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AUTHOR’S NOTE

The work described in these chapters summarizes the current state of research into
regeneration of axons in the Central Nervous System of vertebrates. We need to
remember that these advances are the result of basic scientific research carried out
by dedicated scientists in all fields of biology, even those apparently distant from
the issues of regeneration research. The remarkable developments in this research
give hope that greatly improved treatments for brain and spinal cord injuries will
soon be available. Indeed this work has also been stimulated by the appreciation
that we have for those who suffer from the devastating consequences of brain and
spinal injury and for their families. We would like to dedicate this volume to those
individuals - to the famous, such as Christopher Reeve, whose unstinting efforts to
raise awareness of the emotional, physical and monetary costs of spinal injury
have been so important to the recent advancement of the research efforts, and to
the less famous, such as Adam Shapiro, a boy struggling to recover and rebuild a
life after his spinal injury, who has reminded us of the courage, the hope, and ef-
fort and ultimately the optimism that this requires and who recently sent us this
note:

Hi. My name is Adam Shapiro and I am 15 years old. In September of 1996 1
broke my neck (C3-C4) leaving me an incomplete quadriplegic. My mom and I
check the Internet every day to see if there is any new information on spinal cord
nerve regeneration. I have come a long way. I started off on a ventilator, and
could not move anything. It took me three months to get off the ventilator, and
that is when I started conditioning my body. At this time I am able to walk with a
walker, but my arms are considerably weaker than my legs.. If you could please
e-mail me back, I am very anxious to get involved in new treatments that you are
conducting now on humans, I would greatly appreciate it, or if not please keep
me in mind in the future. Thank you so much for your time...

Finally, on a more personal note, we would like to dedicate this volume to our
friend, our teacher, our mentor and our colleague, Bernice Grafstein, who led us
into this field and so changed our scientific lives.
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PREFACE

One of the most fundamental questions in neuroscience is why certain neurons
respond to axotomy by robustly regrowing a new axon while others do not. This
basic difference between neurons in lower vertebrates and mammalian peripheral
nerves on the one hand, and nerves found in the central nervous system (CNS) of
mammals on the other, has been the launching pad for the experimental lives of
countless former and current researchers and in many cases has led to lifelong
commitments to try to understand this elemental fact of neural life. What is per-
haps most vexing about our inability to understand the reasons why mammalian
central neurons fail to regenerate following injury is the enormous impact this has
on the human condition. Each year thousands of patients become victims of brain
or spinal cord injuries resulting in varying degrees of cognitive loss or paralysis.
Once these neurons have been severed they are not likely to recover. To these pa-
tients we can, at present, offer little in the way of treatment. But we offer much in
the way of hope. The hope springs from the enormous progress that has been made
in the past 30 or so years in understanding the molecular and cellular events occur-
ring in systems that are successful in regenerating new axons and, more recently,
in the analysis of mammalian central neurons where abortive regeneration and cell
death are still the general consequences of axotomy but where there is now clear
evidence for regrowth following certain experimental interventions.

Our view of the scientific problem, and thus our approach to solving it,
has been shaped in large part by the studies of Santiago Ramon y Cajal (1928)
who wrote in the early part of this century: “My observations, made in the optic
nerve and spinal cord...demonstrated also that the incapability of regeneration is
not a fatally irresistible law, but is a secondary outcome of a physical or chemical
environment unfavorable for the growth of the sprouts....” These observations
focused our thoughts and research strategies on the glial barriers (“scars”) to nerve
growth. But we know today that, while an impenetrable barrier (or inhibitory pro-
teins on the membranes of cells in the region of the injury) is likely to play an im-
portant role in the failure of a neuron to grow a new axon, other factors such as
cell survival, the genetic growth program of the damaged neuron, the response of
neurons to growth and guidance factors and, perhaps, the failure of a cut axon to
reseal may all play roles in the successful regrowth of a new axon. As was true for
Cajal, modemn researchers have generally favored the optic nerve and spinal cord
as models to study the issue of axonal regeneration and recovery of function, and
the contributions in this volume largely reflect those models. We believe, how-
ever, that the lessons learned from the optic nerve and spinal cord are generaliz-
able to other parts of the CNS.

The goal of this book is to summarize some of the major research contri-
butions in nerve regeneration reported over the past 30 years and then show how
these discoveries have led to the current strategies to promote axonal regeneration
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in the mammalian CNS. Part I deals with reviews of studies primarily in the visual
system of lower vertebrates where axotomy has been shown to result in nerve re-
generation, functional recovery and remarkable fidelity in the re-establishment of
synaptic connections. These studies were stimulated by the pioneering work of
Roger Sperry and provide a backdrop against which to view efforts to stimulate
regeneration in the CNS of mammals.

In Part II, the correlation between developmental age and the ability of
nerves to regenerate is addressed. Cut axons can regenerate in early stages of em-
bryonic development and regenerating axons can penetrate glial scars in embryos.
But at some point, that ability is lost. What changes? What are the environmental
developments that prevent nerve growth?

In Part III, the most extensive section of the book, the response of mam-
malian neurons to axotomy is examined at the cell body, at the site of injury, and
in the distal nerve segment where new growth will occur. The questions of why
some neurons die following injury, and specifically what induces apoptosis fol-
lowing axotomy, are addressed. Also, the genomic response to axotomy is re-
viewed, with a description of the genes transcribed in successfully regenerating
neurons and a comparison with those transcribed in neurons incapable of re-
growth. The consequences of that transcription, those proteins that are selectively
or preferentially synthesized, are also presented. Perhaps one of the most neglected
areas of research in this field is the response at the site of nerve injury. Here, early
inflammatory cell and glial responses to injury as well as the resealing of cut ax-
ons, reactions that are critical in preventing neuronal cell death, are reviewed. The
distal nerve segment (undergoing Wallerian degeneration in the initial period after
axotomy and supporting axon elongation, if it occurs, in the latter stage) must
form a permissive and supporting environment for growing axons if successful
regeneration is to occur. Contributions in this section range from a description of
the genes induced in glia/Schwann cells following axotomy and during regenera-
tion and the way in which growing axons might induce the expression of those
genes. The final topic in this section is a description of the factors (both positive
and negative) that influence axonal elongation.

Theoretically, factors that stimulate axonal growth (and/or neutralize
those molecules that block neurite extension) could be used to promote regenera-
tion following axotomy in the CNS and experiments describing these approaches
are presented in Part IV.

In these chapters, contributors report on their attempts to promote regen-
eration in the CNS by using one or a combination of techniques dictated primarily
by the results of basic studies described in earlier chapters. Thus, protecting a cell
from apoptosis following axotomy must be a prime objective of any therapeutic
interventional strategy and is dealt with in the opening chapter. A hospitable ter-
rain (such as the one made by Schwann cells in the PNS) must also be created, and
several chapters are devoted to the use of peripheral nerve, olfactory ensheathing
cells, and fetal cell transplants to create an environment that can support regenera-
tion. Neurotrophic agents can protect cells from apoptosis following axotomy and
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may also stimulate axonal outgrowth; successes and failures using these agents are
reviewed. The use of antibodies to myelin inhibitory proteins has led to successful
regrowth of fibers in the spinal cord of rats, with some functional recovery. In one
of the most recent approaches to effecting regeneration of cut axons, gene therapy
is being used to deliver trophic and survival factors to mjured neurons. In the pe-
nultimate chapter in this section, initial results from studies in which fetal CNS
tissue has been applied to injured human spinal cord are described. Finally, a re-
view of the obstacles to regeneration faced by an injured CNS neuron and a de-
scription of the experiments that have attempted to overcome them are presented,
followed by therapeutic recommendations in what may be our best hope at en-
couraging significant regeneration following CNS damage.

In the last part, called “Perspective, " a senior researcher gives a personal
view of the maturation of the field and discusses where best to focus future studies
in our attempt to restore function following injury or diseases of the central nerv-
ous system.

This book will serve as an important resource for all basic neuroscien-
tists, especially those interested in the growth and regeneration of neurons. In ad-
dition, this volume should be a critical reference for clinical neurologists, neuro-
surgeons, orthopedic surgeons, physiatrists and physical therapists, who will find
the contents informative and useful in their understanding of the problem of nerve
repair. Finally, it is hoped that this book will be read by molecular and cellular
biologists who may know little about the nervous system, but who share our con-
cern for the fundamental question being asked and for the human consequences of
our inability to answer it. And perhaps upon reading a passage, one of these scien-
tists will assemble some pieces of the puzzle and make a connection that has thus
far eluded the rest of us, put the book down for a moment and say, “Wait! I have
anidea....”

