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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 of administration 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 of highly pure proteins, polysaccharides, and lipids
for possible pharmaceutical applications. Like peptides and antisense mole-
cules, the design of successful 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 series will 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 of successful dosage forms
for the next generation of drugs will require not only a high level of expertise
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 of phar-
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 VIII, 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 VIII, and hepatitis B vaccine. In 1988, it was estimated that over 250
companies worldwide were developing nearly 100 recombinant proteins! as human
and veterinary products. Today, there are 132 biotechnology-based drugs and vac-
cines in development with 21 of these awaiting FDA approval?; 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
1Copsey, D. N., and Delnatte, S. Y. J., Genetically Engineered Human Therapeutic Drugs,

Stockton, New York, 1988.
2Pharm. Manufact. Assn., Products in the Pipeline, Bio/Technology 9:947-949, 1991.
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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. Aupus
THoMASs J. RauB
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Chapter 1

The Paracellular Pathway

A Small Version of the Kidney Nephron

Marcelino Cereijido, Octavio Ruiz, Lorenza
Gonzadlez-Mariscal, Rubén Gerardo Contreras,
Maria Susana Balda, and M. R. Garcia-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 of epithelia, 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 of the 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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cine, School of Medicine, Yale University, New Haven, Connecticut 06520.

Biological Barriers to Protein Delivery, edited by Kenneth L. Audus and Thomas J. Raub. Plenum Press,
New York, 1993.
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Figure 1. (Clockwise) Schematic representations of an epithelium. Six epithelial cells form tight
junctions that severely restrict the escape of substances from the lumen (LUM.). Two adjacent epithelial
cells form tight junctions, adherent junctions (I.].), desmosomes (D), and gap junctions (G.].). Lateralside
of an epithelial cell: while the filaments of the tight junctions form a continuous belt that completely
surrounds the cells at the apical/basolateral 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 {}-cm? (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 of freeze-fracture replicas, the TJ appears as a



6 Marcelino Cereijido et al.

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



The Paracellular Pathway 7

A

|
-lIh-DD--(I]--DLD—
-]P-ED--DLD- -]l[_-

B
e i e
e | o | o ]| o | s
c

[

[ J—

Figure2. (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 of 0.5, the conductance of a TJ with two strands is one-half that of a TJ 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, a TJ 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 {2/cm2, 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 al. (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 Tg, 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 al., 1989;
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Figure 3. Relative junctional resistance offered by a TJ, as a function of the number of strands. Curves
have one, two, and eight channels per compartment, respectively, with an open probability of 0.5.
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Figure 5. An epithelium may have a much higher paracellular permeability 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 al., 1989a). Furthermore, the TER value in a given monolayer of MDCK
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 al., 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-ATTACHING 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 al., 1987; Gonzalez-Mariscal et al., 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 al., 1985), though it
might also be found in other positions along the lateral surface of the cells (Wang
et al., 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 of epithelial 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 PHYSIOLOGY OF THE PARACELLULAR 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 of Na* 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 MclIntosh, 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 TJ. Even under the blockade of Nat/glucose cotransporters elicited by
phlorizin, the effects on the TJ and paracellular permeability may be elicited by the
activation of other cotransporters, 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 a meal; 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 TJ. 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 250 mM 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 (1) 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 (Gonzilez-Mariscal et al., 1985) and opens already
sealed TJs (Meza et al., 1980). Electrical studies by Meza et al. (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 pM it increases the TER, but at higher concentrations it
has an opposite effect (Bentzel et al., 1980). Cytochalasin D increases the paracel-
lular flux of small inert hydrophilic solutes in the intestine (Madara et al., 1986). It
also decreases the TER in monolayers of Ty, cells. Phalloidin, another actin-affecting
drug, produces a rearrangement of hepatocyte TJs and increases permeation to La3+
(Elias et al., 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 of cAMP (see Bentzel ez 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.

5. INTRACELLULAR STRUCTURES AND CHEMICAL SIGNALS THAT
CONTROL THE ASSEMBLY AND SEALING OF THE TIGHT
JUNCTION, AND THAT REGULATE PERMEATION THROUGH
THE PARACELLULAR 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 apical/basolateral 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 Ca2t is kept at a low concentration (below 50 nM). 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 (Gonzdlez-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 ef 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-1, a 210-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
etal., 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/basolateral limit (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 Hammerton, 1989; Nelson et al., 1990),
it cannot sort membrane components. There is now ample evidence that polarity
may be achieved in the absence of TJs, 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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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
Ca?* 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 PIP, into IP, and DAG. IP; mobilizes Ca2* from an internal reservoir (IR), IP,
decreases Ca?* 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 of calmodulin (CaM). (C) Activation of CaM 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 of junctions 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.)



The Paracellular Pathway 15

PARACELLULAR
PATHWAY

Figure 6. (Continued)

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: (1) they form
TJs that confer to the layer of cells 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: (1) 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 al., 1980; Balda,
1991; Balda et al., 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 of mammalian cell types are rich in a group of enzymes
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. 1a). 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. 1b) (see Cross, 1990; Turner and Hooper, 1990). Regardiess 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 ef al., 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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Figurel. Membrane topology of ectopeptidases. The two modes of membrane anchorage of mammalian
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 (®) 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-terminal
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 of metabolizing 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 1
Properties of the Ectopeptidases Described in This Chapter
Subunit cDNA
size Active  sequence
Class Enzyme (kDa) Specificity site available
Endopeptidases Endopeptidase-24.11 90 -0-0-8-0-0- Zn2+ Yes
EC 3.4.24.11 (hydrophobic)
I
Endopeptidase-2 100 -0-0-@-0-0- Zn2+ —
(aromatic)
Aminopeptidases Aminopeptidase N 160 -0-0-0- Zn2+ Yes
EC3.4.11.2 (nonspecific)
Aminopeptidase A 170 0-0-0-0- 2Ca2+ Yes
EC 3.4.11.7 (Glu/Asp)
Aminopeptidase P 90 0-8-0-0 Zn2+ -
EC 3.4.11.9 (Pro)
Aminopeptidase W 130 0-8-0-0 Zn2+ —
EC 3.4.11.16 (Trp)
Carboxypeptidases  Carboxypeptidase M 62 -0-0-0-® Zn2+ Yes
EC 3.4.17.- (Arg/Lys)
Carboxypeptidase P 135 -0-0-@-0 Zn2* —
EC 3.4.17.- (Pro, Ala, Gly)
Dipeptidyl Dipeptidyl peptidase IV 110 0-8-0-0- Ser Yes
peptidase EC 3.4.14.5 (Pro, Ala)
Peptidyl Angiotensin-converting 175 -0-0-0-0
dipeptidase enzyme 100 (nonspecific) Zo+ Yes
EC 3.4.15.1
|
Dipeptidases Membrane dipeptidase 59 oo Zn2t Yes
EC 3.4.13.11 (nonspecific)
|
N-Acetylated-a-linked 94 o-e Me2+ —
acidic dipeptidase (acidic)
Omega peptidases  -y-Glutamyltranspeptidase 50, 30 0-0-0-0- —_ Yes
EC2.3.2.2 (y-Glu)
!
Pyroglutamy! peptidase II 230 Glp-His-ProNH, = Me2+ —

EC 3.4.19.—
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2. PROPERTIES OF MAMMALIAN ECTOPEPTIDASES

2.1. Endopeptidases

2.1.1. ENDOPEPTIDASE-24.11

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-24.11«
kcat/Km kcat/ K, m
Peptide (min—1pM-1) Peptide (min~1pM-1)
Substance P (deamidated) 203 Atrial natriuretic peptide —
Neurokinin A 191 Brain natriuretic peptide —
Substance P 159 Dynorphin 1-13 —
[Met5]-enkephalin-Arg6-Phe? 117 B-Endorphin —
Physalaemin 70 v-Endorphin —
Bradykinin 69 [Leus]-enkephalin-Argé —
Chemotactic peptide 62 [Met]-enkephalin-Args-Gly’-Leus —
Endothelin-1 57 FMRF amide —
[Met5]-enkephalin-Argé 54 Gastrin —
[Leus]-enkephalin 44 Gastrin releasing peptide —
[Met5]-enkephalin 42 Insulin B chain —_—
Cholecystokinin-8 29 Interleukin 18 —_
Dynorphin 1-9 24 B-Lipotropin 61-69 —
Endothelin-2 21 a-Neoendorphin —
Neurotensin 16 -Neoendorphin —
Endothelin-3 6 Neurokinin B —
[Leus]-enkephalinamide 2 Oxytocin —
Luliberin (LH-RH) 1 Safratoxin-b —_
Angiotensin I — Somatostatin —
Angiotensin IT — Vasoactive intestinal polypeptide —

Angiotensin IIT —

aData from Turner 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 a marked influence on the rates of hydrolysis of substrates. Endopeptidase-24.11
can hydrolyze a wide range of natural peptides (Table II), 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 ez 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, [Met’]-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 ez al., 1989) enzymes have been sequenced and display a high
degree of similarity. Interestingly, there is also considerable homology with the soluble
aminopeptidase N from E. 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, Tyr, 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-terminal Tyr residue from the enkephalins
(Matsas et al., 1985), and the enzyme may also play a 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-1/6C3 antigen
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revealed that it was a member of the zinc metallopeptidase family (Wu ez al., 1990)
and it was subsequently shown to possess aminopeptidase A activity (Wu ez al., 1991)
(see Section 6). This peptidase is unusual compared with the other metallopepti-
dases in possibly containing one atom of calcium 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 III.

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 Turner,
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
play a 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-Argé, and [LeuS]-enkephalin-Argé (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 III 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 e? al.,
1991), except in the testis where there is a distinct mRNA which encodes a smaller
protein (100 kDa) (Lattion e? 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 Enzyme«
kcat/Km
Peptide structure Cleavage product Examples (min~!pM-1)
Free C-terminus C-terminal dipeptide Angiotensin I 125
Bradykinin 1250
-V-WL-X-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
[Met5]-enkephalin-Arg-Phe 3.5
[Met5]-enkephalin-Arg-Gly-Leu —
{-Neoendorphin —
Neurotensin 24
Substance P (deamidated) 637
C-terminal tripeptide Angiotensin II —
des-Arg?-bradykinin —
-V-W-X-Y
when X = Pro or Trp
Amidated C-terminal dipeptide amide =~ Substance P 9
C-terminus [Leus]-enkephalinamide —
{Met5]-enkephalinamide —
| Cholecystokinin-8 0.3
-V-W-X-YNH,
{Leu!s]-gastrin-11-17 0.3
C-terminal tripeptide amide  Substance P 9
Luliberin (LH-RH) 1.3
-V-W-X-YNH,
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

Membrane dipeptidase (renal dipeptidase; microsomal dipeptidase; dehydro-
peptidase I) was the first ectopeptidase identified as possessing a glycosyl-
phosphatidylinositol membrane anchor (Hooper et al., 1987b; Littlewood et al.,
1989; Hooper and Turner, 1989). Recently, the cDNA sequences for both the human
(Adachi et al., 1990) and pig (Rached et al., 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 al., 1990b). 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 al., 1989a).
Membrane dipeptidase hydrolyzes dipeptides including those with a C-terminal
p-amino acid (Campbell, 1970). The enzyme may also play a role in the metabolism
of leukotriene D, (Kozak and Tate, 1982) and 3-lactam antibiotics such as imipenem
(Kropp et al., 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 al., 1986). The peptidase has recently been purified
from rat brain synaptosomal membranes and located by immunocytochemistry in
cerebellum, kidney, and testis (Slusher et al., 1990). N-Acetylated-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 al.,
1990).

