ziegler and Frimmer, 1986c). This probably



Mechanisms for Hepatic Clearance 361

means that CSA interacts with bile acid transport systems, but that CSA is not
transported by these carrier systems (Fig. 6).

4.9. Current Knowledge and Physiological Meaning of Peptide Clearance by
the Liver

As described above, many pharmacologically interesting peptides can be
rapidly taken up by the liver without earlier degradation. Depending on the physi­
cochemical properties of the peptides (Table I), energy-dependent carrier-mediated
transport processes, nonionic diffusion, or receptor-mediated endocytosis are respon­
sible for their first-pass elimination (see Fig. 6).

Cyclosomatostatins, cholecystokinins, cyclolinopeptides, antamanide, phallo­
toxins, and hydrophobic linear renin inhibitors are taken up by liver cells using
carrier-mediated mechanisms, which are related to the transport of bile acids. There is
evidence for the conclusion that various cyclopeptides are substrates of the so-called
multispecific cholate transporter, whereas hydrophobic linear renin inhibitors have
higher affinity for the sodium taurocholate cotransporter (Table II, Fig. 6). In
contrast, the very hydrophobic cyclosporins enter liver cells by nonionic diffusion,
whereas the hydrophilic linear renin inhibitors are taken up an energy-dependent
carrier-mediated mechanism, which is not related to bile acid carriers.

The overall physiological significance of peptide clearance by the liver is still
unclear and remains somewhat speculative. Some investigators have proposed that
peptide clearance by the liver may be important for nutrition by processing dipeptides
from the portal circulation or from parenteral formulations into assimilable free
amino acids (Lochs et al., 1986). Membrane hydrolases are the predominant factors
in disposition of such dipeptides (see Chapter 2). Such very small peptides may not be
good substrates for the "multispecific transporter," since the majority of possible
dipeptide combinations are expected to be too hydrophilic to be effectively cleared by
this mechanism. A second physiologically significant role might be in the clearance
ofcirculating peptide hormones. Although a significant first-pass hepatic clearance of
CCK-8 was found, CCK-33 was only minimally cleared (Hunter et al., 1990; Doyle
et al., 1984). Other investigators found minimal first-pass clearance of S-14 and S-28,
GRP-14 and GRP-27, and gastrin-17 (Wolfe et al., 1987; Seno et al., 1985). Thus, for
many peptide hormones, particularly those whose chain length exceeds 12-14 amino
acids, the liver does not appear to playa significant role in clearance from the plasma
(Table I). Although the earlier-mentioned "multispecific transporter" consequently
may lack physiological significance in the clearance of long peptide hormones, a
number of biologically active, short peptide hormones that exist in the circulation are
better substrates (e.g., vasopressin, oxytocin, bradykinin, CCK-8). The major impor­
tance of peptide processing by the hepatic bile acid type of transporters therefore
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may be pharmacologic in nature. In the case of CCK-8, the efficient clearance by the
liver prevents spillover to the systemic circulation, also implying that the liver itself
may represent a target organ for this peptide.

The transport systems for the uptake of phallotoxins (Petzinger and Frirnmer,
1984; Frimmer and Ziegler, 1988), antamanide (Petzinger and Frimmer, 1984;
Frirnmer and Ziegler, 1988), cyclosomatostatins (Ziegler et ai., 1990, 1991), cyclo­
linopeptides, and linear renin-inhibiting peptides (Bertrams and Ziegler, 1991a,b) are
liver- and probably hepatocyte-specific. All substrates of these systems cannot be
taken up by other cell types such as AS 30D ascites hepatoma cells or by fibroblasts
(Table II).

5. MECHANISMS FOR HEPATIC CLEARANCE OF PROTEINS

5.1. Endocytosis and Phagocytosis

The liver is involved in the disposition of a variety of endogenous and exogenous
macromolecules in the form of both particles and soluble species. Solid, often
opsonized, particles are removed from the bloodstream by a process called phago­

cytosis. Soluble material, such as lipid particles, immune complexes, bacterial
toxins, certain lysosomal enzymes as well as denatured or otherwise abnormal
glycoproteins, can be handled by the liver by a versatile apparatus for receptor­
mediated uptake and degradation (Forgac, 1988; Shepherd, 1989; Jones and Summer­
field, 1988; Burwen and Jones, 1990; Sugiyama and Hanano, 1989).

Among the macromolecules that undergo receptor-mediated endocytosis are
growth factors, hormones, transport proteins, proteins destined for degradation (a2­
macroglobulin), proteins to be transported across polarized cells (pIgA) as well as
toxins and viruses. Lateral movement leads to clustering of receptor-substrate
complex in a specialized coated part of the membrane (coated pits) inducing
formation of coated vesicles within the cell (see Fig. 7 and Chapter 4). This process
can be partially inhibited by hypotonic media and acidification of the cytosol
(Burwen and Jones, 1990; Sugiyama and Hanano, 1989; see Chapter 4). A fundamen­
tal difference with carrier-mediated translocation of small organic and inorganic
substrates is that following internalization the transported ligand remains segregated
from the cytoplasm within vesicular structures. Receptor molecules possess a hydro­
philic extracellular (ligand-binding) domain with various glycosylation sites, a
hydrophobic membrane-spanning region, and a cytoplasmic tail. The intracellular
part may exhibit protein kinase activity (e.g., in the case of insulin and epidermal
growth factor) (Burwen and Jones, 1990; Sugiyama and Hanano, 1989). For some
receptors (LDL, transferrin, asialoglycoprotein), internalization occurs even without
ligand binding (constitutive endocytosis); for others, such as EGF and insulin,



Mechanisms for Hepatic Clearance

Canaliculus
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1. Binding to plasma membrane receptors
2. Endocytosis in hepatocytes
3. Vesicle transport to Golgi-system
4. Vesicle transport first and second Iysosomes
5. Vesicle transport and diacytosis into bile
6. Recycling and diacytosis at plasma membrane
7. Diacytosis in Golgivesicle
8. Hepatocyte reflux of glycoproteins
9. Endocytosis in sinusoidal cells

Figure 7. Endocytosis of proteins in the hepatocyte and in sinusoidal cell types (black). Receptor­
mediated endocytosis (1, 2) direct diacytosis (6), and indirect diacytosis via the Golgi system (3, 7) at the
sinusoidal domain of the plasma membrane as well as transcytosis at the canalicular membrane (5) are
indicated. Intracellular routing to Golgi system and lysosomes is depicted.

ligand-receptor formation is necessary (triggered endocytosis) (Burwen and Jones,
1990; Shepherd, 1989).
Endocytosis is an energy-requiring process in which the rnicrofilament system is

involved in the invagination process (Forgac, 1988; Kirshan, 1975; Jones and
Summerfield, 1988; Burwen and Jones, 1990; Sugiyama and Hanano, 1989). The
intracellular vesicles formed are uncoated through an uncoating ATPase and form
endosomes or phagosomes that are acidified through an ATP-dependent proton pump
(Yamashiro and Maxfield, 1984; Yamashiro et al., 1983; see Chapter 3). This process
is supported to be essential in the dissociation of the substrate and the receptor
(Mellman et al., 1986; Schwartz and AI-Awqati, 1986). From the endosomal
compartment, vesicles containing the receptor molecules often recycle to the plasma
membrane whereas the endocytosed ligand in the smooth endosomes is trafficked to
the Iysosomes (Geuze et al., 1983). This acidic organelle contains a variety of
aggressive enzymes to degrade proteins, lipids, and oligosaccharides, among others
(De Duve andWattiaux, 1966; see Chapter 3). Some vesicles escape this pathway and
return to the plasmamembrane. They exocytose their contents back to the plasma in a
short-circuit process (Regoeczi et al., 1985; Russel et al., 1983) or diacytose the
material at the other pole of the cell (Brown and Kloppel, 1989; Ahnen et al., 1985)



364 Dirk K. E Meijer and Komelia Ziegler

to the bile canaliculi (see Fig. 7). The signals for the intracellular sorting and routing
remain to be defined (Geuze et al., 1983; Stoorvogel et al., 1989; Shepherd, 1989).
Asialoglycoproteins (ASGP), transferrin, and epidermal growth factor (EGF) may be
present in the same primary endosomes after internalization, yet ASGP is trafficked
to lysosomes and after uncoupling of the ligand its receptor recycles to the plasma
membrane. Transferrin recycles completely, still bound to its receptor, whereas
much of the EGF receptor ends up in lysosomes associated with its ligand (Marti
et al., 1989). These different patterns of uncoupling and sorting may be related to
maturation of the early endosomes (Stoorvogel et al., 1989; Shepherd, 1989). Since
the average pH of the vesicles initially drops rapidly from 7.4 to 6.3, followed by a
further gradual acidification to 5.0, differences in the pH dependence of receptor­
ligand dissociation may induce unequal sites of escape from the endosomes and thus
unequal probability of recycling and/or modification of the proteins in the trans-Golgi
reticulum (Stoorvogel et al., 1989; Shepherd, 1989). Also, the sequence ofchanges in
Ca2+ content, membrane potential, and membrane fluidity of the endosomes may
underlie such specific receptor- and ligand-specific intracellular routing.
Ligand-receptor dissociation, endosome sorting, and transcellular movements

can be largely affected by temperature, metabolic inhibitors, and weakly basic
compounds that interfere with acidification of the endocytotic vesicles (NH4CI and
tertiary amines such as chloroquine). Agents that dissipate H+ gradients (nigericin
and monensin), inhibitors of microfilament function (cytochalasin B) as well as
disassemblers of the microtubular tubulin polymers (colchicine and vinblastine)
consequently can also largely influence these processes (Forgac, 1988; van der Sluijs
et al., 1985; Ohare et al., 1989; Burwen and Jones, 1990; Sugiyama and Hanano,
1989).

5.2. Receptor-Mediated Endocytosis in Various CeU lYpes of the Liver

A large number of receptor-mediated processes have been identified on hepato­
cytes, endothelial cells, and Kupffer cells (Table IV). On hepatocytes one finds the
ASGP receptor, recognizing galactose- and N-acetylgalactosamine-terminated gly­
coproteins (Ashwell and Harford, 1982; Steer and Ashwell, 1986; Schwartz, 1984), a
receptor for IgA (called secretory component) (Brown and Kloppel, 1989; Ahnen
et al., 1985), in addition to receptors for HDL particles (Havel and Hamilton, 1988;
Goldstein and Brown, 1977), EGF (Marti et al., 1989; Burwen et al., 1984),
transferrin (Forgac, 1988; Steer and Ashwell, 1986; Brown and Kloppel, 1989),
hemopexin, chylomicron remnants, hemoglobin, insulin and peptide hormones
(Burwen and Jones, 1990; Sugiyama and Hanano, 1989), as well as for lysosomal
proteases (after complex formation with <X2-macroglobulins) (Sottrup-Jensen, 1987;
Barret, 1982).
Receptors for immune and complement complexes (Fc and C3 receptors) and for

fibronectin were detected on Kupffer cells; these also mediate endocytosis of
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Thble IV
Receptors for Endocytosis of Proteins in Cell lYpes of the Liver

365

Hepatocytes
(Parenchymal cells)
78% of liver volume

Asialoglycoprotein receptor
« 10 om, galactose
recognition)
Insulin receptor

Epidermal growth factor
receptor

IgA receptor (polymeric IgA)

Transferrin receptor
(transferrin/Fe complexes)

LDL receptor

HDL receptor

Kupffer cells
(Macrophages)

2.1% of liver volume

Agalactoglycoprotein receptor
(mannose recognition)

Galactose-particle receptor
(> 10 om, galactose
recognition)
LDL receptor

Macrophage enzyme receptor
(tissue-derived enzymes)
a2-Macroglobulin receptor
(a2-macroglobulin/protease
complex)
Fibronectin receptor (opsonized
material)

Fc receptor (immune com­
plexes, opsonized particles)
C3b receptor
(complement factors)

Endothelial cells

2.8% of liver volume

Agalactoglycoprotein receptor
(mannose recognition)

Scavenger receptor
(negatively charged proteins)

Sulfated polysaccharide
receptor (chondroitin sulfate,
heparin)

Fc recptor (immune complexes)

opsonized particulate material (Jones and Summerfield, 1988). In addition, a
galactose-particle receptor is described, recognizing cells and other particles with
a diameter exceeding 10 nm (Kolb-Bachofen et al., 1984) that expose galactose
groups. As in other macrophages, a mannose/N-acetylglucosamine/fucose receptor
has been identified (Stahl and Schlesinger, 1980) that not only recognizes terminal
mannose and N-acetylglucosamine groups on glycoproteins but may also accommo­
date (neo-)glycoproteins with terminal glucose and fructose groups (Sano et al.,
1990; Stahl, 1990; Smedsr~d et at., 1990). Apart from this system, specific receptors
for fucose-terminated glycoproteins (al_3 fucose residues) were identified on paren­
chymal cells while on Kupffer cells a receptor binding Fuc-~-albumin was found
distinct from the mannose/N-acetylglucosamine receptor (Jones and Summerfield,
1988). Kupffer cells, along with hepatocytes, can also endocytose lysosomal pro­
teases by complex formation with circulating a2-macroglobulin (Sottrup-Jensen,
1987; Barret, 1982). Finally, Kupffer cells exhibit receptors for positively charged
(Bergmann et al., 1984) as well as negatively charged proteins (scavenger receptors)
(Smedsr~ et at., 1990). Although the above-mentioned receptors on Kupffer cells
were once thought to be specific for this cell type, it is now agreed that many of them
are also present on endothelial cells (Praaning Van Dalen et al., 1981; Smedsr~
et al., 1990; van der Laan-Klamer et al., 1986). The endothelial cells also have
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receptors for LDL particles (Goldstein and Brown, 1977). Scavenger receptors may
even be predominantly localized in the endothelial cells (Praaning Van Dalen et at.,
1981; Smedsrjljd et at., 1990; van Berkel et at., 1986).

In the intact organism, the relative contribution of the various cell types to the
clearance of a certain protein will be determined by the receptor density and the
exposed surface of the cell types involved, by the acinar localization of the cells, by
the presence of competing endogenous substrates and by the dose of the substrate
administered. The latter factor should be seen in relation to receptor capacity and
affinity Wmax/Km ratio) of the endocytotic processes (van der Sluijs et at., 1985).
These parameters are not necessarily constant since downmodulation of the receptors
can occur with chronic administration of substrates (Sugiyama and Hanano, 1989;
Weiss and Ashwell, 1989). Since various cell types may "compete" for the same
substrate, dose dependence should be taken into account in measuring the relative
clearance of macromolecules by the various cell types.
Receptor-mediated uptake of macromolecules requires a preceding selective

binding of these substances to the plasma membrane of either the hepatocytes or the
sinusoidal cell types. The binding is determined by a number of structural properties
of the molecule such as size, charge, terminal sugar, and the capability of the
molecule to form complexes with other circulating proteins such as Q:rmacroglo­
bulin, fibronectin, and immunoglobulins. Progress has been made in characterization
of various receptor systems for endocytosis of glycoproteins at the functional and
molecular level (see Table IV) (Forgac, 1988). Most of the receptor proteins have been
isolated and purified to homogeneity using affinity chromatography and other protein
separation techniques. Molecular mass, degree of glycosylation, amino acid compo­
sition as well as functional clustering of the receptor complexes determined by
radiation inactivation have been reported (Forgac, 1988; Smedsr~d etat., 1990; Stahl,
1990). The number of receptor complexes per cell and the maximal internalization
rate of the particulate ligands were estimated from kinetic studies. For instance, each
rat hepatocyte contains 250,000 dimeric ASGP surface receptors (subunits size - 48
kDa) with aKa for asialoorosomucoid of 10-7M. Each cell can maximally internalize
5 x 1()6 molecules/hr (Forgac, 1988; Ashwell and Harford, 1982). A portion of the
receptor molecules may also be detected in intracellular pools as related to the
processes of synthesis, repair, recycling, and degree of downmodulation (Weiss and
Ashwell, 1989). It should be realized, however, that remarkable differences in
receptor characteristics can occur between in vivo and in vitro (cell culture) condi­
tions (Dunn et at., 1983).

5.3. Particle Endocytosis by Opsonin- and Receptor-Mediated Mechanisms

Experiments with monomers, dimers, and polymers of the enzymes ribonucle­
ase Aand lysozyme demonstrated that the rate ofuptake of these enzymes by Kupffer
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cells is positively correlated with the size of these molecules (Jones and Summerfield,
1988; Bouma and Smit, 1988). If solid or particulate material is involved, such
processes are called phagocytosis. Recognition of phagocytosable material occurs
either by circulating opsonic factors like fibronectin or by the cell membrane
receptors directly via carbohydrate interactions. An example of the latter is the
galactose-particle receptor (Kolb-Bachofen et al., 1984). Particles must have a
minimum size in order to be phagocytosed. For colloidal particles < 10 nm,
aggregation by agglutination is necessary. The process can be saturated and after
maximal phagocytosis the capacity of the cells for further removal of particles can
be blocked for more than 72 hr (Jones and Summerfield, 1988). This transient
depression of phagocytic function is due to some kind of defect in membrane
attachment and should be distinguished from a decrease in phagocytosis due to low
fibronectin levels. The number of functional Kupffer cells rather than the receptor
density on the cells seems to determine the total removal capacity (Jones and
Summerfield, 1988). The rapid clearance of aggregated molecules has been shown,
for instance, in the case of heat-aggregated serum albumin (Jones and Summerfield,
1988).
Endocytosis of aggregates and particles by the Kupffer cells, which is often

related to thrombotic processes, can be mediated by a nonspecific opsonic serum
protein (fibronectin). Fibronectin is distinct from other opsonic factors such as
immunoglobulins and C3b, which exert opsonic activity in the process of bacterial
phagocytosis. It is assumed that fibronectin binds to circulating aggregates and
particles, and that this bound opsonic serum protein acts as a recognition site for a
receptor on the Kupffer cells (Smedsrl1ld et al., 1990).
Kupffer cell function in vivo is usually tested with probes such as radioiodinated

microaggregated human serum albumin. At a dose of 50 mglkg body weight,
clearance is so efficient that it reflects hepatic blood flow. At a loo-fold higher dose,
the removal process is saturated and under such conditions is a measure of total
Kupffercell phagocytic function (Jones and Summerfield, 1988). IgG- or IgM-coated
and 51Cr-labeled erythrocytes can be used to test Fc receptor-mediated and C3­
mediated clearance, respectively. Abnormalities in such functional tests with various
liver diseases may, apart from portosystemic shunting, be due to elevated bile acid
levels or circulation of abnormally immunoreactive immunoglobulins (Jones and
Summerfield, 1988).
Complex formation of a circulating macromolecule with the plasma protein

Q2-macroglobulin is a mechanism by which a group of enzymes (mainly proteases)
are cleared from the circulation and taken up by hepatocytes and by Kupffer cells. The
binding is in principle competitive and sterically hinders the enzymatic activity of
the enclosed proteinase. Human Q2-macroglobulin is a protein of about 725 kDa and
consists of four identical subunits. One molecule is able to bind two enzyme
molecules (Sottrup-Jensen, 1987; Barret, 1982). Each subunit of the Qrmacroglo­
bulin molecule possesses a "bait region" that is susceptible to limited proteolysis.
When cleaved by a proteinase, the Q2-macroglobulin subunit changes shape in such a
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way that the proteinase molecule itself is irreversibly trapped. Proteinase larger than
90 kDa does not fit in, some smaller ones such as urokinase, kallikrein, and renin are
excluded due to their specificity, while proteinases smaller than 10 kDa can more or
less freely diffuse out of the closed trap. Complex formation decreases the half-life of
<lz-macroglobulin drastically due to conformational change in the <lz-macroglobulin
(Sottrup-Jensen, 1987; Barret, 1982). After trapping a proteinase, the molecule
becomes more compact as demonstrated by pore-limited gel electrophoresis and
dichroic spectra (Sottrup-Jensen, 1987; Barret, 1982). After internalization, the
macroglobulin is proteolysed with the accompanying enzymes; however, the receptor
recycles to the membrane and can be reutilized during various cycles (Kaplan and
Keogh, 1983). Clearance of the particular complexes is not influenced by the presence
of mannose-terminated glycosidases and it is very likely that independent processes
are involved in the removal of these types of lysosomal material (Kaplan and Keogh,
1983). The uptake of enzyme-<lz-macroglobulin complexes by the Kupffer cells
shows some similarity with the uptake of antigen-antibody complexes. In the latter
case, the binding of antigen induces a conformational change in the Fc part of the
antibody and this modified Fc part can now be recognized by receptors on the Kupffer
cells (Givol et al., 1974; Smedsr~d et al., 1990). Thmor-specific antibodies can
be rapidly removed especially in tumor-bearing individuals through complex forma­
tion with circulating tumor antigens via Fc receptor systems.

5.4. Endocytosis of Polymeric IgA

In rat liver, IgA is efficiently transported from plasma into bile (Burwen and
Jones, 1990; Brown and Kloppel, 1989; Ahnen et al., 1985). Especially polymeric
IgA is taken up into hepatocytes after specific receptor recognition on the sinusoidal
plasma membranes. In this case, the endocytosed material completely escapes the
lysosomal route and reaches the opposite pole of the cell (transcytosis). This transport
system is mediated by a plasma membrane glycoprotein called secretory component
which is synthesized in the hepatocytes. After association of this secretory compo­
nent with polymeric IgA, it is transported in a vesicular complex to the biliary pole of
the hepatocyte followed by a discharge of the vesicles into the bile canalicular lumen.
Because of a protective coat, the vesicle contents escape the lysosomal system, and
unchanged IgA, still complexed to secretory component, is excreted in bile. However,
during passage through the cell, the IgA receptor itself is proteolytically cleaved by
some extralysosomal degradation pathway. The ligand-binding domain, however, is
spared and secreted together with IgA (Brown and Kloppel, 1989; Ahnen et al.,
1985). IgA-antigen complexes could also be removed from the circulation in this
manner and this may have an important role in limiting the systemic immune
responses to antigens absorbed from the gut (Brown and Kloppel, 1989). In the
human, IgA transport to bile may partly occur through transcytosis across the biliary



Mechanisms for Hepatic Clearance 369

epithelial cells in which secretory component is expressed as well (Brown and
Kloppel, 1989). Interestingly, hepatic endocytosis and exocytosis of IgA in bile in
humans may partly occur via interaction with the ASGP receptor system in hepato­
cytes rather than through secretory component in this cell type (Brown and Kloppel,
1989; Burwen and Jones, 1990).

5.5. Endocytosis of Proteins with a Net Positive Charge

Positively charged enzyme molecules are also recognized by the Kupffer cells of
the liver. Experiments with the isozymes of lactate dehydrogenase and other tissue­
derived enzymes demonstrated that the positive charge of the enzymes is an
important feature in the rapid uptake by the Kupffer cells. Acetylation of amino
groups of such enzymes was shown to result in loss ofpositive charge and decrease of
plasma clearance rate (Bouma and Smit, 1988). Endothelial cells of several tissues
bear anionic sites on their plasma membrane (Ghitescu and Fixman, 1984). Proteins
with increased isoelectric points (due to modifications with positively charged
moieties) may bind to these sites, and could subsequently be internalized (Bergmann
et al., 1984). Ifhuman serum albumin is cationized with hexanediamine labeled with
1251 and subsequently injected into rats, the modified albumins are rapidly cleared
from the plasma at a rate that increases with their isoelectric points (Bergmann et al.,
1984). Protein-associated 1251concentration is greatest in the liver, presumably in the
sinusoidal cells. At the same time, positively charged proteins may also escape the
general circulation by glomerular filtration since the negatively charged glomerulus
favors passage of such proteins as has been demonstrated for albumin derivatives
(Bergmann et al., 1984).

5.6. Receptors for Proteins with a Net Negative Charge

Various scavenger receptors for negatively charged proteins have been found on
both macrophages and endothelial cells in the liver (Smedsrs;d et al., 1990; van
Berkel et al., 1986; Jones and Summerfield, 1988; Goldstein and Brown, 1974;
Praaning van Dalen et al., 1981). Such receptors are sensitive to polyanionic
compounds such as dextran sulfate, fucoidin, polyinosinic acid, and poly-L-glutamic
acid but not to the same extent (Horiuchi et al., 1987). LDL and albumin modified
with anionic reagents were also shown to bind avidly to scavenger receptors followed
by receptor-mediated endocytosis of the polyanionic molecules. The presence of
numerous coated regions on the strategically oriented endothelial cells, that expose
cationic residues, favors endocytosis of various connective tissue macromolecules
(i.e., hyaluronan and chondroitin sulfate) as well as procollagen peptide (Smedsrl/ld
et al., 1990). Elevated levels of such macromolecules during liver disease may, apart
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from increased synthesis, result from a dysfunction of endothelial cells. A similar
process may be responsible for the sinusoidal cell uptake of fluoresceinated proteins
(van der Sluijs et al., 1986) (see Fig. 9). Reaction ofmc with peptidyllysine, for
instance, in albumin, neutralizes the positive charge of the e-amino group of this
amino acid. Extra negative charges are provided by the carboxyl group of fluorescein
and dissociation of an aromatic hydroxyl group in the dye. Maximally, a charge
alteration of up to 3 results after reaction of I mole of lysine with 1mole ofmc. The
polyanion dextran-500-sulfate almost completely inhibited the internalization (van
der Sluijs et al., 1986;Meijer and van der Sluijs, 1989) and degradation of125I-labeled
fluoresceinated albumin, indicating that a scavenger system is involved in the
clearance process. If drugs with negatively charged groups are coupled to proteins,
they may consequently alter the cell specificity of the particular carrier (van der Sluijs
et al., 1986;Meijer and van der Sluijs, 1989;Meijer et al., 1990a). The mechanism by
which such chemical derivatizations of proteins induce a scavenger type of clearance
remains to be established (Haberland and Fogelman, 1985). Modification ofBSA with
malondialdehyde or maleic anhydride produces molecules recognized by scavenger
receptors, a phenomenon that, apart from modification of the overall charge of the
protein, is due to an altered conformation of the protein. This modification even
persists after removal of the maleyl groups from the protein and in itself improves the
interaction of the reacted albumin with the scavenger receptor (Haberland and
Fogelman, 1985). Derivatization of functional groups in proteins with organic
compounds generally increases hydrophobicity of the protein, a modification that
may lead to an intensified interaction with hydrophobic regions on endothelial cells
(Wright et al., 1988).
The removal of nonenzymatically glycosylated proteins that are normally

present in the plasma and especially during diabetic conditions can be blocked by
aldehyde-modified proteins (Takata et al., 1988). That such negatively charged
proteins inhibit the clearance of glycosylated proteins may indicate the involve­
ment of some sort of scavenger system in the removal of the latter products (Monnier,
1990; Vlassara et al., 1989). Advanced glycosylation end products (AGE proteins) as
well as particles with such proteins at their surface are scavenged by a high-affinity
90-kDa receptor identified on several types of macrophages which is instrumental in
the removal of senescent macromolecules (Monnier, 1990). Internalization via the
AGE protein receptor is accompanied by release of tumor necrosis factor and
interleukin-l, substances that also upregulate this receptor in contrast to insulin,
which induces a downregulation (Vlassara et al., 1989).
Recent studies indicate that at least two different (more general) scavenger

receptors are present in the liver: one on endothelial cells and one on Kupffer cells.
Formaldehyde-treated albumin contains a monomeric form that is predominantly
cleared by endothelial cells and a polymeric (aggregated) form that is mainly
endocytosed by Kupffer cells (Jansen et al., 1991b). Asimilar conclusion was reached
on the basis ofclearance ofvarious forms ofmodified lipid particles (Bijsterbosch and
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van Berkel, 1990) and studies demonstrating that acetylated LDL and formaldehyde­
treated albumin do not mutually interact (Horiuchi et al., 1987).
Glutaraldehyde-treated albumin (Michalak and Bolger, 1989) also has a high

affinity for hepatocytes and hepatitis B virus particles (surface antigen). Cross­
linking of amino groups of lysine and carboxamide groups of glutamine in the
albumin molecule may playa role (Thung et al., 1989). This modification can also be
produced by transglutaminase treatment (Thung et al., 1989) and the products may
provide an attachment point for viral entry into hepatocytes (Michalak and Bolger,
1989). Yet most of the injected glutaraldehyde-treated albumin is endocytosed by
endothelial and Kupffer cells by their scavenger receptors (Wright et al., 1988).