Nicholas A. Ingoglia and Marion Murray
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Foreword

HALF A CENTURY OF
REGENERATION RESEARCH

Bernice Grafstein

Department of Physiology and Biophysics, Joan and Sanford |. Weill Medical
College of Comell University, New York, New York

“I feel convinced that the time is propitious for a professionally calculated
risk in research on central nervous regeneration, for, though the path is be-
set with many insurmountably appearing difficulties, yel the stakes are high,
and they are human.”

(Pearce Bailey, 1955)

“From the controversial to the self-evident is a very small step.”
(Paul A Weiss, personal communication, ca. 1968)

1. INTRODUCTION

In medical science there is always a tension between following the search for
knowledge, wherever it may lead, and the need to find the cure for a particular
disease. This is especially true in the field of central nervous system regeneration:
the wayward pursuit of the mysteries of growth and repair in the most complex
organ of the body is balanced by the exigency of alleviating the suffering that is
produced when it is injured.

Awareness of this suffering, particularly the suffering produced by spinal
cord injury, has increased notably since World War 11 (Bailey, 1955). At that
time, the introduction of antibiotics, together with advances in nursing care and
rehabilitation (the outstanding names in this field are those of Sir Ludwig Gutt-
mann in England and Howard Rusk in the U.S.A.), enormously increased the like-
lihood of survival from spinal cord injuries. This gave great impetus to a resur-
gence of interest in regeneration research, leading to a half century of remarkable
progress and increasing optimism about our prospects of devising meaningful in-
terventions in this area. Thus, in seeking a perspective on our accomplishments, it
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is valuable to focus on what has happened in this period, rather than, as is more
usual, to look back to the prescient writings of our 19® century predecessors'.

Contemplating the changes that have occurred in this half-century, we can
identify the scientific contributions that have been made by a number of important
figures, and how their ideas have led to alterations in our thinking about the nature
of the neuronal response to injury, about what factors regulate regeneration, and
about what interventions can be used to promote regeneration. Important as this
may be, however, it is only part of the story. Conspicuous changes have also oc-
curred in the ways that information is disseminated and exchanged among regen-
eration-research scientists. This may be one consequence of the increase in our
numbers, which may be proportionately even greater than the staggering increase
in the number of scientists that have entered the field of neuroscience overall.
Another striking change has been the increase in the resources devoted to research
on regeneration. Increased funding from Federal sources has been at least partly
the result of efforts by scientists to raise the awareness of legislators about the
economic and emotional costs of central nervous system trauma. It also reflects
the concerted efforts of many members of the lay public, operating through vol-
untary health agencies, particularly those concerned with spinal cord injury, who
have been effective not only on the Federal level, but also, to a remarkable degree
recently, at the level of State government. These are the three principal themes of
this chapter — how our thinking has evolved, how our scientific community has
evolved, and how our relationship with the spinal cord injury community has
evolved. In all of these, however, 1 can only give snapshots, based on my own
experience in regeneration research and my acquaintance with some of the people
involved.

Il. HALF A CENTURY OF IDEAS ABOUT REGENERATION

A convenient point of departure for a “then-and-now” overview is the book “Cen-
tral Nervous System Regeneration”, edited by William F. Windle (1955)%. This
volume contains papers by some of the scientists whom we now recognize as

' This may be my rationalization for limiting this overview to the period of my own experi-
ence. Reconstructing historical events is always a difficult task — the artifacts that remain
for posterity to unearth represent only a small and haphazard sample of the temporal un-
folding of events, and the record is further distorted by the self-interest, wishful thinking
and faulty recollection of the record-keepers. Necessary information about the social and
intellectual context of the time is usually deficient. This article undoubtedly suffers from
some of the same limitations.

2 The book was the product of a meeting in May, 1954, convened by the National Institute
of Neurological Diseases and Blindness, at that time directed by Dr. Pearce Bailey, when
Dr. Windle was Chief of the Laboratory of Neuroanatomical Sciences.
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having made classic contributions to the fields of nervous system development and
regeneration.

With our knowledge of what is to come, we can hear the rumble of history
in many of the papers. Pictures of isolated embryo-derived nerve cells in culture
are presented by Rita Levi-Montalcini (1955) with the comment that she is plan-
ning to investigate their growth “under different experimental conditions” — what
was a momentous achievement at that time has become a commonplace of current
technology to which even a high school student can now aspire (L.P. Shanet, per-
sonal communication). Viktor Hamburger, in his characteristically modest and
responsible way, reviews the limited literature on regeneration in reptiles and birds
(Hamburger, 1955) without looking aside toward his own early work and his sub-
sequent collaboration with Levi-Montalcini, which showed the dependence of
nerve centers on their targets (Hamburger and Levi-Montalcini, 1949) — only later
did this become appropriately recognized in the context of the role of trophic fac-
tors and the importance of cell death in the formation of the nervous system and its
response to injury. Howard Holtzer (1955) touches on the question of the relation-
ship between nerve cell differentiation and neurogenesis, a problem that we may
now consider anew with the growing awareness of neural progenitor cells in the
brain as a potential therapeutic resource (this volume, chapter by Fischer). H.
Hoffman, in his paper on peripheral nerve regeneration (Hoffman, 1955), shows
some electron micrographs of a quality that would cause a present-day graduate
student to fail the admission-to-candidacy exam, but they are adequate to reveal a
puzzling plethora of unmyelinated collateral sprouts — we now know how signifi-
cant the concept of collateral sprouting will be in pointing to the prospect of new
axon growth in the injured central nervous system. We may gasp at Paul Glees’s
review of attempts to implant peripheral tissues into the brain, aware as we are of
the virtual transformation of the field of regeneration research that would occur
with the demonstration by Albert Aguayo and his co-workers that vigorous growth
of central nervous system axons could be reliably elicited by confronting them
with grafts of peripheral nerves (David and Aguayo, 1981; this volume, chapter
by So and Yip). There are many such arresting prefigurations to be found in this
book. Contrariwise, there are many ideas essential to our present thinking of
which there is no inkling. There are, however, a few contributions that can be
recognized as forerunners of truly momentous changes in the field of neurosci-
ence, with particular relevance for our interest in regeneration.

A. William F. Windle: Glucocorticoid treatment of spinal cord injury

Windle himself makes only a modest contribution to the discussion in his book
(Windle, 1955, pp. 234-237). However, there are a number of papers based on
studies that were performed in collaboration with him or upon his instigation, e.g.
the papers by Carmine D. Clemente (1955), Edward G. Stuart (1955), Donald
Scott, Jr. (1955), and Jae L. Littrell (1955). They describe successful recovery
from spinal cord injury in animals treated with Piromen (a bacterial pyrogen, the
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regeneration-promoting effects of which were fortuitously discovered by William
Chambers), desoxycorticosterone or ACTH. The possible mechanism of action of
these agents, however, remains a puzzle to these scientists. Their best guess is that
the drugs were acting to inhibit scar formation by fibroblasts and astrocytes, thus
loosening the substrate on which the neurons were growing. Although the find-
ings with Piromen later proved to be difficult to reproduce (Puchala and Windle,
1977), it is likely that these experiments inspired subsequent (purportedly success-
ful) efforts to treat spinal cord injuries with hyaluronidase and various proteolytic
enzymes, especially those carried out in the Soviet Union by T.N. Nesmeyanova
and by L.A. Matinian and A.S. Andreasian (cited by Puchala and Windle, 1977).

In the original studies with Piromen and glucocorticoids, little thought ap-
pears to have been given to the possibility that attenuation of the immune response
might be an important factor, since the participation of the immune system in
nervous system injuries (this volume, chapter by Murray) was not yet appreciated.
Indeed, early attempts to treat spinal cord injuries by using glucocorticoids to
block the immune response were discouraging (Bracken et al., 1985). Only subse-
quently, when much larger doses of glucocorticoids were used, was this approach
successful (Bracken et al., 1992). The effectiveness of this treatment, however,
does not appear to be primarily attributable to the classic immune-suppressive
effects of the drugs; rather, the inhibition of oxygen radical-induced lipid peroxi-
dation, leading to a reduction of secondary injury following the trauma, appears to
be a principal mechanism (Hall, 1992). This is still not the answer to treatment of
spinal cord injury, since it has only limited effects in containing the consequences
of the trauma, but not eliminating them. At present, however, this offers at least
some hope for an effective intervention (McDonald et al., 1999).