2.7. Omega Peptidases

2.7.1. yv-GLUTAMYL TRANSPEPTIDASE

v-Glutamyl transpeptidase is unusual in existing in the membrane as a glycosy-
lated heterodimer (Table I). The cDNA sequences for the enzymes from human
(Rajpert-De Meyts et al., 1988), pig (Papandrilkopoulou et al., 1989), and rat
(Laperche et al., 1986) have been elucidated and show a high degree of similarity.
Recently, an alternatively processed mRNA for y-glutamyl transpeptidase has been
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isolated which may account for the inactive form of the enzyme identified in human
tissues (Pawlak et al., 1990). y-Glutamyl transpeptidase cleaves y-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 I

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). Pyroglutamy] 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 ez 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 ez 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, CSE 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 al., 1981; Hooper et al., 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 al., 1984; Johnson et al., 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. CONCERTED ACTION OF ECTOPEPTIDASES

From the preceding section it is apparent that most cell types contain a large
complement of ectopeptidases, 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 Ectopeptidasess
Recommended
K; Isy concentration
Peptidase Inhibitor (nM) (1M) (1LM) Ref b
Endopeptidase-24.11 Phosphoramidon 2 0.013 1 1
Thiorphan 4.7 0.013 1 2
Retrothiorphan 6.0 — 1 3
Kelatorphan 14 0.002 1 4
Aminopeptidase N Actinonin — 1 100 5
Amastatin 19 0.05 1a 6
Bestatin 4100 3.03 100 6
Kelatorphan 7000 0.71 100 4
Aminopeptidase A Amastatin 250 — 10 7
Aminopeptidase P Enalaprilat — 2.17 100 8
L155, 212 — 0.33 10 8
Ramiprilat — 12.0 100 8
Aminopeptidase W Amastatin — 2 1004 9
Bestatin — 6 1004 9
Carboxypeptidase M MGTA — 0.3 10 10
GEMSA — — 100 10
Dipeptidyl peptidase Di-isopropy! fluoro- —_ 10 1002 11
v phosphate
Diprotin A — 3.2 100 12
N-Ala-Pro-o-(4-nitro- — — — 13
benzoy!) hydroxylamine
Angiotensin-converting  Captopril 1.7 0.021 1 14
enzyme Enalaprilat 0.2 0.003 1 15
Lisinopril 0.1 0.011 1 15
L155, 212 — 0.003 1 15
Membrane dipeptidase  Cilastatin 700 0.11 10 16
N-Acetylated-a-linked-  Quisqualate — 0.48 100 17
acidic dipeptidase
y-Glutamyl AT-125 0.6 mM — — 18
transpeptidase

aPreincubation (30—60 min) required for maximal inhibition. No specific inhibitors of endopeptidase-2, carboxypeptidase
P, or pyroglutamyl peptidase II have yet been identified.
bReferences: 1, Kenny (1977); 2, Fulcher et al. (1982); 3, Roques et al. (1983); 4, Fournie-Zaluski et al. (1985); 5,
Takeuchi (1985); 6, Rich et al. (1984); 7, Aoyagi et al. (1978); 8, Hooper and Turner (unpublished data); 9, Gee and
Kenny (1987); 10, Skidgel ez al. (1989); 11, Kenny et al. (1976); 12, Umezawa et al. (1984); 13, Demuth et al. (1989); 14,
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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 K values, similar incubations were performed with 20 nM [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 phosphoramidon, 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 K|
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.

5. 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 CSE 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 [Met3]-
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
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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 any one peptide is likely to be metabolized by more than
one peptidase.

The second wave of interest in endopeptidase-24.11 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 er 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 1. 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 III), 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 B-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 al., 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 al., 1983). Thus, membrane
dipeptidase appears to play a physiological role in metabolizing B-lactam compounds
(Campbell et al., 1984) and is the first example of a mammalian -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 al., 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 in metabolizing 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 of enzymes suffices 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 al., 1988; Jongeneel et al., 1989b; Shipp et al., 1989);
(2) aminopeptidase N is identical with CD13 (Look et al., 1989), (3) aminopeptidase
A is identical with the murine B-lymphocyte differentiation antigen BP-1/6C3 (Wu
etal., 1991); and (4) dipeptidyl peptidase IV is identical with CD26 or gp110 (Ogata
et al., 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 ez al., 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 of known 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 al.,
1986). Two temporally related types of endosomes have been detected using cell
fractionation methods (Galloway et al., 1983; Murphy, 1985; Schmid e? al., 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 of MPR or lysosomal membrane glycoproteins
(LGPs; see below). It does, however, contain cathepsin D (Diment and Stahl, 1985;
Geuze et al., 1985), cathepsin B (Roederer ef al., 1987; Harding et al., 1990), and
acid phosphatase (Storrie et al., 1984; Braun et al., 1989; Bowser and Murphy, 1990)
activities.

Based on in vitro assays involving horseradish peroxidase-induced density shifts
(Ajioka and Kaplan,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 play a role in protecting the lysosomal membrane from
degradation; see Kornfeld and Mellman (1989)]. Most pre-1985 models of lysosome
biogenesis postulated that intravesicular hydrolases were delivered directly to lyso-
somes after being sorted in the trans-Golgi network. However, Griffiths ef al. (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-lysosome 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 of MPR/ligand entry into the pathway. They proposed that MPR/
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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Tycko 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 of a 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 ez 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 Nat,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 al., 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. TRANSIENT 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 al. (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 ACTIVITIES OF ENDOSOMES AND LYSOSOMES

The major classes of enzyme activities found in lysosomes 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 of lysosomal 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 of endocytosed 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 al., 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 B-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 B possesses 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-p-glucosaminidase 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 ez 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). Aminopeptidases 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, CD16, showed a 10-fold
higher level of activity than CD4-positive T-helper cells, and a 20-fold higher level of
DPPI activity than CD19-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
lysosomes 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 Leu,, 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 II 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 of degrading collagen (McDonald et al., 1985).

The “protective protein” is an enzyme with carboxypeptidase activity (Tranche-
montagne et al., 1990) (optimal at pH 5.5) that was originally characterized because
of its absence in galactosialidosis. This protein copurifies with B-galactosidase and
neuraminidase activity. The deduced amino acid sequence from the cloned protective
protein gene has homology to carboxypeptidase Y and the KEX1 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 al., 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-directed mutagenesis 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 al., 1990). Expression of
protective protein mRNA is high in mouse kidney, brain, and placenta (Galjart et al.,
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 al., 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 normal lysosomes, without prior reduction to
cysteine (Jonas et al., 1982; Steinherz et al., 1982; Gahl 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
[125]]tyramine—poly-D-lysine 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 al. (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 lysosomes,
Moskaug et al. 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 lysosomes.

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 fluorogenic substrate is higher (4.6)
(Dean and Sweeley, 1979a). a-Galactosidase B has a-N-acetylgalactosamino hydro-
lase activity (see Dean and Sweeley, 1979b).

B-Galactosidase A hydrolyzes Gy, -ganglioside, N-acetyllactosamine, and
asialofetuin (see Norden et al., 1974). The saccharide side chains of these molecules
are of the type found on many glycoproteins; therefore, 3-galactosidase may play a
significant role in the degradation of glycoproteins. In fact, glycopeptides and
oligosaccharides accumulate within the lysosomes of individuals with missing or
defective B-galactosidase A (Gy,;-gangliosidosis).

B-Glucocerebrosidase is a membrane-bound enzyme found in lysosomes. 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-100 and taurocholate, and a pH
of less than 5.0 in the absence of detergents (Aerts ef al., 1985). Deficiency in
glucocerebrosidase causes Gaucher’s disease (Brady ez al., 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). Type 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 al., 1985). Both types appear to have the same Ky,
against the artificial substrate, $-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. Two 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.

o-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 of high-mannose oligosaccharides (Cheng et al., 1986). There are two types
of larger subunits, 58 and 62 kDa. The 58-kDa subunit has a lower pl, 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
MG6P. This is supported by the fact that much less of form A is taken up by enzyme-
deficient fibroblasts.

4.5. Sulfatases

a-Glucosaminide N-acetyltransferase is a membrane-bound lysosomal enzyme
that catalyzes the acetylation of terminal o-linked glucosamine 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 ez 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 play a role in the generation of thyroid
hormones. Both A and B forms hydrolyze the same synthetic substrate, but their
natural substrates are distinct. Arylsulfatase B degrades 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

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 al., 1988; Gottschalk et al., 1989; Peters et al., 1990).
While the other non-M6P-containing enzymes are tightly bound to the membrane,
acid phosphatase is partially soluble. Lemansky et al. (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 al., 1989; Peters et al., 1990; Waheed et al., 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 al., 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 al., 1989). Significant acid phosphatase activity has also been detected in
endosomes using electron microscopic (Storrie et al., 1984), biochemical (Braun
et al., 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 of Triton 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 1 affected 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 a different group, multiple forms
of phospholipase A were found. They found that PG was the preferred substrate, and
the activity was not inhibited by the presence of positive charge (Ca2* or Nat).

Lysosomes also contain triacylglycerol lipase, phospholipase A,, phosphatidate
phosphatase, acylsphingosine deacylase, and sphingomyelin phosphodiesterase ac-
tivities.