5.7. Galactosyl (Asialoglycoprotein) Receptors for Endocytosis in
Hepatocytes

Many enzymes, acute-phase proteins, and most plasma proteins of the immune
system are glycoproteins. The principal sugars forming the oligosaccharide chains
of the glycoproteins are mannose, N- acetylglucosamine, galactose, and sialic acid
(N-acetylneuraminic acid) (Forgac, 1988; Steer and Ashwell, 1986; Ashwell and Har­
ford, 1982). The basic structure of the oligosaccharide of asialoorosomucoid, a
glycoprotein used in many experimental studies, is depicted in Fig. 8. The basic
concept is that the terminal sialic acid residues on the carbohydrate moieties of
glycoproteins are essential for the normal survival of these agents in the circulation. A
glycoprotein that is desialylated is cleared much more rapidly from the circulation

GalfJl-4GlcNAcfH- 6
\

GalJ11-4GlcNAcfH - 2Manttl- 6
\

ManfH _4GlcNAc/11-4GlcNAcl- Asn

/
Gal/11--4GlcNAcfn .....2Mancrl __ 3

/
GalfJl-4GlcNAc/l1 __ 4

Figure 8. Characteristic structure of an oligosaccharide side chain of naturally occurring glycoproteins.
such as lX.-acid glycoprotein (orosomucoid) and fetuin. Normally the major part of the galactose groups is
connected to N-acetylneuraminic acid (sialic acid). However. microheterogeneity in the antennary
structure and in sialic acid composition exists under pathological conditions and acute-phase reactions. The
inset shows localization of five of these chains at the orosomucoid polypeptide moiety, having two domains
connected with disulfide bridges.
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than is the corresponding native glycoprotein (Steer and Ashwell, 1986; Schwartz,
1984; Ashwell and Harford, 1982). The galactosyl residues of the glycoproteins,
exposed by desialylation, are the functional groups that mediate this specific and
rapid uptake. These sugar groups are recognized by a specific receptor on the plasma
membrane of the hepatocyte, designated as hepatic binding protein. The crucial
role of the terminal galactosyl residues was demonstrated by showing a markedly
decreased clearance after the galactose moiety is modified by treatment with galac­
tose oxidase. Similar results have been obtained with a large number of plasma
glycoproteins like orosomucoid, fetuin, lactoferrin, <X2-macroglobulin, and hapto­
globulin (Steer and Ashwell, 1986; Schwartz, 1984; Ashwell and Harford, 1982).

The physiological role of the hepatic binding protein of the hepatocytes in the
catabolism of circulating plasma glycoproteins remains a matter of speculation.
Neuraminidase is widely distributed in the intact animal and it is certain that
desialylation of glycoproteins occurs continuously in vivo (Irie and Tavassoli, 1986;
Schwartz, 1984). Variable quantities of ASGPs have been detected in the plasma of
normal subjects. It has been found that in patients with liver disorders like cirrhosis,
the plasma concentration of ASGPs are appreciably higher than in normal subjects
(Schwartz, 1984; Burwen and Jones, 1990; Steer and Ashwell, 1986; Ashwell and
Harford, 1982).

The dimeric ASGP receptor or hepatic binding protein was isolated from rat
liver, rabbit liver, and human liver. It has been identified as a water-soluble glycopro­
tein, in which at least 25% of the dry weight is composed of sialic acid, galactose,
mannose, and glucosamine (Forgac, 1988; Stockert and Morell, 1983). This purified
hepatic lectin is able to agglutinate erythrocytes, and induce mitogenesis and
cytotoxicity of lymphocytes against hepatocytes (Stockert and Morell, 1983). The
presence of Ca2+ is essential for the binding properties. The binding capacity of
hepatic lectin depends upon the presence of two sialic acid-terminated oligosac­
charide chains in each of the receptor protein moieties. The binding activity of the
receptor is lost after neuraminidase treatment and is restored by resialylation (Forgac,
1988; Steer and Ashwell, 1986). It is assumed that the inactivation of the hepatic lectin
after desialylation is caused by its binding to its own exposed galactosyl residues
(Weiss and Ashwell, 1989; Steer and Ashwell, 1986). Downmodulation of the
receptor can therefore occur through partial desialylation (Weiss and Ashwell, 1989).
Recycling of the receptor following internalization takes about 5 min for each round­
trip. Since the half-life of the receptor is 20 hr, several hundred rounds of endocytosis
are possible. The total process from binding of a ligand to the cells to proteolytic
digestion may take up to 20 min. There is recent evidence, however, that at least two
different intracellular pathways exist for internalized ASGp, of which one is partic­
ularly sensitive to colchicine. This indicates that in this pathway, microtubules are
involved in the delivery to degradative compartments and therefore exhibit a degrada­
tion lag time of 15-20 min in contrast to the other pathway, which has a much shorter
lag time (Clarke and Weigel, 1989). Degradation of ASGPs in lysosomes can be
effectively and dose-dependently blocked by the protease inhibitor leupeptin (a
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tripeptide). Lysosomal degradation of fluoresceinated asialoorosomucoid can be
followed by the biliary excretion of the fluorescein-lysine degradation product (see
Fig. 9) since protein degradation is the rate-limiting step in the biliary output of the
fluorescent material. ASGP receptor activity and expression are modulated by
various physiological and pathological factors as well as by treatment with certain
hormones and drugs. Binding affinity for the receptor is reduced in fetal and neonatal
liver, in regenerating liver, in chemically induced hepatocarcinoma, and in senes­
cence (Devirgiliis et al., 1989). Treatment with estrogens changes intracellular
routing. Instead of3-5%, up to 25% of the ASGP dose is excreted in the bile whereas
biliary output of IgA is reduced (Goldsmith et al., 1987).
The distribution of the receptor system on the cell surfaces along the sinusoids is

not well known. Hepatocytes are heterogeneous in their transport (Groothuis et al.,
1985) and metabolic (Gumucio and Chianale, 1988; Gumucio, 1989; Jungermann,
1986; Thurman and Kauffman, 1985) functions. Some earlier reports provided
evidence for a heterogeneous acinar binding of asialoalkaline phosphatase (Hardonk
and Scholtens, 1980) and EGF (see Burwen and Jones, 1990) in rat liver. The acinar
distribution of the ASGP processing system was investigated more recently using

300

200

'5 100
E
c
~ 60
E
::J

:g 30
E
'0
co
~ 10
'E
Ql
o
Co
<..>

Clearance of ASOR-FITC
isolated perfused rat liver

- +Ieupeptin
--control

100

Ul 10-'c
::J

CDoc:

i
o
~

:;::

~ 0.1

Biliary excretion rate
of FITC-metabolites

• control
• 0.01 mg leupeptinl:l
·0.125 mg
01 mg
05 mg

2 6 10 14 18 22 26 20 40 60 80 100 120
Time (min) Time (min)

FIgure 9. Clearance of fluorescein (ATC)-Iabeled asialoorosomucoid (ASOR) by the isolated perfused
rat liver. The covalently bound fluorescein can only be released through proteolysis of the protein following
uptake. The tripeptide leupeptin does not affect uptake into the liver but dose-dependently inhibits biliary
excretion of fluorescein metabolites through inhibition of the rate-limiting proteolytic process in Iysosomes
(van der Sluys et al.• 1905).



374 Dirk K. E Meijer and Kornelia Ziegler

[I25I]asialoorosomucoid in anterogradely and retrogradely perfused rat livers, by
performing quantitative autoradiography (van der Sluijs et aI., 1988; Burwen and
Jones, 1990). A gradient was observed descending from zone 1 to zone 3 cells upon
perfusion in the normal direction. The zone 3-to-zone 1 gradient observed in the
retrograde perfusions was significantly steeper than the I-to-zone 3 gradient in
anterograde perfusions, indicating a higher intrinsic activity of endocytosis in zone 3
(van der Sluijs et aI., 1988). Thus the "unfavorable" position of zone 3 cells in the
acinus seems to be partly compensated for by a higher endocytotic activity. By virtue
of this high intrinsic activity, perivenous cells may also have the opportunity to
minimize spillover to the general circulation of desialylated glycoproteins produced
by endothelial cells (van der Sluijs et aI., 1988; Irie and Tavassoli, 1986). Both
differences in sinusoidal anatomy and intrinsic cellular function may underlie the
normal zone I-to-zone 3 gradient. It is not likely that zonal differences in fenestral
diameter and the 30% higher porosity of the sinusoidal lining in zone 3 (Wisse et aI.,
1985) have an influence on the uptake rates of the relatively small glycoprotein
molecules (Meijer and van der Sluijs, 1989). Rather, the greater tortuosity and higher
surface-to-volume ratio of the sinusoids in the periportal area (Gumucio and Chi­
anale, 1988; Gumucio, 1983) tend to favor the uptake rate in zone 1, and the intrinsic
endocytotic activity of zone 3cells mentioned above may in fact have been somewhat
underestimated (van der Sluijs et aI., 1988).

5.8. Galactosyl Receptors in Other Cell 'IYpes

Hepatic macrophages and endothelial cells also have been shown to contain an
N-acetyl-o-galactosamine/o-galactose-recognizing particle receptor (Kolb-Bachofen
et ai., 1984; van Berkel et ai., 1986). Early in vitro studies with isolated Kupffer cells
revealed that this receptor can mediate adhesion of neuraminidase-treated erythro­
cytes and lymphocytes (Kolb-Bachofen et ai., 1984; Kolb-Bachofen, 1986). Although
the sugar specificity of the Kupffer cell ASGP receptor appeared similar to the one on
hepatocytes, these lectins do not seem to be immunologically related (Kolb-Bachofen
et aI., 1984; Kolb-Bachofen, 1986). The preclustered arrangement of the Kupffer cell
ASGP receptor in coated pits enables it to bind and endocytose ASGP-coated
particulate material (with a size> 10 nm), which is refractory to internalization via
the hepatocyte receptor. It is now clear that the galactose particle receptor can also
mediate internalization of soluble ASGPs, although not as efficiently as the hepato­
cyte ASGP receptor (Praaning Van Dalen et aI., 1981; van Berkel et aI., 1986). Apart
from the Kupffer cell ASGP receptor, other galactose-recognizing receptors have
been identified in bone marrow and macrophages (Regoeczi et ai., 1980; Sarnlowski
et ai., 1985). Regoeczi and colleagues (Regoeczi et ai., 1980) suggested that rabbit
bone marrow tissue contains a receptor recognizing ASGPs with at least two
biantennary asialoglycans, such as occur in human asialotransferrin type 1. Galac-
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tosylated bovine serum albumin containing more than 38 galactose molecules per
molecule of protein, was bound to and internalized by endothelium of bone marrow
(Kataoka and Tavassoli, 1985). The various galactosyl receptors in liver, macro­
phages, and extrahepatic endothelia should be more precisely characterized in terms
of their binding requirements and sugar specificity.

5.9. Mannosyl Receptors for Endocytosis in Sinusoidal CelllYpes

The ASGP and galactose particle recognition systems are not the sole mecha­
nism by which glycoproteins are cleared from the circulation by the liver. A hepatic
mannose/N-acetylglucosamine/fucose recognition system has been defined in var­
ious species (Jones and Summerfield, 1988; Burwen and Jones, 1990; Stahl, 1990).
After intravenous infusion or local release, many lysosomal hydrolases are rapidly
cleared from the circulation by the liver. Uptake of these enzymes can be abolished by
pretreating them with sodium periodate, which oxidizes sugar residues, but not by
intravenous administration of an excess of ASGP. In contrast, the administration of
agalactoglycoproteins abolishes the uptake of these enzymes by the liver. This
"selective" uptake is based on recognition of terminal N-acetylglucosamine, fucose,
glucose, or mannose groups by the Kupffer cells and endothelial cells. This particular
receptor has been identified by electron microscopic and autoradiographic studies
(Hubbard et ai., 1979) and the protein has been isolated, purified, and chemically
characterized (Stahl and Schwartz, 1986; Stahl and Schlesinger, 1980; Stahl, 1990).
Binding and internalization studies indicate that the mannosyl receptor is both
pinocytotic and phagocytotic, but it is not clear whether this involves the same
population of receptors. There is recent evidence that the mannosyl receptor on
endothelial cells may differ from that on Kupffer cells in that internalization rate in
these cell types is different (Sano et ai., 1990). The mannosyl receptor is a 162-kDa
glycoprotein with high-mannose chains that binds mannosylated BSA with a Kd of
5 nM. The mannosyl receptor recycles every 6-8 min so that, taking into account its
half-life of several days, it recycles hundreds of times (Stahl, 1990). Receptor bind­
ing is Ca2+ dependent and optimal at pH 7.0, and decreases strongly as the pH is
lowered to 5. The mannosyl receptor is not found on circulating monocytes but only
on differentiated macrophages. Interferon-or downregulates the receptors while gluco­
corticosteroids and vitamin D accelerate its synthesis (Stahl, 1990). The mannosyl
receptor is, apart from the clearance of soluble proteins, also involved in the
scavenging of microorganisms coated with mannose, glucose, etc. This cellular
defense system operates in concert with the humoral system of circulating mannose­
binding protein, which is considered to be an acute-phase protein (Stahl, 1990;
Gordon and Rabinowitz, 1989). This protein is structurally related to the mannosyl
receptor and very likely opsonizes organisms with exposed mannose or N-acetyl­
glucosarnine such as the human immunodeficiency virus (Stahl, 1990).
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5.10. Influence of Sugar Density and Clustering on Endocytosis

Efficiency of endocytosis and further degradation of glycoproteins can be
largely influenced by the number, density, and thus by the clustering of the sugar
groups on the protein molecule. That sugar clustering is important can be based on
earlier reports on naturally occurring glycoproteins containing the typical tetra-, tri-,
bi-, or monoantennary oligosaccharide structure. In hepatocytes, triantennary
ASGPs have amuch higher affinity for the hepatic lectin than the bi- and monoanten­
nary derivatives (Baenziger and Fiete, 1980; Conolly et al., 1982). The latter may
partly undergo "short-circuit" exocytosis and after primary endocytosis are again
released from the cells in intact form (Townsend et al., 1984; Evans, 1981; Regoeczi
et al., 1985). This may lead to repeated cycles of endocytosis and exocytosis and an
overall slow clearance of the macromolecule. Efflux ofglycoproteins from the cells is
also stimulated by high concentrations of bile salts (Russel et al., 1983), N-acetyl­
galactose, and EGTA (Townsend et al., 1984) without destruction of the cells.
Recycling of (asialo-) glycoproteins was suggested to be related to some kind of
repair through resialylation in the Golgi system, a process that may occur only at a
low concentration range of such glycoproteins (Evans, 1981; Regoeczi et al., 1985).
Of the natural mannose-terminated glycoproteins, only the tetraantennary struc­

tures containing proteins are endocytosed (Jones and Summerfield, 1988; Taylor et
al., 1987; Maynard and Baenziger, 1981). Receptor affinity of complex oligosac­
charides and efficiency of receptor-mediated endocytosis is much higher than for
neoglycoproteins with a similar number of monosaccharides. A high density of the
sugar molecules and thereby the possibility of binding to several receptor sites
clustered in coated pits may explain the more efficient triggering of endocytosis. The
presence of specific sugar groups on a protein molecule can also inhibit tysosomill
proteolysis (Jones and Summerfield, 1988; Sano et al., 1990; Taylor et al., 1987).
Density and clustering of the sugar groups and microheterogeneity of the oligosac­
charide chains will therefore largely affect cellular degradation rate. Consequently,
the composition as well as the geometry of the glycoprotein structure will influence
the overall involvement ofcertain cells in the disposition ofa particular glycoprotein.

In principle, neoglycoproteins prepared by reductive amination yield at random
glycosylations in the protein molecule (Schwartz and Gray, 1977). When a critical
galactosyl density is exceeded, such glycoproteins become substrates for the ASGP
receptor in hepatocytes. At least 13 moles of galactose groups per mole of albumin is
necessary for binding to hepatocyte membranes (Vera et al., 1984). In general, the
equilibrium binding constant increases with sugar density. Neoglycoproteins pre­
pared by reductive amination, however, clearly lack the clustered galactose groups
present at the penultimate part of the oligosaccharide structures of naturally occur­
ring glycoproteins. This may largely influence internalization rate as observed for
tracer doses of 125I-labeled asialoorosomucoid and 125I-labeled lactosaminated albu­
min with 25 sugars (~5HSA) (van der Sluijs et al., 1985, 1986, 1987, 1988). Half-
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time for internalization in perfused rat liver was 3.4 min for asialoorosomucoid and
34.9 min for the lactosaminated serum albumin. Conceivably, neoglycoproteins
which are prepared by reductive amination (Schwartz and Gray, 1977) or amidination
(Stowell and Lee, 1980) with simple sugars have a lower affinity for the ASGP
receptor. On the other hand, neoglycoproteins prepared through thiophosgene activa­
tion of p-aminophenyl sugars (Kataoka and Tavassoli, 1985) will contain extra
negative charge and this may lead to partial capturing by scavenger-like receptors on
nonparenchymal cell types (Jansen et al., 1991a). The extent of endocytosis of such
glycoproteins by nonparenchymal cells is probably inversely related to the relative
affinity of the particular neoglycoprotein for the ASGP receptor in the hepatocytes
(Meijer and van der Sluijs, 1989). Fiume et ai. (1987b) prepared Ara-AMP conjugates
of [3H]-L3oHSA and demonstrated that, upon injection in rats, the concentration in
hepatocytes and that in sinusoidal cells were about equal. The authors compared the
distribution of the conjugates with that of the nonderivatized carriers and showed that
conjugation of L30HSA with 12 molecules ofAra-AMP resulted in a 7-fold increase in
sinusoidal cell uptake, whereas this was only 1.5-fold for the high-affinity hepatocyte­
specific asialoorosomucoid carrier.

In studies on the disposition of lipoproteins (van Berkel et al., 1986), attempts
were made to decrease plasma low-density lipoprotein (LDL) concentrations by
modifying the particles with tris-galactosyl-cholesterol (TGC), in order to reshape
them to suitable ligands for the hepatocyte ASGP receptor. The design of this
molecule was based on the consideration that the hepatocyte ASGP receptor binds and
internalizes triantennary structures with a significantly higher efficiency than bi- or
monoantennary glycoproteins (Ashwell and Harford, 1982; Baenziger and Fiete,
1980; Conolly et ai., 1982). After injection of these modified LDL particles, a higher
clearance was found. The Kupffer cell population was shown to be predominantly
responsible for this increase in uptake and subsequent degradation. Similar experi­
ments were done with TGC-modified high-density lipoprotein (HDL), but in this case
the ligand was almost exclusively taken up in hepatocytes (van Berkel et ai., 1986).
This differential intrahepatic targeting was achieved by the selective interaction of the
large (23 om) LDL particles with the KUPffer cells. Liposomes in which lac­
tosylceramide (Roerdink et ai., 1988; Soriano et ai., 1983) or other galactolipids were
incorporated revealed a strikingly stimulated plasma clearance and hepatic uptake in
the rat in vivo. Isolation of various cell types showed that this increase largely
occurred in Kupffer cells through recognition by the N-acetyl-o-galactosaminel
o-galactose particle receptor (Bijsterbosch and van Berkel, 1989). The smaller (10
om) galactose-derivatized HDL particles preferentially bind to the hepatocyte ASGP
receptor. Another possibility of changing the hepatic fate of LDL is by modifying the
apoprotein ~ recognition part of LDL with sugars to gain extra cell specificity (Attie
et al., 1980; Bijsterbosch and van Berkel, 1990). A relatively low degree of
lactosylation (around 60 lactose/LDL) directs most of the particles to parenchymal
cells. At a lactosylation degree of 300, the main site of uptake is in the Kupffer cells
despite their much smaller total cellular volume (Bijsterbosch and van Berkel, 1990).
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The disadvantage of this LDL preparation similar to liposomes is that the endothelial
lining of blood vessels cannot be passed and application in drug delivery is restricted
to blood cells and cell types in direct contact with blood.

6. HEPATIC CLEARANCE OF THERAPEUTIC PROTEINS AND
OLIGOPEPTIDES: AN INTEGRATION OF CONCEPTS

6.1. Chemical and Physiological Factors

Many potential therapeutic proteins are either under investigation or have been
introduced in the clinic. Modification of the structure of peptidyllead compounds
with the aim of changing the pharmacological activity may at the same time largely
affect the pharmacokinetic behavior of the particular molecules. Such modifications
include amino acid substitution, deletions, and additions, as well as cyclization, drug
conjugation, and (de)glycosylation. In this manner, size, overall charge, charge
distribution, spatial conformation as well as hydrophilicity-hydrophobicity balance
can be altered with major consequences for the distribution and elimination processes
that determine their fate in the body. For instance, even natural and recombinant
proteins can largely differ in their biological disposition. Among the class of
therapeutic proteins are enzymes, hormones, hormone releasing factors, interferons,
hybrid proteins, monoclonal antibodies, muramyl peptides, and immunosuppressive
peptides such as cyclosporin. The selected peptides given in Table I demonstrate that
major differences in amino acid number, overall conformation, hydrophobicity, and
molecular mass occur in this category of agents. It remains a challenge to predict the
pharmacokinetic profiles of the largely varying peptides on the basis of such
structural and physicochemical properties (see Section 4.5 and Fig. 10). Questions
to be answered are: What is their distribution volume in vivo? What are the
physiological barriers for penetration into organs and tissues? And what is the relative
contribution of systemic degradation, hepatic and renal clearance to their removal
from the body? As dealt with in the preceding sections, a number of physicochemical
and physiological factors may determine the pharmacokinetics of oligopeptides and
proteins in vivo (see Table V):

a. Are the available compounds to be injected in the monomeric, polymeric, or
aggregated form or are they mixtures of these forms?

b. What is the source of the particular peptide (species, natural or recombinant,
presence of chemical coating, isotopes, or fluorescent labels)?

c. If introduced into the bloodstream, does the injected peptide remain in the
same state or is it effectively opsonized (antigens, monoclonal antibodies,
proteases)?
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Figure 10. Clearance mechanisms for oligopeptides and proteins in the intact organism. Dependent on
size, charge, sugar recognition, aggregation to particles, and formation of complexes with opsonication
factors, peptides can be filtered in the kidneys, or hydrolyzed in the blood or at cell surfaces, or recognized
by carrier- or receptor-mediated transport systems. Molecular weight as indicated on the x axis roughly
determines the clearance mechanisms. However, the indicated mechanisms largely overlap and are
dependent not only on size but also on functional groups (sugars), charge, lipophilicity, and vulnerability
for circulating or fixed proteases. Fluid-phase endocytosis in principle occurs over the entire molecular
weight range.

d. If such compounds are taken up by endocytotic or carrier-mediated mecha­
nisms, are endogenous inhibitors present under physiological and patholog­
ical conditions?

e. Related to c and d: is the pharmacokinetic profile time- dependent (presence
in the plasma of bile acids, acute-phase proteins, drugs)?

f. Is disposition of the type of peptide known to be largely species-dependent?
g. Is the compound stable in the bloodstream and does the bioassay used
specifically determine functionally active peptide?

h. Does the molecular size and lipophilicity of the peptide predict major affinity
for the carrier-mediated uptake mechanisms in the liver?

i. Does the peptide contain oligosaccharide chains important for endocytosis
and, if so, what is (are) the terminal sugar(s)?

j. Is the peptide small enough to undergo glomerular filtration and is urinary
excretion masked by extensive tubular reabsorption?

k. Are polyanionic or polycationic features present that invite adsorptive endo-
cytosis?

Some small physiological oligopeptides (see Table I) that are often locally released
may undergo extremely rapid extracellular hydrolysis in the bloodstream (Fig. 10).
Gastroenteric as well as many artificial oligopeptides with 3-12 amino acids may
exhibit high affinity for various carrier-mediated uptake systems in the hepatocytes,
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Table V
Factors in Clearance of Proteins and Peptides

Physicochemical factors
Molecular size (glomerular filtration in kidney, carrier/receptor-mediated clearance in liver)
Net charge and charge distribution (glomerular filtration, reabsorption in kidney, endocytocsis in liver)
Hydrophilicity/hydrophobicity balance (affinity for carriers in liver)
G1ycosylation (terminal sugar, number/density sugars, endocytosis)
Amino acid composition (substitution, deletions, enantiomeric form)
Biopharmaceutical factors
Monomeric/polymeric, aggregated form?
Conformation of the protein (cyclization, branching)
Source of the protein, preparation method (species, cell type, recombinant/natural)
Re-(de-) glycosylation
Chemical protectants (hybrid proteins, coatings, protein conjugates)
Physiological factors
Opsonization (IgG, fibronection, <X2-macroglobulin)
Species differences in kinetics
Extracellular degradation (bloodstream, cell sufaces)
Endogenous competing substrates (receptor/carrier level, proteolytic enzymes)

especially when they display sufficient hydrophobicity (Hunter et al., 1990) (see
Section 4.2). Very lipophilic proteins may even be rapidly removed by passive lipoid
diffusion into the cells of the eliminating organs followed by proteolytic degradations
(see Section 4.8). It should be emphasized, however, that no simple rules exist here
with regard to relation between parameters such as partition coefficients and rate of
membrane permeation of peptides. n-OctanoVwater partition, for instance, seems to
be a poor predictor in the case of peptides because of the influence of solvated amide
bonds and the presence of terminal charges on zwitterionic peptides (Ho et al., 1990).
Interestingly, some hydrophilic peptides also have been shown to be avidly taken up
in hepatocytes via a saturable cation transport mechanism (Seeberger and Ziegler,
1990, 1993). Oligopeptides with 10 to 30 amino acids may possess a relatively low
affinity for the above-mentioned carrier systems in the liver and, consequently, may
be cleared predominantly by the kidneys (see Section 4.5) (Takakura et al., 1990). If
(roughly speaking) the molecular size of proteins exceeds 50 kDa, glomerular
filtration is no longer possible (Takakura et al., 1990) and such substrates can, in
principle, only be removed by endocytotic mechanisms either by substrate-specific
receptors (insulin) or by more general receptors (sugar recognizing) (see Section 5.2).
If a critical number of exposed sugar groups (mannose, galactose, fucose,
N-acetylglucosamine, N-acetylgalactosamine, or glucose) is exceeded, receptor­
mediated endocytotic processes in the liver provide an efficient removal system (Fig.
10). In addition, complexation with <l2-macroglobulin, or with immunoglobulins may
also lead to rapid removal of soluble proteins (see Sections 5.3 and 5.4). Proteins
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modified with simple aldehydes or bifunctional reactants may be phagocytosed either
after opsonization, through absorptive endocytosis, or by scavenger systems depend­
ing on their overall charge, size, and aggregation state (see Sections 5.5 and 5.6).
Proteins that are stable in the bloodstream often have a homogeneous charge
distribution and/or protecting oligosaccharide side chains (sialic acid). Such proteins
can have a relatively long half-life in the circulation since only fluid-phase endo­
cytosis may determine their turnover rate (Fig. 10). Finally, protein aggregates or
protein-derived nanoparticles may be phagocytosed by opsonization factors (fi­
bronectin, immunoglobulins) or endocytosed by galactose- or mannose-recognizing
particle receptors (Kolb-Bachofen et al., 1984; Kolb-Bachofen, 1986; Stahl, 1990).
The interaction of these complex peptide structures with the wealth of circulat­

ing factors and membrane-bound recognition sites makes it a difficult task to predict
pharmacokinetic behavior on the basis of chemical structure and physicochemical
features. Nevertheless, considerable progress was made in structure-kinetic studies
(see Section 4.5) while at the same time cell biological knowledge increased spec­
tacularly. As mentioned in the preceding sections, a few categories of peptides seem
to enjoy special interest with regard to the liver: proteins abnormal in charge and
glycosylation patterns, hydrophobic small peptides, certain immune proteins and
immune complexes as well as hormones and cytokines that encounter specific and
functional receptors on the surface of the liver cells. Receptor-mediated endocytosis
of insulin and EGF are well-known examples of the latter (Sugiyama and Hanano,
1989; Burwen and Jones, 1990). The authors do not pretend to exhaustively deal with
the hepatic disposition of the many individual therapeutic oligopeptides investigated,
yet a number of interesting examples in hepatic disposition are worthwhile men­
tioning.

1. The group of interferons (17-23 kDa) was intensively studied by Bocci (1987,
1990), who found that the uptake rate of the natural lPN-a (unglycosylated) was
negligible. Clearance was much larger for the IFN-~ (glycosylated) especially if
desialylated, suggesting an important role for sugar signals. Interestingly, they
showed that unglycosylated recombinant IPN-~, lPN-a, and also interleukins were
very rapidly removed by the liver via unknown mechanisms. Possibly a scavenger
system for cationic proteins may playa role. The cationic character of such products
may also help renal filtration although the presence ofdimeric and trimeric forms may
negatively influence the renal contribution. Taken together, plasma decay of these
recombinant modalities in patients may be surprisingly rapid. It should be empha­
sized here that both elimination and distribution of interferons can be largely species
dependent (Gloff and Benet, 1990).
2. Another interesting aspect is that clearance of therapeutic proteins may be

largely influenced by endogenous factors either in the normal or in the pathological
state. The rapid clearance of various forms of the antineoplastic enzyme asparaginase
(130-180 kDa) very likely occurs through scavenging by the macrophages of the RES
including the Kupffer cells in the liver (Bocci, 1987). The half-life of such proteins is
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greatly prolonged when the RES is blocked by overloading with phagocytosable
materials (Jones and Summerfield, 1988) or for instance through prior infection with a
virus that destroys specific populations of these hepatic cells (Smit et al., 1991).
Another example of kinetic perturbations in pathological conditions is the clearance
ofmonoclonal antibodies and immunotoxins. The half-life of most normal immuno­
globulins ranges from 5 to 25 days (Gloff and Benet, 1990; Bocci, 1990). That of
F(ab) fragments is up to 35 times shorter mainly through renal filtration and
catabolism (Covell et al., 1986). The uptake of labeled monoclonal antibodies in the
liver is receptor-mediated and saturable. Consequently, it can be decreased by
previous injection ofan excess ofunlabeled antibody. Monoclonal antibody clearance
by the liver is markedly different in normal and tumor-bearing hosts if the antibody is
tumor-specific. Important is the observation that clearance of tumor-related anti­
bodies is positively correlated with the tumor size and antigen content of the tumor
(Shea et al., 1989). The reason seems to be that much of the liver uptake is due to
formation of antigen-antibody complexes that are rapidly removed by the Fc receptor
on the various cell types (see Section 5.3). It is important to note that the kinetics of
such specific proteins under pathological conditions may be largely different from
those found in normal individuals.