B. Paul Weiss: Axonal transport

In a brief and very general theoretical paper in Windle’s book, Paul Weiss presents
a view of the dynamics of “neuroplasm” in relation to regeneration (Weiss, 1955).
He emphasizes physical and hydrodynamic processes in attempting to define the
factors that may contribute to the production and movement of the axonal cyto-
plasm, and to describe the way in which these factors might interact with one an
other in regulating the rate of axonal regeneneration’. Curiously, he does not use
the term “axoplasmic flow”, which was a key concept that he had introduced to
describe the continuous movement of the axoplasm from its origin in the cell body

3 Weiss took particular pride 1n having been trained originally as an engineer, rather than a
biologist ab initio, and in much of his work throughout his career he emphasized the neces-
sity of considering the role of mechanical and physical-chemical forces in biological events.
It is possible that he was also influenced by the then highly esteemed views of D’Arcy W.
Thompson (1917), which highlighted the importance of analyzing biological phenomena in
terms of the physical sciences before resorting to postulating special attributes of animate
matter.
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toward the axon terminals (Weiss and Hiscoe, 1948). On the basis of morphologi-
cal studies of mechanically constricted axons, he had envisaged the interior of the
axon as a fluid stream® that was propelled by peristaltic-like waves of the axon
membrane, moving the axonal contents at a rate of about | mm per day. Although
this rate corresponded closely to the rate of regeneration, Weiss in his 1955 paper
presents a multifactorial view of the relationship between the two rates. He sees
the progression of the axoplasm as generating a pool of material to be deployed
during regeneration, resulting in the advance of the new axon at a rate determined
by how this material would be partitioned among the axon’s main tip and any
collateral branches that might be formed.

Except for its evident relevance to regeneration, the possible significance
of axoplasmic flow in relation to neuronal function was little appreciated at first
(Grafstein, 1969). One factor may have been the disparity in temporal relations
between a process that was measured over the course of days and neurophysi-
ological events that could be measured in milliseconds. Also, direct evidence for
Weiss’s ideas was not obtained until the early 1960°s, when the labeling of axonal
proteins by application of radioactive amino acids to nerve cell bodies showed that
material advanced along nerve fibers at the velocity predicted by Weiss’s obser-
vations. However, attention increased sharply when it was established that some of
the labeled protein was moving at velocities more than a hundred-fold faster than
previously imagined, and that this fast-transported material consisted 61 membra-
nous organelles, in contrast to the largety soluble nature of the proteins in the slow
flow (McEwen and Grafstein, 1968). The fast transport was found to be operating
both from the cell body toward the axon terminals (anterograde transport) and in
the reverse direction (retrograde transport), with velocities of up to several um per
sec (Grafstein and Forman, 1980). 1t is now clear that the fast and slow modalities
of axonal transport, each with sub-components that can be identified by differ-
ences in velocity and composition, are distinct from each other (Grafstein, 1995).
Thus axonal transport can be seen not only as a leisurely “housekeeping” mecha-
nism for maintenance of neuronal structure, but as an important vector in the rapid
deployment of essential functional components, including constituents involved in
synaptic function as well as trophic signals from the periphery.

A crucial advance in the understanding of axonal transport has been the dis-
covery of the principal motor protein for anterograde fast transport, which turned
out to be only one of a family of previously unsuspected motor proteins now
known as kinesins (reviewed by Grafstein, 1995). The kinesins, which are widely
distributed in the animal kingdom and highly conserved, are ATPases that interact

* Evidence for the fluid nature of the axoplasm and the idea that the flow of axoplasm was
responsible for maintaining the integrity of the axon was advanced at about the same time
by J.Z. Young (1945). He postulated that the flow was maintained by the “turgor pressure
emanating from the cell body”. In a copy of Young’s article in the Rockefelier University
Library, objections to Young’s views are inserted in a handwriting that is to me unmistaka-
bly that of Paul Weiss.
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with tubulin to produce organelle movement directed toward the plus-ends of mi-
crotubules. This provides for anterograde transport in axons, in which the plus-
ends uniformly face toward the synaptic terminals. Retrograde fast transport has
been found to be mediated primarily by the motor protein dynein, which is like-
wise an ATPase that interacts with tubulin, but carries organelles toward the mi-
nus-ends of microtubules. Dynein can also interact with actin, possibly providing
another mode of fast intracellular movement.

The mechanism for slow axonal transport is still unclear. This modality
conveys cytoskeletal and cytoplasmic proteins, with the most highly polymerized
forms, morphologically definable microtubules and neurofilaments, moving at the
slowest velocities, a few mm per day in mammals. [t is possible that the dis-
placement of the cytoskeleton is related to the dynamics of polymerization and
depolymerization events in microtubules and neurofilaments along the length of
the axon (reviewed by Grafstein, 1995).

In regeneration, axonal transport plays an essential role by providing materi-
als for the reconstruction of the axon. It is not surprising, therefore, that regenera-
tion has been found to be accompanied by an increase in the rate of transport and
the amount of material conveyed. What may indeed be surprising is that this is
true not only of slow-transport constituents, which are largely cytoskeletal and
cytoplasmic materials (Grafstein and Murray, 1969; Moskowitz and Oblinger,
1995), but of fast-transport elements, including the transport motors (Su et al.,
1997). A major factor contributing to the increased transport is increased expres-
sion of the proteins involved (this volume, chapters by Benowitz et al., Fernandes
and Tetzlaff), consistent with Weiss’s predictions (Weiss, 1955). Weiss may not
have envisioned, however, that regeneration would entail the increased expression
of specific growth-associated proteins (this volume, chapter by Benowitz et al.,),
since he was dedicated to the idea that even the apparently stable mature neuron
was perpetually in a growth-like state. It is moreover unlikely that, even with his
talent for creating overarching principles based on his very detailed and concrete
experimental observations, he would have envisioned the virtual revolution in
neuroanatomy that has come about as a result of applying the principles of axonal
transport to the tracing of neuronal connections (Cuénod and Cowan, 1975)°.
Whatever criticism one may direct today at the limitations and fallacies in Weiss’s
ideas, there is no question that he provoked an enormous body of research of last-
ing significance.

5 This extended even to the delineation of some transneuronal pathways (Grafstein, 1971),
subsequently utilized in the Nobel prize-winning work of David Hubel and Torsten Wiesel
on the development of the visual system (Wiesel, 1982).
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C. Roger W. Sperry: Chemoaffinity in the selective development and
regeneration of neuronal connections

A productive strategy in research on central nervous system regeneration has been
to look at the visual system, because of its accessibility to surgical intervention and
the detail with which the quality of its restored function can be explored (Graf-
stein, 1986; see chapters by Benowitz et al., by Stuermer and Leppert, and by So
and Yip in the present volume). Much of this work can be traced back to the inci-
sive studies of Roger Sperry®. In his paper in the volume edited by Windle
(Sperry, 1955), Sperry dismisses the possibility of optic nerve regeneration in
mammals, contrasting this with the ability of amphibians and fishes to regenerate
their optic nerves and to recover vision even after complete transection of the
nerves. Especially interesting are his careful behavioral experiments on the qual-
ity of the recovered vision, involving testing not only of color vision and optoki-
netic reactions, but also the localization of small objects in space’. He found that
the visual behavior in every case, even if the eye had been displaced or rotated,
correlated with the anatomical arrangement. This led him to the conclusion that
the axons arising from any point on the retina make selective synaptic connections
with neurons in a matching locus of the optic tectum, determined by “specific
chemoaffinities” between corresponding points in the retina and tectum. Implicit
in this view was the idea that neuronal connectivity is determined, both in devel-
opment and in at least some cases of regeneration in lower animals, by a property
distinguishing each nerve cell from another. Although this might seem to lead to
the necessity of postulating an unreasonably large number of specific characteris-
tics, Sperry pointed out (1950) that in the case of the retina, for example, differen-
tiation proceeding along two separate axes would be sufficient to give each retinal
neuron unique properties. It was not until nearly a decade later that histological
experiments on fish optic nerve (cited by Sperry, 1963) led him to the view that
the regenerating retinal axons, and indeed all axons in the developing mammalian
nervous system, not only connected with specific targets, but that they did so by
selecting separate central pathways en route to those targets on the basis of che-
moaffinity factors®.