5. PROCESSING OF PHYSIOLOGICAL LIGANDS

As mentioned above, cathepsin D activity has been detected in early endosomes
of macrophages (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



64 Sandra A. Brockman and Robert E Murphy

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 I 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 APC 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 B and 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 ez 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 the mecha-
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.
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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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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 tcxin all modify
G-proteins (Moss and Vaughan, 1988), while Clostridium botulinum C2 toxin and the
three immunologically related toxins. C. perfringens E iota toxin, C. spiroforme
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 e? 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 al., 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 ez al., 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 al., 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 al., 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 ultracryosection, where transferrin receptors are immunogold
labeled with 10-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 wm.
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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 al., 1985), polymeric immunoglobulin (poly-Ig) (Mostov et al., 1986), EGF
(Prywes et al., 1986), transferrin (Iacopetta et al., 1988; Rothenberger et al., 1987),
the Fc fragment of immunoglobulins (Miettinen ef al., 1989), and mannose 6-phos-
phate (M6P) (Lobel et al., 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 al., 1990;
Breitfeld et al., 1990; Chen, et al., 1990; Collawn et al., 1990; Davis et al., 1986,
1987, Jing et al., 1990; Ktistakis et al., 1990, Lazarovits and Roth, 1988; Lobel ez al.,
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 al.,
1990; Breitfeld et al., 1990; Chen et al., 1990; Collawn et al., 1990; Davis et al.,
1986; Jing et al., 1990; Lobel et al., 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 al., 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 of one (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 al., 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 al., 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 tail leads 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 al., 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; lacopetta 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
[125])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. 1 min (Griffiths ez 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 er 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-1 (Bretscher ez 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-1
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 of coat 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 heterotetramer consist-
ing of a- and B-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 of cells 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
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Anderson, 1989). Upon addition of KCl 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 of MHC class
I molecules (HLA antigens) in cultured human fibroblasts by cross-linking the
molecules with ferritin-conjugated antibody against 3,-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 ez 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 er 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 CHO 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 nm; the other comprised noncoated vesicles with an
average diameter of 95 nm (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 off)? 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 al. (1985)
using high-resolution scanning electron microscopy. Brown and co-workers (Brown
and Orci, 1986; Brown et al., 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 al. (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 A/HRP 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 A/HRP. Bar = 0.25 pum.

and EGE as well as the tumor promoter 12-O-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 ez 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 al., 1980a,b; Pratten and Lloyd,
1979; Wagner et al., 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 al., 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 of endocytosis 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 al., 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 11. 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 um.
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Figures 12-15. 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 A/HRP, the cells have been washed carefully, labeled at 4°C
with Con A—gold, and then warmed to 37°C for | min (Fig 14) or 15 min (Fig 15) before fixation. The
endosomes contain both anti-Con A/HRP and Con A~gold (indicated by the arrow in Fig. 14). Bar =
0.25 pm.

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). Some molecules, 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 100), Lippincott-
Schwartz and Fambrough (1987) showed that membrane shuttling takes place be-
tween the plasma membrane and lysosomes via endosomes. Griffiths er 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, Croze et al. (1989), characterizing a membrane 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. Ultracryosections of T47D cells showing late endosomes or lysosomes with
characteristic internal membrane structures, in Fig. 16 immunogold-labeled for endocytosed ricin, in
Fig. 17 for the M6PR. Bars = 0.25 um.

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—lysosomes
(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-1 (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 a marker for endocytosis by noncoated vesicles and o,-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 er al., 1985), and absorptive cells of
suckling rat ileum (Fujita ez 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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Figures18 and 19. Polarized MDCK cells grown on permeable 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 endosomes/lysosomes in the
apical cytoplasm (arrows). Bars = 1 pm.
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Figures 20-23. Examples of late endosomes/lysosomes present in the apical cytoplasm of MDCK cells.
In Fig. 20 the cells have been incubated from the apical side for 1 hr with cationized ferritin (arrows).
In Fig. 21 the cells have been incubated from the apical side for 1 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 pm.

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 al. (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 LDL 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 LDL and transferrin receptors, the
macrophage Fc 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 ez 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 L.929 fibroblasts indicate that membrane recycling is mediated by
numerous, very small vesicles (van Deurs 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 -IgM) 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 [125]]-poly-IgA 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 Deurs 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, i.e., 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
cDNA for the poly-Ig receptor in polarized MDCK 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 ¢,,, 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 MDCK cells (which do not
normally express poly-Ig receptors) are able to read and utilize these signals (Mostov
and Deitcher, 1986). Similar results with respect to transcytosis of the poly-Ig receptor
were obtained when the cDNA for the poly-Ig receptor was expressed in a rabbit
mammary cell line (Schaerer et al., 1990). In further studies with the cDNA
expressed in MDCK 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 (Breitfeld er 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).

A receptor-mediated, unidirectional basolateral-to-apical transcytosis in MDCK
cells of EGF has also been reported (Maratos-Flier ez al., 1987). The opposite
situation, a unidirectional, apical-to-basolateral transcytosis, was obtained by trans-
fecting Fc receptors into MDCK 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 in MDCK
cells (von Bonsdorff et al., 1985). Moreover, bidirectional transcytosis of ricin in
MDCK cells has also been shown (Figs. 24-26) (van Deurs et al., 1990a). The
transcytosis was found to be most efficient (measured in percent of endocytosed
ricin) in the apical-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 MDCK cells. Recently, Brandli ez al. (1990) used a
ricin-resistant mutant of MDCK 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 MDCK 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 MDCK 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 pum.
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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 al.,
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 al., 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 efficient/selective 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 Deurs et al., 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 al., 1986; van Deurs
etal., 1987). In these experiments, it was realized that it was formally unwarranted to
assume that a ricin—HRP-labeled structure intimately associated with the Golgi stack
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Figure 27. Part of an MCF-7 cell incubated for 1 hr at 37°C with ricin—-HRP. Marked labeling of the TGN
is obtained whereas the Golgi stacks (GS) remain unlabeled. Bar = 0.25 pum.

actually represented a Golgi/TGN 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 er al., 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 al., 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 Golgi/TGN
marker (Hansen et al., 1989). Similarly, we have found that internalized Shiga toxin—-
HRP reaches the Golgi/TGN 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).

5. 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 complex/TGN, 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 NH,Cl, which
neutralizes endosomal and lysosomal pH, also increases the sensitivity to ricin
(Sandvig et al., 1979). Similarly, both monensin and NH,Cl are able to sensitize cells
to some immunotoxins. In fact, a 30,000-fold increase in activity is observed with
some immunotoxins (Olsnes et al., 1989). Drugs like swainsonine and tunicamycin,
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 Brefeldin A (BFA), which in some cells makes the Golgi 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 ez 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, hewever, 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 PROOE 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 ef 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 highly 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 al., 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 of membrane 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 al., 1991; see Chapter 4). Because of its convenience,
many studies have exploited the relatively simple model cell culture system of
Madin—Darby canine kidney (MDCK) cells (Casanova et al., 1990; Brandli et al.,
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 Cell 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 MDCK 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

A prerequisite 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 of membrane 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 of endosomes 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 MDCK 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 MDCK 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 basolateral 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-2 cells, varying amounts of apical-to-basolateral transepithelial trans-
port of HRP 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 Krachenbuhl, 1982; Mostov ez 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 transcytotic 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 MDCK
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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; Achler 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 of apically directed vesicles
presumably involves a dynein-like motor (Schroer and Sheetz, 1989). Microtubules
may also play a 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 of molecular motor and cytoskeletal “track”
facilitates apical-to-basolateral vesicular transport.

Transport of proteins 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 ez al., 1989). Crypt cell apical membranes lack a thick
glycocalyx, but outward fluid flow inhibits passive entry of many macromolecules
at this site (Phillips ez 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 ez al., 1988). In adult enterocytes, the
structure of the brush border and glycocalyx impedes access of many 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 of maternal 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 (Krachenbuhl 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 (Krachenbuhl 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 a distinct 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 et al., 1990; Hughson and Hopkins, 1990; Godefroy ez 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
of transcytosed 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; Krachenbuhl 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 GM1 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 T84 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 or M 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 M cells
(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 M cell 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 M cells selectively and with high
efficiency, it seems likely that unique protein, glycoprotein, or glycolipid compo-
nents are exposed on these cells. Adherence to M cells is of practical 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, M cell adherence is thought to be important for induction of mucosal immunity.
Transport of very small amounts of soluble antigens over time has been suggested
to play a 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 that M cells 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 M cell component. This binding mechanism allows
M cells 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 Cells

Several gram-negative bacteria bind selectively to M cells including Vibrio
cholerae (Owen et al., 1986b; Winner et al., 1991), some strains of E. coli (Inman and
Cantey, 1983), Salmonella (Kohbata et al., 1986) and Shigella (Wassef et al., 1989).
Since M cells 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 M cell adherence. The participating lectin could be either a
bacterial adhesin, or an M cell 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 and M 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 1 (Bass et al., 1988; Nibert et al., 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 1 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-1 (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 GM1 that is present on apical membranes of M 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 1gp120 that is found in late endosomes and lysosomes (Lewis et al.,
1985) was recently detected in M cell apical vesicles (Allan et al., 1992). If M 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 M cells by a process that
resembles phagocytosis, with broad areas of close membrane interaction and assem-
bly of M cell cytoplasmic actin (J. Mack, J. 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. CONCLUSION

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 individual M cells conduct rapid and
efficient transcytosis and that M cell 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 M cells 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 the M cell
and enterocyte membranes and transepithelial transport pathways.
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Chapter 6

Intraoral Peptide Absorption

Hans P. Merkle and Gregor J. 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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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
1-deamino-8-p-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 ez 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 cm? (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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Figurel. 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 pm (Chen and Squier, 1984) and is
extensively infiltrated by large, conical papillae of the underlying connective tissue,
which reach up to 100 wm 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 of epithelial 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
pm diameter. Here a small intercellular zone 25—30 nm 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 nm 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 (Miiller and Schroeder, 1980). Finally, tight junctions are the most
intensive cell connections between neighboring cells (Alberts ez 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 1 wm 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 ml/min 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
permeability 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 proteoglycans (Alberts 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 ef al., 1989). Except for
hyaluronic acid, all of these polysaccharides are also bound covalently to proteins and
form soluble proteoglycans. These macromolecular structures interact via multiple
noncovalent and covalent forces and form 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-III) 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 of the
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 106-107 Da (Allen
et al., 1984). Mucins are water-soluble highly active gelling agents and form a
coherent film 10-200 p.m 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 ml 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 ml 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 of drug missing in the solution after
the test cannot necessarily be set equal to the amount of drug 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 of mucosal 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 Tucker (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 of drugs 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, €.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 of mucosal 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 er 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 ef 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 e al., 1989), Nakada et al. (1988), and Paulesu et al.
(1988). Rabbits were investigated by Oh 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 ef 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 ez 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

Author(s) Year Peptide (in vivo model)
Wieriks 1964 a-Amylase (guinea pig, rat)
Earle 1972 Insulin® (human)

Laczi et al. 1980 Vasopressin analogues? (human)
Ishida et al. 1981 Insulin (dog)

Anders et al. 1983 Protirelin (human)

Anders 1984 Protirelin, buserelin (rat)
Schurr et al. 1985 Protirelin (human)