3. In view of the importance of bile acid carrier systems in the removal of small
peptides (see Section 4.2) as well as the influence of high bile salt concentration on
receptor-mediated endocytosis (Russel et al., 1983), it can be anticipated that hepatic
clearance of certain oligopeptides and proteins may be altered during postprandial
bile acid absorption and during cholestatic diseases. Virtually no data are available at
present, but the possible competitive interactions during carrier-mediated uptake
could lead to time-dependent changes in the bioavailability of highly cleared small
peptides (see Section 4.5) and also in largely decreased clearance of glycoproteins
during cholestatic conditions (Russel et al., 1983). Indeed, marked elevation of
diagnostic enzymes and acute-phase proteins is seen in such patients (Burwen and
Jones, 1990). Finally, clearance of mannose-terrninated glycoproteins can be largely
decreased in diabetic patients as a consequence of the elevated glucose levels (Jones
and Summerfield, 1988).

6.2. Manipulations of the Hepatic Clearance of Peptides

In the case that liver first-pass of oligopeptides is impractically high or if
efficient hepatic clearance largely limits the residence time of peptides in the body,
one could consider procedures to counteract these processes. Very different ap­
proaches have been taken:

• Carbohydrate-mediated clearance by the liver of certain immunotoxins can be
clearly decreased by deglycosylation (Blakey and Thorpe, 1988). Also, en­
zymatic reglycosylation and addition of sialic acid can be used.
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• Clearance of interferons can be reduced by binding to albumin and monoclo­
nal antibodies or by enclosing the drug in liposomes or erodable polymers
(Tomlinson, 1990).
• Conjugation with hydrophilic polymers such as polyethylene glycols and
dextrans may, apart from increasing the half-life, also reduce immunogenicity
(see Chapter 4). Examples are interleukins and asparaginase (Tomlinson, 1990).
• Proteins can be derivatized to so-called hybrid proteins to alter their residence
time in the body. Immunotoxins (Poznansky and Juliano, 1984) are well­
known examples but also toxins covalently bound to growth factors and
hormones have been widely employed in experimental work (Blakey and
Thorpe, 1988; Tomlinson, 1990).
• Receptor- and carrier-mediated removal processes could be temporarily
blocked by nonactive and nontoxic competing substrates. Biodegradable
polycarbohydrates (Smedsr~d et al., 1990) and inactive isomers could, in
principle, be considered for such purposes.
• Decrease in hydrophobicity and changes in essential amino acid sequences in
oligopeptides could reduce affinity for hepatocyte carriers (if compatible with
effectivity). This will not always lead to major successes since multiple
alternative carrier systems are present in these cells (see Section 4.5).

7. PROTEIN TRANSPORT IN RELATION TO DRUG TARGETING IN
THE LIVER

7.1. Introduction

Since glycoproteins represent a wide variety ofmacromolecules which, depend­
ing on their charge and carbohydrate structure, can be more or less specifically
recognized by certain tissues and cell groups within these tissues, they potentially can
be used as drug carriers targeting drugs to their targets in the body (Poznansky and
Juliano, 1984; Monsigny et al., 1988; Meijer and van der Sluijs, 1989; Shen, 1987;
Fallon and Schwartz, 1985). A number of important advantages are provided: drug
concentrations at crucial sites could be attained which would never have been
produced by normal administration. Furthermore, unwanted effects at other sites
could be reduced and elimination from the body considerably retarded. A stable
linkage of a drug (or an enzyme) to glycoproteins may completely change the normal
distribution pattern of the parent compound which is now mainly dictated by the
properties of the carrier molecules. Especially covalent binding should be used,
provided that the drug retains its activity or is released after degradation of the carrier
in lysosomes.

Drug targeting to the liver is performed for diagnostic and therapeutic purposes.
Liver disorders or liver metabolism can be influenced by various agents: agents for
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antiviral, antiparasitic, antineoplastic, or antilipidemic effects, drugs counteracting
liver fibrosis, or hepatotoxic reactions, and finally modified enzymes to correct
genetic enzyme deficiencies (Table VI).

7.2. Potential Carrier Systems for Liver Targeting

Both soluble and particle carrier materials have been employed for the purpose
of drug targeting to the various cell types in the liver. Relevant in this respect is the
endothelial barrier: particles> 100-150 om cannot pass the fenestrae (pores) in the
endothelial lining (Brouwer et at., 1988). This is true for most of the normal sized
liposomes, and such carriers can only reach Kupffer cells, pit cells, and endothelial
cells. Smaliliposomes and HDL particles can, in principle, be used for delivery of
lipophilic (pro-)drugs to hepatocytes and lipocytes (van Berkel et at., 1986, 1987;
Roerdink et at., 1988). Such agents can also be enclosed in the lipid core of LDL
particles or in liposomes and be delivered to the sinusoidal cell types (van Berkel
et at., 1986, 1987). After degradation of the carrier, such drugs could locally act in
these cells or be slowly released from the cells to reach the other cell types in the liver.
Reuptake of the parent drugs in these cells, however, may not be efficient enough to
reach therapeutic concentrations, and at the same time prevent toxic levels in
extrahepatic tissues.
The choice of such carriers therefore is determined by a number of considera­

tions (Poznansky and Juliano, 1984;Meijer and van der Sluijs, 1989;Wu, 1988; Shen,
1987):

• What is the cost of the chosen carrier, taking into account that clinical
application is the final goal?
• Can the targeted cell type actually be reached (physiological barriers, rapid
removal by RES)?
• Does the carrier allow sufficient drug loading (taking into account drug
potency and the capacity for carrier-mediated endocytosis)?
• Is the carrier to a large extent cell-specific in the whole organism (reaction with
opsonic factors, or removal by competing cell types) and is specificity
unaltered after linkage of the drug?
• Is the carrier biodegradable (proper release rate of the drug and RES toxicity of
the carrier itself)?
• Are degradation products of the carrier material nontoxic?
• Can major removal by the RES system be prevented (proper residence time for
therapeutic effects)?
• Do immunogenic reactions occur after chronic administration?
• Is the drug released in its active form and at an adequate rate (therapeutic
effect, leakage from the tissue)?
• Is the targeted receptor pathway also expressed in pathological conditions and
is it influenced by other drugs?
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Table VI
Targeting to the Liver with Polypeptides

Drugs/agents Carrier Experimental method Reference

Antiviral agents
Ara-AMP Lactosaminated HSA Mouse in vivo Fiume et al. (1986b)

Galactosyl-poly-L- Mouse in vivo Fiume et al. (1986a)
lysine
Lactosaminated HSA Patients (hepatitis B) Fiume et al. (1988b)

Trifluorothymidine Asialofetuin Mouse in vivo Fiume et al. (1982)
Antiparasitic agents
Primaquine Asialofetuin Mouse in vivo Trouet et al. (1982a)
Pepstatin Asialofetuin Rat in vivo Furuno et al. (1983)
Antineoplastic agents
Abrin A chain IgG (tumor-specific Guinea pig in vivo Hwang et al. (1984)

antibody)
Daunomycin IgG (anti-alphafeto- Mouse in vitro, patients Hirai et al. (1983), Belles-

protein AB) Isles and Page (1988)
Lactosaminated HSA Mouse in vivo Schneider et al. (1984)

Diphtheria toxin A Asialofetuin Cultured rat hepatocytes Cawley et al. (1981)
Asialoorosomucoid Cultured rat hepatocytes Chang and Kulberg (1982)

Methotrexate Poly-L-lysine Mouse in vivo Arnold (1985)
Mitomycin C IgG (anti-alphafeto- Rat in vivo Kato et al. (1983)

protein AB)
Ricin Asialofetuin Cultured rat hepatocytes Herschmann et al. (1984)

Epidermal growth Mouse in vivo Herschmann et al. (1984)
factor

Trenimon IgG Mouse in vivo Ghose et al. (1982)
Diagnostic agents
Fluorescein Asialoorosomucoid Isolated rat liver van der Sluijs et al. (1985)
Technetium-99m Galactosyl-HSA Rat/rabbit Vera et al. (1985)

Galactosyl-HSA Human Stadalnik et al. (1985)
Radioscanning IgG (hepatoma AB) Rat in vivo, patients Wu (1988)
agents

Agents affecting
lipid metabolism
LDUHDL Tris-galactosyl- van Berkel et al. (1986)

cholesterol
LDL Lactosaminated form Isolated hepatocytes Attie et al. (1980)
Antitoxicants
N-Acetylcysteine Asialofetuin Hep G2 cells Wu et al. (1985)
Folinic acid Asialofetuin Hep Gz cells Wu (1988)
Uridine Asialofetuinlpoly-L- Isolated hepatocytes Wu et al. (1988)
monophosphate lysine

Genes
CAT Asialoorosomucoid- Hep G2 cells, rat in Wu and Wu (1988), Wu et

poly-L-lysine vivo al. (1989), (1990)
HSA Asialoorosomucoid- Rat in vivo (Nagase) Wu et al. (1991)

polY-L-lysine
LDL receptor Asialoorosomucoid- Rabbit (Watanabe) Wilson et al. (1989)

polY-L-lysine
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7.3. Lysosomal Release of Active Drug from the Protein Carrier

The final goal of any drug targeting concept is to make the active drug available
in the cell type of interest. Drugs such as doxorubicin that are covalently linked via
their NH2 groups to the COOH groups of the carrier protein can only be slowly
released in their active form. Introduction ofamino acid spacers between the drug and
the protein can improve release rate and such spacers can be used to manipulate the
cellular concentrations (Trouet et al., 1982a,b; Shen, 1987; Schneider et al., 1984).
Drugs with functional COOH groups or isothiocyanate moieties can be linked to
lysine-NH2 groups of proteins but the final degradation product will contain at least
one amino acid (lysine) since this linkage cannot be split from the drug by the
lysosomal enzymes (van der Sluijs et al., 1985). ATC covalently coupled to
asialoorosomucoid is quantitatively taken up by the parenchymal cells of the liver.
After degradation, the dye is released but still bound to lysine and after conjugation
with glucuronic acid it is excreted into bile (van der Sluijs et al., 1985). The excretion
rate of the fluorescent material in bile reflects the rate-limiting lysosomal degradation
of the glycoprotein carrier (van der Sluijs et al., 1985) (Fig. 9). Uncoupling of the
drug can also occur too fast: trifluorothymidine, covalently linked to the hepatotropic
carrier asialofetuin, is so rapidly released from lysosomes in the hepatocytes that
substantial amounts escape to the general circulation and reach nontarget tissues such
as bone marrow (Fiume et al., 1982). Depression ofbone marrow by the redistributed
drug was exhibited in otherwise healthy animals but not in animals with experimental
hepatic necrosis. This phenomenon was explained by a reduced lysosomal release
rate of the drug in the liver of the latter animals (Fiume et al., 1982).

An important factor determining the rate of release from lysosomes is probably
the extent of protonation of the delivered drug. Basic drugs will be largely protonated
at the relatively low internal pH of this organelle (pH 5-6) and, consequently, will
undergo persistent storage and relatively slow release. In contrast, acidic drugs will
be present mainly in the undissociated form and therefore will easily leave the
lysosomal compartment. This was shown for the protease inhibitor pepstatin which
was administered covalently coupled to asialofetuin (Furuno et al., 1983). The
carboxylic tripeptide was properly delivered to hepatocyte lysosomes but after carrier
degradation it was rapidly excreted into bile. However, in spite of this rapid release,
intralysosomal levels remained high enough for inhibition of cathepsin during 6 hr
after injection, demonstrating the extreme potency of the pepstatin molecule.

7.4. Preparation of (Glyco)protein-Drug Conjugates

Glycoproteins represent excellent objects for the targeting ofdrugs: the structure
can be modified with regard to the protein backbone as well as the functional sugar
groups. The relatively small molecular mass does not exclude passage through the
vascular endothelium (Poznansky and Juliano, 1984; Bodmer and Dean, 1988;
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Schneider et al., 1984) and immunogenicity after chronic administration is limited
(Fiume et al., 1987a). Naturally occurring plasma proteins such as orosomucoid (a l ­

acid glycoprotein) and fetuin were often used. They exhibit a relatively high affinity
for the ASGP receptor probably due to the clustered arrangement of the antennary
oligosaccharide side chains (see Section 5.10) but after drug conjugation may display
immunogenic properties. Some artificial carrier systems mimic this geometric
organization of sugar groups. Plasma proteins such as albumin and apoprotein B as
well as certain enzymes can be randomly derivatized with sugar groups. Well-known
methods are the reductive amination using boronhydride and lactose. In this reaction
the aldehyde moiety of glucose is reacted with E-NH2 groups of lysine. Up to 60
lysine molecules can be linked to lactose in this manner. It should be realized that the
nitrogen atom in the protein-sugar linkage can still become protonated and that
consequently no positive charge is lost. Such glycosylated albumin molecules may
lose their normal neutral-base transition properties and loss of flexibility in the
protein molecule due to sugar derivatization can therefore occur. Other methods to
connect sugars include the thioglycoside method (Stowell and Lee, 1980) and
coupling via thiophosgene activation of amino sugars (Monsigny et al., 1988;
Kataoka and Tavassoli, 1985). Especially the last method may lead to negatively
charged proteins since the nitrogen atom in the linking moiety cannot be protonized
in contrast to the lysine-NH2groups. This charge modification is further increased by
subsequent covalent coupling of drugs to the remaining NH2 groups. Drugs with
acidic functional groups will amplify this problem (see Section 5.5).
Alternatively, drug peptide carriers can be designed with a simpler structure

than the naturally occurring plasma proteins. Various types of polylysines with different
charge can be tailor-made and even provided with clustered sugar groups (Pompipom
et al., 1984; Arnold, 1985; Shen, 1987; Monsigny et al., 1988; Fiume et al., 1986a).
From all of these considerations, it follows that the design of proper drug

targeting preparations requires an integrated scientific approach on the cell biological
level as well as on the level ofwhole animal testing. The step from experimental work
in animals to that in man and finally to the clinic is still large and implies special
problems with regard to chronic cellular toxicity and immunogenicity (Poznansky
and Juliano, 1984; Poste, 1984). Application in man also implies large-scale prepara­
tions of chemically well-defined drug-carrier modalities and the design of biophar­
maceutically standardized dosage forms.

7.5. Current Achievements in Drug Targeting to the Liver with Protein
Carriers

7.5.1. INTRODUCTION

The liver probably is the most systematically studied organ in the field of drug
targeting (Table VI). Quite a few examples can be found in which successful and
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selective delivery of drug to this organ was achieved in vivo (Wu, 1988; Fallon and
Schwartz, 1989; Stahl, 1990; Meijer et ai., 1990a) (see Table VI). It is of importance
to note that the idea of drug targeting in fact turned around the usual rules in drug
design and development: very toxic agents that seemed to be shelved by pharmacolo­
gists became serious candidates again for therapeutic application. A vast number of
chemical methods were developed for a proper preparation of drug-macromolecular
conjugates.

7.5.2. TARGETING OF ANTIVIRAL AGENTS

Fiume and co-workers coupled 5-15 molecules of adenine arabinoside mono­
phosphate (Ara-AMP) to lactosaminated albumin containing 20-50 terminal galac­
tose groups per albumin molecule (Fig. 11). The phosphoamide bond, linking the
phosphate group about equally to E-NH2 groups of lysine and imidazole nitrogens of
histidine (Fiume et ai., 1988a), is acid-labile and apart from hydrolysis in acidic
endosomal and lysosomal compartments, it can be proteolytically cleaved to the
monophosphates. The carbodiimide coupling reaction should be performed at pH 7.5
to prevent production of polymeric and poorly soluble material (Fiume et ai., 1986b,
1988a). The drug-protein conjugate is delivered not only to hepatocytes where
hepatitis B virus mainly replicates, but also to sinusoidal cell types (Fiume et ai.,
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Figure 11. Increased efficiency of 9-~-D-arabino-furanosyl adenine monophosphate (Ara-AMP) on the
hepatic level and decreased side effects on intestinal mucosa and bone marrow through coupling to human
serum albumin containing 20-50 lactose molecules per mole protein (C). Ectromelia viral hepatitis causes
increased (mainly viral) DNA synthesis and is quantified by [3H]thymidine incorporation 24 hr after
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inhibitory pattern (B) compared with Ara-AMP itself (A), but does not suppressDNA synthesis in the other
tissues as is the case for uncoupled Ara-AMP. (According to Fiume et al.; see References list.)
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1987b). This kinetic behavior is probably due to electronegativity of the albumin
carrier in which a large part of the positively charged groups have been used for sugar
and drug derivatization. Since in the initial stages of viral infection sinusoidal cell
types are attacked (a process that destroys the endothelial barrier) (Fiume et ai.,
1982), this broad hepatic distribution is not necessarily inadequate. This particular
drug formulation reached the clinical stage and a preliminary study showed promis­
ing results in HBV-infected patients (Fiume et ai., 1988b). More definite studies are
awaited. It is of importance to note here that using such carriers, phosphorylated
drugs that normally cannot penetrate the cell membrane, can be delivered intra­
cellularly. Anyway, the liberated Ara-AMP is retained within the cells long enough to
permit effective phosphorylation to the di- and triphosphate forms and consequently
systemic toxicity is reduced.

In contrast to the parent drug, the Ara-AMP conjugate with lactosaminated
albumin is almost devoid of side effects in bone marrow and intestinal mucosa
(Fiume et ai., 1982, 1986b)(see Fig. 11). Another positive aspect is that the conjugate
does not seem to evoke major immunogenic reactions after chronic administration, if
homologous albumin is used (Fiume et ai., 1987a). Interesting alternatives to this
carrier might be antibodies directed to HBV surface antigens (Shouval et ai., 1982) or
albumin treated with glutaminase or malondialdehyde. The latter proteins display a
high affinity for receptors on the virus particle as well as the hepatocytes (Michalak
and Bolger, 1989; Thung et ai., 1989).

7.5.3. TARGETING OF ANTINEOPLASTIC AGENTS AND
ANTITOXICANTS

These include cytostatic agents such as daunorubicin, vindesine, methotrexate,
cyclophosphamide, trenimon, and toxins such as ricin, abrin, gelonin as well as
diphtheria toxins (Blakey and Thorpe, 1988; Wu, 1988; Meijer and van der Sluijs,
1989; Fallon and Schwartz, 1989). As carriers, (neo-)glycoproteins (Trouet et ai.,
1982a; Monsigny et ai., 1988; Bodmer and Dean, 1988), tumor-specific antibodies
(Ghose et ai., 1982), poly-L-lysine (Arnold, 1985; Ryser and Shen, 1986; Shen, 1987;
Pompipom et ai., 1984), and various other synthetic polymers were used. It should be
realized here that antibodies per se [e.g., against HBVsAg (Shouval et al., 1982) and
alpha-fetoprotein (Hirai et ai., 1983)] can be effective in the in vitro and in vivo lysis
of hepatoma cells. Conjugates of antibodies and lactosaminated albumin with
daunorubicin increased survival of animals with implanted tumors (Schneider et ai.,
1984; Trouet et ai., 1982a) and in some cases of cancer patients (Schneider et ai.,
1984; Wu, 1988). ASGPs were linked to bacterial toxins yielding extremely potent
drugs that inhibit protein synthesis in the hepatoma cells at a concentration of 10- 11M
(Cawley et ai., 1981; Chang and Kullberg, 1982; Simpson et ai., 1982). Since in some
but not all hepatomas the density of the particular receptor is considerably decreased,
this approach is apt to fail in such cases (Wright, 1989).
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The fact that in some hepatoma cells there is a relative lack of ASGP receptors
can be used to rescue noncancer cells from the intoxication of high doses of
methotrexate (Wu, 1988). This was accomplished by coupling folinic acid to ASGPs
and combining this with the antineoplastic drug. Only the receptor-negative cells are
killed by the combination. It can be concluded from these data that the rescue factor,
after release from the carrier, does not redistribute rapidly to the cancer cells. This
targeting concept was later expanded to prevent hepatoxicity of acetaminophen
(Wu et al., 1985) and galactosamine (Wu et al., 1988a) through covalent coupling of
N-acetylcysteine and uridine monophosphate, respectively, to ASGPs. It is assumed
that in vivo, the particular antitoxicant preparations are equally delivered to all the
hepatocytes. However, studies on the acinar distribution of injected ASGPs revealed
zonal heterogeneity (van der Sluijs et al., 1988; Burwen and Jones, 1990) with
relatively low concentrations in the pericentral cells. This predicts that the drug may
only be adequately presented to the pericentral cells if the portal concentration of the
carrier exceeds the Km for receptor-mediated uptake. Since the affinity of most
galactose-terminated neoglycoproteins for the receptor as well as the hepatic extrac­
tion is considerably lower than for the naturally occurring ASGPs, a major hetero­
geneity in distribution of the neoglycoproteins is not anticipated (van der Sluijs and
Meijer, 1991).

7.5.4. TARGETING OF GENES

The process of receptor-mediated endocytosis can in principle also be employed
for delivery of small fragments of DNA to certain cell types. The option here is to
correct genetic deficiencies in the production of essential proteins such as peptide
hormones, plasma proteins, and membrane receptors. The delivered plasmid should
be taken up in the cell and integrated in the cellular genome. Transcriptions to mRNA
and translation into polypeptides can be monitored to detect the cellular expression of
the targeted gene. Gene targeting has been attempted for insulin, using a proinsulin
gene included in small liposomes (Nicolau and Cudd, 1989). In order to test the
suitability of the targeted gene product, foreign "reporter" genes such as the bacterial
gene coding for chloramphenicol acetyltransferase (CAT) are often used. In vitro,
genes can be quite easily introduced in cultured cells by microinjection or Ca2+
phosphate-mediated permeation of the plasma membrane. Fusion with plasmid­
containing liposomes (Nicolau and Cudd, 1989) or cells and cellular delivery by
viruses (Wilson, 1986) are also employed. Evidently, it is much more difficult to
perform this in the intact organism. Recent developments in gene targeting to the liver
in vivo indicate that persistent expression of genes might be achieved (Wilson et al. ,
1989; Wu and Wu, 1988; Wu et al., 1988b, 1989). Receptor-mediated endocytosis is
used to introduce the gene, in spite of the fact that usually most of the material is
trafficked to the lysosomes. The crucial question here is how part of the endocytosed
plasmid escapes this degradation route and reaches the cell nucleus instead. There is
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evidence for some interiorized ligands that a small part of the endocytotic vesicles
may become associated with the Golgi system, may recycle to the plasmamembrane,
or can undergo transcytosis (Russel et al., 1983; Townsend et al., 1984; see Chapters
4 and 11). For a ligand such as EGF, vectorial transport to the cell nucleus normally is
aminor route but during regeneration (following hepatectomy) complete perturbation
of cellular routing is observed in the sense that much less of the ligand is trafficked to
lysosomes and much more to the cell nucleus (Marti et al., 1989). Whether this is true
for other glycoproteins remains to be studied. Nevertheless, integration of targeted
DNA and also its expression can be greatly enhanced by prior partial hepatectomy
(Wu et al., 1988b, 1989) probably as a consequence of rapid cellular replication. Also
agents that induce hyperplasia of the liver can be used to improve integration of the
foreign DNA. Pretreatment of rats with the hypolipidemic agent nafenopin, which
induces a marked liver growth (Meijer et al., 1977), leads to persistent expression of
the CAT gene injected in vivo (Wu et al., 1990).
The prime technical item is how to design a suitable carrier for targeting DNA to

organs in vivo; the complex should be sufficiently stable in the bloodstream,
noncovalent binding of DNA should be preferred, and the DNA-carrier complex
should be water-soluble. Wu et al. (1990) used the basic polypeptide polylysine,
which strongly binds DNA (see Fig. 12). The polylysine matrix was then covalently
coupled to lactosaminated albumin to obtain hepatocyte specificity (Wu, 1988).
Direct galactosylation of polylysine negatively influences its binding affinity for
DNA while the use of cluster glycosides with spacer arms is in principle possible
though expensive (Wu, personal communication). Depending on the size of the
plasmid, polylysine polymers ofdifferent length can be employed. Careful titration is
necessary to keep the complex in solution. This concept was applied to target a
foreign gene (CAT) combined with various promoters to the liver and clear expression
of the gene was demonstrated (Wu and Wu, 1988) especially after partial hepatec­
tomy (Wu et al., 1988b). Excess asialoorosomucoid prevents DNA targeting to the
liver probably through competition with the ASGP receptors. Both viral promoters
and human promoter genes can be used. Recently, gene targeting was used to correct
genetic analbuminemia in the so-called Nagase rat model (Wu et al., 1989) and
cholesterolemia due to an LDL receptor deficiency in the rabbit (Wilson et al., 1989).
Agene coding for human serum albumin came to expression in rats within 48 hr after
injection, raising the albumin concentration in the plasma from zero to 18 mg/loo ml.
Persistent expression was seen until 4 weeks postinjection (Fig. 12).
A gene coding for the LDL receptor protein was targeted to the rabbit liver in

vivo, resulting in a 25-50% decrease in cholesterol plasma concentration lasting for 2
days after injection of the plasmid polylysine-lactosaminated albumin preparation.
In both cases, expression was controlled by detecting the particularmRNAs as well as
the proteins themselves. These preliminary observations may mark the beginning of a
new era in the manipulation ofcell biology in vivo (Monsigny et al., 1988; Fallon and
Schwartz, 1985; Meijer and van der Sluijs, 1989). Applications in corrections of
genetic disorders such as enzyme deficiencies, receptor deficiencies as well as in vivo
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FigureU. Targeting of genes to the hepatocyte. In principle, two interiorization procedures can be used:
cationization of the plasma membrane leading to adsorptive endocytosis of the DNA fragments [indicated
for the chloramphenicol acetyl transferase (CAT) gene] or noncovalent binding of the plasmid to poly-L­
lysine, covalently coupled to the asialoglycoprotein asialoorosomucoid (ASOR) (indicated for the albumin
gene). After receptor-mediated or adsorptive endocytosis, an unknown part of the endocytosed material
escapes the abortive lysosomal route and the DNA becomes integrated in the cellular genome. Persistent
expression was detected by mRNAs and synthesis of the particular proteins. (See Wu et al. in References
list.)

production of pharmacologically active polypeptides represent novel options in the
field of cell-specific drug delivery.
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Chapter 14

The Immune System as a Barrier to
Delivery of Protein Therapeutics

Michael w: Konrad

1. INTRODUCTION

Our immune system recognizes infecting organisms and protein toxins as foreign,
and by inactivating them often protects us from harmful effects. However, a protein
therapeutic may also be seen as foreign. The result of being perceived as foreign can
be benign, neutralize the activity of the therapeutic, or generate an adverse physiolog­
ical response that may even be lethal. The protein may be intrinsically foreign
because it has been obtained from another species and has a different amino acid
sequence, or it may be perceived as foreign due to a more subtle difference, such as
being denatured or aggregated. Low-molecular-weight drugs generally do not initiate
an immune reaction unless they become conjugated to protein, as occasionally occurs
with penicillin.
The purpose of this chapter is to summarize the structure of the immune system,

methods used to study it, past experiences with protein therapeutics, and suggest
ways to predict and minimize immune reactions. However, the specificity and
intensity of an immune reaction is defined by the individual genetic makeup of the
host as well as the chemical and physical structure of the potential immunogen. Thus,
there must always be a fundamental uncertainty in the prediction of an immune
response among the genetically heterogeneous human population. In addition, we
will see that many factors other than the actual structure of the protein therapeutic
influence immunogenicity.
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2. STRUCTURE OF THE IMMUNE SYSTEM

Michael W Konrad

A foreign substance (the immunogen) can interact with the immune system in
different ways and produce both quantitatively and qualitatively different responses.
In order to have a common vocabulary for later discussions, it will be useful to briefly
outline some parts of what is now known about the immune system. Readers familiar
with immunology may want to skip to Section 5, while those wanting to learn more
about the subject will want to consult an authoritative text. An up-to-date encyclo­
pedic treatment is Fundamental Immunology (Paul, 1989), while perhaps a more
philosophical and entertaining account is presented in Immunology: The Science of
Self-Nonself Discrimination (Klein, 1982).

2.1. Antibodies and B CeUs

There are two main branches of the immune system which react in distinct ways
with the immunogen, but normally also interact with each other to produce a
complete response. The humoral branch is responsible for the production of anti­
bodies, proteins with molecular masses from 150 to 750 kDa that bind specifically
to the immunogen or antigen. The structural unit of antibodies, or immunoglobulins,
is a dimer, each containing a light (L) chain of 22 kDa and a heavy (H) chain of 53
kDa. The four polypeptide chains are held together by disulfide bridges to form a
Y-shaped structure, with the two arms of the Y containing both an L and an H chain,
while the stem of the Y is the extension of the two longer H chains. The end sections
of the arms form two identical binding (the variable or V) regions which are
responsible for the specific interaction with the immunogen or antigen. The stem of
the antibody (the constant or C region) is characteristic of the immunoglobulin class,
and mediates interactions with other components of the immune system. The
immunogen is defined as the substance that has initiated the immune response, while
the molecule that binds to antibody is an antigen. The distinction between immuno­
gen and antigen may in some cases be difficult or meaningless.
There are five major classes of antibodies. IgM is normally the first to appear

in an immune response, and consists of five basic units plus a shorter chain for a
combined size ofabout 750 kDa. lYpically, the same cells which produce IgM switch
to produce IgG later in the immune response. IgG, with amolecular mass of 150 kDa,
has the basic unit structure. IgE antibodies are present in serum at the lowest
concentration of all classes, but are very important since they generate allergic
reactions through interaction between their characteristic constant region and mast
cells, which then release histamine. IgA antibodies are produced in the intestine and
other mucosal tissue in reaction to ingested and inhaled substances (see Chapter 5).
IgD facilitates B cell activation. IgG, IgM, and IgA have each been divided into
subclasses.
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Antibodies are produced by those B cells (bone marrow derived) that present
membrane-bound immunoglobulins on their exterior surface which can bind to the
immunogen. It is this binding that provides one of the main signals driving the cells to
proliferate, differentiate into plasma cells, and produce and secrete large amounts of
immunoglobulin. At birth there exists a great diversity ofB cells in every individual,
each producing antibodies with different V regions, so that there usually are many
that bind at least weakly to the immunogen. During the growth and differentiation
of B cells that bind immunogen, somatic rearrangement of antibody genes normally
results in a switch to production of antibodies of the IgG class. If there is repeated
exposure to immunogen, but it is not present in excess amount, those multiplying B
cell clones which produce antibodies with high affinity can compete with lower­
affinity-antibody-producing clones. This selective process gradually produces anti­
body of progressively higher affinity but typically lower diversity.
The half-life of the typical IgG antibody is about 20 days. B cells live only a

short time if not stimulated by antigen, but if they have been stimulated to differen­
tiate into plasma cells, they secrete antibody for a few weeks. Once stimulated, they
also may live for a longer time as B memory cells.