Sperry’s ideas about the importance of selectivity in axon growth contrasted
with the then current view that axon elongation depended essentially on physical-
chemical factors rather than specific chemical identities. The primacy of this kind

¢ Sperry’s studies on the visual system of fish in particular may have been the original
stimulus for George Streisinger’s interest in the zebrafish as a subject for genetic studies.

7 Systematic studies of this kind require the special talents of a naturalist, which Sperry
apparently possessed to a remarkable degree.

¥ This contrasts with his original idea that the regenerating fibers make extensive connec-
tions in the tectum, “with only the appropriate ones being reinforced and maintained in a
functional state” (Sperry, 1955). It is now clear that both kinds of mechanisms are probably
operating.
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of generalized “contact guidance” had been particularly espoused by Paul Weiss
(who had originally been Sperry’s mentor at the University of Chicago). Weiss’s
experiments on the outgrowth pattern of axons on various mechanically-
conditioned substrates in vitro demonstrated that many of the phenomena of nerve
growth that might have been attributed to “neurotropism”, i.e., a positive attractive
force that appeared to be exerted by a target tissue, were really due to the physical
properties of the substrate (Weiss, 1934,

Sperry’s hypothesis of chemoaffinity in regulating the regeneration of reti-
notectal connections was apparently in conflict with his own observations on the
recovery of motor function following nerve injury in fish and amphibia. He had
found that recovery of functionally-appropriate movements occurred even though
the motor axons did not reconnect to their appropriate muscles (Sperry, 1950).
This was considered to be consistent with the principle of “myotypic specificity”
or “modulation” originally enunciated by Weiss, which postulated that the muscles
each possessed an embryonically-established specific identity, and that after the
regenerating axons made random connections with the muscles, they acquired a
new “modulus” determined by the muscles (Weiss, 1936). The restoration of ap-
propriate muscle function had been explained by Weiss on the basis of the “Reso-
nance Principle” (reviewed by Weiss, 1936), which postulated that any one muscle
would only respond to a particular pattern of excitation of its motor neurons, re-
gardless of the anatomical source of its innervation. Sperry, however, proposed
(1947, 1950) that after the motor neuron had been altered by its contact with the
muscle, there was a corresponding alteration (by what we might now term a retro-
grade signal) of the central connections of the motor neuron. This implied a
breakdown of the original synaptic endings and the formation of new ones from
interneurons that presumably could recognize “some constitutional, perhaps bio-
chemical, property” specific to each type of motor neuron, i.e., interneurons that
had an appropriate chemoaffinity for the newly respecified motor neurons (Sperry,
1947)'°. Presumably, the capability for respecification was lost in mammals, and

® It is ironic that Weiss’s ingenious demonstration of the absence of tropic factors in degen-
erating nerve (Weiss and Taylor, 1944) was eventually found to have been invalid largely
due to an incorrect choice of substrate — he tested nerve growth in an arterial sleeve that
may have nullified the tropic influence of the degenerating nerve stump (Politis et al.,
1982).

' Weiss subsequently claimed to have originally enunciated the 1dea that synaptic relations
were regulated by specific biochemical affinities between neural elements, whereas Sperry
countered that it was his own even earlier ideas that had been appropriated by Weiss (S.
Brauckmann, personal communication). Both of them might have done well to acknowl-
edge the views of J.N. Langley (1895). However, this disagreement was only one instance
of the escalating antagonism between the two, a hint of which remains recorded in their
respective contributions to the proceedings of a meeting sponsored by the Neurosciences
Research Program in 1964 (Weiss, 1965; Sperry, 1965).
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errors in function due to nerve misregeneration could not be compensated for by
functional adaptation or learning, even in man (Sperry, 1947).

However, after his conversion to a strict specificity model for regeneration
of retinotectal connection, Sperry also reconsidered his views on respecification of
neuromuscular connections, attributing restoration of motor function to selective
reinnervation of the muscles (Sperry and Arora, 1965). Ultimately this proved to
be justified by the demise of what had been for Weiss one of the most powerful
arguments for respecification, namely the recovery of coordinated motor function
in transplanted axoloto! limbs (Weiss, 1924). This can now be attributed to selec-
tive reestablishment of the correct neuromuscular connections (Grimm, 1971), as
the result of a number of separate mechanisms —- selection of the correct pathway
at “decision regions”, especially in the nerve plexuses (Wilson and Holder, 1988);
superior functional efficacy of neuromuscular connections formed by the appro-
priate axons (Hoider et al, 1982); and regression of incorrect connections
(McGrath and Bennett, 1979)". It is clear that some of these mechanisms that are
so prominent in the establishment of neuronal connections in lower animals are
also operative in regeneration in higher animals, although perhaps not to the same
degree. Their importance during vertebrate development is now undisputed, ex-
pressed in the language of molecular biology and genetics, e.g. Tessier-Lavigne
and Goodman, 1996; Eisen, 1999'%.

D. Rita Levi-Montalcini: Nerve Growth Factor

In her paper in Windle’s book, blandly entitled “Neuronal regeneration in vitro”,
Levi-Montalcini presents evidence that an “agent” released by sarcoma fragments
could stimulate outgrowth of nerve fibers from sensory and autonomic ganglia in
culture (Levi-Montalcini, 1955). Illustrations like those in this paper have become
icons in the literature on development of the nervous system (e.g. Purves and
Lichtman, 1985). In 1955, however, the nature of the growth-stimulating agent
that led to the discovery of Nerve Growth Factor had barely begun to be investi-

"' Weiss eventually came to agree that individual differences among neurons and selectivity
in the establishment of connections were critical in the fashioning of the nervous system
(Weiss, 1965). He was unwilling, however, to attribute all operations to specific interac-
tions ~ he continued to emphasize the idea that generalized stimuli might be operating to
produce a differential response in different neurons, and, most emphatically, he was un-
willing to grant that even a process of exquisite selectivity in the establishment of point-to-
point anatomical connections would account for the complexities of dynamic neuronal in-
teractions. Some of his formulations hint at the kinds of generalized neural network models
of nervous system function that are now coming into being (Gardner, 1993).

12 Some of Sperry’s devotees believe that his monumental contributions to this field were
deserving of a Nobel prize — in fact he received the prize in 1981, but for a very different

achievement, his equally impressive studies on lateralization of function in the cerebral
cortex (Sperry, 1982).
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gated and Levi-Montalcini’s historic collaboration with Stanley Cohen was only in
its infancy.

The remarkable events that followed have been well documented (Levi-
Montalcini, 1987). The use of snake venom to “purify” the agent resulted in the
recognition that the venom itself had growth-stimulating properties, and, since the
venom had been derived from salivary glands, this led to the discovery of mouse
salivary glands as an abundant source of the factor”. Readily available starting
material and early success in developing powerful antibodies to the factor were
key ingredients in the subsequent identification of Nerve Growth Factor and the
definition of its actions. It was not greeted with instant acclaim, however. A fac-
tor derived from unorthodox sources such as cancer cells, snake venom and sali-
vary glands; a factor that stimulated growth to a pathological degree; a factor
whose presence could be demonstrated only by primarily qualitative morphologi-
cal observations; a factor that could not be classified as either a synaptic transmit-
ter or a hormone; and above all, a factor acting primarily on peripheral ganglia and
with no effect on motor neurons or other respectable members of the CNS' did
not immediately seize the interest of other workers involved in more conventional
aspects of nervous system function, or even those interested in CNS regenera-
tion". Levi-Montalcini’s interaction with Viktor Hamburger and his solid support
of her work were undoubtedly of great importance to her in this difficult period.