Veillard et al. 1987 Model tripeptide (dog, hamster)
Aungst and Rogers 1988 Insulin (rat)

Aungst et al. 1988 Insulin (rat)

Nakada et al. 1988 Calcitonin (rat)

Oh and Ritschel 1988a,b  Insulin (rabbit)

Paulesu et al. 1988 Interferon-a, (rat)

Ritschel et al. 1988 Insulin (dog)

Aungst and Rogers 1989 Insulin (rat)

Burnside et al. 1989 Gonadorelin agonist (sheep)
Ho and Barsuhn 1989 Protirelin, oxytocin (dog)
Wolany et al. 1989 Octreotide (rat)

Dowty et al. 1990 Protirelin (dog, hamster)
Vadnere et al. 1990 Leuprolide (dog)

Wolany et al. 1990a Octreotide (dog)

Zhang et al. 1990 Insulin (dog)

aSublingual 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 1% 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 ef al., 1988;
Zhang et al., 1990). The buccal absorption of human calcitonin was investigated in
anesthetized rats (Nakada ez al., 1988). In this study a decrease in plasma calcium
levels could only be achieved by coadministration of absorption enhancers. Cholic
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acid derivatives and sodium dodecylsulfate were found to be most effective; sugar
esters, €.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-a, (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 1 hr 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
p.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 (AUC 0—6 hr), only a
combination of disodium-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 AUC 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 (AUC 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 2. Octreotide plasma levels after intravenous and buccal administration in rats (N = 5-6). —,
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Figure 3. Octreotide plasma concentrations after buccal administration in rats (N = 5-6). Curves
represent in ascending order: 50 mg, 80 mg, 200 mg, 400 mg, 1600 mg octreotide/rat.
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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). AUC 0-6 hr of reference experiment without enhancer = 1. Bars represent mean +
SEM. 1, Standard, no additive; 2, Na,-EDTA plus sodium glycocholate; 3, sodium taurocholate; 4, sodium
glycocholate; 5, sodium taurodeoxycholate; 6, Na,-EDTA; 7, bacitracin; 8, 1-dodecylazacycloheptan-2-
one (ethanolic solution); 9, 1-dodecylazacycloheptan-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,
1-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; Schiirmann and Turner, 1978; Siegel, 1984; Veillard, 1990; Wagner and
Sedman, 1973). None of the 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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Figure 5. Octreotide plasma concentrations after buccal administration in beagle (N = 4). —, 2.00

mg/kg; ----, 1.00 mg/kg; -+, 0.20 mg/kg.

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, pK,, 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 (> 1000 Da), 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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Figure 6. Octreotide plasma levels after intravenous and buccal administration in beagle (N = 4), +---- s
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Figure 7. Peptide plasma levels after buccal administration of 0.20 mg/kg octreotide in beagle—effect

of cholic acid derivatives (4% w/v) as absorption enhancing agents. , Sodium glycocholate; ----,
sodium taurocholate plus Na,-EDTA; ——, sodium taurocholate; -+ , standard, no additive.
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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 s-butyl-oxycarbonyl (BOC) deriva-
tives. The peptide series (D-Phe)n-Gly, Ac(D-Phe)n, and Ac(N-CH,) (p-Phe);NH,
(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-octanol/water
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 al., 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 al. (1990a), 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; Bodd€ et al., 1990; Merkle ef al., 1990a; Wolany
et al., 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 11
Unidirectional Buccal Drug Delivery Systems (Chronological Patent Survery)
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 I 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 1 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 ] 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 al. (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 al. (1990a). Adhesive tablets for buccal use were suggested,
e.g., by Davis et al. (1982). Adhesive gels have been developed, among others, by
Bremecker et al. (1983) and Ishida et al. (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 al., 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,
C, 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 ez 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 cm? 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 cm? 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 al., 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



Intraoral Peptide Absorption 151

by changing sites frequently. Nevertheless, localized high enhancer concentrations
may also intensify adverse reactions and must, therefore, be critically evaluated in
light of maintaining 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 of mucosally 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., 1-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 al., 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, €.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 ef al., 1990) conducted initial in vitro studies

Table III
Exemplary Absorption Enhancers
under Investigation for Buccal Administration

Class Exemplary compounds Reference
Chelators Ethylenediaminetetraacetic acid  De Vries et al. (1990a)
Surfactants Benzalkonium chloride Siegel and Gordon (1985)
Brij 35 Oh and Ritschel (1988a)
Laureth-9 Aungst and Rogers (1989)
Sodium dodecylsulfate Kurosaki et al. (1988)
Bile salts Sodium deoxycholate Nakada et al. (1988)
Sodium glycocholate Aungst et al. (1988, 1989)
Fatty acids Sodium myristate Nakada ez al. (1988)
Peptidase inhibitors  Aprotinin Aungst and Rogers (1988)
Miscellaneous Chondroitinase ABC Knuth et al. (1990)

1-Dodecylazacycloheptan-2-one
Cyclodextrin

Quillajasaponine

Sodium salicylate

Kurosaki ez 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 ez 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
etal., 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 irn 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, o,-macroglobin, and o;-antitrypsin have been
measured in either bronchoalveolar lavage fluid or the liquid that lines airway
surfaces, airway surface liquid (Mentz et al., 1984; Bignon et al., 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.

Larry G. Johnson and Richard C. Boucher * Division of Pulmonary Diseases, Department of
Medicine, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599.

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

161



162 Larry G. Johnson and Richard C. Boucher

2. ANATOMY OF THE RESPIRATORY EPITHELIA
2.1. Airway Epithelia

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 the mainstem 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 of basal 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 a prominent 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 of which 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 10-kDa protein homologous to uteroglobin (Patton ef 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 II 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 II 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 al., 1981,
Jacquot et al., 1988). Submucosal glands have also been shown to participate in IgA
secretion in human bronchial epithelium (Goodman et al., 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 pm 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 of the periciliary fluid have been identified and include albumin,
immunoglobulins, and a variety of enzymes (Boucher et al., 1981a; Mentz et al.,
1984). The regulation of the volume and contents of this periciliary fluid is only
partially understood and is reviewed elsewhere (Boucher ef al., 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 pwm diameter), alveolar ducts, and
alveolar sacs, and alveoli. While the major conducting airways have a surface area of
only ~2 m?2, the estimated 300 million alveoli present a surface area for gas exchange
of ~143 m? (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
III 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 of air 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 pm 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 III 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 III cell may
play a 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 al., 1981), increased transepithelial resistance in culture (Cheek et al., 1989;
Kim et al., 1989), and the increased transepithelial resistance of excised bullfrog
alveolar epithelia relative to airway tight junctions (Gatzy, 1982; Kim et al., 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 paracellular
path.

3.1. Diffusion through Pores

Evidence for functional pores comes from studies examining relative rates of
egress of large polar solutes of differing molecular sizes in the fluid-filled lung (Taylor
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and Gaar, 1970; Normand et al., 1971; Theodore et al., 1975; Egan et al., 1975).
Using excised airway epithelia (Boucher, 1980) and excised bullfrog alveolar epithelia
(Gatzy, 1982; Kim et al., 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 al., 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 ez al., 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 of diffusion 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 al., 1987). Transalveolar pressures
greater than 30 cm H,0, which are known to occur during barotrauma, increase
apparent equivalent pore radii, making the barrier less effective (Egan et al., 1976;
Egan, 1980). Finally, metabolic inhibition of airway epithelia, with either hypoxia or
sodium cyanide, has been shown to increase paracellular permeability (Stutts et al.,
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 ELE

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 10 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 (Na,-EDTA), despite increasing the permeability of the tight junctions as
consequence of removal of luminal Ca2+, cause only a minimal 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 of peptides 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 ez al., 1985; Aungst and Rogers, 1988). Like surfactants, bile salts
such as sodium glycocholate and its derivatives may also enhance intranasal absorp-
tion of peptides by reverse micellar binding with subsequent formation of hydrophilic
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 FLOW 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 [125[Jalbumin 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 [125]]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% of patients 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 al. (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 (P,,) 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
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albumin occurred through the transcellular path. Intracellular degradation of the
[14CJalbumin 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 P,; M—S to the same level
as P,, 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 and Widdicombe (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% of material 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 TRANSCELLULAR 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-
tural localization of IgA transport across the cell. IgA is sequentially localized in the
basolateral plasmalemma, plasmalemmal invaginations, cytoplasmic vesicles, and
gland lumina of human bronchial epithelial gland cells (Goodman ez 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
etal., 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 ez 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 (K, 18 uM) and a high-affinity (K, 460 nM) 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. Type 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
etal.,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
K, of ~5 X 10~10M consistent 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 et al., 1989), with the K, (1.6 mM) being 100-fold greater than the K of the
low-affinity system described by Park and Maack (1984), 104-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 of macromolecules 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 ez al., 1987;
Mostov et al., 1989) or to endosomal sorting (Breitfeld ef 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 MDCK 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 er al. (1985) reported a saturable Na*-dependent amino acid
cotransport system with 1:1 stoichiometry in suspensions of isolated rat type I
alveolar epithelial cells with the neutral amino acid analogue o-methylamino-
isobutyric acid (AIB). Sugahara et al. (987) extended the findings of brown et al.
(1985) for a Na*-dependent amino acid cotransporter for AIB 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 AIB 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 [“C]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 [4C]lysine was also significantly
reduced by ouabain, and nearly abolished by L-leucine, but only minimally reduced
by AIB. Thus, alveolar epithelia may have several regulable processes for the transfer
of proteins and peptides out of the alveolus.
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6. ROLE OF MACROPHAGE SURVEILLANCE

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 O, 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 ELE 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
et al., 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 ELE Hence, understanding the mechanisms
regulating all aspects of macromolecular transport across respiratory epithelia will be
critical to the development of new protein drugs designed for delivery via inhalation.

REFERENCES

Abrahamson, D. R., and Rodewald, R., 1981, Evidence for the sorting of endocytotic vesicle
contents during the receptor-mediated transport of IgG across the newborn rat intestine,
J. Cell Biol. 91:270-280.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., and Watson, J. D. (eds.), 1989, Cell
adhesion, cell junctions and the extracellular matrix, in: Molecular Biology of the Cell,
Garland, New York, pp. 791-836.

Aungst, B. J., and Rogers, N. 1., 1988, Site dependence of absorption-promoting actions of
laureth-9, Na salicylate, Na,EDTA, and aprotinin on rectal, nasal, and buccal insulin
delivery, Pharm. Res. 5:305-308.

Bignon, J., Jaurand, M. C., Pinchon, M. C., Sapin, C., and Warnet, J. M., 1976, Immuno-
electron microscopic and immunochemical demonstrations of serum proteins in the
alveolar lining material of the rat lung, Am. Rev. Respir. Dis. 113:109-120.