2.2. T Cells

The second major arm of the immune system is represented by T cells (thymus­
processed). These cells also recognize the immunogen, but by a completely different
mechanism than used by B cells. The immunogen must be first processed, typically
by macrophage cells, into fragments which are then exposed on the cell surface while
bound to a receptor specified by the major histocompatibility gene complex (MHC).
This histocompatibility receptor complex can then participate in the formation of a
larger complex with a second, different receptor (the T cell receptor) on the surface of
specific T cells. T cell receptors are homologous in structure to the immunoglobulin
receptor on B cells, and like them are present in great diversity so that there is likely
to be some that bind to at least some fragment of the immunogen. The T cell receptor
is analogous in function since it plays a major role in the activation of the specific
T cell. However, the interaction with and activation of T cells by the immunogen
differs from B cell activation in three fundamental ways. The immunogen must be
processed to produce a fragment which is then recognized as foreign; the fragment
must interact in a generic way to form a complex with the MHC protein, and this
complex must be recognized by a specific T cell receptor. This fundamental differ­
ence in recognition pathway can mean, for example, that a foreign substance may be a
good B cell immunogen but a poor T cell antigen, and different parts of the
immunogen may be recognized in the B and T cell response.
The full recognition of an immunogen is thus not an automatic or default

reaction. It requires the presence of B cell receptors that bind immunogen, an MHC
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receptor that can bind fragments of processed immunogen, and T cell receptors that
can recognize these bound fragments. It should not be surprising then that only
certain parts of a foreign substance may be recognized as nonself, or that some
foreign proteins are not detected at all. In particular, since the MHC complex is very
heterogeneous (genetically polymorphic) in the human population, the extent of
immune response to a specific immunogen varies greatly among the population.
T cells fall into three basic functional classes. The helper T cells participate in

activation of specific B cells by the local secretion of growth and differentiation
factors. The switch by B cells from secretion of IgM to IgG generally requires T cell
help. T cells can live for years, so T memory cells are often the main participant in
the secondary or amnestic response to immunogen. A second class of T cells kill
target cells that are recognized by exposed antigen on their surface. A third class ofT
cells specifically suppress the activity of other T cells.

However, in order for the immune system to be beneficial, it must also
distinguish self from nonself. The recognition of self, e.g., tolerance, is complex and
often not complete or absolute. Earlier models of tolerance proposed that all immune
cells that reacted with self molecules were clonally eliminated during embryonic
development. While such negative selection is certainly involved in the production of
tolerance, it is now known that the suppression of autoimmune responses in normal
adults is also due to active mechanisms with T suppressor cells playing an important
role. Thus, tolerance is not irreversible.

3. ASSAYS

3.1. Antigen-Specific Antibody

In development, production, and administration of a protein therapeutic, the
goal will usually be to minimize immunogenicity. However, some immune reaction
will almost certainly occur. The magnitude of the response in humans can generally
not be predicted using animal models and, in fact, immune reaction to a human
protein will usually make chronic toxicological studies impossible or meaningless
(Teelmann et al., 1986). Thus, immunological monitoring during clinical trials is
highly desirable. In the United States, monitoring immunogenicity of a protein
therapeutic will almost certainly be required by the Food and Drug Administration,
although the details of the program and evaluation of results will depend on the
therapeutic, disease, and patient population.
Total levels of antigen-specific antibodies are easily followed with an enzyme­

linked immunosorbent assay (ELISA). In one variant of this assay, the antigen, in this
case the protein therapeutic, is used to coat a plastic surface, dilutions of patient
serum are incubated on the plastic, unbound antibody is removed by washing, and
any bound, antigen-specific antibody is detected by incubation with enzyme-labeled
anti-human antibody. The ELISA, first used to follow antibodies during viral
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infection (Voller et al., 1976), is now a standard method for this purpose. A variety of
polyclonal antibodies produced in animals such as the rabbit and goat, and both
polyclonal and monoclonal murine antibodies to specific classes and even subclasses
of human immunoglobulins are commercially available. Using this method, one can
follow the production of specific IgM and IgG and determine if a complete immune
response has occurred.
Most of the modern work on serum IgE levels in patients sensitive to allergens

has used the radioallergosorbent technique (RAST) (Wide et al., 1967). The antigen
(allergen) is covalently attached to a bead or disk and incubation with patient serum
allows specific IgE to bind which is then detected with radioactively labeled anti­
human IgE. The ELISA can also be used for the same purpose (Sepulveda et al.,
1979). However, the utility of measuring and using the serum IgE levels as an index
of the severity ofan allergic response is questionable. Afunctional skin test is perhaps
more clinically relevant (Platts-Mills et al., 1981).

3.2. Neutralizing Antibody

Most protein therapeutics will have biological activity that can be measured
in an in vitro or in vivo assay. Thus, it is possible to test for the presence of anti­
bodies in patient serum that can neutralize this activity.
There are three main characteristics of the serum that will have a major role in

determining the magnitude of neutralization: concentration of specific antibody,
affinity of this antibody to antigen, and the site on the antigen at which the antibody
binds (the epitope). If neutralization is detected, it indicates that at least some frac­
tion of the antibody population can bind at or near the active site and block activity.
Thus, a high antibody concentration alone does not necessarily mean that there
will be any ability of the serum to neutralize activity. The presence of neutralizing
activity in such an assay does not necessarily mean that all therapeutic activity will be
abrogated in the patient, although a correlation is usually seen. In some studies,
patient serum has been tested for the ability to neutralize or block the signal in an
immunoassay for the therapeutic. However, the presence or absence of this kind of
blocking will in general have no relationship to the ability of the antibody to
neutralize biological activity.
There is a general problem that the immunochemist will often have in interpret­

ing assay results of serum from patients receiving a protein therapeutic. If the
therapeutic is only slightly immunogenic, the antibody levels will be low, but more
importantly, the antibodies will likely be very heterogenous and of low affinity.
This is in contrast to typical "hyperimmune," high-affinity antibody preparations
that are used in the laboratory for analytical purposes, which have been obtained from
animals immunized repeatedly over a long period of time with preparations that are
highly immunogenic by design. The difference in the shape of dilution curves when
low- and high-affinity antisera to diphtheria toxin is used to neutralize toxin activity
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has been extensively documented and interpreted (Chase, 1977, particularly p. 305).
A fundamental point in understanding these curves is that even a homogeneous
antibody preparation must be described by two parameters, the concentration and the
affinity. In some assays and conditions, both concentration and affinity affect the
dilution curve shape and, thus, there is no single number or parameter that completely
describes the antibody preparation and can unambiguously be defined as the antibody
titer. A high-affinity antibody may effectively neutralize activity in a stoichiometric
manner, so that if a fixed concentration of serum neutralizes 50% of toxin activity, the
same serumdilution would eliminate essentially all activity ifhalf as much toxin were
used in the assay. In such a case, it might seem appropriate to describe the titer of the
serum in units of toxin that 1ml of serum could inactivate. Conversely, a low-affinity
antibody might need to be present in great molar excess to neutralize 50% of activity
if the antibody-toxin equilibrium dissociation constant is greater than the toxin
concentration in the assay. In such a case, adding half the toxin to a second assay of
that serum dilution would again result in half the activity being inactivated. In this
case, it would seem appropriate to describe the neutralization titer of the serum as the
serum dilution which neutralizes half the toxin activity, since this now would be the
parameter characteristic of the serum and independent of the amount of toxin used.
This could also be described as a case where dilution curves of a standard, high­
affinity antibody and the unknown, low-affinity serum do not have the same shape
and thus cannot be superimposed by a simple translation along the dilution axis in
order to define an unambiguous titer.
This same problem was encountered in another context when an attempt was

made to quantitate insulin antibodies from patients with different histories (Koch
et al., 1989). High-avidity (apparent association constant) antibodies were found in
a patient with antibody-mediated insulin resistance induced by administration of
animal insulin, while low-avidity antibodies were seen in an asymptomatic patient
with autoantibodies to endogenous insulin. A liquid-phase assay measuring the
amount of radiolabeled insulin that could be captured by antibodies selectively
detected high-avidity antibodies and the dilution curves for high- and low-avidity
antibodies had very different shapes. However, the solid-phase ELISA was far better
and more equally efficient in detecting both high- and low-avidity antibodies, and
thus, shape of the dilution curves were similar. Since biological neutralization assays
must often be done in a liquid fonnat, it may be difficult to directly compare
antibodies of greatly different affinity.

3.3. T CeU Activity

Tcell response to immunogen is important, and indeed necessary for a complete
immunological response. The in vitro stimulation by immunogen of proliferation in
lymphocyte cultures from patients can be used to measure T cell involvement in an
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immune response. In addition, the ability to isolate T cell clones after growth of
patient lymphocytes in media containing IL-2 and immunogen has enabled identifica­
tion of the specific epitopes recognized by this arm of the immune system (Nell et ai. ,
1985; Miller et ai., 1987; Naquet et ai., 1988). While such studies are playing an
increasing role in adding to our knowledge of the immune response to protein
therapeutics, the methodology is at present more complicated than simple assays for
antibodies and is not typically a routine part of clinical monitoring.

4. ANTITOXIN SERUM: THE FIRST PROTEIN THERAPEUTIC

Antibodies specific for bacterial toxins, and able to neutralize their clinical
effects, can be produced in a variety of nonhuman species (Ratner, 1943). Horse
antidiphtheria serum was used successfully before the turn of the century. As would
be expected, repeated use of such preparations produces an intense immune reaction.
Unfractionated horse serum contains many proteins that are seen as foreign by the
human immune system, the major component being equine serum albumin. However,
even purified IgG antitoxin is seen as foreign since the amino acid sequence of the
constant region of the horse immunoglobulin molecule is different from human
immunoglobulin.

The clinical profile of toxicity seen after administration of antitoxin serum was
often called serum sickness (Ratner, 1943; von Pirquet and Schick, 1951). This
syndrome can include fever, skin lesions, arthralgia, lymphadenopathy, gastrointes­
tinal distress, and proteinuria, and is most likely to occur when large amounts
(hundreds of milligrams) of foreign protein are administered. This cannot only
generate an intense reaction, but the large amount of antigen and antibody that are
present together in the serum have the potential to form large amounts of antibody­
antigen complexes (immune complexes) which mediate much of the toxicity. The size
and characteristics of immune complexes depend on many factors, including the
valence of the antigen, the antibody-to-antigen ratio, antibody affinity, and the
absolute concentrations of antibody and antigen (Mannik, 1980). The size of the
complex, which when large is known as an immune lattice, determines how rapidly
the complex is removed from the circulation and the tissue and organ where the
immune complex is likely to be deposited. Large complexes are removed by the
Kupffer cells of the liver, but this system has a finite capacity and can thus be
saturated. Large complexes also are deposited in the kidney, specifically in the
glomerular capillary wall (see Chapter 12). The immune complexes in the kidney are
phagocytosed by bone marrow-derived monocytes, and the lysosomal enzymes (see
Chapter 13) released in this process may be part of the cause of glomerular damage
that is characteristic of this event (Cochrane and Koffler, 1973; Mannik, 1980). Such
immune complexes can also activate the complement system which then results in
tissue damage. Several quantitative studies of serum sickness have been carried out in
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animal models (e.g., Wilson and Dixon, 1971). It was recently observed after
administration of horse serum containing antithymocyte antibodies to patients with
bone marrow failure (Gilliland, 1984; Lawley et al., 1984).

5. INSULIN: A PARADIGM

5.1. Introduction and History

Much of our knowledge of the response of the immune system to a pure protein
has derived from the use of insulin. This is partially due to the extent of clinical
experience, extending over almost 70 years. The first diabetic human received
pancreatic extracts containing insulin early in 1922, about one year after Banting and
Best started their work and less than two weeks after the first public report of the
hypoglycemic effects of these extracts in dogs. In June of 1922, the Eli Lilly
Company had completed the first large-scale purification of insulin and by 1923 had
produced an amount sufficient to treat 10,000 patients (Forsham, 1982). Immune
reaction to insulin at the site of injection was first described in 1925 (Lawrence, 1925)
and the induction of insulin neutralizing activity in the serum of a patient who had
received repeated injections was reported in 1938 (Banting et al., 1938).

Insulin is a relatively small protein of about 6 kDa, with two polypeptides of
21 and 30 amino acids linked by disulfide bonds. This simplicity, commercial
availability in large quantities, and medical importance often caused it to be the
object of study by early protein chemists. Sanger received the Nobel Prize for
determination of the amino acid sequence of insulin which was completed in 1953.

5.2. Local Immune-Mediated Toxicities

Local cutaneous reactions may consist of a burning or itching sensation,
swelling, erythema, induration, or wheal formation. The reaction may start a few
minutes after the injection and rapidly decrease, or be delayed for 8 hr and continue
for several days (Kahn and Rosenthal, 1979). The immediate type of reaction is
associated with and mediated by IgE while the more delayed reactions are mediated
by IgG (Galloway and Bressler, 1978). While quite rare with current purified insulin
preparations, the destruction of subcutaneous fat (lipoatrophy) at the site of injection
was not uncommonly seen 3-6 months after the initiation of therapy (Van Haeften,
1989). Biopsy of such lesions reveals deposits of IgM, IgG, and complement,
suggesting that the tissue destruction is an example of the Arthus reaction (Reeves
et al., 1980). In this reaction, a variety of activated cells such as granulocytes and
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neutrophils are attracted by immune complexes and cause tissue necrosis through
release of proteases and other mediators of inflammation.

5.3. Systemic Immune-Mediated Toxicities

5.3.1. INSULIN METABOLISM AND ELIMINATION

Insulin is synthesized and secreted into the blood by the beta cells of the
pancreas. The blood then must flow through the liver before it joins the main
peripheral circulation. During this single pass, about 40 to 50% of the insulin is
removed by insulin receptor-mediated endocytosis (Field, 1972). Once past the liver,
insulin is similarly removed by binding to insulin receptors in remaining tissue. Since
insulin has a molecular mass of only 6 kDa, free insulin is removed from the blood
entering the kidney by glomerular filtration (Brenner et at., 1981). However, less than
2% of this filtered insulin appears in the urine since it is reabsorbed and degraded by
cells lining the proximal convoluted tubules of the kidneys. An approximately equal
amount of insulin is removed by the postglomerular peritubular capillaries in the
kidney and some insulin reacts with and is removed by insulin receptors. Thus,
though glomerular filtration is 130 mlJmin in man (Renkin and Gilmore, 1973), the
total renal clearance of insulin is about 200 mlJrnin (Rubenstein and Spitz, 1968).
'TYpically, 40 U of insulin is produced in 24 hr by the pancreas, the kidney removes
6-8 U, and the serum insulin concentration is 20 mU/ml (l U :::= 36 J.Lg or 6 nmole).

The relative importance of insulin receptor-mediated clearance and nonspecific
(mostly renal) clearance is suggested by the amounts of normal and mutant insulin
in the serum of an individual heterozygous in the insulin gene. The mutant insulin
contained a serine-for-phenylalanine substitution at position 24 in the B chain, had
one-sixth the activity of normal insulin in stimulating glucose oxidation in an in vitro
assay, but was present in 20-fold excess of the normal insulin in patient serum
(Shoelson et at., 1983). This is consistent with specific receptor-mediated metabolism
being the major route of clearance. However, quantitative aspects of insulin distribu­
tion and metabolism can change when the concentration of blood insulin changes.
As an example, the arterial-venous concentration across the kidney increases as the
concentration of free insulin increases. Thus, the fraction of insulin removed by
receptor-specific versus molecular size-dependent renal mechanisms will be depen­
dent on insulin concentration (Rubenstein and Spitz, 1968).

5.3.2. INSULIN-ANTIBODY COMPLEXES

The properties of the antibodies to insulin will vary depending on patient genetic
background, onset of disease, species of insulin administered, and many other
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factors. However, there are some common characteristics that are useful in under­
standing the effects of antibodies. lYpically, human antibody-insulin complexes
are not precipitable, are predominantly univalent, and form and dissociate in a
reversible manner. Using serum from patients with high antibody titers, plots of
bound/free versus bound insulin at equilibrium are strongly biphasic with dissocia­
tion constants typically 10-7 and 10-9 M for the two antibody species. Rapid dilution
of complexes demonstrates half-lives of 4 and 140 min (Berson and Yalow, 1959).

5.3.3. INSULIN RESISTANCE

Insulin resistance is a functional term used to describe the failure of a patient to
respond to a normal dose of insulin. Any patient requiring more than 60 Ulday of
insulin is resistant, although it may not be considered significant until more than 200
U/day is required, and half of resistant patients require more than 1000 U/day (Kahn
and Rosenthal, 1979). Chronic insulin resistance can be due to the failure of tissue to
respond to a normal concentration of free insulin, caused for example by adecrease in
the effective number or affinity of insulin receptors, or can be the result ofbinding and
inactivation of a fraction of administered insulin by neutralizing antibodies. Resis­
tance is at least logically distinct from increased insulin consumption due to the
increased metabolic requirements of obese patients (Federlin et al., 1980). The
frequency of appearance of resistance caused by antibodies is not high, with one
group reporting that between 1940 and 1960 only 0.01% of all insulin-requiring
diabetics were resistant (Kahn and Rosenthal, 1979), while another estimate was
0.1% (Federlin et al., 1980).
A requirement for an increase in daily insulin dose might not by itself seem of

great consequence, since the cost of insulin is not high. However, variation of insulin
concentration in the blood is normally the mechanism by which the blood glucose
level is kept constant. Thus, in a nondiabetic, insulin concentrations rapidly increase
after a large meal when glucose is entering the blood and must be metabolized.
Insulin levels are low early in the morning before breakfast when glucose must be
conserved in order to maintain a constant blood glucose level. Since a significant
fraction of insulin is removed in each pass of the blood through the body, insulin levels
respond to changes in the rate of insulin release by the pancreas in minutes.
Abnormally low glucose levels cause loss of consciousness and shock, and chron­
ically high glucose levels eventually result in a characteristic spectrum of tissue and
organ damage. Blood glucose levels in a diabetic are controlled by a combination of
planned meals to produce a constant pattern of caloric intake, and scheduled insulin
injections of specific formulations which release insulin into the blood to precisely
meet metabolic need (Galloway and Bressler, 1978). However, insulin bound by
antibody has a molecular size of at least 160 kDa, and will thus not be removed by the
kidney. Insulin bound to neutralizing antibody will not be removed by receptor­
mediated endocytosis. Since insulin-antibody binding is reversible, these antibody
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complexes represent a reservoir which buffers the insulin concentration and thus
complicates, or in extreme cases prevents, establishment ofa satisfactory concentration­
time profile for insulin (Van Haeften, 1989).

5.3.4. DEPOSITION OF IMMUNE COMPLEXES

The average size of antibody-insulin complexes in the peripheral circulation is
typically small. However, medium-sized complexes can become more common in
late-stage diabetes, at least partially because of impaired phagocytic function which
normally removes them, and the deposition of these complexes is the likely cause of
severe microangiopathy seen in late-stage diabetes (Iavicoli et ai., 1982).

5.4. Causes of Insulin Immunogenicity

When insulin is obtained from bovine pancreas, there are obvious reasons for
it to be immunogenic, since the amino acid sequence of bovine insulin differs from
that of human at positions 8 and 10 in the A chain, and at position 30 in the B chain
in the C terminus. Indeed, procine insulin, which differs in sequence from human
only at B30, is generally less immunogenic. However, a major factor in the immuno­
genicity of early preparations of insulin, purified by acid extraction and crystalliza­
tion, was the presence of protein impurities. These included glucagon, pancreatic
polypeptide, vasoactive intestinal peptide, and somatostatin (Reeves, 1981). Proinsu­
lin, which contains the C peptide in which about half of the amino acids are different
from humanCpeptide, was also a contaminant. However, when crystallized insulin is
purified by size exclusion chromatography, on Sephadex G-50 for example, a single
peak component is obtained which is 99% insulin, containing 5-10% desamido
insulin. A second, ion-exchange chromatography yields "single component" or
"monocomponent" insulin which has greatly reduced immunogenicity (Hansend et
ai., 1981).
There are many other factors which affect the degree of immunogenicity of

insulin preparations. These include the solubility, pH, and presence of agents such as
zinc and protamine, intended to retard the dissolution of insulin into the circulation
and produce an extended insulin-time profile (Reeves, 1981). Storage of insulin
preparations at 5°C can result in deamidation and polymerization (Fisher and Porter,
1981) and both changes would be expected to increase immunogenicity. The delivery
of insulin, particularly in infusion devices, results in shear rates proportional to
the rate of delivery. High shear produced in this way accelerates self-association into
oligomers and macromolecular aggregates (Sato et ai., 1983), which would increase
immunogenicity. High titers of insulin antibodies are often induced when insulin
administration has been reinitiated after a period without treatment (Van Haef­
ten, 1989).
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5.5. Use of Human Insulin
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It is of course now possible to produce human proteins using genetic engineer­
ing techniques and human insulin was one of the first pharmaceutical targets of this
technology (Johnson, 1983). As described in the previous section, there are many
factors other than the amino acid sequence that are very important in determining the
immunogenicity of a specific therapeutic protocol using insulin. However, it is
generally observed that immunological reactions are less frequent and of less severity
when human insulin is used (Fireman et al., 1982; Fineberg et al., 1983; Schern­
thaner et al., 1983; Wilson et al., 1985; Di Mario et al., 1986). This does not mean
that commercial preparations of insulin with the human amino acid sequence are not
immunogenic, or even that there are always detectable differences in immunogenicity
between human and porcine insulin. In one study in which three types of insulin
preparations were administered to diabetics who had received no other insulin
preViously, insulin antibodies developed in 11131 or 35% of patients given human
insulin, in 25/41 or 61% of patients receiving monocomponent porcine insulin, and
16/21 or 76% of patients receiving a mixture of purified porcine and bovine insulins
(Fireman et al., 1982). While the number of patients is admittedly small in this one
trial, the same order in the degree of immunogenicity has been seen in other studies.
Even if human insulin were not less immunogenic than porcine, it may be reassuring
to have an unlimited supply that is not linked to the vagaries of the use ofpork as food.
The benefit ofa change from animal insulin to human is not necessarily the same

as starting with the human type. In some studies a decrease in antibody levels was
seen after a switch to human insulin (Fineberg et ai., 1982; Maneschi et al., 1982;
Spijker et al., 1982; Grammer and Roberts, 1989), but in other cases no improvement
was seen (Walhausl et ai., 1981; Clark et ai., 1982; Small and Lerman, 1984;
Di Mario et ai., 1986), and in one case an allergic reaction was induced after
administration of one human insulin formulation (Monotard) but not by another
(Actrapid) (Silverstone, 1986). It is clear that there is often extensive cross-reactivity
in the ability of antibodies from diabetic patients induced by one species of insulin to
bind to another (Galloway and Bressler, 1978; Grammer et al., 1984, 1985, 1987), that
there is considerable variation among patients, and that decreases in antibody levels
after a change from animal to human insulin, in those patients in which it occurs,
typically require several months.

5.6. Etiology of Diabetes: An Autoimmune Disease?

There is a broad spectrum of clinical conditions that involve an inability to
adequately control serum glucose levels, but only a fraction of patients are unable to
produce any insulin and require chronic insulin administration. The sudden onset of
inability to produce insulin [type I diabetes mellitus or insulin-dependent diabetes
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mellitus (100M)], which has a frequency of about lout of 300 under the age of 20 in
North America, has a strong genetic component (Nerup and Lernmark, 1981; Stiller
et al., 1984). It is associated with the HLA-B8 and HLA-B15 markers and may
possibly be a sequela of viral infection (Onodera et al., 1981). Of importance for the
present discussion is the fact that autoantibodies specific to beta islet cell membranes,
insulin receptors, and insulin can often be found in the serum even before the onset of
diabetic symptoms, and certainly before administration of insulin (Nerup and
Lernmark, 1981). Clones from individual B cells can also be derived from 100M
patients before insulin treatment that produce high-affinity antibody (Kd 10-7 M)
against insulin (Casali et al., 1990). In another study (Keller, 1990), antibodies to
human insulin were found in 6/9 prediabetic patients but in 0/12 normal subjects.
However, T cell cultures were stimulated to proliferate by human insulin in 8/9 of the
prediabetic patients, but were also been in 4/12 of the normal subjects. This is an
example of the fact that immunological tolerance is neither absolute nor irreversible.
While it could be argued that diabetes is a special case, individuals have been found to
produce autoantibodies to a number of autologous proteins.

6. FACTOR vrn

Hemophilia A is a hereditary, X chromosome-linked disease in which a defi­
ciency of the blood coagulation pathway is due to either the lack of factor VITI or the
presence of an inactive protein. In about 5 to 20% of patients receiving human factor
VIII as replacement therapy, serum inhibitors to coagulation activity develop, with
the frequency being highest in the group with the most severe deficiency (Shapiro,
1979; Roberts and Cromartie, 1984). These inhibitors have been shown to be
neutralizing IgG antibodies, usually IgG4, the rarest of the four IgG subclasses, and
typically containing only kappa light chains (Hu1tin et al., 1977; Shapiro, 1979;
Hoyner et al., 1984).
Physiologically, factor VIII deficiency is very different from diabetes, since

even a complete lack of activity is not immediately lethal, and an excess has no
adverse effect. Factor VIII is also very different structurally from insulin, since it is a
protein of 2332 amino acids, which circulates in the blood in noncovalent association
with von Willebrand factor, an even larger mu1timeric glycoprotein. Even with its
large size, the neutralizing antibodies found in hemophiliacs appear to bind at two
rather restricted segments of the factor VITI chain, one at the amino-terminal and the
other near the C-terminal end (Fulcher et al., 1985). The immune complexes present
after administration of factor VIII contain less than three and possibly one antibody
molecule, perhaps because there is only one epitope per antigen molecule (Shapiro,
1979). While some hemophiliacs produce an inactive protein which has immunologi­
cal cross-reactivity with native factor VIII, such material is absent in most severe
deficiencies (Shapiro, 1979; Roberts and Cromartie, 1984). DNA sequence analysis
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of the factor vm gene has revealed that mutations occur within introns to produce
sequences that may cause incorrect RNA processing, while others generate premature
stop codons that should result in the production of factor vm chains without
C-terminal segments (Gitschier et al., 1985). In these hemophiliacs it is thus possible
that immunological tolerance is absent for the epitopes on native factor vm mole­
cules. There does seem to be a nonrandom association between HLA genotype and
factor vm deficiency, but the pattern is complex (Shapiro, 1984). An intriguing
insight into one mechanism for tolerance is obtained by the observation of a
spontaneous recovery from an autoimmune inhibition of factor vm. The recovery
was found to be the result of the induction in the patient of anti-idiotype antibodies
which neutralized the inhibitor activity of the factor vm antibodies (Sultan et al.,
1987).
The neutralizing activity in serum can be measured and, if low, can be over­

come by merely increasing the amount of factor vm administered (Strauss, 1969),
although the additional expense may not be negligible. In about half of patients
treated in this way, increases in inhibitor titers are induced, while in others titers may
remain fairly constant (Allain and Frommel, 1976; Rizza andMatthews, 1982). In one
case, the administration of massive doses of factor vm to a highly resistant patient
resulted in a dramatic and progressive decrease in neutralizing titer which appeared
to have induced tolerance (Brackmann and Gormsen, 1977). The human antibodies
often cross-react only weakly with porcine factor vm and, thus, in an inversion of the
strategy used with insulin therapy, the substitution of porcine for human factor vm
can be an effective treatment (Kernoff et al., 1984). The use of an activated
prothrombin-complex concentrate (FEIBA) to bypass the need for factor vm also
shows promise (Roberts, 1981; SjamsOedin et al., 1981).

7. INTERFERONS AND LYMPHOKINES

7.1. Introduction

Interferons are a class of proteins which have the~ ability to protect cells from
being killed by viral infection. The a and 13 interferons have the greatest antiviral
activity, while 'Y interferon appears to function mainly as a lymphokine in mediating
aspects of the immune response. Alpha interferons, IFNa, consist of several closely
related species with molecular masses in the range of 15 to 20 kDa. Beta interferon,
IFNI3, has a similar amino acid sequence, but is heavily glycosylated. Native and
recombinant human interferons have been used mainly as a cancer therapeutic,
although they have also shown efficacy against hepatitis and opportunistic infections
associated with AIDS.
Lymphokines are proteins which are produced by lymphocytes and modulate the

activity of other lymphocytes. While over ten 1ymphokines have been identified and
cloned, we will only discuss interleukin-2 (IL-2). IL-2 has approximately the same
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molecular mass as IFNa or IFN13, 13 kDa (Taniguchi et al., 1983). It was originally
described as a T cell growth factor, but has subsequently been found to act on several
cell types and to alter cellular function as well as stimulate growth. IL-2 has been
used mainly as a cancer therapeutic, and has induced partial and complete tumor
regression, particularly in renal cell carcinoma and melanoma (Rosenberg et al.,
1984; Rosenberg, 1988, 1990).