Eventually, the careful crafting of her experiments and the consistency of
the accumulating data must have contributed to the growing attention and respect
that her work received, leading up to the award of a Nobel prize in 1986. The
strategy that she had so much relied on, of examining the growth of neurons in
culture for the effects produced by extracts made from their target tissue, became a
powerful tool in the search for other trophic factors (Barde et al., 1983), with, as
we now well know, overwhelmingly important consequences (this volume, chap-
ter by Thoenen). Thus she has had the pleasure of knowing that her work has led
not only to the discovery of a factor that may have therapeutic applications in the
treatment of nervous system disease, but to a wholly new way of looking at inter-
cellular communication in the nervous system and at the kinds of mechanisms that
can lead to nerve growth and regeneration. Her view of NGF as “a sort of Ariadne
thread which ... may still bring us to more advanced posts from which new vistas
of the nervous system can be gained” (Levi-Montalcini, 1966), has been amply
justified.

(3 may also have been a fortunate coincidence that male mice, which have more of the
factor in their salivary glands than females, are cheaper and therefore were more likely to
have been used in this case.

'* And presented by a woman of firm opinions and irrepressible enthusiasm!

13 Even the report that NGF promoted regeneration of spinal pathways (Scott and Liu, 1963)
elicited mainly skepticism in an era of brain extracts that were nearly magical in their puta-
tive ability to transfer “memory” from one animal to another (¢.g. Rosenblatt et al., 1966).
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ll. HALF A CENTURY OF COMMUNICATION AMONG REGENERA-
TION SCIENTISTS

Windle’s book of 1955 also presents an interesting starting point for considering
the changes that have occurred during this half-century with respect to opportuni-
ties for essential exchanges of scientific information and for initiating collabora-
tions among scientists with common interests. Small invitational meetings of the
kind that this book was based on have been a very effective means of promoting
these interactions, and in fact a significant part of Windle’s scientific legacy was a
series of conferences that he subsequently initiated that brought together out-
standing workers in regeneration research. The first of these took place in Palm
Beach, Florida in 1970 (Guth and Windle, 1970), and they continued at approxi-
mately 2-year intervals for more than a decade (see Veraa and Mendell, 1986).
These conferences were effective not only because they were the venue for the
presentation of new findings relevant to nervous system regeneration, but also
because they focused attention of the participating scientists on the underlying
concern for improving the well-being of patients with spinal cord injuries. Al-
though only a fraction of the presentations dealt directly with central nervous sys-
tem injury, the participants were exposed to many notable advances in related
fields that emphasized functional and morphological plasticity, especially nervous
system development on the cellular and molecular level',

The Florida conferences were each limited to the relatively small number of
invited participants, but their influence is likely to have been much broader, since
they were the model for an increasing number of meetings, in both the USA and
abroad, featuring nervous system regeneration and development'’. A notable de-
velopment was the establishment by the U.S. Veterans Administration of the Of-
fice of Regeneration Research Programs, directed by Frederick Seil. This led to a
series of conferences at the Asilomar Conference Center in California, beginning
in 1985, which were open to all interested scientists and featured not only invited
presentations but poster sessions for voluntary contributions, thus extending their
reach to a many-fold larger number of investigators involved in regeneration re-
search.

And there is no question that this number is continually expanding. In addi-
tion to specialized symposia in many international locales, an increasing number

' Important advances in research related to nervous system regeneration were also the sub-
ject of some of the symposia organized by the Neurosciences Research Program, which was
founded by Francis O. Schmitt in the early 1960’s and subsequently directed by Gerald
Edelman. Although attendance at these symposia was by invitation only, summaries of the
presentations were published in the Neurosciences Research Program Bulletin, which pro-
vided for rapid dissemination of important new findings in many cutting-edge areas of neu-
roscience.

' Evidence of this is the dedication to Windle of the proceedings of one such meeting
(Haber et al., 1963)
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of papers dealing with nervous system regeneration on every level are being given
at the meetings of the Society for Neuroscience (the membership of which has
now grown to about 30,000 from an initial 600-700 in 1971). A Neurotrauma
Society and an International Society for Neurotrauma have been established, and
are the sponsors of the Journal of Neurotrauma, which is an important site for
publication of papers on regeneration research, although by no means the only
one. Indeed, a major outlet for such work is the journal Experimental Neurology,
which was founded by William Windle in 1959, and still retains its high impact in
the field, yet another tribute to Windle’s dedication and foresight.

lii. HALF A CENTURY OF FOCUS ON THE CLINICAL IMPORTANCE
OF REGENERATION RESEARCH

Here again we have to pay homage to William Windle’s leadership. Although he
had escaped getting a medical degree in his youth, he was always mindful of the
clinical relevance of his research (Clemente, 1985). He was disappointed that the
meeting he had so perspicaciously organized in 1954 had little effect in stimulat-
ing scientific interest and support (Windle, 1981). It was not until 15 years later
that a new opportunity to recruit scientists to the cause of regeneration research
presented itself. That was when Alan Reich, himself a paraplegic, who was then
president of the National Paraplegia Foundation, induced Windle to organize a
conference to reconsider what might be done towards a cure for spinal cord injury.
That conference in Florida in 1970 was attended by a number of spinal cord injury
victims and their family members as well as scientists and clinicians. The outcome
was the declaration that the enigma of regeneration in the central nervous system
was soluble, and that the path toward the solution was clear, based on exciting new
findings in many areas of basic research, which redefined how the problem might
be approached (Guth and Windle, 1970). As we know, it was to be the first in a
series of such conferences, which were strongly supported by lay interest groups
and individual donors concerned with the consequences of spinal cord injury'®.
What was especially remarkable about that conference in 1970 for many of
the scientists attending it was that it was the first occasion for them to have direct
contact with people with spinal cord injuries. This aroused a sense of urgency
about the necessity of pushing progress in the field, independent of the scientific
priorities. It also energized the efforts of the patients and concerned lay people. A
number of such voluntary groups subsequently materialized, anxious to attract
scientists to the problem of spinal cord injury, and determined to raise funds to
facilitate their research. An important and lasting outcome of the efforts of some
of the lay interest groups was their funding of research projects and fellowships

18 This was in addition to core support from a number of government agencies, including, at
various times, the NIH, the U.S. Veterans Administration, and the Social Rehabilitation
Service of the Department of Health, Education and Welfare.
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for young investigators, such as the programs that are currently sponsored by the
Spinal Cord Research Foundation of the Paralyzed Veterans of America, by the
Eastern Paralyzed Veterans Association, and by the Christopher Reeve Paralysis
Foundation'®. Support from a lay group made it possible to develop an important
experimental tool — objective criteria for assessing recovery from spinal cord in-
jury by behavioral methods (Goldberger et al., 1990). One major fund-raising
effort resulted in the establishment of The Miami Project to Cure Paralysis, which
is a separate institute at the University of Miami School of Medicine that brings
together basic scientists and clinical specialists from various disciplines to conduct
research and develop treatments for the sequelae of spinal cord injury. Another
consequence of the conferences that Windle organized was the establishment of a
prominent prize, the Wakeman Award for Research in the Neurosciences, which
continues to be bestowed by Duke University.

Lay interest groups have played an especially important role in raising pub-
lic awareness about the problem of spinal cord injury, including political lobbying
for increased support for regeneration research”. At least partly in response to
these efforts the U.S. Congress identified spinal cord injury as a special area of
concern to which Federal funding should preferentially be directed *'. An even
more dramatic result has been the response of various State governments, includ-
ing Florida, Kentucky and Virginia, and more recently New York and New Jersey
(and California expected soon), in making appropriations available for regenera-
tion research. For example, lobbying by lay people has been directly credited with
eliciting an appropriation of several million dollars for the newly established New
York State Spinal Cord Injury Research Board, with a mandate to “solicit, identify
and support meritorious research targeting spinal cord injury and its devastating
effects.”

These advances in the understanding of research on spinal cord injury and
the importance of support for such research have come at a time of increasing
public awareness of the momentousness of nervous system disease and the efforts
of scientists and clinicians to find means to deal with it. When Congress desig-

' I can name here only some of the major groups that have been involved in this effort.
There are many others, not only in the U.S.A,, but also in Canada and England, and other
countries in Europe.

2 The prominent actor Christopher Reeve, who suffered a spinal cord injury a few years
ago, has been determinedly making great efforts to give visibility to the problems of living
with this disability, and the urgency of bringing relief to its victims.