Boucher, R. C., 1980, Chemical modulation of airway epithelial permeability, Environ. Health
Perspect. 35:3-12.

Boucher, R. C., 1981, Mechanisms of pollutant induced airways toxicity, Clin. Chest Med. 2:
377-392.

Boucher, R. C., Stutts, M. J., Bromberg, P. A., and Gatzy, J. T., 1981a, Regional differences in
airway surface liquid composition, J. Appl. Physiol. 50:613-620.

Boucher, R. C., Stutts, M. J, and Gatzy, J. T., 1981b, Regional differences in bioelectric
properties and ion flow in excised canine airways, J. Appl. Physiol. 51:706-714.
Bowes, D., Clark, A. E., and Corrin, B., 1981, Ultrastructural localisation of lactoferrin and

glycoprotein in human bronchial glands, Thorax 36:108-115.

Brain, J. D., 1986, Toxicological aspects of alterations of pulmonary macrophage function,
Annu. Rev. Pharmacol. Toxicol. 26:547-565.

Brain, J. D., Godleski, J. J., and Sorokin, S. P, 1977, Structure, origin, and fate of the
macrophage, in: Lung Biology in Health and Disease, Volume 5, Part II (J. D. Brain, D. E
Proctor, and L. M. Reid, eds.), Dekker, New York, pp. 849-892.

Brain, J. D., Gehr, P, and Kavet, R. 1., 1984, Airway macrophages: The importance of the
fixation method, Am. Rev. Respir. Dis. 129:823-826.

Brandli, A. W,, Parton, R. G., and Simons, K., 1990, Transcytosis in MDCK cells: Identifica-
tion of glycoproteins transported bidirectionally between both plasma membrane do-
mains, J. Cell Biol. 111:2909-2921.

Breitfeld, P P, Casanova, J. E., Simister, N. E., Ross, S. A., McKinnon, W. C., and Mostov,
K. E., 1989, Transepithelial transport of immunoglobulins: A model of protein sorting
and transcytosis, Am. J. Respir. Cell Mol. Biol. 1:257-262.

Brown, S.E. S.,Kim, K. J., Goodman, B. E., Wells, J. R., and Crandall, E. D., 1985, Sodium—



Nasal and Respiratory Epithelia 175

amino acid cotransport by type II alveolar epithelial cells, J. Appl. Physiol. §9:1616—1622.

Buckle, E G., and Cohen, A. B., 1975, Nasal mucosal hyperpermeability to macromolecules in
atopic rhinitis and extrinsic asthma, J. Allergy Clin. Immunol. 55:213-221.

Cantin, A. M., Fells, G. A., Hubbard, R. C., and Crystal, R. G., 1990, Antioxidant
macromolecules in the epithelial lining fluid of the normal human lower respiratory tract,
J. Clin. Invest. 86:962-971.

Carson, J. L., Collier, A. M., and Boucher, R. C., 1986, Ultrastructure of the respiratory
epithelium in the human nose, in: Pathophysiological Aspects of Allergic and Vasomotor
Rhinitis (N. Mygind, ed.), Munksgaard, Copenhagen, pp. 11-27.

Cheek, J. M., Kim, K. J, and Crandall, E. D., 1989, Active sodium transport by tight
monolayers of alveolar epithelia cells, Am. Rev. Respir. Dis. 139:A477.

Davis, C. G., van Driel, I. R., Russell, D. W., Brown, M. S., and Goldstein, J. C., 1987, The
low density lipoprotein receptor: Identification of amino acids in cytoplasmic domain
required for rapid endocytosis, J. Biol. Chem. 262:4075-4082.

Egan, E. A., 1980, Response of alveolar epithelial solute permeability to changes in lung
inflation, J. Appl. Physiol. 49:1032.

Egan, E. A_, Olver, R. E., and Strang, L. B., 1975, Changes in non-electrolyte permeability of
alveoli and breathing in the lamb, J. Physiol. (London) 244:161-179.

Egan, E. A, Nelson, R. M., and Olver, R. E., 1976, Lung inflation and alveolar permeability
to non-electrolytes in adult sheep in vivo, J. Physiol. (London) 260:409.

Gatzy, J. T., 1982, Pathways of hydrophilic solute flow across excised bullfrog lung, Exp. Lung
Res. 3:147-161.

Ghitescu, L. A., Fixman, A., Simionescu, M., and Simionescu, N., 1986, Specific binding
sites for albumin to plasmalemmal vesicles of continuous capillary endothelium:
Receptor-mediated transcytosis, J. Cell Biol. 102:1304—1311.

Gonella, P A., and Neutra, M. R., 1984, Membrane-bound and fluid-phase macromolecules
enter separate prelysosomal compartments in absorptive cells of suckling rat ileum, J. Cell
Biol. 99:909-917.

Goodman, M. R., Link, D. W., Brown, W. R., and Nakane, P. K., 1981, Ultrastructural
evidence of transport of secretory IGA across bronchial epithelium, Am. Rev. Respir.
Dis. 123:115-119.

Gordon, G. S., Moses, A. C., Silver, R. D, Flier, J. S., and Carey, M. C., 1985, Nasal
absorption of insulin: Enhancement by hydrophobic bile salts, Proc. Natl. Acad. Sci. USA
82:7419-7423.

Hawgood, S., and Shiffer, K., 1991, Structures and properties of the surfactant-associated
proteins, Annu Rev. Physiol. 53:375-394.

Hirai, S., Ikenaga, T., and Matsuzawa, T., 1977, Nasal absorption of insulin in dogs, Diabetes
27:296-299.

Holter, J. E, Weiland, J. E., Pacht, E. R., Gadek, J. E., and Davis, W. B., 1986, Protein
permeability in the adult respiratory distress syndrome, J. Clin. Invest. 78:1513-1522.

Horiuchi, S., Takata, K., and Morino, Y., 1985, Characterization of a membrane-associated
receptor from rat sinusoidal liver cells that bind formaldehyde-treated serum albumin,
J. Biol. Chem. 260:475-481.

Jacquot, J. R., Benali, R., Sommerhoff, C. P, Finkbeiner, W. E., Goldstein, G., Puchelle, E.,
and Basbaum, C. P, 1988, Identification of albumin-like protein released by cultured
bovine tracheal serous cells, Am. Rev. Respir. Dis. 137:All.



176 Larry G. Johnson and Richard C. Boucher

Johnson, L. G., Cheng, P W., and Boucher, R. C., 1989, Albumin absorption by canine
bronchial epithelium, J. Appl. Physiol. 66:2772-2777.

Kahn, M. J., Lakshminarayanaiah, N., Trotman, B. W., Chun, P, Kaplan, S. A., and
Margulies, C., 1982, Calcium binding and bile salt structure, Hepatology 2:732.

Kim, K. J,, and Crandall, E. D., 1988, Sodium-dependent lysine flux across bullfrog alveolar
epithelium, J. Appl. Physiol. 65:1655-1661.

Kim, K. J,, LeBon, T. R., Shinbane, J. S., and Crandall,E. D., 1985, Asymmetric 4C albumin
transport across bullfrog alveolar epithelium, J. Appl. Physiol. 5§9:1290-1297.

Kim, K. J,, Cheek, J. M., and Crandall, E. D., 1989, 14C-albumin transport across rat alveolar
epithelial monolayers, Am. Rev. Respir. Dis. 139:A479.

Kuroki, Y., Mason, R. J., and Voelker, D. R., 1988, Alveolar type II cells express a high-
affinity receptor for pulmonary surfactant protein A, Proc. Natl. Acad. Sci. USA 85:
5566-5570.

McMartin, C., Hutchinson, L. E. E, Hyde, R., and Peters, G. E., 1987, Analysis of structural
requirements for the absorption of drugs and macromolecules from the nasal cavity, J.
Pharm. Sci. 76:535-540.

Mentz, W. M., Knowles, M. R., Brown, J. B., Gatzy, J. T., and Boucher, R. C., 1984,
Measurement of airway surface liquid (ASL) composition in normal human subjects, Am.
Rev. Respir. Dis. 129:A315.

Mostov, K. E., and Simister, N. E., 1985, Transcytosis minireview, Cell 43:389-390.

Mostov, K. E., De Bruyn Kops, A., and Deitcher, D. L., 1986, Deletion of the cytoplasmic
domain of the polymeric immunoglobulin receptor prevents basolateral localization and
endocytosis, Cell 47:359-364.

Neutra, M. R., Phillips, T. L., Mayer, E. L., and Fishkind, D. J., 1987, Transport of membrane-
bound macromolecules by M cells in follicle associated epithelium of rabbit Peyer’s patch,
Cell Tissue Res. 247:537-546.

Normand, I. C. S., Olver, R. E., Reynolds, E. O. R., and Strang, L. B., 1971, Permeability of
lung capillaries and alveoli to non-electrolytes in the foetal lamb, J. Physiol. (London)
219:303-330.

Olver, R. E., Schneeberger, E. E., and Walters, D. V., 1981, Epithelial solute permeability, ion
transport and tight junction morphology in the developing lung of the fetal lamb, J.
Physiol. (London) 315:395-412.

Pacht, E. R., and Davis, W. B., 1988, Role of transferrin and ceruloplasmin in antioxidant
activity of lung epithelial lining fluid, J. Appl. Physiol. 64:2092-2099.

Park, C. H., and Maack, T., 1984, Albumin absorption and catabolism by isolated perfused
proximal convoluted tubules of the rabbit, J. Clin. Invest. 73:767-777.

Patton, S. E., Gilmore, L. B., Jetten, A. M., Nettesheim, P, and Glook, G. E. R., 1986,
Biosynthesis and release of proteins by isolated pulmonary Clara cells, Exp. Lung Res. 11:
277-294.

Penney, D. P, 1988, The ultrastructure of epithelial cells of the distal lung, Int. Rev. Cytol. 3:
231-269.

Pontiroli, A. E., and Pozza, G., 1990, Intranasal administration of peptide hormones: Factors
affecting transmucosal absorption, Diabetic Med. 7:770-774.

Pontiroli, A. E., Calderara, A., and Pozza, G., 1989, Intranasal drug delivery: Potential
advantages and limitations from a clinical pharmacokinetic perspective, Clin. Pharmaco-
kinet. 17:299-307.



Nasal and Respiratory Epithelia 177

Possmayer, E, 1988, A proposed nomenclature for pulmonary surfactant-associated proteins,
Am. Rev. Respir. Dis. 138:990-998.

Price, A. M., Webber, S. E., and Widdicombe, J. C., 1990, Transport of albumin by the rabbit
trachea in vitro, J. Appl. Physiol. 68:726-730.

Ranga, V., and Kleinerman, J., 1982, The effect of pilocarpine on vesicular uptake and
transport of horseradish peroxidase by the guinea pig tracheal epithelium, Am. Rev. Respir.
Dis. 125:579-585.