7.2. Interferon Alpha

The first observation of antibodies to interferon was made in a patient with
nasopharyngeal carcinoma successfully treated with native IFN13 (Vallbracht et al.,
1981). Neutralizing activity appeared only after administration of the IFN13 prepara­
tion. Cells cultured from the patient were able to produce IFN13 which was neu­
tralized by his serum to the same extent as the exogenous IFN13 (Vallbracht et al.,
1982). Thus, it did not appear that a lack of tolerance to IFN13 was a result of a genetic
deficiency in ability to produce IFN13. Antibody to IFNa was found to be present in
another patient before administration of native IFNa (Mogensen et al., 1981) and
it was speculated that this neutralizing activity could have been involved in the
etiology of varicella zoster for which the IFNa had been administered.
The first trial of recombinant IFNa was described in 1982 and employed 16

patients (Gutterman et al., 1982). Neutralizing activity was not seen in any of the
patients before therapy, but appeared in 3 as a result of IFNa administration. Seven of
the sixteen showed partial tumor regression, and none of the antibody-positive
patients were in this group. In a group of 653 evaluable cancer patients receiving
recombinant IFN-a2A (Roferon-A, produced by Hoffman-La Roche, Inc.), 160
(26%) were found to have developed neutralizing antibodies to the recombinant
interferon, with less than 1%having neutralizing activity before treatment (Itri et al.,
1987). The incidence of antibody induction ranged from a high of 44% in 88 patients
with renal cell carcinoma to a low of4% in 82 patients with leukemia. The duration of
treatment was only slightly longer for antibody-positive patients. There was no
significant difference in the frequency of partial or complete remission between the
antibody-negative group (112 of 465 or 24%), and the antibody positive group (43
of 152 or 28%). The median duration of response was the same for the two groups. A
later report provided an update on a slightly expanded number of patients, including
this group, and provided data on the time from the start of treatment to the detection of
antibodies (Itri et al., 1989). The median was 2.1 months, range 0.9 to 15.2, for 96
renal cell carcinoma patients, and was 11.7, range 3.8 to 29.7, for 18 leukemia
patients. No deleterious clinical or laboratory effects had been found to be associated
with the development of neutralizing activity to this interferon (Jones and Itri, 1986).

It may seem paradoxical that in these trials there is not a strong negative
correlation between clinical response and the development of neutralizing activity,
especially since the appearance of neutralizing activity in the sera of patients
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typically does coincide with a decrease in IFN-induced fatigue and anorexia, a return
to normal WBC counts and liver function tests (Quesada et al., 1986). However, the
use of IFN in treating cancer is different in several respects to the administration
of insulin to diabetics or factor VIII to hemophiliacs. IFN is not administered to
correct an obvious deficiency; for most cancer types it induces regression in a small
fraction of patients treated; the mechanism of the anticancer action is either unknown
or at least controversial; the kinetics of anticancer activity related to IFN administra­
tion are usually not well known since tumor regression is typically monitored at
infrequent intervals; and the dose, schedule, and length of treatment vary greatly.
It is possible that antibodies that are able to neutralize IFN activity in vitro are

not effective in vivo, perhaps because an important target cell population is not
accessible to antibodies. It is possible that in vivo toxicities are neutralized but in vivo
anticancer activity is not. However, there are also other explanations for the apparent
lack of correlation between neutralizing activity and response. The necessary
anticancer activity of IFN may often occur before neutralizing antibodies appear. In
fact, relapse of tumor regression sometimes occurs coincidently with the develop­
ment of neutralizing antibodies (Quesada et al., 1985). In addition, some cancer
types and treatments that have been administered before IFN administration, directly
or indirectly inhibit activity of the immune system, and thus diminish the ability
of the patient to make antibody to IFN. As described previously, the frequency of
appearance of neutralizing activity and the frequency of tumor regression differ by at
least a factor of ten among patient populations with different malignancies. In fact,
neutralizing activity is most common in cancer types with high response rates and this
positive correlation could be confounding a negative effect of neutralizing activity on
response when large patient groups composed of many cancer types are considered
as a whole. Thus, the most useful information can only be obtained from experience
with large numbers of patients and one has to be careful not to force comparison of
disparate clinical groups. Thus, the cautious conclusion would be that neutralizing
activity defined by an in vitro assay may well inhibit the anticancer activity of
IFN, but that in patients receiving an initial IFN treatment, this inhibition is not
obvious in the overall frequency of response.
The frequency of induction of neutralizing antibodies has been reported to be

only 13 of 537 patients, 2.4% after administration of IFN-a2B (Intron A, produced
by Schering Corp.), much lower than the 25% seen after administration of recombi­
nant IFN-a2A. However, the assay for neutralizing activity against IFN-a2b was not
based on a bioassay for IFN activity, but rather was defined as the ability of patient
sera to block an immunoassay for IFNa (Protzman et al., 1984). Mechanistically, the
inhibition of antibody binding in ~an immunoassay has no necessary relationship to
inhibition ofbinding to acell receptor in abioassay. Itwas subsequently demonstrated
that the immunoassay seriously underestimates the frequency of sera with biolog­
ically neutralizing activity and that there is no reason to believe that there is a
significant difference is frequency of neutralizing activity after administration of
the two IFNa preparations (Itri et al., 1987).
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Iri one clinical trial in which each patient received recombinant IFNI3 (Be­
taseron, produced by Cetus Corp.), by the i.v. or i.m. route, IFN-specific antibodies
were induced in 24 of 30 patients (Konrad et al., 1987). However, although the
antibody concentrations were quite high in some patients, no neutralizing activity
could be detected. Even in patients with high antibody levels, the pharmaco­
kinetics of IFNI3 did not seem to be altered, although immune complexes containing
IFNI3 might be expected to be cleared more slowly than an IFN monomer. This
suggests that this IFNI3 may normally be present as a larger complex even in the
absence of antibodies. In a subsequent trial in which the IFN was given only by the
i. v. route, antibodies were seen in only 2 of 36 patients. While the numbers of patients
is small, this is still a dramatic illustration of the influence of mode of administration
on immunogenicity.

This IFNI3 had been intentionally altered by genetic engineering techniques to
contain a serine in place of cysteine at position 17 (Mark et al., 1984). However a
potentially greater difference between the recombinant and native protein was the
result of expression of the IFNI3 gene in bacteria, since the resulting protein was
missing the glycosylation of the human material. When the native IFNI3 gene was
expressed in Chinese hamster ovary (CHO) cell culture, glycosylated protein was
produced with a specific activity of 1.2 x 109 IV/mg protein (McCormick et al.,
1984). This might appear to be higher than the value of "greater than lOS IV/mg"
given for the nonglycosylated material (Khosrovi, 1984), although a direct compari­
son of the two interferons was not described in either study. It should be noted that the
spectrum ofcarbohydrate structures in IFN13 is a function of the animal cell type used
for its expression, although the material produced by CHO cells is very similar to that
produced by human fibroblasts (Kagawa et al., 1988). In one report, removal of
carbohydrate from glycosylated IFNI3 using glycopeptidase F resulted in an insoluble
protein (Conradt et al., 1987), which would certainly be expected to increase
immunogenicity. However, this does not prove that the nonglycosylated IFNI3
produced in bacteria is insoluble.

7.4. Interleukin·2

Native IL-2 produced in animal cells was used in early clinical trials whereas
recombinant IL-2 produced by bacterial fermentation has been used in later trials. A
mutant IL-2 (Wang et al., 1984) with a cysteine residue replaced by a serine
(Proleukin, produced by Cetus Corp,) was found to induce nonneutralizing anti­
bodies in approximately half of the patients receiving the protein by the i. v. route
(Allegretta et al., 1986; Kolitz et al., 1987). However, when this IL-2 was adminis­
tered subcutaneously, either alone (Whitehead et al.• 1990) or in combination with
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IFN13 (Krigel et al., 1988; Paolozzi et al., 1989), neutralizing antibodies developed in
approximately 30% of patients and this route of administration was discontinued.
Early results indicated that these antibodies did not bind to native IL-2, but studies of
additional patients revealed that patient serum could also neutralize native IL-2
(unpublished data). There is no evidence that the amino acid substitution is the
cause of the immunogenicity of this protein; however, as has been demonstrated
by the study of insulin antibodies, the cross-reactivity of patient serum also does not
exclude the immunogenicity of the substitution.

8. MONOCWNAL ANTIBODIES AND IMMUNOTOXINS

Antibodies have a great apparent potential as protein therapeutics. They can be
used to supplement the body's immune defenses against viral, bacterial, and parasitic
disease, to neutralize protein mediators of the immunoinftarnmatory cascade, and to
image and deliver toxins to malignant cells (Larrick, 1989; Ahmad and Law, 1990).
However, one of the major problems in the use of antibodies, particularly the repeated
administration of a monoclonal antibody, is the rapid appearance in the patient of
antibodies to the administered antibody. In one cancer patient receiving murine
monoclonal antibody specific to Leu-I, an antigen present on the surface of lym­
phoma cells, free human IgG specific to the murine antibody appeared at day 18
(Levy and Miller, 1983). At this time, 210 mg of murine monoclonal antibody had
been administered in six doses. However, it is likely that antimurine antibody was
present by day 14, but merely bound to monoclonal antibody, since at that time there
was no detectable free murine monoclonal in the blood. This dosing protocol and the
pattern of appearance of antibody to the administered antibody is quite typical of
the use of murine monoclonal antibodies in the treatment of cancer. However, it
should be noted that even after appearance of neutralizing activity, the concentra­
tion of the target Leu-I-positive lymphoma cells started to fall at day 18 and continued
to decrease until day 40, when it was about 5% of the pretreatment level.
Even though the total doses of monoclonal antibodies are often in the range of

several hundred to a thousand milligrams, the toxicities are usually mild, and are
generally not those associated with the serum sickness syndrome (Levy and Miller,
1983). Immunotoxins are antibodies to which cytotoxic toxins have been chemically
linked. A favorite protein for this purpose has been the A chain of the plant toxin
ricin, although, as one would expect, ricin is immunogenic in humans (Godal et ai.,
1983). Toxicities seen after administration of the murine monoclonal ricin A chain
immunotoxin Xomaxyme-mel, were a transient fall in serum albumin, weight gain
associated with edema, malaise, fatigue, myalgia, and fever (Spitler et ai., 1987).
The development of human antibodies to the murine constant region of the

antibody chain is to be expected, since the human constant regions have different
amino acid sequences, and thus the murine antibody is seen as foreign. However, the
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variable region of the monoclonal, which binds to the target antigen and is thus
essential for the therapeutic effect, is also not present in the human patient, and is
thus seen as foreign. The murine monoclonal antibody OKT3 is specific to antigen
associated with the human T cell receptor and has been used as a general immuno­
suppressive agent in transplant patients. Antibodies to the variable region, anti­
idiotype antibodies, are seen after administration ofOKT3 (Colvin et ai., 1982) even
during administration of other immunosuppressive drugs such as azathioprine and
corticosteroids (Jaffers et ai., 1986), and can completely neutralize the therapeutic
effectiveness of the antibody (Chatenoud et ai., 1986). Anti-idiotype responses
have also been seen after administering murine monoclonal antibodies 791T/36,
specific to colorectal antigen (Rowe et ai., 1985), 9.2.27 and nOl, specific to
leukemia antigen (Schroff et ai., 1985; Shawler et ai., 1985), and Xomaxyme-mel,
specific to melanoma antigen (Mischak et ai., 1990). After administration of the
monoclonal C017-1A, specific to colorectal antigen, both anti-idiotype and anti-anti­
idiotype antibodies are sequentially induced as a cascade response (Wettendorff
et ai., 1989).

It is now possible to produce chimeric antibody molecules, with the variable
region derived from a murine monoclonal antibody and the constant region from a
human antibody (Morrison et ai., 1984; Brown et ai., 1987; Nishimura et ai., 1987;
Riechmann et ai., 1988). While antibodies do not appear to be generated against the
human constant region, antibodies specific to the variable region do appear (LoBuglio
et ai., 1989). The fact that the immune response is restricted to the variable region
after administration of human or human chimeric monoclonal antibodies suggests
that one might be able to evade effects of this immune response by successively
administering a series of antibodies with variable regions that differ sufficiently so
as to not be neutralized by the anti-idiotype antibodies of the previous antibody, but
still able to bind to a part of the target molecule or cell. The extent to which this is
possible, both technically and economically, remains to be seen.

9. PREDICTING IMMUNOGENICITY

9.1. Covalent Structure: Amino Acid Sequence and Glycosylation

When considering the immunogenicity of a nonhuman protein therapeutic, it
may be natural to first focus on the difference in the amino acid sequence between the
native human protein and the therapeutic. The following groups have made important
recent contributions to an understanding of the relationship between antigenicity
and sequence, but there has been so much important work in this field that this list
might be considered a stochastic sample: Niman et ai. (1983), Benjamin et ai. (1984),
Westhof et ai. (1984), Berzofsky (1985), Novontny et ai. (1986), Margalit et ai.
(1987), Grey et ai. (1989). The following differences between native and test protein
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are likely to result in increased immunogenicity, although these "rules" are merely
generalizations and quantitative predictions are not possible:

• A difference in a large number of amino acids
• A replacement of one type of an amino acid for another, e.g., polar for
nonpolar, acidic for basic, hydrophobic for hydrophilic
• Acovalent change that is likely to alter secondary structure, e..g, introduction
of a proline into an a-helical region
• Changes in parts of the protein that are on the surface of the molecule,
accessible to large probes, and flexible (appear to have a high temperature in
the crystal structure)

Most protein therapeutics are likely to be proteins that are normally present in
serum and essentially all serum proteins except albumin are glycosylated. However,
the structure of the carbohydrate in a glycoprotein may be difficult to determine.
There often is not a single species but a spectrum of related structures, and different
tissues (Rademacher et al., 1988) or cell cultures (Conradt et al., 1987) can produce a
different spectrum of carbohydrate structures. The role and importance of the
carbohydrate in defining biological activity and immunogenicity must certainly vary
among serum proteins, and any general statement concerning its importance would
be controversial at best. Glycosylation is known to modulate biological activity of
erythropoietin (Goto et al., 1988) and choriogonadotropin (Manjunath and Sairam,
1982). As mentioned in Section 7.3, glycosylation is likely to have a role in the
solubility of IFN13 and thus perhaps in its immunogenicity.

9.2. Everything Else

Noncovalent alterations in structure, such as denaturation and aggregation,
generally increase immunogenicity. However, characterization and even definition
and description of noncovalent structure can be difficult. Even if such altered protein
has reduced biological activity, the average specific activity of the entire protein
preparation is ablunt tool in revealing aminor, inactive species, since many bioassays
are not very accurate, and the specific activity of maximally active native material
may be poorly determined. Gel exclusion chromatography of the final, formulated
therapeutic, under conditions as close to physiological as possible, is one tool that can
reveal aggregation. However, such characterization is not commonly published.
Many of the details of purification and formulation, which might suggest deviations
from native structure, are regarded as proprietary by pharmaceutical companies. The
very fact that a therapeutic is generally prepared and stored in a very concentrated and
nonnative form, e.g., lyophilized, and then administered over a short time at one site
of the body may induce changes in the physical state of even completely native
material that would never occur in vivo.
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As we have seen from discussion of exemplary protein therapeutics, there are
factors other than protein structure that determine appearance and intensity of an
immune reaction. These include route and schedule of administration, immunosup­
pression due to disease or drug administration, and autoimmunity or lack of tolerance
associated with etiology of the need for the therapeutic. In addition, there is usually
going to be considerable variation in the immune response in a human population
which is some cases can be shown to be linked to MHC genotype.

10. SUMMARY AND CONCWSION

This review has used five groups of therapeutic proteins as examples: antitoxin
animal serum, insulin, factor VIII, interferons and lymphokines, and monoclonal
antibodies. The nature of immune reactions to them and the clinical consequences of
these reactions differ greatly. The differences in clinical toxicities are not just the
result of differences in the chemical and physical structure of the proteins, but are
also due to the therapeutic role of the protein.
Insulin is perhaps the therapeutic most sensitive to immune reactions. It often

needs to be administered daily over almost an entire lifetime and either an increase or
a decrease of activity, or even an alteration of the time profile of activity can have
adverse consequences. At the other extreme, a monoclonal antibody used for tumor
imaging may have to be given once and thus an immune response can have no adverse
effect.
There are not many general techniques to reduce the immune response to a

foreign protein that are effective and clinically feasible. Chemically induced immu­
nosuppression, which is usually required after an organ transplant, is generally too
toxic to be used to control immune reaction to a protein therapeutic. One technique
that has shown promise is the covalent attachment of polyethylene glycol to the
protein (Abuchowski et al., 1977; Savoca et al., 1979; Wilkinson et al., 1987; Katre,
1990; Meyers et al., 1991).
The safest strategy in producing a protein therapeutic is to make it as similar as

possible to the normal human counterpart, as is attempted with the manufacture of
human insulin. However, there may be fundamental limitations on the extent this
can be done, as in the case of a monoclonal antibody where the variable region must
be foreign to the patient. It may be more expensive to produce native material, as
in the case of IFN~. All protein therapeutics are likely to produce an immune
response if sensitive enough techniques are used to detect the response. The problem
for the group producing the therapeutic is then to predict, i.e., guess, the degree of
immunogenicity under a certain set of conditions and attempt to evaluate the clinical
and commercial impact of this immunogenicity. If a mutant IFN induces tumor
regression in a malignant cancer that is refractory to all other therapies and results in
long-term survival and improvement in quality of life, it may be rather insignificant
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that it induces antibodies. At the other extreme, if one brand of human growth
hormone has the human amino acid sequence, while a second brand has an extra
methionine at the N-terminus, the first brand may well have at least a marketing
advantage, even though no unequivocal proof exists that the nonhuman sequence
produces a clinically significant immune reaction. As stated in a recent, more
popularized review of this subject, "when proteins meet the immune system, the
results can be complicated indeed" (Konrad, 1989). The decision of how much and
what kind of immunogenicity is acceptable is also complex.
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Chapter 15

Extravasation and Interstitial Transport
in Thmors

Rakesh K. Jain and Laurence T. Baxter

1. INTRODUCTION

The use of high-molecular-weight agents such as proteins has been of increasing
interest for cancer detection and treatment since the development of genetic engineer­
ing and hybridoma technology. These agents include monoclonal antibodies (conju­
gated with radionuclides, toxins, cytokines, or enzymes), growth factors, biological
response modifiers, and enzymes. The use of cells, such as lymphokine-activated
killer cells or tumor-infiltrating lymphocytes, is also being investigated. The potent
toxicity of some of these agents toward cancer cells in vitro has ignited hopes for a
"magic bullet." Although these agents show great potential, results in clinical studies
have not been so positive.

The successful use of proteins and other macromolecules for cancer treatment
has been hindered by inadequate and nonuniform distribution within tumors. In many
cases this suboptimal response in tumors may be attributed to tumor physiology. In
particular, there are physiological barriers to transport which may render the most
toxic agent ineffective. There are several transport steps encountered by any mole­
cule or cell injected into the circulation: (1) distribution within the vascular space, (2)
transport across the vascular wall, (3) transport across the interstitium, and possibly
(4) uptake by the cancer cell (Fig. 1). For subcutaneous injection or sustained release,
transport across the interstitium is the major barrier, with removal of drug by
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Figure 1. Transport in tumors. This figure is a cross section of a spherical tumor. Filtration of fluid and
macromolecules is lowest in the center where the interstitial pressure is highest. There is a convective flow
of fluid and solute radially outward, resulting in a concentration gradient. This gradient leads to a
diffusional flux inward. The macromolecule may also bind to the cell and/or be metabolized.

lymphatic and blood vessels. A molecule also may bind specifically or non­
specifically to proteins or tissue components, or be metabolized or physically
entrapped.

For the past ten years we have been studying the transport of proteins and
macromolecules in tumors and the role of these physiological barriers. Through
experimental techniques and mathematical models, we have studied extravasation and
interstitial diffusion and convection. Through this we have determined the impact of
various parameters on the uptake and distribution of drugs within tumors. In this
chapter we review the role of extravasation and interstitial transport on drug delivery,
describe ways to quantify these effects, and discuss the implications of physiological
barriers, with an emphasis on cancer detection and treatment.



Extravasation and Interstitial Transport in Thmors

2. EXTRAVASATION

2.1. Starling's Law of Fluid Filtration

443

Thmor vasculature is comprised of both vessels from the preexisting normal
tissue and new vessels from an angiogenic response initiated by the cancer cells. The
distribution of blood vessels is nonuniform, and may vary greatly from tumor to
tumor. Some tumors exhibit peripheral vascularization, in which a virtually avascular
core is surrounded by a shell of well-vascularized tissue. Such tumors develop a
necrotic core as they grow due to central hypoxia. Other tumors may be centrally
vascularized, for which drug distributions are expected to be quite different. A given
tumor may have several nodes, each showing different patterns and stages of
vascularization (Jain and Ward-Hartley, 1984; Jain, 1988).

An important difference between normal and tumor vessels is that tumor vessels
are dilated, tortuous, and lack a continuous basement membrane. Arteriovenous
shunts and intervenular connections are more prevalent in tumor vessels. Blood
vessels created in response to cancer cells also lack the smooth muscle cells
surrounding normal arteries, and so many of the tumor vessels may be treated as giant
capillaries. The perfusion rates may vary greatly in different regions of a tumor,
especially when necrotic or semi-necrotic regions are present.
The filtration of fluid across a blood vessel wall is described mathematically by

Starling's law, which states that the rate of filtration per unit area ofblood vessel (Jy1S,
mlIcm2per sec) is proportional to the difference in hydrostatic (p) and osmotic (1T)
pressures (mm Hg) inside and outside the blood vessel. The proportionality constant
is the vascular hydraulic conductivity, Lp (crn/mm Hg per sec); the product of the
hydraulic conductivity and the surface area is referred to as the capillary filtration
coefficient (CFC). Since the vascular wall is semipermeable, only a fraction of the
osmotic pressure results in fluid flow; this fraction is the osmotic reflection coeffi­
cient, u. It is close to 0 for small molecules and nearly I for macromolecules.
Albumin is the most abundant plasma protein, with u approximately 0.8 in mesentery
(Curry etal., 1976) and 0.9 in subcutaneous tissue (Ballard and Perl, 1978). Starling's
law may be written as:

JylV = Lp[(Pv - Pi) - U(1Tv - 1Ti)] (I)

where the subscripts v and i are for the vascular and interstitial pressures, respectively.

2.2. TranscapiUary Exchange

There are many proposed pathways for the extravasation of solute molecules,
including: (I) transport through endothelial cells; (2) lateral membrane diffusion;
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(3) convection and diffusion through interendothelial junctions; (4) endothelial
fenestrae; and (5) vesicular transport (Renkin et ai., 1977; Jain, 1987a; see Chapter
10) (Fig. 2). The vesicular transport theory has been disputed by the work ofFrokjaer­
Jensen (1980) and Bundagaard et ai. (1983). For macromolecules the most likely
dominant mode of transport in nonfenestrated capillaries is the interendothelial
junctions. Through these junctions there are two modes of transport. The convective
transport, often dominant for macromolecules, is dependent on a pressure difference
between the vascular and interstitial spaces. The diffusive transport occurs due to a
concentration gradient.
Efforts have been made to quantify the transport of solutes across vessel walls,

most often yielding an effective permeability coefficient, Peff' defined as the solute
flux (J/S) divided by the concentration difference between the plasma and interstitial
space:

J/S = Peff(Cp - Cj) (2)

The effective vascular permeability has been determined by a variety of
techniques. Curry (1984) measured Peff in large capillaries of frogs using an optical
method, by injecting a solute in a single perfused capillary and measuring the solute
concentration outside the vessel. This method has not yet been used for tumor vessels.

Discontinuous
Capillary

Continuous
Capillary

Fenestrated
Capillary

(I) (50) (2) (3a) [5b)

t:!~~::c

W~bC;C
(I) (5b) (2) (3b)

t

Figure 2. Thmsvascular exchange. nansport pathways in capillary endothelium. (I) endothelial cell;
(2) lateral membrane diffusion; (3) interendothelial junctions-(a) narrow, (b) wide; (4) endothelial
fenestrae-(a) closed, (b) open; (5) vesicular transport-(a) transcytosis, (b) transendothelial channels.
Note that water and lipophilic solutes share pathways (I), (3), and (4). Lipophilic solutes may use pathway
(2) as well. Hydrophilic solutes and macromolecules use pathways (3) and (4). Macromolecules may also
follow pathway (5). (From Jain, 1987a, with permission.)
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An alternate microscopic approach uses an exteriorized thin tissue or window
preparation to monitor fluorescent molecules. Mesentery, the hamster cheek pouch,
rabbit ear chambers, and dorsal skin windows have all been used effectively. Baxter
et ai. (1987) and Baxter and Jain (1988) have analyzed superfusate concentration data
in the hamster cheek pouch to determine vascular permeability (P) and interstitial
diffusion (D) coefficients. Gerlowski and Jain (1986) have developed a method to
determine P and D by video image analysis of the fluorescent field around blood
vessels in the rabbit ear chamber. No exteriorization or superfusion was required with
this method. They found that tumor vessels were approximately seven times as
permeable as normal vessels to dextran of 150 kDa. Other studies using macroscopic
methods have shown agreater permeability for macromolecules in tumor vessels than
in several normal vessels (e.g., Dewey, 1959; Song and Levitt, 1970; O'Conner and
Bale, 1984).
Yuan et ai. (1993) have measured the microvascular permeability to macro­

molecules in a human colon cancer xerograft in SCID mice. They have found values
that are consistent with those of Gerlowski and Jain (1986): that the tumor vessels
are an order of magnitude more permeable than the host vessels.
A potential problem with all of these methods is that they measure the effective

vascular permeability, and do not distinguish between convection and diffusion.
An analysis of solute flux which recognizes these two pathways yields (Patlak et ai.,
1963):

J/S = (JylS)(1 - <T)Cp + P(Cp - Cj)[Pe/(ePe - 1)] (3)

where JylS is the fluid flux (from Starling's law), <T is the osmotic reflection
coefficient, P is the true (diffusive) vascular permeability coefficient, and Pe is the
Peelet number [= Jv(1 - <T)/PS], the ratio of convective to diffusive flux. From
Eqs. (2) and (3), the effective permeability coefficient is given by:

Peff = P{[Pe/(ePe - 1)] + Pe/(1 - C/Cp)} (4)

Thus, the effective permeability coefficient, calculated by the experiments
described above, is a function of the permeability coefficient (P), concentration
difference, and fluid filtration rate, which is itself a function of the hydraulic
conductivity and the difference between plasma and interstitial pressures. In tumors
the difficulty in comparing values of Peff is complicated by the large differences
in interstitial pressure from tumor to tumor and within the same tumor (Boucher
et ai., 1990).
Rutili (1978) and Rippe and Haraldsson (1987) have shown for macromolecules

larger than albumin that convection is the primary pathway for exchange through
pores. When this is the case, the solute flux will be approximately proportional to
the plasma concentration alone, and the effective permeability coefficient [Peff

=J/S/(Cp - Cj )] will be much greater than the diffusive permeability coefficient, P.
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This makes the elevated interstitial pressure in tumors an important factor in drug
delivery.

2.3. Interstitial Pressure

As discussed above, interstitial pressure plays an important role in determining
uptake and the value of Peff for macromolecules. The interstitial pressure in tumors
has long been known to be greater than in normal tissues (Young et al., 1950). Wiig
et al. (1982) and Misiewicz (1986) showed that the pressure is greater in the center
of the tumor than in the periphery. The high pressure serves to decrease the fluid
filtration and convective solute flux from blood vessels in solid tumors, and so reduce
the effective permeability coefficient.

Baxter and Jain (1989) developed a mathematical model to describe the inter­
stitial pressure profiles in tumors. They found that the interstitial pressure could be
uniform over large portions of the tumor, with a steep pressure gradient at the tumor
periphery. This was due to the fact that for alymphatic tumors, fluid transport over
macroscopic distances is slower than filtration or absorption through the blood vessel
wall. The ratio of resistances to fluid flow was incorporated in a dimensionless
parameter, 0:2 = (R2LpS)/(VK), where R (cm) is the tumor radius, SIV (cm- I) is the
exchange vessel surface area per unit volume, and K (cm2/mm Hg sec-I) is the
interstitial hydraulic conductivity. The maximum interstitial pressure was equal to the
effective vascular pressure, Pe = Pv - U(1Tv - 1TJ The model was extended to
incorporate necrosis, heterogeneous blood perfusion, and lymphatics (Baxter and
Jain, 1990, 1991a). The predicted pressure profiles were confirmed experimentally by
Boucher et al. (1990) and shown to be driven by the microvascular pressure (Boucher
et al., 1992). Figure 3 shows some of their experimental pressure data with the
model's best fit using two parameters, Pe and 0:2• The estimated parameters agreed
well with values calculated from the literature. The effect of interstitial pressure on
macromolecular uptake will be discussed quantitatively in Section 4.1.1.