! An early landmark was the establishment by the National Institute of Neurological and
Communicative Disorders and Stroke of an ad hoc Subcommittee on Growth and Regen-
eration in the Central Nervous System (Carter, 1975). The documents produced by the
Subcommittee provided a stimulating review of the then current status of research in the
field and a blueprint for further experimentation (Experimental Neurology, 48, no. 3: 1-251,
1975).
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nated the 1990’s as “The Decade of the Brain”, this became an opportunity for
special efforts to communicate with the public and educate them about recent ac-
complishments and current directions in neuroscience research. For example,
programs of the Society for Neuroscience have included initiatives for communi-
cating research advances to the press and to science teachers. Especially notable
in the area of public communication have been the programs of the Charles A.
Dana Foundation, which is engaged in promoting awareness of public and per-
sonal benefits of brain research. These programs have included recruiting neuro-
scientists into the Dana Alliance for Brain Initiatives, which sponsors many nerv-
ous system disease-related publications and information campaigns. Among these
is an annual “Brain Awareness Week”, with the Dana Alliance coordinating the
activities of close to 200 organizations throughout the nation **, which has been
especially effective, for example, in bringing information about the nervous sys-
tem to schoolchildren. Research on central nervous system regeneration has cor-
respondingly benefited from this rising tide of interest in neuroscience.

In the present volume, we see that the approach to the problem of alleviating
human suffering from central nervous system injury appears in many guises that
may not immediately seem to be related to the central issue — regeneration in
lower animals, developmental mechanisms, cell death, gene expression in periph-
eral nerves, treatment of degenerative diseases. This oblique approach has been
used for half a century; can it be that we have made so little inroad into the prob-
lem? On the contrary, we now see a great many new paths to try. Some of the
questions, great and small, that perplexed us in 1955 — do younger animals really
regenerate better, does the response of the glial cells affect regeneration, what
changes occur in a nerve cell when regeneration begins, how can a growing axon
identify its appropriate path, do genes matter — no longer seem to be such conun-
drums. If we don’t know the answers, at least we are closer to defining the ques-
tions in a way that should be answerable. And the words — “promote”, “enhance”,
“transplantation”, “therapy”, “treatment” — these words now have a concrete
meaning for us, very different from haif a century ago.

[ believe that this conference will be counted a success if we are able to
... bring out those doubts and complexities which trouble you, because
obviously future thinking and investigative work to be productive must
be based just upon this.

(Louis B. Flexner, 1955)

2 And recently extended to Europe as well.
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Molecular Determinants of Retinal
Axon Pathfinding in Fish

Claudia A. O. Stuermer and Christian A. Leppert
University of Konstanz, Konstanz, Germany

. INTRODUCTION

The fish visual pathway has received continuous attention from researchers whose
interest was initially focused on the exploration of rules govemning the
establishment of the precisely organized retinotopic map of retinal ganglion cell
(RGC) axons on the optic tectum (Sperry, 1963; Gaze, 1970; Jacobson, 1970).
Here, the ability of the system to restore a retinotopic map and normal vision was
advantageous and it was believed that regeneration recapitulates development
which - as we know now - is only partially true. The continuous growth of the
system brings with it specific problems for the preservation of the retinotopic order
of axon terminal arbors in the tectum and for the guidance of growth cones. Older
views on the internal organization of the pathway (Attardi and Sperry, 1963) had to
be revised (Stuermer and Easter, 1984a; Easter and Stuermer, 1984). This brought
with it the discovery that regenerating axons behave differently from embryonic
axons in their growth toward tectum and in their progression to their retinotopic
termination sites in the tectum (Stuermer and Easter, 1984b; Schmidt et al., 1988)
which they nevertheless recognize and find. This, in turn, led to the conclusion that
terminal arbor deployment by regenerating axons is apparently under the control of
the same gradients of molecules as in embryos and in the continuously growing
adult (Gierer, 1987; Walter et al., 1987a,b; Vielmetter and Stuermer, 1989).

That axon regeneration per se is a remarkable property of this system and
requires a special response of the affected neurons after axotomy has been realized
(Grafstein, 1986). But the importance of the environment of the cut axons and, in
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particular, the role of the glial cells has only become clear when axon growth
inhibitors were identified (this volume, chapter by Schwab; Schwab et al., 1993).

More recently, the zebrafish has become a central object for studies of
vertebrate early development and the generation of hundreds of mutants provides
increasing information about the genes and gene regulation operating in
embryogenesis. As a result some of the genes essential for brain and retinotectal
development are now known (Development V. 123, the Zebrafish issue, 1996). In
addition, using more conventional strategies, molecular components involved in
axon growth and pathfinding have been identified in fish through antibodies,
antibody perturbation experiments and c¢cDNA cloning. With these different
approaches we are gradually obtaining new information about molecular
determinants of retinal axon pathfinding.

In this review, we briefly summarize rules of order in this pathway and
discuss in greater detail the role of identified molecular components which either
have been shown to contribute to pathfinding, or by their special spatiotemporal
expression pattern, are very likely to be used by the system for growth and
regeneration, guidance and the generation of order.

In the first section we will discuss molecular determinants of RGC axon
pathfinding in the embryo and early larvae. The second section reviews pathfinding
of young axons from newborn RGCs during the ongoing growth of retina and
tectum in adults. Finally, we consider selected parameters for RGC axon
regeneration following optic nerve transection.

ll. RGC DIFFERENTIATION, PATHFINDING AND RETINOTOPIC
MAPPING IN ZEBRAFISH EMBRYOS

A. The spatiotemporal pattern of RGC differentiation

The pattern of RGC differentiation in zebrafish is unusual compared to other
vertebrates. Morphological analysis (Schmitt and Dowling, 1999), backfilling
RGCs through their axons (Burrill and Easter, 1995) and use of markers for
developing RGCs (Laessing and Stuermer, 1996) showed that the first RGCs that
differentiate are localized in the ventronasal retina in the 28 hpf (hours
postfertilization) embryo. These first RGCs and the next ones to follow express cell
surface proteins of the immunoglobulin superfamily (IgSF), in particular neurolin,
the homolog of chicken SC-1/DM-GRASP/BEN (Laessing et al., 1994, Kanki et
al., 1994, Laessing and Stuermer, 1996).

RGC differentiation in the embryo, as evidenced by neurolin expression,
progresses in a pattern that anticipates the annular growth of the retina (Fig. 1).
This takes place by the addition of new neurons from roughly 3 days of
embryogenesis onwards and continues into adulthood (Johns, 1977; Paschke et al.,
1992, and see section 2). After the ventronasal group, RGCs in dorsal, ventral and
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Figure 1 Pattern of RGC differentiation in the zebrafish embryo. a) Schematic
representation of RGC differentiation which first encompasses the central retina, and then
progresses in rings towards the retinal periphery where from 3.5 days onwards new RGCs
are added at the retinal peripheral margin. The stage of the embryo in hours (h) is given
below each retina. b) The annular arrangement of neurolin mRNA expressing RGCs is
exemplified in the 48 h old fish. (c) The mRNA expressing cells added at the margin of the
retina from 3.5 days onwards are marked by arrows. Scale bars, 100 pm.

finally temporal aspects of the eye acquire neurolin and upon closure of the choroid
fissure, the differentiating RGCs are organized in rings centered on the optic disk
(Laessing and Stuermer, 1996). By the time the more peripheral (younger) RGCs
differentiate and synthesize neurolin (between 30-40 hpf), the older ones
downregulate expression of this protein, indicating that neurolin functions in the
early events of RGC differentiation and perhaps in growth cone guidance. The very
first RGC axons from the ventronasal cluster are neurolin positive and so are the
emerging axons from the next differentiating RGCs (Laessing and Stuermer, 1996).
Neurolin's function in RGC axon pathfinding was characterized in adult goldfish
(section 2) (Ott et al., 1998; Leppert et al., 1999) and here, axonally expressed
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neurolin seems to represent a receptor for a guidance component at or around the
optic disk. The spatiotemporal pattern of neurolin expression by RGCs and RGC
axons in the zebrafish embryo indicates that this cell surface recognition protein
may also contribute to RGC growth cone guidance for the first differentiating
RGC:s, and does play such a role in developing motor axons (Ott et al., 1999).