Rice, W. R., Ross, G. T., Singleton, E M., Dingle, S., and Whitsett, J. A., 1987, Surfactant-
associated protein inhibits phospholipid secretion from type II cells, J. Appl. Physiol. 63:
692-98.

Rice, W. R., Sarin, V. K., Fox, J. L., Baatz, J., Wert, S., and Whitsett, J. A., 1989, Surfactant
peptides stimulate uptake of phosphatidylcholine by isolated cells, Biochim. Biophys.
Acta 1006:237-245.

Richardson, J., Bouchard, T., and Ferguson, C. C., 1976, Uptake and transport of exogenous
proteins by respiratory epithelium, Lab. Invest. 35:307-314.

Ryan, R. M., Morris, R. E., Rice, W. R., Ciraolo, G., and Whitsett, J. A., 1989, Binding and
uptake of pulmonary surfactant (SP-A) by pulmonary type II epithelial cells, J. Histo-
chem. Cytochem. 37:429-440.

Salzman, R., Manson, J. E., Griffing, G. T., Kimmerle, R., Ruderman, N., McCall, A,
Stoltz, E. I., Mullin, C., Small, D., Armstrong, J., and Melby, J. C., 1985, Intranasal
aerosolized insulin: Mixed-meal studies and long-term use in type I diabetes, N. Engl.
J. Med. 312:1078-1084.

Schneeberger, E. E., 1980, Heterogeneity of tight junction morphology in extrapulmonary and
intrapulmonary airways of the rat, Anat. Rec. 198:193-208.

Singh, G., Singal, S., Katyal, S. L., Brown, W. E., and Gottron, S. A., 1987, Isolation and
amino acid composition of a rat Clara cell specific protein, Exp. Lung Res. 13:299-310.

Solomon, A. K., 1968, Characterization of biological membranes by equivalent pores, J. Gen.
Physiol. 51:335s—364s.

Stutts, M. J., Gatzy, J. T., and Boucher, R. C., 1988, Effects of metabolic inhibition on ion
transport by dog bronchial epithelium, J. Appl. Physiol. 64:253-258.

Sugahara, K., Voelker, D. R., and Mason, R. J., 1987, Insulin stimulates amino acid transport
by alveolar type II epithelial cells in primary culture, Am. Rev. Respir. Dis. 135:617—621.

Svensson, C., Baumgarten, C. R., Pipkorn, U., Alkner, U., and Persson, C. G. A., 1989,
Reversibility and reproducibility of histamine induced plasma leakage in nasal airways,
Thorax 44:13—18.

Taylor, A. E., and Gaar, K. A., Jr,, 1970, Estimation of equivalent pore radii of pulmonary
capillary and alveolar membranes, Am. J. Physiol. 218:1133-1140.

Theodore, J., Robin, E. D., Gaudio, R., and Acevedo, J., 1975, Transalveolar transport of large
polar solutes (sucrose, inulin, and dextran), Am. J. Physiol. 229:989-996.

Weaver, T. E., and Whitsett, J. A., 1991, Function and regulation of pulmonary surfactant-
associated proteins, Biochem. J. 273:249-264.

Webber, S. E., and Widdicombe, J. G., 1989, The transport of albumin across ferret in-vitro
trachea, J. Physiol. (London) 408:457—472.

Wintergerst, E., Manz-Keinke, H., Plattner, H., and Schlepper-Schifer, J., 1989, The inter-
action of a lung surfactant (SP-A) with macrophages is mannose dependent, Eur. J. Cell
Biol. 50:291-298.



178 Larry G. Johnson and Richard C. Boucher

Wright, J. R., and Dobbs, L. G., 1991, Regulation of pulmonary surfactant secretion and
clearance, Annu. Rev. Physiol. 53:395-414.

Wright, J. R., Wager, R. E., Hawgood, S., Dobbs, L., and Clements, J. A., 1987, Surfactant
apoprotein M, 26,000-36,000 enhances uptake of liposomes by type II cells, J. Biol.
Chem. 262:2888-2894.

Wright, J. R., Borchelt, J. D., and Hawgood, S., 1989, Lung surfactant apoprotein SP-A (26—
36kDa) binds with high affinity to isolated alveolar type II cells, Proc. Natl. Acad. Sci.
USA 86:5410-5414.

Yamamoto, A., Hayakawa, E., and Lee, H. L., 1990, Insulin and proinsulin proteolysis in
mucosal homogenates of the albino rabbit: Implications in peptide delivery from nonoral
routes, Life Sci. 47:2465-2474.

Yankaskas, J. R., Gatzy, J. T., and Boucher, R. C., 1987, The effects of raised osmolality on
canine tracheal epithelial ion transport function, J. Appl. Physiol. 62:2241-2245.



Chapter 8

Dermal Absorption of Peptides
and Proteins

Ajay K. Banga and Yie 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 Yie 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 J. 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 of peptide/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 of macromolecular proteins 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,
of which 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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Figure 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 lamellac 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 dermal barrier, the stratum corneum, is a keratinized tissue. Since the stratum
corneum is the principal permeation barrier, the transdermal delivery of small
molecules has been considered as a process of interfacial partitioning and molecular
diffusion through this barrier. In contrast, the permeation 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 epidermal
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



Dermal Absorption 183

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 of a 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 PEPTIDE/PROTEIN DELIVERY
3.1. Metabolic/Enzymatic 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 of drugs. Over most of the body, the stratum corneum
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has 15-25 layers of flattened corneocytes with an overall thickness of about 10 pm.
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 of enzymes, 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 PEPTIDES/PROTEINS

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 of drugs via
hypodermic injection. In the following sections, these techniques have been grouped
as noninvasive and invasive techniques for discussion.
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4.1. Noninvasive Delivery through Intact Skin

4.1.1. PROTEASE INHIBITORS

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 of mechanisms, 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 of an 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 al. (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-

Figure 3. Invitro evaluations of protease 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, of which 2.5% (v/v) was added to a solution of porcine insulin (10 IU/ml). 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 p-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, Tyr-D-
Ala-Gly-Phe-Leu and its amide, the enzymatically stable analogues of leucine
enkephalin (Tyr-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 [D-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

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, penetration 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 al., 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 al., 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 1-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 of peptide
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 Tyle (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 off), to prevent the
downregulation of receptors, in addition to continuous administration (Chien et al.,
1990).
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Table 1
Tontophoresis-Facilitated Transdermal Delivery of Peptide/Protein Drugs
No. of
amino Animal model/
Peptide/protein acids Size experiment design Reference
Thyrotropin-releasing 3 362  Nude mice/in vitro Burnette and Marrero
hormone (TRH) (1986)
Vasopressin (arginine) 9 1084  Hairless rats/in vitro Lelawongs et al. (1989,
1990), Lelawongs
(1990), Banga (1990),
Chien et al. (1990)
LHRH and analogues 9/10 1182  Humans/in vivo Meyer et al. (1988)
Hairless mice/in vitro Miller et al. (1990)
Calcitonin (human) 32 3418  Hairless rats/in vitro Banga (1990)
Insulin 51 5808  Pigs/in vivo Stephen et al. (1984)

Diabetic rabbits/in vivo

Kari (1986), Chien et al.

(1988), Meyer er al.
(1989)

Banga (1990)

Siddiqui et al. (1987)
Chien et al. (1988, 1990)
Liu et al. (1988)

Hairless rats/in vitro

Diabetic hairless rats/in
vitro and in vivo

Diabetic hairless rats/in
vivo

Meyer et al. (1988) conducted a double-blind cross-over clinical study on the
transdermal delivery of leuprolide, an LHRH analogue, for the hormonal treatment
of metastatic prostatic carcinoma. It was observed that serum LH 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, on/off 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 5, across the
abdominal skin of hairless rats and the enhancement of skin permeation by TPIS treatment (square
waveform; frequency, 2 kHz; on/off ratio, 1:1) at a current intensity of 1.0 mA, which was switched on for
10 min and then off for 30 min repeatedly for six times over a 4-hr period. (From Chien ef al., 1990.)

conditions and species. Stephen ef 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 5. 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, 0.62 mA/cm?; 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 INJECTION/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 106 Da 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 (Norplant/Wyeth-Ayerst Labs) that releases progestin
from a silicone-based subdermal capsule for a period of 5 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 of the 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.

5. 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 al., 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. If a 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 PEPTIDES/PROTEINS

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 other mucosal 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 a means 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 I1
Transdermal Iontophoretic Delivery of Peptide/Protein Drugs from Hydrogel Formulations

Permeability coefficient (cm/sec)

No. of
Peptide/protein amino acids  Size (Da) 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 10-3  0.69 x 108

Insulin 51 5808 3.12 x 10?2 6.54 X 109 —
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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 of drugs 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 of our 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 al., 1981a), buccal (Ishida ez al., 1981), rectal (Nishihata et al., 1983),
vaginal (Okada et al., 1982), conjunctival (Yamamoto et al., 1989), and transdermal
(Liu et al., 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 cm?,
compared with 2,000,000 cm? 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 ez 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).
Our previous studies showed that the rectal absorption of sulfonamides, for example,
is good agreement with this theory (Kakemi ez al., 1965a,b,c). However, we found
some discrepancies when the intestinal transport of salicylic acid and barbituric acid
was studied. Figure 1 shows 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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Figure1. Comparison of absorption rate—pH relationship of salicylic acid in the rectum (®), colon (+),
and small intestine (O) of rat.
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In addition, colorectal absorption is unlikely to provide a carriermediated
transport. It was reported that absorption of 5-fluorouracil and nutrient-like sub-
stances such as galactose, L-tyrosine, and vitamin B,, 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 carriermediated
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 ez 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 ez 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 nonoral
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Table I
Enhancement of Rectal Absorption of Peptides/Proteins by Various Absorption Promoters
Peptides/proteins Absorption promoters Animals
Insulin Various surfactants Rabbits
Bile acid
Phospholipid
Enamine derivatives Rabbits, rats, dogs
Sodium salicylate Dogs
Sodium 5-methoxysalicylate
Gastrin Sodium 5-methoxysalicylate Rats
Pentagastrin
Lysozyme Enamine derivatives Rabbits
Heparin
(Asul.7)-eel calcitonin Enamine derivatives Rats
Sodium salicylate
Human epidermal growth factor Sodium caprate Rats
CMC Na
Interferon (human fibroblast interferon) Mixed micelle (linoleic acid, HCO60) Rats
Des-enkephalin-y-endorphin Medium-chain glyceride Rats
Na,-EDTA
5 ¢ a 5r b
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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 pg polypeptide/kg rat in 0.1 ml of saline,

pH 8.0 (), and rectally with 125 wg polypeptide/kg rat in the absence (®) and presence (A) of 25 mg of
5-methoxysalicylate/kg rat in 0.1 m! of saline, pH 8.0.
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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 i.v. 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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Figure 3. Plasma glucose concentrations in rats administered 50 U/kg of insulin nasally (), rectally (®),
bucally (2), and sublingually (A).
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We have mainly investigated the effect of mixed micelles on the intestinal
absorption of drugs and their mechanisms of enhancing 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 sulthydryl (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 (DEM), an agent known to covalently complex and deplete
glutathione, was used in the same experiment of enhanced absorption of oleic acid.
DEM did not affect the absorption of CFE, 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 AND 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 (DEM) on tissue
sulfhydryl content and permeability of carboxyfluorescein (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
et al., 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 ez 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 (HCO60) 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

MM/none ratio

Molecular Weight of FDs (x 103)

Figure 5. Comparison of enhancing effect by MM between isolated cells and everted loop. @, isolated
cells; A everted loop.