3. INTERSTITIAL TRANSPORT

3.1. Diffusion

After the molecule has extravasated, it must traverse the interstitium. The
interstitial space fraction in tumors may be very large relative to normal tissues (Jain,
1987b). The interstitium is a gel-like region comprised mainly of a collagen and
elastic fiber network. Within this network, polysaccharides (glycosaminoglycan and
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Figure 3. Interstitial pressure distribution. Here is a typical pressure profile in a subcutaneous mammary
adenocarcinoma. The cirles (e) represent data points, while the solid line is the theoretical profile (Baxter
and Jain, 1989) fitted for two parameters: the effective vascular pressure, Pc (10.2 rom Hg), and the
hydraulic conductivity ratio, 0:2. The error bars represent estimates of the precision of pressure and depth
measurements. The error in depth measurements was obtained from the variation in the location of the
surface between insertion and withdrawal of the micropipette.

proteoglycans) playa dominant role in creating resistance to fluid and molecular
transport. In several tumor tissues, the collagen content is higher than for normal
tissues, while the polysaccharide content is lower. This is thought to decrease the
resistance to transport in tumor interstitium.

The two transport mechanisms within the interstitium are diffusion and convec­
tion. The diffusive flux is proportional to concentration gradients, while the convec­
tive flux is proportional to the interstitial fluid velocity. The diffusion coefficient,
D (cm2/sec), is the constant relating diffusive solute flux to the concentration
gradient. The value ofD will depend on both the structure of the interstitium and the
size, shape, and charge of the solute.
Figure 4 shows the relationship between molecular weight (or Stokes-Einstein

radius) and the effective diffusion coefficient for several macromolecules in water,
tumor, and normal tissue. Diffusion coefficients are highest in water and lowest in
normal tissues. The diffusivity decreases approximately as a power-law function
of the molecular weight. The shape and charge of proteins also affect the value of
D, and there are differences from tissue to tissue and between tumors.
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There is a problem with the diffusion of proteins and other macromolecules in
large solid tumors. In a homogeneously perfused and uniformly extravasating tissue,
material need only travel an intercapillary distance on the order of 100 /-Lm to achieve
a uniform distribution throughout the tissue. However, in tumors which have regions
of low or no extravasation (e.g., necrotic or high-pressure areas), the solute must
traverse a macroscopic distance on the order of the tumor radius in order to achieve a
uniform distribution. For an IgG antibody the characteristic time scale for diffusion
(V/4D) is 30 min over 100 /-Lm but 7 months over a distance of 1cm. Similarly for
a Fab fragment (50 kDa), the time scales are 10 min and 2 months for 100 /-Lm and
1cm, respectively. The concentration profiles due to diffusion are shown in Fig. 5 for
IgG and sodium fluorescein (Clauss and Jain, 1990).

3.2. Convection

The proportionality constant relating interstitial fluid velocity (u, cm/sec) to the
interstitial pressure gradient is the interstitial hydraulic conductivity, K (cm2/mm Hg
per sec). As fluid moves through the interstitium, itwill carry along solute molecules.
The time required for convection over a length, L, is given by u/L. When there is
a pressure gradient within a tumor, fluid will flow from areas of high pressure (cen­
ter) to low pressure (periphery). Unless there is drainage within the tumor by
lymphatics, this fluid will escape into the surrounding tissue or fluid. Butler et al.
(1975) measured this fluid loss from isolated tumor preparations (rat mammary
carcinomas), obtaining a radially outward velocity of 0.1 to 0.2 /-Lm/sec at the
periphery of a l-cm tumor. This value is estimated to be an order ofmagnitude greater
than the velocity in subcutaneous tumors (Jain and Baxter, 1988). At this maximum
velocity, the time required for any solute to travel 100 /-Lm and 1cm are 8 min and
13 hr, respectively. However, the model of Jain and Baxter (1988) shows that the
velocity away from the periphery is very much smaller than this, and is zero in central
necrotic regions. It should also be noted that convection will always push molecules
away from the center of a tumor, frequently opposing a slow diffusive flux toward the
center.
One method of quantifying the interstitial transport parameters is by the use of

transparent thin tissue preparations, such as the rabbit ear chamber. The spatial and

Flgure 4. Molecular weight dependence of diffusivity. (A) The effective diffusion coefficient, D, has
been plotted as a function of molecular weight for dextrans (Nugent and Jain, 1984; Gerlowski and Jain,
1986), albumin (Nugent and Jain, 1984) and IgG (Clauss and Jain, 1990) in water, normal and tumor tissue.
Symbols: D, dextran, aqueous; 0, bovine serum albumin, aqueous; 0, rabbit IgG, aqueous; D, dextran,
tumor; 0, bovine serum albumin, tumor; 0, rabbit IgG, tumor; ., dextran, normal tissue; ., bovine
serum albumin, normal tissue;., rabbit IgG, normal tissue. (8) The effective diffusion coefficient plotted
versus the Stokes-Einstein radius. Symbols as in A plus: x, sodium fluorescein, tumor; +, sodium
fluorescein, normal tissue. (From Clauss and Jain, 1990, with permission.)
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temporal variation in the fluorescence intensity due to labeled molecules is digitized
and recorded and fit by a diffusion equation. Fox and Wayland (1979) have found
diffusion coefficients in rat mesentery, and Nugent and Jain (1984), Gerlowski and
Jain (1986), and Clauss and Jain (1990) have reported diffusion coefficients in
granulation and tumor tissue for macromolecules such as albumin, IgG, and dextrans.

Recently, Chary and Jain (1987, 1989) have adapted a fluorescence recovery
after photobleaching (FRAP) technique for use in vivo to measure the velocity and
diffusion coefficients in the interstitium of tumor and granulation tissue. The
recovery of fluorescence intensity following bleaching by a strong but brief laser
pulse is monitored. Translation of the spot yields the velocity, while the spreading
out of the intensity yields a diffusion coefficient. lYpical velocity profiles in
the interstitium are shown in Fig. 6 (Chary and Jain, 1989).

3.3. Binding

The binding of solutes to plasma proteins serves to increase the residence time
in the bloodstream (unless the protein is being actively removed). However, binding
in the extravascular space has a different influence. It is the specific binding of
molecules such as monoclonal antibodies to tumor-associated antigens which has led
to intense interest and study. There are at least three important aspects of extravascu­
lar binding. The first is similar to binding in the vascular space, i.e., an increase in the
residence time in the extravascular space due to a decreased rate of reabsorption of
solute into the bloodstream. The reduction in the reabsorption rate is proportional
to the ratio of bound solute to free solute in the extravascular space. This ratio is
determined by the binding affinity (Ka = kflkr , the ratio of forward to reverse rate
constants) and the number of sites available for binding. Presently, these binding
parameters have only been measured in vitro, but Kaufman and Jain (1990) are
developing the FRAP technique to estimate kinetic parameters in vivo.

The second aspect of binding is drug effectiveness. Many enzymes, proteins, or
macromolecules must be internalized by a cell to cause the desired effect. In order
to be internalized (and/or metabolized), the solute must first bind to the cell surface.
The third role of binding is its effect on interstitial transport. A result of high-affinity
binding which is often undesirable is a reduction in the effective diffusivity. When
solute molecules bind tightly to the interstitium or to cells, they are not free to be
transported by diffusion or convection. This effect may lead to a strongly hetero­
geneous perivascular distribution of the solute, whereby all extravasated material
remains in a small region immediately outside the blood vessel. Cells far away from
blood vessels are not affected. Modeling of the effect of binding of monoclonal
antibodies and their fragments has been done by Weinstein et ai. (1987), Fujimori
et ai. (1989), and Baxter and Jain (1991a,b).
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Figure 6. Interstitial velocity profiles. Representative regions in the microcirculation. Circles represent
locations of fluorescence photobleaching experiments. The arrows inside the circles represent the direction
of the interstitial fluid velocity at these locations. The nearby values show magnitudes of the velocity in
J.Lmlsec. (a) An area where interstitial flow parallels blood flow in the vessels. (b) Interstitial flow is
opposite prevailing blood flow. (c) fluid is absorbed from the interstitium into a postcapillary venule.
(From Chary and Jain. 1989, with permission.)

4. TRANSPORT PROPERTffiS OF TUMORS

4.1. Interstitial Properties

4.1.1. INTERSTITIAL PRESSURE

Figure 3 shows one set of experimental data for interstitial pressure in a tumor.
The unusual finding was that the pressure was nearly uniform throughout the center
of the tumor, with a very steep pressure gradient at the tumor periphery. Pressure
drops of over 30 mm Hg were found in distances less than 1mm from the surface of
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animal and human tumors (Boucher et al., 1990, 1991; Roh et al., 1991; Gutmann
et al., 1992; Less et al., 1992). The elevated interstitial pressure in the center of the
tumor has equilibrated with the effective vascular pressure (Pv - (J'j~'TT), resulting in
zero net filtration of fluid from the blood vessels. Our model shows that the convective
solute flux, dominant for macromolecules in normal tissue, is severely reduced by the
high interstitial pressure. Extravasation is then determined chiefly by the diffusive
component of the vascular permeability coefficient (see Section 5.2). If interstitial
pressure were low, as in most normal tissues, the uptake of proteins would be as
uniform as the vascular density.

4.1.2. HYDRAULIC CONDUCTIVITY

The mathematical model of Baxter and Jain (1989) for interstitial fluid transport
yields a characteristic distance at the tumor periphery over which the interstitial
pressure gradient is significant. The distance (cm) over which the pressure rises from
minimum to 63% of maximum is given by: YKV/LpS. Using typical values for the
hydraulic conductivities and surface area in a tumor, a length scale of 300 f.Lm is
obtained. The result is that throughout the majority of an alymphatic tumor mass
larger than 1 mm in diameter, the interstitial pressure will be essentially in equilib­
rium with the effective vascular pressure, yielding no net filtration of fluid, and
greatly reduced extravasation of solute.

4.2. Perfusion Characteristics

4.2.1. BLOOD SUPPLY

For macromolecules, the blood perfusion rate within nonnecrotic regions of a
tumor does not play an important role in determining uptake. This happens because
so little material extravasates in a single pass through the vasculature. The uptake
is not limited by bloodflow rate, but rather by the surface area available for exchange,
by affecting the permeability-surface area (PS) product or the capillary filtration
coefficient (CFC). This is in contrast to the flow rate-limited extravasation of small
solutes. Increasing the blood vessel surface area by a factor of two while decreasing
the blood flow rate would virtually double the macromolecular extravasation rate. A
heterogeneous blood vessel distribution results in a correspondingly heterogeneous
solute concentration, while the interstitial pressure would not be greatly affected.

4.2.2. LYMPHATICS

The lack of adequate lymphatic drainage in tumors is one important factor
leading to elevated interstitial pressure. Any fluid which does extravasate is not
able to be reabsorbed by nearby lymphatic vessels and must instead be transported a
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macroscopic distance through the interstitium to a region of lower pressure. If
lymphatics were present in a tumor, whether residual vessels from the host tissue or
formed by the growing tumor, they would serve to reduce the interstitial pressure and
remove solute from the tissue. The effects of lymphatics in tumors are discussed
further in Baxter and Jain (1990).

4.3. Role of Necrosis

Because there is virtually no filtration in the center of a uniformly perfused
tumor, the presence of a necrotic core (or alternately, the lack of blood vessels) does
not affect the magnitude or distribution of interstitial pressure. Only if the necrosis
grows to the point of leaving a very thin viable tumor periphery will the interstitial
pressure be reduced. This is borne out by the simulations of Baxter and Jain (1990).
On the other hand, necrosis does have a great effect on the distribution of

macromolecular solutes. There is no source for extravasation in a necrotic core, and
interstitial diffusion over macroscopic length scales is too slow to achieve a signifi­
cant concentration in large necrotic regions. This may require a two-step approach
for effective treatment of the whole tumor. There may be a possible benefit for
necrosis in that there is likewise no drainage in a necrotic region, and so such a region
may be used as a reservoir for material useful after the solute has been cleared from
the plasma (Baxter and Jain, 1990).

4.4. Role of Thmor Size

For large solid tumors the tumor radius does not have a significant direct effect
on the concentration or pressure profiles. The steep pressure gradients are confined
to a very thin layer at the tumor periphery (see Section 4.1.2). Instead, the tumor
radius has indirect effects by contributing to the blood perfusion rate, percent
necrosis, and maximum interstitial pressure. Micrometastases (on the order of 100
11m), however, are small enough that large pressures do not build up in the
interstitium. The time scale for interstitial diffusion in these fumors is minutes in­
stead of months; thus, a more uniform uptake and distribution is expected.

5. TRANSPORT PROPERTIES OF PROTEINS

5.1. Diffusion Coefficients

The relationship between molecular weight and the diffusion coefficient was
shown in Fig. 4. The time required for a solute to move a given distance is inversely
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proportional to the diffusion coefficient. The time required for most proteins to be
distributed evenly between nearby capillaries is on the order of tens of minutes.
However, for macromolecules the size of antibodies, the time scale for diffusion over a
macroscopic distance (e.g., 1em) is on the order ofmonths. For this reason the uptake
and distribution of proteins is not very sensitive to the interstitial diffusion coeffi­
cient. Material extravasating at the periphery would take months to diffuse into the
center of the tumor if there were no extravasation in the center.

5.2. Permeability Coefficients

The effective vascular permeability coefficient plays an important role in
determining the uptake of proteins. The characteristic time scale for extravasation is
(PefrSlV)-1 sec. Doubling the effective permeability coefficient or surface area would
double the rate of extravasation. In organs such as the kidney, liver, and lung,
permeability is highest (see Chapter 10), while the permeability of blood vessels
in the brain is low (see Chapter 11).

As discussed earlier, the effective vascular permeability coefficient in tumors
may be greatly reduced by the elimination of the convective flux due to elevated
interstitial pressure. In such cases the uptake is essentially determined by the
diffusive component of vascular permeability. This is illustrated in Fig. 7, which
shows simulations for the distribution of IgG in a tumor of 1em radius as a function of
time (Jain and Baxter, 1988). In Fig. 7A the effective permeability is reduced to
10% of its expected value due to reduced transcapillary convection. Figure 7B shows
the concentration profile resulting when Peff is reduced to 1% of the value expected
with low interstitial pressure, while in Fig. 7C it is assumed that the diffusive
component is zero, allowing extravasation of solute only where there is fluid filtration.
The only parameter changed in these simulations is the value of P, the diffusive
permeability coefficient. Other parameter values used in these simulations may be
found in Jain and Baxter (1988).
The importance of the vascular permeability, P, and the distinction between

P and Peff is quite evident from Fig. 7. When P is zero (or extremely low), then
there is virtually no material present in the center of the tumor, where interstitial
pressure is high and fluid filtration negligible. For a value ofP = 5.7 X 10-8 ern/sec
(corresponding to 10% of the Peff value measured by Gerlowski and Jain, 1986)
the interstitial concentration approaches the plasma concentration after 72 hr. In
addition, there is more material in the center of the tumor because solute is washed
out of the periphery by a radial convective flow. For a value ofP between 5.7 X 10-9

and 5.7 X 10-10 ern/sec, intermediate results are obtained. Reports of very low
central concentrations of antibodies (e.g., Jones et al., 1986) and experiments
by Rippe and Haraldsson (1987) suggest that the diffusive permeability may be a
small fraction of the effective permeability measured in tumor preparations with
low interstitial pressures. The differences in the profiles in Fig. 7 demonstrate the
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Flgure 7. Interstitial concentration ofIgG. The dimensionless interstitial concentration [C/Cp (t = 0)] is
plotted as a function of radial position and time during 72 hr of continuous infusion in a tumor of 1 em
radius. The effect fo the diffusive permeability coefficient, p. is demonstrated. (A) P =5.7 x 10-8; (B) P

= 5.7 x 10-9; (C) P = 0 em/sec. Center: rlR = 0; edge: rlR = I. (From Jain and Baxter, 1988, with
permission. )

need to determine the magnitude of P in the absence of convective transcapillary
exchange.
The vascular hydraulic conductivity, Lp' has been measured in a variety of

tissues. However, only recently has Lp been measured in tumors; Sevick and Jain
(1991) obtained a value of 2.2 mlImin per rom Hg per 100 g, which is 10 to 1000 times
higher than those found in several other normal tissues, and similar to the value in
glomerular capillaries.

5.3. Binding and Metabolism Parameters

In Section 3.3 the effect of binding on delivery ofproteins was discussed from a
physical standpoint. The three factors ofextravascular binding were to increase tissue
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residence time, produce an effect on cells, and change the distribution of solute
around blood vessels. The role of metabolism is cell and solute specific, besides a
general effect of reducing the total amount of original material in the body. The effect
on tissue concentration levels is greatest at late times, when there is little material
left in the plasma to replenish extravascular regions.
One measure of the benefit of binding is the specificity ratio (SR), which is the

ratio of the average concentration of a binding molecule to the average concentra­
tion of an equivalent nonbinding molecule. The effect of the binding affinity on the
specificity ratio may be seen in Fig. 8, where the calculated values of the SR for
an IgG molecule and its Fab fragment are shown as a function of the binding affinity
(Baxter and Jain, 1991a). A large binding affinity leads to a large SR, which increases
with time as the solute is cleared more rapidly from tissues to which it does not bind.
Equivalent results were obtained by raising the association rate constant, decreasing
the dissociation rate constant, or increasing the number of antibody binding sites.

If, however, the binding affinity is too high, then the distribution of proteins
around individual blood vessels may become very nonuniform (Fujimori et al., 1989;
Baxter and Jain, 1991b). It may be desirable to use amolecule with amoderate affinity
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to achieve a high SR while minimizing the heterogeneity around a blood vessel. The
dosage (or initial plasma concentration) is important in determining whether the
interstitial antibody concentrations are above or below saturation levels. Dosages that
achieve interstitial concentrations near saturation are most efficient.

5.4. Molecular Weight

The effect of molecular weight on the diffusion coefficient was seen in Fig. 4.
However, the more important effect of molecular weight is on the permeability
coefficient. Small molecules extravasate more readily than larger molecules. In
addition, a greater fraction of the transcapillary solute flux is due to diffusion for
smaller molecules. In trying to optimize the uptake in a tissue, the plasma clearance
rate must also be considered. Small molecules are cleared from the body much more
rapidly than large molecules (see Chapters 12 and 13). The molecular weight may also
determine in which normal organs the drug will accumulate, i.e., the liver, kidney, or
spleen.
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out a tumor of a binding molecule divided by the average concentration of an equivalent nonbinding
molecule) is plotted as a function of the binding affinity for IgG and Fab, 48 he after injection. The
maximum concentration of bound material is 1.18 x 10-8 M and 2.35 x 10-8 M, respectively.

6. SUMMARY AND IMPLICATIONS

6.1. Summary

There are many physiological and physicochemical factors which influence the
extravasation and interstitial transport of proteins and macromolecules. In normal
tissues the effective vascular permeability coefficient, blood vessel surface area,
interstitial diffusion coefficient, and plasma clearance rate all play important roles. In
tumors there is an additional factor or physiological barrier. The elevated interstitial
pressure in tumors, due in part to a lack of lymphatic drainage, greatly reduces the
driving force for filtration and extravasation and may lead to heterogeneities in
macromolecular concentration levels (see Table I). The steep interstitial pressure
gradient predicted by Jain and Baxter (1988) was seen experimentally in the periphery
of large solid tumors (Boucher et al., 1990).

Specific extravascular binding of solute molecules may also be important in
increasing concentration levels of proteins. High binding affinities were seen to
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Table I
Physiological Advantages and Problems in the Delivery of Macromolecules to Thmorsa

Advantages
Relatively high degree of specificity of antibodies for tumor-associated antigens
Relatively large vascular permeability, interstitial diffusion coefficient, and hydraulic conductivity
Long plasma clearance times
Useful for targeting smaller drugs
Problems
Heterogeneous blood supply
Elevated interstitial pressure
Auid loss from periphery
Large distances in the interstitium
Large affinity and heterogeneous binding
Possible immunological response
Metabolism

aAdapted from Jain (1990).

increase the total concentration levels as compared to nonbinding solutes. This makes
a high affinity most effective unless uniform perivascular concentrations are re­
quired. Higher concentrations may be achieved (at the cost of lower SR) by using
continuous infusion of the solute instead of a single bolus injection.

6.2. ImpUcations for Drug DeUvery

These results have significant implications for delivery of macromolecules to
tumor tissue. In order to improve drug delivery in the presence of these physiological
barriers, onemust either overcome the barriers, exploit the transport barriers, or avoid
them.
Attempts to overcome barriers due to extravasation and interstitial transport may

include the following strategies. (I) Optimize kinetic parameters. The schedule and
dosage of delivery should be chosen to operate near saturation level for as long as
possible. The maximum affinity should be sought such that the heterogeneity around
individual blood vessels is acceptable. When the solute is rapidly metabolized, the
development of a system with slower metabolism may be more important than
achieving the highest possible binding affinity. (2) Modulate pressures. Modifying the
vascular hydrostatic or osmotic pressures may have a beneficial effect on delivery.
The uptake of chemotherapeutic agents by carcinoma cells in the peritoneal cavity
was increased significantly when the drugs were injected intraperitoneally in solu­
tions of low osmolalities (Stephen et ai., 1990). This strategy may be limited by side
effects such as edema or a lack of selectivity in affecting tumor vasculature. The
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interstitial pressure in tumors might be reduced by radiation (Roh et al., 1991), or
mechanical or chemical means. This would in part reestablish transcapillary filtra­
tion. (3) Increase the vascular permeability. Low-molecular-weight agents have high
permeability coefficients, but lack selectivity for cancer cells. Vasoactive agents
may be used to increase the diffusive component of extravasation; however, the
response may only be a transient one. Strategies based on modifying the diffusive
permeability coefficient require more study on the permeability characteristics of
tumor vasculature with and without fluid filtration. For subcutaneous injections,
changes in the kinetic or interstitial parameters should be targeted rather than
permeability or pressure.
Hyperthermia is a classic attempt to exploit transport limitations in tumors. The

low perfusion rates and vascular densities found in some parts of tumors which
reduce mass transfer also limit the ability of the tumor to remove harmful heat. As
with other methods of cancer treatment, hyperthermia alone is not completely
selective and may harm the surrounding normal tissue. A second method to exploit a
transport barrier is to target the necrotic core itself. Epstein et al. (1988) developed
antibodies which bind to intracellular components and are accessible only to cells
with damaged cell membranes. For this method to be effective, the necrotic region
must be small, or have some functional blood vessels present to deliver the anti­
bodies. An alternate strategy for exploiting the high pressure would be to further
increase the vascular and/or interstitial pressure with a view to collapsing the
weakened tumor vessels. This strategy has not been tested.
Finally, one can seek to develop strategies which avoid these physiological

barriers. Targeting the tumor vasculature itself for destruction completely avoids
interstitial transport considerations. Routes of injection other than intravenous or
intraarterial avoid the bloodstream and the corresponding permeability problem. For
example, Weinstein et al. (1983) used a lymphatic pathway for detection of lymph
node metastases. Schlom et al. (1990) cite the use of intracavitary administration
of monoclonal antibodies, the use of interferons to upregulate antigen expression,
and the possibility of using prior radiation to improve antibody uptake. The use of
continuous infusion or controlled drug release avoids the decrease in plasma concen­
tration, but possibly with adverse effect to normal tissues. For lower-molecular­
weight agents, the vascular permeability and interstitial diffusion rates are high, but
again there is frequently a lack of selectivity for cancer cells.

6.3. 1\vo-Step Approaches

The limitations of high-molecular-weight agents suggest approaches to therapy
which use a second low-molecular-weight solute in two stages. In the first phase,
macromolecules such as monoclonal antibodies are administered to achieve selec­
tivity, allowing long times or high concentrations of a non-toxic agent to overcome
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Figure 9. Bifunctional antibody approach. One example of adjuvant therapy with a lower-molecular­
weight agent. One antibody binding site is tumor specific, and the other binds to the hapten, which is a
toxin or radionuclide. Alternately, an enzyme may be conjugated to the antibody to convert a prodrug to a
more toxic form locally. (Adapted from Stickney et ai., 1989.)

physiological barriers. A small solute may then be administered in the second phase
to utilize the specificity gained by the macromolecules.

We have extended our mathematical analyses to study two novel therapies based
on these two-phase approaches (Yuan et al., 1991; Baxter et ai., 1992). Bifunctional
antibodies (BFA) have two different binding sites: one for a tumor-associated antigen,
and the second for the low-molecular-weight solute (hapten) (Fig. 9). Blood vessels
are much more permeable to hapten, which carries a therapeutic agent. The local
binding, ideally only at the site of BFA concentration, helps to retain the hapten at the
desired location.

The second, related approach is antibody-derived enzyme-prodrug therapy
(ADEPT). In this strategy, a prodrug which is itself relatively nontoxic, is injected
some time after the antibody. An enzyme which is not found in normal tissues is
conjugated to the antibody. The prodrug will be converted to its toxic form where the
enzyme is located. Thus, a toxic species will be produced locally at the desired site.
Controlled drug delivery devices for the ProdrUg may be useful to maintain high drug
levels in situ.
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Chapter 16

Tissue Barriers

Diffusion, Bulk Flow, and Volume Transmission
of Proteins and Peptides within the Brain

Conrad E. Johanson

1. OVERVIEW

Targeted cells in the brain, i.e., neurons and glia, can be selectively modulated by
certain extracellular proteins and polypeptides. In some pathophysiological situa­
tions, specific modulation of particular groups of cells within the central nervous
system (eNS) by proteins and hormones could be of considerable benefit to patients
(Olson et al., 1991). Exogenous proteins, when viewed as pharmacologic agents in the
bloodstream, must circumvent either the blood-brain barrier (cerebral capillary
wall) or the blood-cerebrospinal fluid (CSF) barrier (choroid plexus and arachnoid
membrane) in order to gain access to the specialized extracellular fluid of the brain
(Johanson, 1989b). Chapter 11 by Broadwell deals with strategies for delivering
proteins across these impeding barrier systems. This chapter, however, deals not with
circumvention of the CNS vascular barriers by proteins, but rather with the distribu­
tive movements within brain parenchyma of a macromolecule once it has gained
access to the cerebral extracellular fluid. A knowledge of the structure and function of

Conrad E. Johanson • Cerebrospinal fluid Research Laboratory, Department of Clinical Neuro­
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extracellular pathways is fundamental in understanding how proteins move from one
region to another in the CNS.

2. TWO MAJOR EXTRACELLULAR FWIDS INSIDE THE CENTRAL
NERVOUS SYSTEM

There are two main extracellular compartments in CNS: the large-cavity CSF
and the cerebral interstitial fluid (ISF). The CSF and ISF have comparable chemical
composition because they are formed by similar secretory mechanisms and because
they are more or less in diffusion equilibrium with each other across the rather
permeable ependymal and pia-glial membranes which physically separate these two
extracellular fluids (Cserr and Patlak, 1991). The ependymal lining is interposed
between the brain parenchyma and the interior ventricular CSF, whereas the pia-glial
membrane lies between the brain substance and the exteriorly located CSF in the
subarachnoid spaces.

2.1. Large-Cavity Cerebrospinal Fluid (CSF)

A significant portion of the CSF lies in the four ventricular cavities of the brain,
i.e., the two lateral, the third and the fourth ventricles. The other sites that contain
CSF are the central canal of the spinal cord, and the subarachnoid spaces that overlie
both the cerebral hemispheres and the spinal cord. The total volume of CSF in an
adult human is approximately 150 mI. Thus, peptides and proteins administered in
relatively small injectate volumes intraventricularly would be substantially diluted
in concentration before reaching target cells within the brain. Reabsorptive transport
mechanisms in choroid plexus that c)ear peptides (Huang, 1982) and proteins (Van
Oeurs, 1976, 1978) from CSF would further diminish the concentration of these
substances in CSF.

2.2. Cerebral Interstitial Fluid (ISF)

The other extracellular fluid, i.e., interstitial fluid, intimately surrounds neurons
and glia as their microenvironment. The ISF exists as a thin film, about 200 Ain
thickness, encompassing the cellular elements of nervous tissue. The ISF comprises
about 15-20% of the wet weight of the brain (Levin et al., 1970; Johanson, 1989a;
Nicholson and Rice, 1991). Accordingly, a I-kg brain, as in adult humans, contains
at least 150 g (ormI) ofISF. Thus, mature human brain is composed of some 300mI or
more oftotal extracellular fluid, i.e., approximately 150mI ISF plus 150mICSF. This
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300ml of fluid would seem to be close to the upper limit for the volume ofdistribution
of an extracellularly distributed substance, such as a high-molecular-weight protein
administered into brain ventricles. For smaller species, such as rats and other
laboratory mammals, similar parameters are applicable for pharmacokinetic model­
ing. That is, the total extracellular fluid volume of CSF plus ISF is about 20-25%
of the weight of brain and spinal cord.