B. Cell surface proteins on RGC axons

In addition to neurolin, RGCs in the embryonic eye express Gap-43, E587 antigen
(Giordano et al., 1997; Weiland et al., 1997), L1.1 and L1.2 (Tongiorgi et al.,
1995), NCAM (Bernhardt et al., 1996), and a homolog of R-cadherin (Liu et al.,
1998). The contribution of these proteins to aspects of axon growth and pathfinding
was analyzed in other systermns and species and some of them in the adult retina (see
section 2). In zebrafish embryos, E587 antigen is involved in the formation of
orderly tracts in many parts of the developing nervous systems (Weiland et al.,
1997) and seems to also mediate axon fasciculation in the embryonic eye (H. Ott,
M. Bastmeyer and C.A.O. Stuermer, unpublished observations).

Strikingly different from the above IgSF members which basically mark all
differentiating RGCs is the expression pattern of TAG-1. TAG-1 mRNA and
protein are localized in RGCs and RGC axons in the 48 hpf nasal retina and are
absent from the temporal retinal half (Warren et al., 1999; Lang et al., 1999). TAG-
1 antibodies selectively label nasal axons in the optic nerve and tract. This implies
that TAG-1 in zebrafish embryos is involved in defining position dependent
differences perhaps with consequences for RGC growth cone navigation and
targeting in the tectum.

C. RGC axon pathfinding mistakes in zebrafish mutants

Domains and sites providing guidance cues to developing RGC axons and the
mistakes the axons make were highlighted by the zebrafish mutants generated in
the large-scale Tuebingen screen (see zebrafish issue of Development, 1996). Some
of these mutants with defects in RGC navigation have been analyzed in more detail
and will be briefly described below.

One of the first tasks of an emerging RGC growth cone is to advance towards
the choroid fissure and through this structure into the prospective optic nerve. This
path is made up of primitive glial cells (Macdonald et al., 1997). These cells
express noi (no isthmus), a member of the zebrafish Pax family of transcription
regulators (Lun and Brand, 1998), and line the choroid fissure and optic stalk/nerve
up to its junction with the optic tract. In noi  mutants, the fissure fails to close and
glial cell differentiation is compromised resulting in RGC axon pathfinding errors.
Fasciculation is affected, some axons grow ipsilaterally or towards the anterior
commissure or in aberrant routes after crossing the midline (Macdonald et al.,
1997).

)In noi  mutants, the expression of netrin-1 and -2, important guidance cues
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with chemoattractive and chemorepulsive function depending on the type of axon
and system (Tessier-Lavigne and Goodman, 1996), is reduced in the choroid
fissure/optic stalk. However, in contrast to results in netrin knock-out mice where
RGC axons fail to exit the eye (Deiner et al., 1997), fish axons still find their way
through the fissure into the nerve (Macdonald et al., 1997). This indicates the
existence of additional guidance cues or that weak residual netrin expression levels
suffice for RGC axon guidance into this structure.

Analysis of the noi” mutant has thus elucidated a role of the primitive glia
lining the primary path of the embryonic RGC axons. The molecules on or around
these glial cells which are perceived by the RGC growth cones and the axonally
expressed receptors mediating recognition and directed growth remain to be
identified.

Several other mutants were obtained with RGC axon pathfinding defects. In
some of these mutants, RGC axons fail to cross the midline (Karlstrom et al., 1996;
Brand et al., 1996), indicating that this area provides important cues for RGC
growth cones as is the case for a variety of CNS neuron types throughout the
developing CNS (review: Mueller, 1999). Additional cues appear to reside in the
optic tract as is indicated by mutants with aberrant behavior of RGC axons along
this portion of the pathway (Karlstrom et al, 1996). Moreover, others show
abnormal growth of RGC axons within the retina. All this is indicative of the
existence of many guidance cues and axonal receptor systems governing each
segment of the RGC growth cone’s long journey to its target.

Furthermore, mutants with striking retinotopic disorders in mapping of RGC
axons were discovered (Trowe et al., 1996) with problems along the dorsoventral
and anterior-posterior axis (Picker et al.,, 1999). Recent evidence from birds and
mice has highlighted the importance of specific ephrins and Eph-receptors in
anterior-posterior mapping (reviewed in Mueller, 1999; O'Leary et al., 1999).
Molecular cloning of the zebrafish homologs (Brennan et al., 1997), analysis of
their expression and use of the ace (acerebellar) mutant (Picker et al., 1999),
allowed an assessment of their function for RGC mapping in the embryo.

D. The retinotopic order of RGC axons in the tectum

Labeling small groups of RGCs with red and green fluorescent dyes and tracing the
path of the axons into the tectum has previously revealed that RGC axons in
zebrafish embryos terminate directly at retinotopically appropriate sites (Stuermer,
1988a).

Temporal and nasal axons arrive at the anterior edge of the developing
tectum at about the same time (between 46-48 hpf), invade the tectal neuropil and
develop their terminal arbors with striking precision: temporal axons in the anterior
tectum, nasal axons in the posterior half (Stuermer, 1988). The arbors of a small
group of RGCs from opposite retinal positions are localized to small distinct areas
of the tectum and do not overlap. That their intratectal path and their ability to
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recognize retinotopic target areas is likely to be under the control of tectal cues was
suggested by the finding that nasal axons pass anterior regions and steer toward
their destination in the posterior tectum in the absence of their partner axons from
the temporal retina, and vice versa. Moreover, the formation of the map occurs in
the absence of normal impulse activity (Stuermer et al., 1990: Kaethner and
Stuermer, 1994).

Time-lapse videomicroscopic observations of individual dye-filled RGC
axons from defined retinal positions allowed viewing of the direct progression of
growth cones toward their destined tectal area (Kaethner and Stuermer, 1992).
Here, the growth cones changed their behavior and divided to explore and branch
extensively over a small area of the tectal neuropil. This behavior was entirely in
accordance with the hypothesis that gradients of tectal guidance molecules are
involved in retinotopic mapping (Gierer, 1987). Results from a series of ingenious
tissue culture choice assays with chick RGC axons and membranes from opposite
ends of the chick tectum strongly supported the view that membrane-bound
molecules are expressed in a graded manner over the anterior-posterior extent of
the tectum (Walter et al., 1987a,b) and that temporal and nasal axons possess
differential sensitivity for these membrane bound guidance components. The tectal
components were identified as members of the GPI-linked ephrins, ephrin A2 and
AS which interact with transmembrane Eph receptor tyrosine kinases on RGC
axons (Drescher et al. 1995; for details see reviews: Mueller, 1999; O'Leary et al.,
1999).

E. Mapping mistakes in the ace mutant

The ace mutant is deficient in FGF8 expression which is normally synthesized by
cells at the midbrain-hindbrain boundary (Reifers et al., 1997). FGF8 is required
for the induction of engrailed expression which in turn is required for the graded
expression of ephrin A2 and ephrin AS (Logan et al., 1996; O'Leary et al., 1999).
Both of these ephrins are more strongly expressed in the caudal tectum. The
gradient of ephrin AS is steep and extends toward midtectal levels, whereas ephrin
A2 declines more gradually from posterior high to anterior low levels (Picker et al.,
1999). There is evidence in support of the notion that temporal axons express high
levels of Eph-receptors to which ephrin AS and A2 bind, and that this interaction
impairs the advance of temporal axons (or causes their collapse). Temporal RGC
axons are thus being “prevented” from elongating into the posterior tectum. A
differential and perhaps graded sensitivity of temporal and nasal axons may assist
them in terminating at the appropriate position along the anterior-posterior tectal
extent (Drescher et al., 1997).

In the ace mutants, ephrin A5 and A2 gradients fail to be generated and as a
consequence, temporal and nasal RGCs form overlapping terminal arbor fields
(Picker et al., 1999). Unexpected was the finding that terminal arbor expansion also
occurred to some extent in the dorsal-ventral dimension which would have been
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expected to be patterned by different members of the ephrin/Eph-receptor family
(Holash et al., 1997).

Another observation of interest resulted from ace mutant analysis. The
invading RGC axons displayed quite abnormal fascicles upon entering the tectum
and failed to form a dorsomedial and ventrolateral brachium (Picker et al., 1999)
which, in wildtype embryos, are selectively chosen by RGC axons of the ventral
and dorsal retinal halves (Stuermer, 1988a). This gives reason to speculate that
ephrin and Eph-receptors are involved in sorting RGC axons along their path to the
tectum (Orioli and Klein, 1997). This aspect of RGC guidance remains to be
specifically analyzed, and it will be interesting to see which role the unevenly
expressed IgSF members, especially TAG-1, may play in axon sorting.