208 Shozo Muranishi et al.

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 (L/P) 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-fluorouracil 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, FITC-labeled dextrans of various 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 of FD 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 (DS) 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 DS, 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—DS 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-B—saline solution alone to the large intestine, hIFN-B was not
detected in either the serum or the lymph for 5 hr. Neither linoleic acid nor
polyoxyethylene derivative of hydrogenated castor oil (HCO60) promoted the absorp-
tion of hIFN-B. However, the administration of a mixed micellar system combined
with the above components led to a high concentration of hIFN- 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 (D,, and D) having a molecular weight close to that of hIFN-B.
The extremely high lymphotropic property of hIFN- 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-B at 6 hr
after Administration in Lumen of Rat Large Intestine

Adjuvant Cumulative amount (IU)
MM 1487.3 = 233.2¢
Saline control 74.8 = 7.1
HCO60 97.0 £ 24.7
Linoleic acid 96.4 + 23.4

aValues are mean * S.E.
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mucosae. Stratford and Lee (1986) have recently developed a method 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 of leucine, 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 (D-Ala?)-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 III, 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.

Table I
Half-lives for the Hydrolysis of Insulin and Proinsulin in
Homogenates of Various Absorptive Mucosae of the Albino Rabbit

Half-life (min)

Mucosa Insulin Proinsulin
Nasal 44.8 £ 4.9 70.5 £ 4.2
Buccal 268.3 = 21.4 395.8 = 112.0
Deal 98.1 + 6.4 557170
Rectal 71.6 = 11.6 122.7 £ 18.3
Vaginal 106.0 = 16.2 163.2 £ 24.3
Conjunctival 234.5 = 16.0 186.7 £ 8.9

aValues are mean + S.D.
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2.3. Conclusion

Although rectal drug formulations 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 permeability 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 form 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 hormones
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 intermediate, 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.
Itis composed of a connective tissue, consisting of collagen 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 penctrate 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 al., 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) (Turner 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 10-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 of the absorption of peptides 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 of bacterial 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 al.,
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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 al., 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 al., 1973), (D-Ala$, des-Gly!0) and (p-
Leu$, des-Gly!9) LH-RH ethylamide (leuprolide) (Nishi et al., 1975; De La Cruz
etal., 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 al., 1977). When insulin in Cetomacrogol 1000/PEG 400 was administered
vaginally to rats with streptozotocin-induced diabetes, the blood glucose was reduced
to 50% of the initial level 4 hr later; this effect was less than achieved by the rectal
route (Touitou et al., 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 al., 1982).

A series 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 (m),
vaginally (0), vaginally with 10% citric acid (®), rectally (A), nasally (2), 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; Illum 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 1 hr 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 al.,
1984).

The effects of the reproductive cycle on the vaginal absorption of penicillin in
humans have been reported (Rock et al., 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 al., 1983) and guinea pig (Durrani
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Figure 8. Effects of the estrous cycle on vaginal absorption of leuprolide in rats. AUC of serum
leuprolide concentrations for 6 hr after vaginal administration at a dose of 500 pg/kg/0.2 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 permeability 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 and Mitchell, 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 permeable 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 leuprolide
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 1 hr 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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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 of more rigid
intercellular structures such as tight and gap junctions (Hiramo 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 ZO. 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 al. (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 al. (1989)
demonstrated by monitoring the transepithelial electrical resistance that citrate may
serve as a Ca2* 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 al., 1984). We demonstrated in rats that repeated daily vagihal administra-
tion of leuprolide (500 pg/kg, jelly containing 5% citric acid causes a strong
desensitization of the pituitary (Okada et al., 1983c) and significant regression of
hormone-dependent mammary tumors induced by DMBA (Okada et al., 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 10 mg 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 al. (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 (), subcutaneously (A),
and vaginally (¢) in diestrous rats. Dose: intravenous and subcutaneous, 100 wg/kg; vaginal, 500
1g/kg/0.2 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 resuits 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 al., 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.
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Table 1
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



Endothelial Permeability 233

20 60 A 5

BM
Figure 1. Schematics of hypothetical pathways of transport in continuous endothelium. 1, 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 IT
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
Transport 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
Flux 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
Transient 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 J, is described by:

Jy = LSIP, — P) — a(w, — m)] )

where L, is hydraulic conductivity, S is capillary surface area, P, and P, are capil-
lary and interstitial hydrostatic pressures, respectively, w, and w; are capillary
and interstitial colloid osmotic pressures, and o is protein refiection coefficient of the
vessel wall (o = 0 if the membrane is freely permeable to the molecule crossing the
membrane and o = 1 if the membrane “rejects” the molecule making it imperme-
able). The movement of solutes across the porous endothelial barrier, J, is defined
by:

J, =J,(1 — a)C, + PS(AC) )

where PS is permeability coefficient—surface area product, AC is solute concentra-
tion difference across the endothelial monolayer, and C, 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 of cell cultures offers advantages such as
homogeneity of cell type, ease of handling, 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 microcarrier 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
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Figure 2. In vitro system for the measurement of molecular flux across the cultured endothelial
monolayer. (From Siflinger-Birnboim et al., 1987.)

0.8 pm; 10 pm thickness) to a polystyrene cylinder (13 mm outside diameter, 9 mm
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 105 cells/ml in Dulbecco’s modified Eagle’s medium,
20% fetal bovine serum, 0.01 mM nonessential amino acids, and gentamicin sulfate
(50 pg/ml). The luminal chambers are incubated at 37°C in a humidified CO,
incubator (5% CO,, 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 (pul) 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



236 Asrar B. Malik and Alma Siflinger-Birnboim

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 ez 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 microvessel endothelial cell
monolayers than in the mainstem pulmonary artery endothelial cells (Table IIT) (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

Figure 3. Confluent endothelial monolayers grown on gelatin- and fibronectin-coated polycarbonate
filters and visualized by fluorescence microscopy after acridine orange staining.
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Table III
Morphometric Characterization of Pulmonary Endothelial Cells (EC) in Culture
No. of complexes®/ Junction path
No. of vesicles/pm® junction length (um)
Pulmonary microvessel EC 26.7 £ 11.3 4.8 £ 3.0c 0.75 £ 0.57
Pulmonary artery EC 5.7 46 0.6 0.8 0.61 = 0.29
Ratio 4.7 8.4 1.22

aApproximately 50 wm 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 + SD.

Figure 4. Transmission electron micrographs of representative bovine pulmonary artery (BPAEC) and
bovine pulmonary endothelial cell monolayers (MV) grown to confluency on gelatin- and fibronectin-
coated polycarbonate filters. 20,000X. The microvessel cells show significantly more vesicles on both
luminal and abluminal sides of the plasma membrane than do BPAEC (arrows).
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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, laminin, 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 (Simionescu
and Simionescu, 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 al., 1951; Renkin, 1985).

Invivo 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 50 Aand200Aina
model based on lung lymph clearances (Taylor and Gaar, 1970). In most analyses the
values ranged from 5 to 280 A (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 al., 1986; Milici et al., 1987; Schnitzer et al., 1988a,b, 1990; Siflinger-Birnboim
et al., 1988b; Siflinger-Birnboim and Malik, 1989; Siflinger-Birnboim et al., 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 A for small- and large-“pore” pathways, respectively,
and a small-to-large “pore” ratio of 160:1 (Siflinger-Birnboim e? 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 Tracer Molecules
Molecule Size (Da) rg Dyp
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¢
o~Thrombin 36,600 28 0.084
Ovalbumin 43,000 27.6 0.11
Albumin 69,000 36.1 0.093
Plasminogen 82,000 45.1 0.043
Fibrinogen 340,000 106 0.033

ar,, Stokes—Einstein radius (A).

bDiffusion coefficient in water at 37°C = Dj; X 105 cm?/
sec.

Free diffusion coefficient in water at 20°C.

dFree diffusion coefficient in water at 27°C.
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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 CELLULAR 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 6. (A) Permeability of endothelial monolayer to molecules of known molecular radii, divided by
free diffusion coefficient (Pgc/D37) X 10-2 as a function of molecular radius. (From Siflinger-Birnboim
et al., 1987.) (B) Permeability of filter without the endothelium to molecules of known molecular radii,
divided by free diffusion coefficient (Pp/Dy;) X 10-2 as a function of hydrated radius. (From Siflinger-
Birnboim 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 proteinis 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 ef 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 [125T]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 e? 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 (Pgc/D57) X 10-2 s plotted on a log scale against the log of molecular radius. The dashed line
represents the one-pore model fit and the solid line represents the two-pore model fit. (From Siflinger-
Birnboim et al., 1987.)