3. DYNAMICS OF THE EXTRACELWLAR FLUID

Because proteins and hormones are carried by currents of extracellular fluid
from one region of the CNS to many other sites, it is important to identify pathways
for bulk fluid movements in brain and the forces that propel them. An overview of the
extracellular conduits is schematized in Fig. 1. The extracellular fluid dynamics in the
CNS is acomplex interplay among: (1) CSF flow through the ventriculo-subarachnoid
space-venous sinus pathway, and flow along sleeves of subarachnoid space (envelop-

CSF VENOUS
Epithelium of --~~ VENTRICLES '" SINUS

Choroid Plexus )1 ".~/. ""I ~. 4' VENOUS
~ S.A.S. ~ BLOOD

_
_ IS.F~ BRAIN~·" ./

Endothelium Of ~ < '" /

Cerebral CapillarIes INTERSTITIUM LYMPH

Figure 1. Pathways for the flow of extracellular fluid and proteins in the central nervous system (CNS).
Cerebrospinal fluid (CSF) is derived from constituents of plasma ultrafiltrate in the plexuses, by an active
secretory process occurring in the choroid epithelia. The nascent CSF containing proteins of plasma and
choroidal origin percolates downward through the ventricular system and eventually passes out of the
fourth ventricle, via foramina, into the subarachnoid space in the cisterna magna. From this large cistern,
the CSF continues to flow in the subarachnoid space (S.A.S.) overlying the cerebral hemispheres and is
finally reabsorbed across arachnoid villi in the dura mater. Simultaneous with CSF formation at the blood­
CSF barrier is the production of interstitial fluid (ISF) by endothelial cells of the blood-brain barrier. ISF is
thought to be secreted across the capillary wall into the brain interstitial space. Once formed, ISF
undergoes bulk flow exteriorly across the pia-glial membrane into S.A.S. and interiorly into the ventricles
across the ependymal lining. Net diffusion of ions and macromolecules can occur in either direction
(bidirectional arrows), according to the prevailing concentration gradient, across the highly permeable
brain-CSF interfaces. The fluid in the S.A.S. is a mixture of CSF and ISF. Subarachnoid fluid containing
proteins and polypeptides drains from the brain by two major pathways, into venous sinuses by
pinocytotic-like transport across villus-like structures and into lymphatic capillaries (nose and eye) that
reach the deep cervical lymph nodes. The schema depicts transport interfaces by italic type, and the
extracellular conduits by boldface type. See Spector and Johanson (1989) for illustration of sagittal view of
the CNS showing spatial relationships among the various anatomical compartments.
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ing certain cranial nerves) into lymphatic drainage systems of nose and eye, (2) ISF
drainage along routes in brain parenchyma, and (3) CSF-ISF exchange across the
ependymal wall, in either direction according to locally prevailing hydrostatic and
osmotic pressure gradients (Cserr and Patlak, 1991).

3.1. CSF: 1\vo Major Drainage Routes

3.1.1. VENTRICULO-SUBARACHNOID SPACE-VENOUS SINUS PATHWAY

The CSF proper is the conduction medium for the large-cavity pathway that
originates in the lateral ventricles. Reflecting the integrity of the blood-CSF barrier,
the adult CSF concentration of protein is normally two to three orders of magnitude
less than in plasma. The main source of CSF, indeed of most extracellular fluid
in CNS, is the choroid plexus tissue which is located in all four cerebroventricles
(Spector and Johanson, 1989). As much as 80-90% of fluid generated in the brain
originates from the choroid plexuses, whereas the balance of 10-20% is derived
extrachoroidally (see Section 3.2). The nascent CSF moves from lateral to the third
ventricle, then through the Sylvian aqueduct into the fourth ventricle. Foramina in
the walls of the fourth ventricle allow fluid to escape into the cisterna magna and other
parts of the subarachnoid system. Hydrostatic pressure gradients continue to drive the
subarachnoid CSF, across valve-like structures in the arachnoid villi, out into the
venous sinus. These "valves" are large enough to permit protein passage, but only in
one direction, Le., from CSF into blood (Butler, 1989). Thus, once a protein or
peptide has flowed into the sinus, it has essentially been cleared from the brain.

3.1.2. CSF OUTFLOW INTO DEEP CERVICAL LYMPH

A considerable amount of CSF in mammals drains along the outside of cranial
nerves down to submucosal tissue ofthe nose (Cserr and Patlak, 1991) and eye (Erlich
et al., 1986). In rats (Harling-Berg, 1989) and rabbits (Bradbury and Westrop, 1983),
the flow of CSF along the olfactory nerve has been mapped. CSF flows via exten­
sions of the subarachnoid space around the nerve, through the cribriform plate, and
eventually reaches the nasal submucosa. Proteins and peptides can then readily drain
from the submucous spaces of the nose (and eye) into afferent lymphatics.
Serum albumin has been used to trace CSF outflow to lymph. Radioiodinated

serum albumin (RISA) drains slowly, but extensively, from the CNS to deep cervical
lymph. Up to one half ofRISA injected into CSF or brain can be recovered in lymph
(Yamada et al., 1991). Protein clearance from CSF is faster than from ISF. The half­
time for turnover ofCSF is 2 to 3 hr, while that for turnover of ISF (i.e., clearance of
protein) is 6 to 18 hr.
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The main source of cerebral ISF is ion secretion from the cerebral endothelium
rather than metabolic water generation from brain cell metabolism (Cserr and Patlak,
1991). Rates of ISF production can be estimated from rates of albumin clearance from
tissue (Szentistvanyi et ai., 1984; Yamada et ai., 1991). Calculated values for
endothelial production of ISF at the blood-brain barrier are considerably less in
magnitude than those directly measured for epithelial manufacturing of CSF by
choroid plexuses. Notwithstanding the smaller capacity of the cerebral endothelium to
secrete ISF, the continual albeit slow elaboration of ISF is sufficient to drive the bulk
flow of ISF from brain into either ventricular or subarachnoid CSF. Such convective
movements of fluid have implications for carriage of protein (native or exogenous)
among regions of CNS.

3.2.1. BULK FLOW OF ISF

The narrow intercellular clefts between brain cells offer considerable resistance
to bulk flow of ISF and therefore the substances dissolved in it; thus, the hydro­
dynamic conductance through these diminutive extracellular clefts in most regions
is too low to accommodate appreciable flow of ISF via this interstitial pathway
(Fenstermacher and Patlak, 1976). For bulk flow of proteins to occur throughout the
cerebral interstitium, relatively large extracellular channels are required. Such a
requirement is met by the extensive network of brain extracellular channels that exist:
(1) between fiber tracts in white matter, (2) in the subependymal spaces close to the
ventricles, and (3) as perivascular (Virchow-Robin) sleeves ofCSF that follow large
vessels penetrating from the subarachnoid space deep into brain substance. This
anatomical triad of extracellular channel networking constitutes multiple pathways
for convectively translocating proteins among various regions of brain and CSF
(Cserr and Patlak, 1991). The brain ISF that drains into the CSF flows with the latter
into blood or lymph (Section 3.1 and Fig. 1).

3.2.2. DIFFUSION THROUGH ISF

One experimental approach for evaluating diffusion versus bulk flow of sub­
stances has been to inject extracellular tracers of various sizes into brain, and then to
quantitate the rate of efflux of the tracers from the site of administration. Cserr (1981)
microinjected radiolabeled tracers directly into caudate nucleus, and found that the
tracers (ranging from 69 to 0.9 kDa) were removed from tissue according to a single
rate constant in spite of the five-fold difference in diffusion coefficients. Thus, the
69-kDa protein was removed from the site of injection at the same rate as the 0.9-kDa
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polyethylene glycol. Such a finding is consistent with removal of tracers by bulk flow.
Obviously, some diffusion of proteins must occur in the cerebral interstitium;
however, in regions where sizable extracellular pathways exist, the bulk flow or
convective process must be the predominant distributive mechanism. The relatively
permeable ependymal and pia-glial membranes that separate brain from CSF allow
rapid diffusional exchange of ions and macromolecules between CSF and the ISF in
superficial portions of the underlying nervous tissue.

3.3. CSF-ISF Exchange across the Ependymal Wall

It has been long appreciated that polysaccharides (e.g., inulin) and proteins
(e.g., horseradish peroxidase) can readily permeate the ependymal lining (Brightman
and Reese, 1969), i.e., sometimes referred to as the brain-CSF interface. The
ependymal lining is one layer of cells connected to each other in most ventricular
regions by gap junctions rather than zonulae occludentes. For nearly a century now,
investigators have known that an intraventricularly administered substance has access
to brain parenchyma. Thus, by bulk flow as well as diffusive fluxes, there is virtually
free exchange of solutes and water across the "ependymal wall," the direction of
movement being determined by local gradients for hydrostatic and osmotic pressures
between CNS compartments and blood, and by chemical potential gradients for
solutes between CSF and ISF.

3.3.1. BRAIN-TO-CSF DRAINAGE OF ISF

Normally, pressure relationships are such that brain ISF drains into large-cavity
CSF either in the ventricles or in the subarachnoid compartment over the hemispheres
(Cserr and Patlak, 1991). This conclusion was reached from dye distribution experi­
ments. The patterns of staining suggest that the brain tissue hydrostatic pressure is
usually greater than that in CSF. The CSF content of endogenous protein is normally
low. Consequently, potentially deleterious proteinaceous materials leaking across the
blood-brain barrier or resulting from cellular destruction, can move not only by
bulk flow but also by diffusion, down respective concentration gradients from ISF
to CSF, for subsequent elimination via fluid flow into venous sinuses.

3.3.2. CSF-TO-BRAIN FLUXES

Under pathologic conditions, ions, water, and proteins (e.g., horseradish perox­
idase) can move from ventricular CSF into brain. A reversal of the hydrostatic
pressure gradient between CSF and ISF results in retrograde flow of fluid from
ventricles into brain substance. This can occur in hydrocephalus when CSF pressure
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is substantially elevated. Retrograde flow of CSF into brain also occurs when the
osmotic pressure of blood increases (e.g., hypernatremia) or when there is severe
hypotension. In response to hyperosmolar plasma, a reduction in ISF volume (Cserr
et al., 1991; Nicholson and Rice, 1986) together with flow reversal have been
documented by quantitative analysis of the kinetics of tracer penetration from CSF to
brain (Pullen and Cserr, 1984; Pullen et al., 1987; Rosenberg et al., 1980).
Even when CSF pressure is normal, there is undoubtedly diffusive permeation

of solutes from CSF to brain. For example, 36CI and 22Na are actively transported
rapidly from blood to CSF across the choroid plexuses, but more slowly across the
blood-brain barrier (Smith and Rapoport, 1986; Murphy and Johanson, 1989).
Therefore, shortly after intravenous or intraperitoneal administration of these tracers,
there is a concentration (activity) gradient, directed from CSF to brain, which
promotes net diffusion of 36CI and 22Na from ventricular CSF into adjacent brain
tissue. Similarly, earlier analyses of tissue concentration profiles ofmacromolecules,
e.g., inulin (5.5 kDa) had shown that even large nonelectrolytes diffuse relatively
unrestricted down concentration gradients from CSF into brain tissue (Rall et al.,
1962).
Is protein diffusion from choroid plexus-CSF into brain rapid and extensive

enough to be of functional significance for neurons and glia? While diffusional
exchange between CSF and brain is rapid for areas immediately adjacent to CSF, it
can be anticipated that diffusion of macromolecules is slow (many hours to days) for
regions deep within tissue (Cserr, 1971). The relatively long diffusion times should
not be a problem for proteins and other substances needed in very small amounts,
e.g., transthyretin (Schreiber and Aldred, 1990) and micronutrients (Spector, 1989).
If CSF concentrations of these important substances are set by the choroid plexus,
then eventually they will diffuse out to the entire brain; furthermore, if proteinaceous
materials are not significantly reabsorbed across the blood-brain barrier as they are
diffusing in brain interstitium, their concentrations in ISF may become equal to
those in CSF within a few days or less.
Overall, the findings in many types of experiments indicate that there is a

dynamic exchange of proteins as well as water, ions, nonelectrolytes across the
ependymal and pia-glial linings, respectively, of the interior and exterior surfaces
of the brain. The exchange is potentially bidrectional, and can occur by bulk flow as
well as diffusion. The ability to manipulate translocation of peptides and large
proteins across the permeable cellular linings of the brain, as well as along intra­
parenchymal routes, suggests numerous pharmacologic opportunities.

4. NEWLY EMERGING CONCEPTS OF VOWME TRANSMISSION

A knowledge of the brain extracellular fluid characteristics is the key to
understanding nonsynaptic (unconfined) communication among cells in the CNS.
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There are two basic types of information transfer mechanisms for distributing signals
throughout the brain: wiring transmission (WT) and volume transmission (VT). The
classically appreciated WT involves nerve fibers and synapses, as well as diffusion
of neurotransmitters across the microenvironment of synaptic clefts. In contrast, the
more recently appreciated VT is concerned with the spreading of larger molecular
signals (neuropeptides, proteins, hormones) by way of longer extracellular fluid
pathways. Thus, VT phenomena are parasynaptic (endocrine-like) rather than synap­
tic. Due to the diffusive and bulk flow movements of peptides and proteins along
macroscopic extracellular fluid conduits, a prerequisite for the development of
pharmaceutical biotechnology for brain treatments is greater appreciation of the
natural movement of macromolecules along circumscribed pathways in the CNS.
Such knowledge will improve the effectiveness of eventual therapeutic regimens
involving intracerebral and intraventricular injections of proteinaceous agents.

4.1. Classification According to lransmission Distance

Many publications over the past decade have dealt with the role of brain
extracellular fluid as a pathway for electrical and chemical communication, i.e., VT.
Classically, chemical communication between cells has been characterized on the
basis of distance between sites of release of peptides and their target cells. Fuxe and
Agnati (1991) view VT mainly as the conduction of messages along leaking (uncon­
fined) pathways, some of which extend over considerable distances.

On the basis of the distance that the chemical signal travels, VT can be
categorized as either: (1) nonsynaptic (a very-short to short-distance chemical
phenomenon), (2) paracrine (a long-distance phenomenon), or (3) neuroendocrine
(a very long distance between source and target cells). It is not the scope of this review
to delve into the intricacies of each category. The reader is referred to Vizi (1984) and
Christenson et al. (1990) for detailed discussions, respectively, on nonsynaptic and
paracrine VT. The emphasis of this chapter is on the longer-span, neuroendocrine­
like VT; the distances over which signal spreading occurs may be several millimeters
or greater. The more lengthy transmission pathways have been implicated in long­
term actions of peptides.

4.2. Chemophysical Characteristics of the ExtraceUular Space

As VT models have steadily gained acceptance, increasingly more attention has
been directed toward the chemical and physical properties of the extracellular
conduits and their interaction with the signals, i.e., peptides and proteins. The
polyionic molecules of the interstitial matrix probably contribute to the effective
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tortuosity of the extracellular fluid pathways (Nicholson and Rice, 1986, 1991). Other
chemical characteristics of the extracellular matrix include capabilities for buffering
ions and altering the mobilities ofmacromolecules involved in VT (Fuxe and Agnati,
1991). Physical constraints on diffusing macromolecules are offered by glial cells and
their processes. More information is needed to fill gaps in our knowledge about
morphofunctional characteristics of extracellular fluid in the context of VT phe­
nomena.

4.3. Other Factors Modifying Volume lhmsmission

Developmental, biochemical, and pharmacologic factors can substantially af­
fect the nature of movement of neuropeptide and protein "messages" through the
extracellular fluid pathways. Some of the more pronounced modulating effects are
discussed below.

4.3.1. EARLY DEVELOPMENT AND AGING

Throughout perinatal development there are marked changes in the composition
and dynamics of extracellular fluid in the CNS (Johanson, 1989a; Epstein and
Johanson, 1987). The rat choroid plexus-CSF system undergoes rapid maturation
during the 3 weeks after birth (Johanson et al., 1988; Parmelee and Johanson, 1989;
Pershing and Johanson, 1982; Smith et al., 1982b). As fluid production by the choroid
plexus is increased (Johanson andWoodbury, 1974), the capacity of the CSF drainage
pathways is concomitantly enhanced (Jones et al., 1987). The progressively greater
flow of CSF through the ventriculo-subarachnoid system has implications for VT
phenomena in maturing organisms. Kozlowski (1982) has described neuropeptide
distribution via large-cavity CSF in his "ventricular route" hypothesis. The more
sluggish CSF flow and smaller CSF sink action (Parandoosh and Johanson, 1982) in
neonates and infants of some mammalian species (e.g., mice, rats, and cats) would
appear to significantly modify the distribution of peptides and proteins throughout
extracellular fluid conduits in the immature eNS.
The volume of extracellular fluid in the brain, relative to volume of intracellular

fluid, undergoes a continual decrease from birth through later stages of adulthood.
During the first month post partum, the rat brain extracellular space volume de­
creases, on average, from about 25 to 15% (Johanson, 1989a). The loss of total water
(as percent of brain wet weight), and the shrinkage in size of the extracellular space,
likely halle effects on movements of proteins and peptides throughout the interstitial
space. Indeed, aged animals showed a marked decrease in the extent of chemical
spread (Routtenberg, 1991), a finding that has been explained by an attenuated
extracellular space.
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Moreover, CSF fonnation rate slows down by nearly 20% in aged rats, Le., 1to 3
years old (Smith et al., 1982a). This diminished secretory activity, coinciding
temporally with a marked decrease in extracellular fluid volume (Bondareff and
Narotzky, 1972), would be expected to impede removal of high-molecular-weight
substances from the brain. Such factors deserve more attention due to the need for a
better understanding of CNS fluid turnover in geriatric patients, some of whom with
degenerative diseases may eventually be candidates for intracerebral administra­
tion of enzymes or other therapeutic agents.

4.3.2. DRUGS THAT ALTER FLUID DYNAMICS IN THE CNS

Agents and treatments that alter the physical configuration of extracellular
conduits in CNS could interfere with VI. Neurosurgeons use osmotic agents (e.g.,
mannitol) to dehydrate edematous brain. The rationale is that hypertonic plasma pulls
water from brain, more specifically from the extracellular compartment of nervous
tissue (Cserr and Patlak, 1991). Routtenberg (1991) and colleagues have noted that
agents used in neurosurgery to reduce swelling also decrease the spread of chemicals
injected into the brain. Thus, one of the functions of the extracellular distribution
systems, i.e., VT, is probably perturbed by treatments that effect redistribution
of fluid among the CSF, ISF, and plasma compartments.
Protein movement into and out of CSF is intimately related to the movement of

water (fluid) into and out of the CSF system. Acetazolamide, an inhibitor of CSF
flow, significantly curtails the rate of transport of protein, in the direction from
arterial blood to CSF (Hochwald and Wallenstein, 1967) as well as from CSF back to
venous blood (Van Wart et al., 1961). These basic studies with globulin and albumin
demonstrated that protein concentrations in the extracellular fluid of the CNS are
dependent on the rate of fluid transport across choroid plexus into CSF, as well as
drainage mechanisms which clear protein from CSF to blood. Clearly, alterations
in the hydrodynamics of brain fluids can markedly affect the concentrations of
proteins, and probably peptides, in brain ISF and CSF. The relationship between CSF
dynamics and CSF peptide concentrations is one that awaits elucidation in the context
of volume transmission.

4.3.3. INACTIVATION OF PROTEIN AND PEPTIDE SIGNALS

The strength of signaling by peptides and proteins is controlled in part either by
physical elimination of the macromolecular signal from the CNS, or by chemical
activation/deactivation enzymatic reactions that alter the concentration of the particu­
lar ligand in extracellular fluid. Most peptides and proteins are large and hydrophilic,
and therefore do not readily diffuse from blood into brain or CSF; consequently, a
particular peptide "signal" is effectively abolished upon clearance of that molecule
by its bulk flow with CSF into venous blood, from which it is unlikely to return to
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brain by diffusion back across the blood-brain barrier. Section 3.1 describes the bulk
flow drainage routes.

CSF proteases and peptidases probably also have a significant role in regulating
the concentration of proteins and peptides, some of which are very potent ligands.
Neuropeptide transmitters, unlike their biogenic amine neurotransmitter counter­
parts, are not rendered inactive by cellular reuptake mechanisms in nerve endings.
Thus, neuropeptides and their converting enzymes, upon release from neurons (and
perhaps glia), are dependent on extracellular mechanisms for their clearance or
inactivation.

The CSF proteolytic enzymes generally have smaller molecular masses than
corresponding enzymes extracted from cerebral homogenates. An example is
angiotensin-converting enzyme, which exists as a 140-kDa species but also is present
as two smaller species of 30 and 60 kDa, both of which display full activity. The
smaller species can likely diffuse more rapidly and globally throughout the CNS. By
acting as scavengers or modifiers of peptide transmission, these proteolytic enzymes
could play an important role in VT (Terenius and Nyberg, 1988).

In consideration of pharmaceutical development of inhibitors of proteolysis, the
CSF is a conveniently sampled fluid as an enzyme source. Clinicians have long
recognized that CSF levels of substances are useful as markers or reflectors of brain
cell metabolism. Enzymes that are abundant in CSF lend themselves to isolation
efforts and inhibitor development. Once the inhibitors are available, they can then
be used as tools for mapping peptidergic pathways and possibly as therapeutic agents
for CNS disorders caused by peptide imbalances.
The choroid plexus also has a rich content of proteolytic enzymes, e.g.,

aminopeptidases, angiotensin-converting enzyme, and carboxypeptidase M (Bourne
et al., 1989). The functions of the choroidal peptidases are not well understood;
however, their role in the regulation of peptide concentrations in CSF must be
considered.

5. CHOROID PLEXUS (CP): A "TARGET" AND A "SOURCE"
IN VOLUME TRANSMISSION

Electron micrographs and molecular analyses of CP reveal an epithelium that is
very actively involved in the metabolism and transport of numerous peptides and
proteins. Because CP function ultimately serves the brain, many intriguing questions
have been raised about the role ofCP in transporting peptides between blood and CSF
(Johanson, 1989b); in receiving peptide signals from various regions of brain; and in
manufacturing and secreting proteins and growth factors into CSF for eventual
distribution to target cells in brain parenchyma. The burgeoning interest for research
in this area (Spector and Johanson, 1989) can be attributed to many attractive
hypotheses involving CP and having a role for peptides and proteins as signals for
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the regulation of CSF production and intracranial pressure; and for the growth and
repair of brain cells.

5.1. CP Receptors for Peptides

The activity of many polypeptides is substantially augmented in CP following
either intravenous or intrathecal administration of the tracer ligand. Mainly by
autoradiographic techniques, receptors have been identified in CP for insulin,
enkephalins, thyroid hormone (T4), melatonin, vasopressin, oxytocin, prolactin, and
vasoactive intestinal polypeptide (see review by Johanson, 1989b). Some of these
receptors are on the choroidal vasculature, e.g., those for arginine vasopressin have
been linked to modulation of CP blood flow (Faraci et al., 1988). Several of the
peptidergic receptors have been localized to the choroidal epithelium, where they
presumably have roles in regulating CP cellular metabolism and transport; e.g.,
insulin stimulates sodium uptake by CP parenchymal cells in vivo (Johanson and
Murphy, 1990), whereas vasopressin and atrial peptide have opposing effects on the
extrusion of chlorine from CP tissue in vitro (Johanson et al., 1990). Still other
peptide receptors in CP have been characterized as having a clearance or removal
function, e.g., atrial peptide (Brown and Czarnecki, 1990).
CP is a pivotal target organ for centrally manufactured and released peptides.

Strategically located in all four cerebroventricles, the CPs have a great influence
on the volume and composition of the ventricular CSF. Evidence is accumulating that
peptides and some neurotransmitters (e.g., serotonin) are released from hypo­
thalamic nuclei and subependymal regions into CSF, in which medium they are
transported by VT to target sites on the apical (CSF-facing) membrane ofCP (Nilsson
et al., 1991). It is not yet clear what the exact functional interactions between brain
and CP are, but this fascinating area of research should yield important insights about
the significance of peptide distribution in the interior of the brain.

5.2. CP as a Generator of Protein Signals

CP synthesizes and secretes plasma proteins and growth factors into CSF
(Dickson et al., 1985, 1986; Stauder et al., 1986; Stylianopoulou et al., 1988). These
proteins are then distributed into brain by convection (bulk flow) of CSF by
mechanisms described in Section 3. From the pattern and intensity of plasma protein
synthesis in CPo Schreiber and Aldred (1990) have postulated that CP has a significant
role in maintaining extracellular protein homeostasis in the brain. Proteins of
choroidal (and extrachoroidal) origin likely have trophic effects on brain cells both in
development and possibly in repair of injured brain (Section 6). Growth factor
receptor-mediated events culminate in axonal sprouting. Neuronal and glial target cell
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specificity and cellular biochemical cascades await delineation. It is becoming
increasingly clear, however, that the observation of availability of CP-manufactured
proteins to distant regions of brain affirms the pervasiveness of the extracellular fluid
convection systems.

6. BRAIN CELLS AS TARGETS FOR PROTEINACEOUS SUBSTANCES

6.1. lYpes of Growth Factors in Brain

Growth factor proteins are synthesized in many regions of the CNS. Among the
most widely studied growth factors are basic fibroblast growth factor (bFGF), nerve
growth factor (NGF), and insulinlike growth factor (IGF). These proteinaceous
factors exert trophic effects on various populations ofneuronal systems (Ferrari et al. ,
1989; Knusel et al., 1990). For example, both bFGF and NGF have prevented cell
death of cholinergic systems in experimental studies (Anderson et al., 1988; Strom­
berg et al., 1990). These agents show promise for reducing morbidity of neurons in
traumatic disorders and neurodegenerative diseases. NGF has been the most widely
analyzed (Thoenen et al., 1987), and so research progress with this factor is
emphasized below.

6.2. Temporal Expression of Nerve Growth Factor

Neuronal populations show variation in their need for NGF, a trophic signal with
local paracrine actions. Certain cholinergic populations require NGF throughout life
(e.g., cholinergic projections from basal forebrain to hippocampus); other systems of
cells express NGF only during ontogeny or after tissue damage in adulthood (e.g.,
striatal cholinergic interneurons) (Ernfors et al., 1989; Eckenstein, 1988). Thus,
when the brain is stressed with disease or trauma at certain stages of early develop­
ment or in later life, the level of expressed NGF (and other trophic factors) may not
be sufficient to maintain neuronal viability.

6.3. Boosting the Level of Growth Factors in the CNS

There are lower levels ofNGF and its mRNA in the brain of aged rats compared
to younger adults (Larkfors et al., 1987). Diminished NGF production may also occur
in the senile dementia of Alzheimer's disease due to the degeneration of cholinergic
projections to cortex cerebri from the nucleus basalis. The addition of exogenous
NGF to target areas would probably rescue some of the malfunctioning cells. This is
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suggested by the finding that infusion of NGF improves neuronal survival and the
transforming ability of grafted cells.

6.4. How Cerebral Levels of NGF Can Be Elevated

Strategies for enhancing the central levels of NGF have been offered by Olson
et al., (1991). The most straightforward approach is to administer the purified growth
factor. Injections directly into brain parenchyma or ventricular CSF have been
attempted. Intraparenchymal infusion, by use of dialysis fibers connected to osmotic
minipumps, has been efficacious for stimulating cholinergic neurons (Hefti et al.,
1989). Alternatively, the less-localized intraventricular infusion via cannula in the
lateral ventricle has proven effective in reclaiming the cholinergic function of
magnocellular neurons (nucleus basalis) lesioned by excitotoxin (Mandel et al.,
1989). Although the more-widely penetrating intraventricular infusate containing
NGF definitely improves cholinergic systems in forebrain, some concern has been
expressed for possible unwanted side effects brought about by simultaneous stimula­
tion of NGF-sensitive, noncholinergic sites in circumventricular areas (Olson et al.,
1991).
Two other strategies for increasing central levels of NGF have been suggested,

i.e., by increasing endogenous levels ofNGF, and by implanting cell systems capable
of producing NGF. Unfortunately, there is sparse knowledge about natural regula­
tion of NGF synthesis. Inflammatory mediators used in hippocampal culture studies
have induced NGF rnRNA and protein (Friedman et al., 1990); the usefulness of the
pharmacologic approach, however, needs to be corroborated in intact animals.
In regard to implantation of cell systems, a potential advantage is the achieve­

ment of long-term augmentation of NGF levels. Transplants of submandibular glands
from mice stimulate cholinergic growth (Springer et al., 1988), but this approach with
normal (nontransformed) cells has been beset by problems with immunosuppression
and graft survival. Genetically modified cells from established lines are promising
if the risks of immunological mismatching and tumor formation can be overcome.

6.5. Time Course of NGF Spreading after Injection into Brain

Accurate mapping of permeation routes taken by injected proteins is essential
for proper interpretation of the functional consequences arising from the injection.
Recently the distribution of NGF, acutely injected into striatum, has been traced
immunohistochemically by Olson et al. (1991). Their study utilized affinity-purified
antibodies directed against mouse salivary NGF. From 2 to 1100 ng was dissolved in
saline (4 fl.}) for stereotactic injection into the center of the striatum. NGF could be
visualized by fluorescence resulting from injected quantities as small as 20 ng. Rapid
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diffusion of NGF throughout the striatal neuropil was noted, so that by 15 min the
fluorescent halo covered approximately two-thirds of a coronal section of striatum.
Over the next few hours, NGF spread even farther so that the fluorescence rapidly
attenuated at the injection site. The small faint halo observed at 7 hr was gone by
24 hr. This study by Olson, et al. (1991), has convincingly demonstrated that
intrastriatally injected NGF spreads relatively rapidly throughout the entire targeted
area. Such findings are consistent with the free-flowing nature of the extracellular
distribution systems described in Section 3.

7. PROSPECTS FOR RESEARCH ON PEPTIDE AND PROTEIN
DISTRIBUTION IN CNS

Endocrinology is predicated on the fact that "informational substances" can
exert their action on targets distantly removed from the release site, i.e., via "bulk
flow" carriage of hormones through the vascular circulatory system. Milhorat (1987)
has encouraged the concept of the CSF system as the "third circulation, " as originally
proposed by Cushing (1926). The "third circulation" is less well known than the
blood and lymph circulations. Historically, the concept of the CSF (together with the
brain ISF) system as circulatory has been longer in coming because early investiga­
tors were not convinced that cerebral ISF drained into the ventricles. Recent advances
in "volume transmission" should rekindle interest in the CSF and ISF as convective
fluids in dynamic exchange with each other.