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-lymph
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 {125[]-Albumin Clearance Rate¢

[1251]-Albumin clearance rate

. .. (wV/min)
Cationic ferritin
(mg/ml) Study #1 Study #2
0 (control) 0.108 + 0.021>  0.226 = 0.020
1.0 0.136 = 0.015*  0.287 + 0.023*

aThe 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 Dextranse

Abluminal concentration

(pg/ml)
Filter Endothelium
Neutral 36.7 + 2.40 3103
Sulfate (negative) 44.1 £ 6.1 94+ 1.2
Neutral 33.4 109 = 1.3

aDextran 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 [125[]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 III). 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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Figure 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 (Ppc/D) (37°C) are shown for the two cell lines.

cellular junctions in microvessel cells (Table IIT). 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 ez 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 [125I] albumin tracer either to the luminal or to the abluminal
side of the endothelium or by simultaneously added [!25T]albumin to the luminal side
of the endothelium and [!3U]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 [125]]albumin on the abluminal side, and error due to the effect of
unstirred layers. Shasby’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 ez 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
cultured microvascular rat endothelium in a specific, saturable, and reversible manner
(Schnitzer et al., 1988a). Several “albumin receptors” such as a 60-kDa glycoprotein
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(gp60) (Schnitzer ez 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 [125I]Jalbumin to BPAEC monolayers grown in fibronectin-coated 24-
well plates was saturated at 5 mg/ml unlabeled albumin (Fig. 10), indicating that
albumin competed with [!25[]Jalbumin for specific sites on the BPAEC surface.
Binding of [125[]albumin to BPAEC monolayers was reduced at 4°C compared to
37°C and ['?5T]albumin binding was reversible. The binding of [!25IJalbumin was
independent of the concentration of other unlabeled protein (e..g, gelatin) (Fig. 10).
The apparent equilibrium binding affinity constant (K;) for albumin binding to
BPAEC is 6 X 10-7 M with a maximum number of 1.45 X 106 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 III).
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Figure 10. Competition for [25T}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
compared to 37°C (p < 0.05) in the presence of unlabeled albumin. Saturation of [125TJalbumin binding
occurred at concentrations greater than 5 mg/ml (asterisk). The effect was not ohserved in the presence of
increasing concentrations of gelatin. Values are mean * SEM (Siflinger-Birnboim et al., 1991b).
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Figure 11. Permeability to [125T]albumin for the bovine pulmonary artery endothelial cell monolayers
(BPAEC) grown on the filter and for the filter without the endothelial cells as a function of increasing
unlabeled albumin and gelatin concentration. The permeability ratio is the [125[]albumin permeability in
the presence of unlabeled protein divided by the [125T]albumin permeability in the absence of unlabeled
protein. Values are mean = SEM. Asterisks indicate values different from one (Siflinger-Birnboim et
al., 1991b).
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The effect of albumin binding to endothelial cells on endothelial permeability
to [125T]Jalbumin was studied by adding unlabeled bovine serum albumin (0 to 60
mg/ml) and a constant amount of [125]]albumin tracer to BPAEC monolayers grown
on microporous filters as described above. The transendothelial permeability to [125]]-
albumin decreased by about 40% at unlabeled albumin concentrations of 5 mg/ml 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 [125T]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 60-kDa glycoprotein on
BPAEC plasmalemmal membrane, indicating that gp60 was also present in these cells
(Siflinger-Birnboim et al., 1991b). The addition of RCA produced a 60% decrease in
[125]]albumin binding to BPAEC, which did not occur when RCA was complexed with
its cognate hapten monosaccharide -p-galactose; therefore, RCA appears to interact
with a galactose-containing component of gp60. Addition of RCA to the BPAEC
monolayer reduced [125]]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 [125I]albumin
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Figure 12.  Effect of lectins on transendothelial permeability to 125 albumin in the absence of unlabeled
albumin. Maximum effect was observed at lectin concentrations of 50 pg/ml. RCA, Ricinus communis
agglutinin; WGA, wheat germ agglutinin; SBA, soybean agglutinin; UEA, Ulex europaeus agglutinin.
Values are mean + SEM. Asterisk indicates different from control (Siflinger-Birnboim et al., 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 III). 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 al.,
1984; Garcia et al., 1986; Siflinger-Birnboim e? al., 1988a; Minnear et al., 1989;
Aschner et al., 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 al., 1986; Killackey et al., 1986). Events occurring on the endothelial cell
membrane are critical for the initiation of the cascade of events leading to the increase
in permeability. The permeability-increasing effects of histamine are mediated by
binding to histamine receptors (N. Simionescu et al., 1982). In contrast, the
permeability increase induced by thrombin is the result of more complex interactions
between thrombin and the cell membrane involving binding to the membrane as well
as proteolytic cleavage of membrane phospholipids (Aschner et al., 1990). Thrombin
binding alone was insufficient in explaining the thrombin-mediated increase in
endothelial permeability (Aubrey et al., 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 ez al., 1986; Phillips ez 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 ez 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 [125T]albumin, an effect which was reversed by rehydrating the cells
(Shepard et al., 1987).

A study by Phillips et al. (1989) points to the role of peripheral actin filaments in
junctional stability and the regulation of endothelial permeability under certain
stimuli. Pretreatment of endothelial cells with 0.3 pM 7-nitrobenz-2-oxa-1,3-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 of endothelial 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 ez 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 of F-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 [125T]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*]; may signal the increase in
endothelial permeability because Ca2* is a known regulator of cytoskeletal 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 and Weeds, 1986) and microtubules (Marcum et al., 1978; Bennett
and Weeds, 1986) are regulated by changes in [Ca2+],. Several actin-binding proteins
are known to affect the polymerization state, cross-linking, and bundling activity of
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F-actin in response to changes of [Ca2*]; (Stossel et al., 1985; Bennett and Weeds,
1986).

Ca2+ is also required for the activation of the phosphorylating enzymes Ca2+—
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). Typical 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 A, 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*]; 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 Ca?* and cAMP may regulate increases in
endothelial permeability. PKC, protein kinase C; PLC, phospholipase C; IP;, inositol 1,3,4- and 1,4,5-
trisphosphate; IP,, inositol 1,3,4,5,-tetrakisphosphate; DG, diacylglycerol; PLA,, phospholipase A,.

Ca?t increase. The sequence of events by which the rise in Ca2t “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; PLA,, phospholipase A,; DAG, diacylglycerol; PKC, protein kinase C. (From
Goligorsky et al., 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 of confluent BPAEC monolayers in culture to PMA or 1-oleoyl 2-acetyl
glycerol (OAG) increased PKC activity in a concentration-dependent manner and also
increased the transendothelial flux of [125[]Jalbumin (Lynch et al., 1990). Neither
4a-phorbol 12,13-didecanoate nor 1-mono-oleoyl glycerol, which did not activate
PKC, altered endothelial permeability. The increase in [125I]albumin permeability
induced by PMA was inhibited by the isoquinolinylsulfonamide derivative H7 (Lynch
et al., 1990), a strong PKC inhibitor (Hidaka et al., 1984), but not by the control
compound HA1004 (Hidaka ez al., 1984). After 16 hr of exposure to PMA, cytosolic
PKC activity was significantly reduced, and the [125]]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 [!25[]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+]; and
PKC activation in mediating the increase in endothelial permeability. It is tempting to
propose that increased [Ca2+]; 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
etal., 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 endothelium may 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 10-fold reduction in the transport of [125]]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 a more 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.

11. DECREASES IN ENDOTHELIAL PERMEABILITY INDUCED
BY CYCLIC NUCLEOTIDES

There is good evidence indicating that increases in [CAMP]; 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 10-6 M) (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*]; 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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Figure 15. Permeability (Pgc) of pulmonary microvessel endothelial cell monolayers in the presence of
isoproterenol (2 X 10-6 M). Selectivity of the monolayers to molecules of various molecular radius is
maintained in the presence of isoproterenol.

major determinant of endothelial water permeability since albumin serves to regulate
the vessel wall hydraulic conductivity (Curry, 1980; Curry and Michel, 1980; Michel
et al., 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 al., 1989; McCandless et al., 1991). Hydraulic conductivity across the
filters alone was 3.2+0.3 X 10-3 cm/sec per cm H,0, whereas hydraulic conduc-
tivity across the endothelial monolayer on the filter was 17.4£2.7 X 105 cm/sec
per cm H,0 [these values are 10- to 100-fold greater than those reported for intact
vessel walls (Michel et al., 1985), which reflects the lack of series resistance due to
absence of basement membrane and adjacent interstitium (Fox and Wayland, 1979)].
Exposure of monolayers to albumin (0.5 to 2.5 mg/ml) decreased the hydraulic
conductivity in a concentration- dependent manner (Powers et al., 1989). This did not
appear to be due to mechanical “plugging” of interendothelial clefts or other
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Figure16. 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 al.,
1991). Michel er 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 transcytosis 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 micro-/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 (CNS) 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). Atbest, 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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Figurel. Many nonfenestrated endothelial cells, under normal conditions and within or outside the CNS,
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, lysosomes, 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 plasmalemmé; 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 ez al., 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 importantly, 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 - HRP, ferritin Nonspecific Vesicles, endosomes, lysosomes
Adsorptive phase WGA, ricin, Specific Vesicles, endosomes, lysosomes,
cationized probes oligosaccharides Golgi complex
Receptor-mediated Insulin, transferrin Specific receptors Vesicles, endosomes, lysosomes,

Golgi complex (?)




272 Richard D. Broadwell

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 lysosomes (A, inset). Tubular 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 lysosomes. Peroxidase
reaction product is not evident on the abluminal surface or within the perivascular clefts of cerebral
endothelia deep in the CNS 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 innermost Golgi 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 aligand (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 BLOOD-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 ef al., 1986), the median eminence (Broadwell et al., 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 ez 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 luminal 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 of cell surface membrane and
endocytosis of macromolecules (Broadwell, 1989; Broadwell ef 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 1.

4. EXTRACELLULAR PATHWAYS CIRCUMVENTING THE BLOOD-
BRAIN FLUID BARRIERS

Extracellular pathways circumventing the blood—brain fluid barriers (Table III)
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 ez 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 e 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

Cell types
Blood-brain barrier: nonfenestrated endothelia
» Circumferential belts of tight junctional complexes
* Secondary lysosomes containing acid hydrolases
* Nonlysosomal hydrolytic enzymes (e.g., monoamine oxidase)
Blood—cerebrospinal fluid barrier
Choroid plexus epithelium
» Circumferential belts of tight junctional complexes
* Secondary lysosomes 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. 1).
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).
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Table III
Circumvention of the Blood—Brain Fluid Barriers: Extracellular Routes

Permeable 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 of a 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 permeable to peptides and many
proteins; therefore, they lie outside the blood—brain barrier. These seven sites, collectively termed 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 subcommissural 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), which 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 1 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,
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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 nonimmunologically privileged sites in the
CNS (Broadwell, 1989; Broadwell et al., 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 al., 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 of BBB endothelia gain access to extracellular routes circumventing the BBB
remains to be determined.

5. CIRCUMVENTING THE BLOOD-BRAIN FLUID 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.c.,
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 lysosomes 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 of herpesvirus (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 plasmalemma of cells (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-nm
vesicles, tubular profiles, vacuoles that may represent endosomes or a prelysosomal
compartment, and dense bodies comparable morphologically to secondary lyso-
somes. With the passage of time (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
of the 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 CNS, 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 of WGA-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 of WGA-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 CNS. 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 ez al., 1983a; Villegas and Broadwell,
1993).
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Figure7. 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
(1) 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 Golgi 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
lysosomes (3¢) that ferry acid hydrolytic enzymes to endosomes (prelysosomes) and secondary lysosomes
(L). Blood-borne or CSF-borne macromolecules entering the choroid epithelium in vesicles derived from
the plasmalemma by fluid-phase endocytosis (e.g.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>