This review has focused on the conveyance of protein and peptide "signals" by
way of extracellular fluid (CSF plus ISF). Many proteins and peptides in extracellular
fluid are "informational molecules" to initiate trophic effects, neuromodulation,
secretory activity, and so forth. Obviously, some proteinaceous materials in extra­
cellular fluid are not "signals" per se, but rather are metabolic or breakdown
products, some ofwhich have immunogenic potential if the protein in CSF drains into
cervical lymph nodes (Cserr and Patlak, 1991). Whatever the target or function (or
lack) of the proteinaceous material, it will move along extracellular conduits until
chemically broken down by enzymes or physically removed. Brain extracellular fluid
protein homeostasis, a challenging new concept with many pathophysiological
implications (Schreiber and Aldred, 1990), must be a complex interplay of factors that
include elaboration of proteins by neuroepithelial and choroidal secretory cells.

The theme of this chapter, i.e., generalized interregional accessibilities made
possible by freely communicating components of the extracellular system, belies the
existence of locations that are relatively impermeable to macromolecules. Regions in
addition to the dentate gyrus of the hippocampus (Ruth and Routtenberg, 1980) may
have barriers to diffusion of large molecules. Some circumventricular organs are
surrounded by cells joined with tight junctions that more or less functionally isolate
these regions from adjacent areas of nervous tissue. In certain regions of third
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ventricle CSF, some cells in the ependymal lining have tight rather than gap junctions
between them. Additional immunohistochemical mappings of brain regions with
protein probes are needed to identify loci having true diffusion barriers.
Peptides and proteins released or injected at points in the nervous system having

modest junctional specialization (i.e., lacking zonulae occludentes) can spread for
great distances beyond the point of origin (Bondareff et al., 1970, 1971). Thus, the
consequent behavioral phenomena that are manifested must be interpreted with
caution ifmultiple sites ofcells are eventually brought into contact with the convected
ligand. Moreover, untoward complications may result from therapeutic efforts if the
administered substance is conveyed well beyond the locale of the targeted cells. There
is plainly the need for systematic comparison of distributive phenomena associated
with access to target cells following intraventricular (CSF region) versus intra­
parenchymal (brain region) injections of peptides and proteins.
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Absorption enhancers: see Delivery systems
Acid hydrolases
hepatic, 345-346, 362-378, 386-389, 390-
392

gastrointestinal epithelia, III
membranous cel1s (M cel1s), 120-121
See also Membrane trafficking, Endosome,
Lysosome, specific hydrolases

Active transport, hepatic, 348-349
Adhesion proteins
L-CAM,9
uvomorulin, 9, 15, 218-221
Adjuvants: see Delivery systems
Adsorptive endocytosis, 74
albumin, 171-172, 240-250
blood-brain barrier, 271-273, 282-286
endothelia, 271-273, 282-286
hepatic, 362-378
horseradish peroxidase (HRP), 271-273
gastrointestinal epithelia, 118-119
membranous cel1s (M cells), 118-121
renal, 312-327
respiratory epithelia, 171-172
See also Membrane trafficking

Albumin
adsorptive endocytosis, 171-172, 240-250
endothelial absorption, 238, 240-252, 257-
259
metabolism, 58
receptor-mediated endocytosis, 170, 240-250
renal elimination, 299-305, 308, 318-319
respiratory epithelial absorption, 167-172
transcytosis, 238, 240-250
Aminopeptidases
aminopeptidase A, 25, 27-28
aminopeptidase N, 25, 27
aminopeptidase P, 25, 28
aminopeptidase W, 25, 28

Aminopeptidases (Cont.)

buccal epithelia, 136
cerebrospinal fluid (CSF), 477
choroid plexus, 477
dermal epithelia, 184
rectal epithelia, 209-210
tissue distribution, 33-36

Angiotensin
metabolism, 26-31, 36-41, ~8
renal elimination, 299-305, 312-313, 325­
236

Angiotensin-converting enzyme: see Peptidyl
dipeptidase

Antibodies, 410-414, 426-427
Aqueous pore pathway: see Paracellular pathway

Bile acid carriers, 353-362
Blood-brain barrier, 250, 269-291
adsorptive endocytosis, 271-273, 282-286
cell types, 277
characteristics, 277
circumvention, 275-281
endosome, 271-273, 281-289
fluid-phase endocytosis, 271-273, 281-282
Golgi complex, 271-273, 281-289
horseradish peroxidase (HRP), 269, 271-273,
281-286

insulin, 286-287
lysosome, 271-273, 281-289
pericytes, 274
phagocytosis, 274
receptor-mediated endocytosis, 271-273, 286-
289

tight junctions, 273-274
transcytosis, 289
transferrin, 286-288
transplants, 290

Buccal epithelia: see Intraoral epithelia
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Bradykinin
metabolism, 26-31, 36-41, 58
reilal elimination, 299-305, 312
Brain: see Central nervous system

Cadherins
uvomorulin, 9, 15, 218-221
see also Adhesion proteins

Carboxypeptidases
buccal epithelia, 136
dermal epithelia, 184
carboxypeptidase M, 25, 28-29
carboxypeptidase P, 25, 29
cerebrospinal fluid (CSP), 477
choroid plexus, 477
lysosomal, 58
tissue distribution, 33-36

Carrier-mediated transport: see Facilitated
diffusion, Active transport

Cathepsins, 56-57, 63-64; see also Endosome,
Lysosome

Central nervous system
blood-brain barrier, 250, 269-291
cerebral interstitial fluid (lSP), 468-469, 471-472
cerebrospinal fluid (CSP), 468-470
circumventricular organs, 269-281, 480-481
diffusion, 480-481
drug delivery, 481-482
extracellular space, 474-475
growth factors, 479-481
nerve growth factor (NGp), 479-481
parasynaptic extracellular fluid transmission,
473-477
parenchyma, 477-481
volume transmission, 473-477
wiring transmission, 474

Cerebral interstitial fluid (lSP), 468-469, 471-472
brain-cerebrospinal fluid (CSP) drainage, 472
choroid plexus, 471
diffusion, 471-472
drainage, 471-472
drug delivery, 481-482
drug effects on, 476
dynanrics, 471-472
ependymal wall, 472
exchange, 472-473

Cerebrospinal fluid (CSP), 468-470
arninopeptidases, 477
angiotensin-converting enzyme, 477
brain-CSF drainage, 472
carboxypeptidase M, 477

Index

Cerebrospinal fluid (Cont.)

choroid plexus, 470
CSF-brain flux, 472-473
drainage, 470
drug delivery, 481-482
drug effects on, 476
dynanrics, 469-470
ependymal wall, 472
exchange, 472-473
maturation, 475-476
peptidases, 476-477
pressure, 470, 472-473
turnover, 470
volume, 468

Choroid plexus
arninopeptidases, 477
angiotensin-converting enzyme, 477
barrier, 270
carboxypeptidase M, 477
cerebrospinal fluid (CSP), 470
cerebral interstitial fluid (ISF), 471
ectopeptidases, 39
intracellular routes, 281
peptidases, 477
receptors, 478
secretion, 478-479
synthesis, 478-479
transcytosis, 88, 275, 282-287

Constitutive endocytosis, 75
hepatic, 362-363
See also Membrane trafficking
Corneocyte: see specific epithelia type,

Keratinocyte

Delivery systems
absorption enhancers, 16, 141-144, 151-153,
165-168, 188, 202-205, 218-221

bioadhesives, 148-151
blood-brain barrier, 275-282
cell/tissue transplants, 290, 480
hydrogels, 193-194
iontophoresis, 188-190
lipoproteins, 377, 384
liposomes, 383-384
DlliCromolecwecarriers,73-74,92-93,383-392
micelles, 152, 202, 205, 207-208
nerve growth factor, 480
phonophoresis, 191
polyethylene glycol, 187, 383,429
polylysine, 59, 385, 388-389, 391
polymers, 148-149, 191-192
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Delivery systems (Cont.)
prodrug, 462
subcutaneous, 191-192
transdermal, 182-191
transmembrane, 73

Dennal epithelia, 179-195
absorption mechanisms, 180-183
aminopeptidases, 184
anatomy, 180-182
carboxypeptidases, 184
cell types, 180-182
dipeptidases, 184
endopeptidases, 184
exopeptidases, 184
histology, 180-182
iontophoresis, 188-191
implants, 191-192
insulin delivery, 186-187, 189-195
invasive delivery, 191-192
keratinization, 180-182
leuprolide absorption, 189
metabolism, 183-184
microbial barrier, 185
paracellular diffusion, 182-183
penetration enhancers, 188
penneability enhancement, 185-194
phonophoresis, 191
protease inhibitors, 186-187
stratum corneum barrier, 184-185, 192-193
transcellular diffusion, 182-183
transappendageal diffusion, 183
turnover, 180

Dipeptidases
antibiotics, 41
beta-Iactarnase, 41
dennal epithelia, 184
membrane, 25, 32, 41
N-acetylated-o:-linked acidic dipeptidase, 25, 32
physiological function, 41
tissue distribution, 33-36

Dipeptidyl peptidases
dipeptidyl peptidase IV, 25, 29
tissue distribution, 33-36

Ectopeptidases
characterization with inhibitors, 36-39
choroid plexus, 39
inhibitors, 36-39
in vitro vs. in vivo, 36
membrane anchorage, 24
physiological functions, 39-42
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Ectopeptidases (Cont.)
properties, 25-36
tissue distribution, 33-36
See also specific peptidases
Endopeptidases
buccal epithelia, 136
dennal epithelia, 184
endopeptidase-24.Il, 25-27
endopeptidase-2, 25, 27
hepatic, 345-346
physiological function, 39-40
renal, 325
tissue distribution, 33-36

Endosome
antigen presentation, 64
acidification, 53-54
blood-brain barrier, 271-273, 281-289
cathepsins, 56-58, 63-64, 83, 387
characteristics, 52-53
cytoskeleton, 79-81, 113
disulfide bond reduction, 58-59
endothelia, 233, 271-273, 281-289
gastrointestinal epithelia, 110-117
glycosidases, 60-61
hepatic, 362-378, 388-389
hydrolase distribution, 55-56
hydrolases, 51-64
ligand processing, 63-64
lipases, 62-63
location, 53
membrane penneability, 59-60, 72-74, 92-
93
membrane recycling, 85-88
membrane translocation, 92-93
membranous cells (M cells), 118-121
models, 55
phosphatases, 62
pH regulation, 54-55
proteases, 56-58, 63-64, 83, III
renal, 317-326
respiratory epithelia, 170-172
sorting, 81-85
sulfatases, 61
See also Membrane trafficking, Lysosome
Endothelia
adsorptive endocytosis, 271-273, 282-286
albumin absorption, 238, 240-252, 257-259
anatomy, 232-234
angiotensin-converting enzyme, 25, 29-31,
37,39,40-41,477

calcium, 252-254
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Endothelia (Cont.)
cAMP, 253-254, 257
cmegories, 232, 443-446
cytoskeleton, 251-256
endosome, 271-273, 281-289
extracellular mmnx, 256-257
F-actin, 251-253, 257
fluid-phase endocytosis, 271-273, 281-282
Golgi complex, 271-273, 281-289
hepmic, 343, 362-378, 384
horseradish peroxidase (HRP), 269, 271-273,
281-286
hydraulic conductivity, 257-259, 443-446, 453
insulin, 286-287
intercellular junctions, 233, 237, 273-274,
443-446
interstitial pressure, 446-449
in vitro, 234-238
lysosome, 271-273, 281-289
permeability and molecular charge, 240-244
permeability and molecular size, 238-240,
257-259
permeability and tissue differences, 244-245
permeability enhancement, 250-257
phagocytosis, 274
pores, 238-240, 443-446
protein kinase C, 253-256
receptor-medimed endocytosis, 246-250, 271-
273, 286-289
renal, 305-312
Starling's Law, 233-234, 443
tight junctions, 273-274
thrombin, 250-251
transcytosis, 246-250, 289
transferrin, 286-288
transport routes, 232-234, 443-446
See also Blood-brain barrier
Enkephalins
dermal absorption, 187
metabolism, 26-31, 39-40, 187,210,216
rectal absorption, 203, 210
vaginal absorption, 216
Enterocyte: see Gastrointestinal epithelia
Epidermal growth factor (EGP)
cytoskeletal effects, 80
hepatic clearance, 362-366
receptor-medimed endocytosis, 75
recycling, 83
transcytosis, 116
Epithelia: see specific tissue types
Exopeptidases, dermal epithelia, 184

Index

Facilitated diffusion, hepmic, 346-348
Fluid phase endocytosis, 74
blood-brain barrier, 271-273, 281-282
endothelia, 271-273, 281-282
gastrointestinal epithelia, 111-ll2
horseradish peroxidase (HRP), 271-273
See also Membrane trafficking

Ganuna-glutamyl transpeptidase: see Omega
peptidaSes

Gastrointestinal epithelia, 107-121
adult, 116-117
adsorptive endocytosis, 118-119
antigen processing, 114-11S, 118-121
Caco-2 cells, 85, 109, 111-1l3, 117
cytoskeleton, 113
endocytic uptake, 110-117
endosomes, 110-117
epidermal growth factor (EGp), 182
fetal, 1lS-116
fluid-phase endocytosis, 111-112
glycocalyx, 114
HT29 cells, 109, Ill, 117
intercellular junctions, 109, 114
intrinsic factor, 115
in vitro models, 109
Iysosomes, 110-117
membranous cells (M cells), 118-121
microtubules, 113
microorganism adherence, 119-120
microvilli, 114-11S
polarity, 109
receptor-mediated endocytosis, 111-113, 115-
117

T84 cells, 109, 117
tight junctions, 114
transcytosis, 88, 110-117
vacuolated, 115-116
Gene targeting, 390-392
Glycosidases, 60-61; see also Endosome,
Lysosome

Glycosylmion, 29, 362, 366, 370, 378-383,
427-428

Hepmocyte, 343-344; see also Hepatic
elimination

Hepatic clearance, 339-392
active transport, 348-349
antineoplastics, 389-390
antitoxicants, 389-390
antivirals, 388-389
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Hepatic clearance (Cont.)
bile acid carriers, 353-362
biopharrnaceutical factors, 378-383
carbohydrate receptors, 371-383, 386-388
cathepsin, 387
cell types, 343-344
conjugation, 378-383, 386-388, 391
constitutive endocytosis, 362-363
endocytosis, 362-378
endothelia, 343, 362-378, 384
endopeptidases, 345-346
endosomes, 362-378, 388-389
epidennal growth factor (EGF), 362-366
exopeptidases, 346
facilitated diffusion, 346-348
gene targeting, 390-392
Golgi complex, 344, 362-378
glycosylation, 362, 366, 370, 378-383
hepatocyte, 343-344, 362-378, 384, 390-392
high-density lipoprotein (HDL), 377-378
immunoglobulins, 366-369
immunogenicity, 378-389
insulin, 362-366
Kupffer cells, 343-344, 362-378, 384
liver organization, 340-342
liver structure, 342-343
low-density lipoprotein (LDL), 362-366, 377­
378
Iysosomes, 345-346, 362-378, 386-389,
390-392
membrane recycling, 362-378
molecular charge, 369-371
neuroarninidase, 372
nonspecific carriers, 349-351
oligopeptide carriers, 351-353
opsonins, 366-368, 375, 378-383, 386
peptide carriers, 352-363, 384-386
phagocytosis, 362-363, 366-368
physicochemical factors, 378-383
physiological factors, 378-383
protein synthesis, 344
receptor-mediated endocytosis, 346, 362-378,
379-383, 390-392
receptors, 365
targeting, 384-386, 388-392
transcytosis, 362-378, 390-392
transferrin, 362-366
ubiquitin, 345

Horseradish peroxidase (HRP)
adsorptive endocytosis, 271-273, 282-286
antibody conjugates, 79, 85-88
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Horseradish peroxidase (HRP) (Cont.)
blood-brain barrier absorption, 269, 271-273,
281-286

fluid-phase endocytosis, 271-273, 281-282
recycling, 85-88, 91
respiratory epithelial absorption, 166, 170
transcytosis, 88-90, 289

Immunogenicity, 409-430
aggregation, 419-420, 428-429
alpha-helix, 428
amino acid sequence, 427-428
antibodies, 410-411, 426-427
antigen-specific antibody, 412-413
antitoxin serum, 415-416
assays, 412-415
B cells, 410-411
cathepsins, 64
causes, 419-420
cell types, 410-412
deamidation, 419
denaturation, 419-420, 428-429
diabetes, 420-421
endosomal pathway, 64
factor vm, 421-422
gastrointestinal tract, 114-11S, 118-121
glycosylation, 427-428
hepatic role, 378-389
immune system, 410-412
immunogen, 410
immunoglobulins, 366-369, 410-413, 415-416
immunotoxins, 72-74, 92-93, 426-427
impurities, 419, 428-429
insulin, 416-420
interferons, 422-425
interleukin-2, 422-423, 425-426
local, 416-417
Iymphokines, 422-426
Iysosomes, 415
membranous cells (M cells), 118-121
monoclonal antibody, 426-427
neutralizing antibody, 413-414
oligomers, 419
pH,419
phagocytosis, 415
polyethylene glycol, 429
polymerization, 419
predicting, 427-429
proline, 428
receptor-mediated endocytosis, 417
secondary structure, 428
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Immunogenicity (Cont.)
solubility, 419
systemic, 417-419
T cells, 64, 411-412, 414-415
vagina, 214

Immunotoxins,72-74,92-93,383,426-427,441
Insulin
blood-brain barrier absorption, 286-287
cytoskeletal effects, 79
dennal absorption, 186-187, 189-195
hepatic clearance, 362-366
immunogenicity, 414, 416-420
intraoral absorption, 141
metabolism, 26-27, 58, 210, 216
receptor-mediated endocytosis, 74, 286-287
rectal absorption, 200, 202-204, 210
renal elimination, 299-305, 312-314, 319-322
respiratory epithelial absorption, 166, 216
vaginal absorption, 215-216, 218-221

Interferons
immunogenicity, 422-425

Interieukin-2
immunogenicity, 422-423, 425-426

Interstitial transport
binding, 451-452, 456-459
blood flow rate, 453
convection, 449-451
diffusion, 446-449
diffusion coefficients, 454-455
distance, 446-450
drug delivery implications, 460-462
enhancement, 460-462
hydraulic conductivity, 443-446, 453
hyperthermia, 461
lymphatics, 453-454
metabolism, 456-458
molecular size, 446-449, 458-459, 460-462
necrosis, 454
osmolality, 460
penneability coefficients, 455-456
pressure, 446-449, 452-454
problems, 460
prodrug, 461-462
rate,449
surface area, 453
tumor, 452-454
tumor drug delivery, 459-460
tumor size, 454

Intraoral epithelia, 131-155
absorption mechanisms, 144-148
anatomy, 132

Index

Intraoral epithelia (Cont.)
basal lamina, 134-135
bioadhesion polymers, 148-151
blood perfusion, 135
buccal, 132-136
desmosomes, 134
dosage fonns, 148-151
enhancement, 148-153
endocytic uptake, 145
extracellular matrix, 135
histology, 132-136
insulin delivery, 141
intercellular junctions, 134
in vitro models, 140
in vivo models, 137-140
keratinization, 132-136
lamina propria, 134-135
lipids, 135-136
mucus, 136-137
paracellular pathway, 145-148
passive diffusion, 145-148
patches, 148-151
peptidases, 136
peptide absorption, 140-144
protein absorption, 140-144
saliva composition, 136-137
salivary glands, 136-137
surface area, 132
tight junctions, 134

Keratinocyte
intraoral, 132-136
dennal, 180-182
vaginal, 211-214
See also specific epithelia
Kidney epithelium
MOCK, 85-89, 108-115, 117, 320
See also Renal elimination
Kupffer cells, 343-344; see also Hepatic
elimination

Leuprolide
dennal absorption, 189
intraoral absorption, 132, 141-142
vaginal absorption, 215, 218-221
renal elimination, 313

Lipases, 62-63; see also Endosome, Lysosome
Low-density liprotein (LDL)
hepatic clearance, 362-366, 377-378
receptor-mediated endocytosis, 74-77
recycling, 83, 85-88
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Lymphatics
protein absorption, 207-209
tumors, 453-454
Lymphokines
immunogenicity, 422-426
Lysosome
antigen presentation, 64
acidification, 53-54
acid phosphatase, 62
blood-brain barrier, 271-273, 281-290
cathepsins, 56-58, 63-64, 387
characteristics, 53
disulfide bond reduction, 58-59
endothelia, 271-273, 281-290
galactosidase, 60
gastrointestinal epithelia, 110-117
glucocerebrosidase, 60
glycosidases, 60-61
hepatic,345-346,362-378,386-389,390-392
hydrolase distribution, 55-56
hydrolases, 51-64
iduronidase, 61
ligand processing, 63-64
lipases, 62-63
mannose-6-phosphate, 51-53
mannosidase, 61
membrane recycling, 85-88
membrane translocation, 92-93
models, 55
phosphatases, 62
pH regulation, 54-55
proteases, 56-58
renal, 317-326
respiratory epithelia, 170-172
sulfatases, 61
transport to, 83-85
See also Membrane trafficking, Endosome

Mannose-6-phosphate, 51-53, 76, 84, 91, 117,
273,375

Membrane recycling, 85-88
blood-brain barrier, 271-273, 281-290
endothelia, 271-273, 281-290
hepatic, 362-378
gastrointestinal epithelia, 110-113
respiratory epithelia, 170-172
See also membrane trafficking
Membrane trafficking
adult enterocyte, 116-117
adsorptive endocytosis, 74, 118-119, 171-172,
271-273, 312-327, 362-378
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Membrane trafficking (Cont.)
blood-brain barrier, 271-273, 281-290
coated pits, 74-81
constitutive endocytosis, 75, 362-363
cytoplasmic access, 71-74
cytoskeleton, 9-12, 79-81, 113, 250-251
endocytic uptake, 74-81
endothelia, 233, 246-250, 271-273, 281-290
fetal enterocyte, 115-116
fluid-phase endocytosis, 74, 271-273, 281-
282
hepatocyte, 362-392
intraceIlular sorting, 81-92
intraoral epithelia, 145
maturation model, 83
membrane translocation, 92-93
membranous ceIls (M ceIls), 118-121
phagocytosis, 74, 164, 173, 274, 362-363,
366-368, 415

pinocytosis, 74, 271-273, 281-282
polarized epithelia, 88-91
receptor-mediated endocytosis, 74, 111-113,
115-117, 170-171,246-250,271-273,
286-289, 320-326, 346, 362-378, 379­
383, 390-392, 417

recycling, 85-88, 110-113, 170-172, 281­
290, 362-392

respiratory epithelia, 170-172
transcytosis, 88-91, 110-117, 170-172, 246­
250, 311-312, 318, 362-378, 390-392

trans-Golgi network (TGN), 91-93, lll, 271-
273, 281-289, 344, 362-378
vacuolated enterocyte, 115-116
vesicle shuttle model, 83
See also Endosome, Lysosome

Nasal epithelia: see Respiratory epithelia
Neuraminidase, 372

Oligopeptide carriers, 351-353
Omega peptidases
garnma-glutamyl transpeptidase, 25, 32-33
glutathione, 41-42
pyroglutamyl peptidase n, 25, 33
physiological function, 41-42
tissue distribution, 33-36

Opsonins, 366-368, 378-383, 386

ParaceIlular pathway
blood-brain barrier, 271-273
dermal epithelia, 182-183
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Paracellular pathway (Com.)
endothelia, 233, 238, 271-273
intraoral epithelium, 145-148
physiology, 10-12
rectal epithelia, 205-207
respiratory epithelia, 161, 164-168
structure, 5-10, 15
translocation forces, 10
Passive diffusion
dermal epithelia, 182-183
intraoral epithelial, 145-148
interstitial transport, 446-449
transmembrane, 145, 205-206, 360-361,
379-380
rectal epithelial, 205-207
Peptidases: see Ectopeptidases, specific
peptidases

Peptidyl dipeptidases
angiotensin-converting enzyme, 25, 29-31,
37,39,40-41,477
cerebrospinal fluid (eSF), 477
choroid plexus, 477
physiological function, 40-41
tissue distribution, 33-36
Phagocytosis, 74; see also Membrane trafficking
Phosphatases, 62; see also Endosome, Lysosome
Pinocytosis, 74; see also fluid-phase
endocytosis, Membrane trafficking

Receptor-mediated endocytosis, 74; see also
Membrane trafficking
albumin, 170
blood-brain barrier, 271-273
endothelia, 246-250, 271-273
epidermal growth factor (EGF), 75
hepatic, 346, 362-378, 379-383, 390-392
insulin, 74
gastrointestinal epithelia, 111-1l3, 115-117
low-density lipoprotein (LDL), 74-77
renal, 320-326
respiratory epithelia, 170-171
transferrin, 74-77
Rectal epithelia, 200-211
absorption, 201-207
absorption promoters, 202-205
aminopeptidases, 209-210
anatomy, 200-201
cell types, 200-201
enkephalin absorption, 203, 210
insulin absorption, 200,202-204, 210
lymphatic transport, 207-209

Index

Rectal epithelia (Com.)
paracellular pathway, 205-207
peptidases, 209-210
transcellular diffusion, 205-207
surface area, 200
Renal elimination, 299-329
adsorptive endocytosis, 312-320, 326-327
albumin, 299-305, 308, 318-319
angiotensin, 299-305, 312-313, 325-326
apical tubular cell uptake, 312-318
basolateral tubular cell uptake, 318-320
bradykinin, 299-305
disease state, 327-329
endosomes, 317-326
endopeptidases, 325
endothelia, 305-312
glomerular filtration, 305-310
in vitro study methods, 305
in vivo study methods, 302-305
insulin, 299-305, 312-314, 319-322
leuprolide, 313
Iysosomes, 317-326
metabolism, 313, 317-320
molecular charge, 305-308, 311, 316
molecular size, 308-310, 316-317
peptidases, 318-319
peritubular barrier, 310-312
protein elimination pathways, 299-302
receptor-mediated endocytosis, 320-326, 417
sieving coefficients, 303
transcytosis, 311-312, 318
Respiratory epithelia, 161-174
adsorptive endocytosis, 171-172
airway region, 162-163
alveolar region, 163-164
amino acid transport, 172, 182
cell types, 162-164
endosomes, 170-172
gap junctions, 162
glycocalyx, 162-164, 170-172
histology, 162-164
horseradish peroxidase absorption, 166
immunoglobulin absorption, 170-171
insulin absorption, 167
lysosome, 170-172
macrophages, 163-164, 173
morphology, 162-164
mucin glands, 162-164
paracellular pathway, 161, 164-168
permeability regulation, 165-168
phagocytosis, 164, 173
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Respiratory epithelia (Cont.)
pneumocyte types I-III, 163-164
receptor-mediated endocytosis, 170-171
recycling, 171
sodium-dependent cotransport, 172
surface area, 163
transcellular pathway, 161, 168-170
tight junctions, 162
transcytosis, 170-172

Sublingual epithelia: see Intraoral epithelia
Sulfatases, 61; see also Endosome, Lysosome

Tight junction
actin, 9-12
blood-brain barrier, 273-274, 290
buccal epithelium, 134
calcium dependence, 12-14, 151, 220, 252-
254

cell polarity, 13
cytoskeleton, 9-12, 251-252
endothelia, 233, 236-237, 273-274, 290
gastrointestinal epithelia, 109, 114, 134
intracellular regulation, 12
markers, 3-10
microfilaments, 9-12
microtubules, 9-12
permeability, 6-7, 9, 11, 134, 145-147, 164-
165, 238-240

radius, 3-10
resistance, 3-10
respiratory epithelia, 162-164
structure, 3-10
vaginal epithelium, 218-220

1ranscytosis
albumin, 238, 240-250
blood-brain barrier, 271-273, 289
choroid plexus, 88, 275, 282-287
endothelia, 246-250, 271-273, 289
epidermal growth factor (EGF), 116
gastrointestinal epithelia, 88, 110-117, 170
hepatic, 362-378, 390-392

495

1ranscytosis (Cont.)

horseradish peroxidase (HRP), 88-90, 289
immunoglobulins, 88-89, 112-113, 115, 170
MOCK, 85-89, 117
membranous cells (M cells), 118-121
polarized epithelia, 88-91
renal, 311-312, 318
respiratory epithelia, 170-172
See also Membrane trafficking

1ransferrin
blood-brain barrier absorption, 286-288
hepatic clearance, 362-366
receptor-mediated endocytosis, 74-77, 286-
288

recycling, 88
trans-Golgi network (TGN), 91-93
blood-brain barrier, 271-273, 281-290
endothelia, 271-273, 281-290
hepatic, 344, 362-378
gastrointestinal epithelia, 113
See also Membrane trafficking

Vaginal epithelia, 211-221
absorption, 214-216
absorption and menstrual cycle, 216-218
absorption promoters, 218-221
adhesion proteins, 218-221
anatomy, 211-214
cell types, 211-214
desmosomes, 213, 218-220
enkephalins, 216
hormone regulation, 211-212
immunogenicity, 214
insulin, 215-216, 218-221
intercellular junctions, 218-221
keratinization, 211-214
leuprolide absorption, 215, 218-221
menopause, 213
pH,213
thickness, 211-214
tight junctions, 218-220
turnover, 211-214