Since new RGC axons from the retinal margin in adult fish undergo sorting
and resorting similar to that which takes place in embryos, we may predict that the
same recognition molecules are operating for the establishment of ordered
pathways during the continuous growth of the system, as well as during axonal
regeneration (see below).

lll. RULES OF ORDER, AXONAL RECOGNITION MOLECULES AND
RGC AXON GUIDANCE IN THE ADULT RETINOTECTAL
PATHWAY

A. RGC axons are ordered by age and retinal sectorial origin

A striking feature of the fish retinotectal system is its continuous growth, involving
the addition of new neurons to retina and the optic tectum (Johns, 1977; Meyer,
1978; Raymond and Easter, 1983). The differentiating ganglion cells at the
peripheral margin of the retina extend growth cones which fasciculate with one
another and with their immediate forerunners on their path to the optic disk (Easter
et al., 1984; Stuermer et al., 1992). During their progression into the optic nerve
head they join to form a coherent bundle in the optic nerve and tract (Scholes,
1979; Easter et al., 1981; Bastmeyer et al., 1990). In addition to being ordered by
age, RGC axons in the nerve are ordered by sectorial retinal origin. Axons from the
dorsal retina are flanked on one side by temporal and temporoventral axons and on
the other side by nasal and ventronasal axons (Easter et al., 1981). In the tectum,
young axons follow a path according to their dorsal and ventral retinal origin and
pass through the ventrolateral and dorsomedial brachia into the corresponding
tectal halves (Attardi and Sperry, 1963; Stuermer and Easter, 1984a) where they
sequentially leave their age-matched partner axons to elaborate terminal arbors in
retinotopically appropriate regions (Easter and Stuermer, 1984; Stuermer, 1984).
As far as has been analyzed, these new RGCs express the same growth-associated
and surface recognition proteins (and more) as developing RGCs in the embryo
(Stuermer et al., 1992). Older and more centrally located RGCs have
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downregulated the expression of these proteins. These growth cones may require
the same and perhaps additional cues for their growth to their targets as those in the
embryonic eye. However, the environment encountered by the new growth cones is
more complex than that of its forerunners. Moreover, the distance they have to
cover is much larger than in the embryo, several centimeters in adult goldfish as
opposed to some hundred pm in the embryo. Furthermore, the newly added axons
must elaborate their terminal arbors at tectal sites occupied by older axons. This
requires a translocation of RGC terminal arbors in the tectum, a process known as
“shifting” or “sliding connections (Stuermer and Easter, 1984; Easter and
Stuermer, 1984; Reh and Constantine-Paton, 1984). It serves to preserve a
geometrically simple and well-organized retinotopic map. Guidance of added
axons and synapse reformation of old arbors with retinotopically appropriate tectal
neurons implies that tectal cues such as the relevant ephrins/Eph receptors and
additional guidance components involved in targeting (review: Mueller, 1999),
must be present in a pattern that allows old and new terminal arbors to adjust their
position according to the continuously changing molecular tectal coordinates
(Stuermer, 1984). How this is regulated is beyond the present state of knowledge.

We also lack insight into molecular determinants governing the various
aspects of order and pathway decisions displayed by RGC axons in the adult nerve
and tract, except for those discussed below.

B. Selective expression of cell surface recognition proteins by new
RGCs and growing RGC axons

In this continuously growing system, we found specific cell surface recognition
proteins expressed in a spatiotemporal pattern that directly reflects this growth
pattern (Stuermer et al., 1992; Stuermer, 1998). These proteins selectively mark
axons which are growing and hence are called growth-associated surface proteins,
whereas older RGCs and axons downregulate their expression. Antibodies against
these proteins therefore mark young growing axons in the retina in their
peripherocentral growth and the bundle of new axons in the nerve and tract. Some
stain these axons along their course through the tectum.

This growth-associated pattern is revealed by antibodies against NCAM
180/140 (Bastmeyer et al., 1990), against the L1-related E587 antigen (Vielmetter
et al., 1991a), against neurolin (Paschke et al, 1992; Laessing et al., 1994),
antibody M802 against a GPI-linked surface protein of unknown identity (Stuermer
et al., 1992; Lang et al., 1998a), and partially with anti-TAG-1 antibodies (Lang et
al., 1999). Antibodies against intracellular proteins, such as GAP-43 and reggie-1
and -2, show the same specificity for young RGCs and axons (Schulte et al., 1997;
Lang et al., 1998b).

As most of the growth-associated surface proteins belong to cell adhesion
molecules (CAMs) of the IgSF (Stuermer, 1998), they are expected to function in
axon outgrowth, elongation and selective fasciculation, perhaps mediating the
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selective fasciculation of the young RGC axons and growth cone elongation along
forerunners. However, this view turned out to be oversimplified, at least in the case
of neurolin.

Consistent with its identity as an L1-related CAM (Vielmetter et al., 1991a;
Giordano et al., 1997), E587 antigen is a growth supportive substrate for RGC
axons (Bastmeyer et al, 1995). In vitro, antibodies interfere with RGC axon
growth on ES87 antigen as a substrate and cause axons to defasciculate (see also
Fig. 7). Moreover, they lead to a reduction in growth velocity of growth cones
elongating in association with other RGC axons (Bastmeyer et al., 1995).

Tissue culture experiments with DM-GRASP/SC-1/BEN in chick embryos
(Burns et al., 1991; Tanaka et al., 1991) suggested a similar function of the
homolog of this CAM in fish (i.e. neurolin). With neurolin and neurolin antibodies,
however, none of the expected functions were observed (Leppert et al.,, 1999).
Neurolin is not a substrate for axon growth, neurolin antibodies have a very weak
effect on fasciculation and no influence on growth velocity. In light of results from
in vivo experiments, presented below, the quasi-negative outcome of the in vitro
tests appear plausible.

C. E587 antigen and neurolin functions in vivo

1. E587 antigen mediates selective fasciculation of age matched axons

The overall growth of goldfish and the growth of the goldfish retina can be
markedly enhanced by special growth promoting maintenance (Bastmeyer et al.,
1995). Over a period of three months, goldfish raised in this way exhibit a 100%
increase in the diameter of their retina. This amounts to roughly 50,000 new RGCs
and RGC axons. When these rapidly growing fish receive repeated injections of
Fab fragments of polyclonal E587 antisera into the vitreous of one eye (with the
other eye receiving control injections of non-immune Fabs or buffer) the order of
RGC axon fascicles is notably disturbed. The fasciculation of new growth cones
from newborn RGCs is delayed (Fig. 2a,b). The fascicles of newly added RGC
axons are broader and crossing of fascicles is frequent (Fig. 2b, 3a,b). Thus, the
presence of E587 antigen on young axons promotes their association into tight and
orderly bundles thereby contributing to the age-related order of RGC axons in the
fish retina (Bastmeyer et al., 1995; Ott et al., 1998).

As a consequence of the disturbed fasciculation in the retina, the fascicle
order of young RGC axons in the optic nerve was also disrupted (Ott et al., 1998).
Instead of forming one (or two) coherent bundle(s), the young axons were scattered
over the nerve’s cross sectional area, indicating that the young axons had lost their
ability to recognize each other and to associate by retinal circumferential origin, i.e.
age.

In addition to the loss of their age-related order, the order by their origin
from dorsal, ventral, nasal and temporal retina (as described above) seems also to
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be lost in the nerves of E587 blocked fish (Ott et al, 1998). An additional
interesting aspect was revealed by these results: the young growing axons are
apparently capable of joining “old” axons in “old” fascicles. This would indicate
that these alternative pathways are growth permissive (see section 3), although old
axons are surrounded by fully differentiated glial cells and are myelinated by
oligodendrocytes.

Thus, blockade of one cell adhesion/recognition protein on growing RGC
axons causes significant pathfinding errors in the retina and in the optic nerve.

2. Neurolin is involved in RGC axon guidance to the optic disk

Perturbation experiments using polyclonal and monoclonal anti-neurolin
antibodies, revealed that neurolin’s contribution to axon fasciculation is minor, yet
its role in axon guidance is significant. In the presence of neurolin Fabs, growing
RGC axons fail to reach the optic disk (Ott et al., 1998). At around the last 50% of
their growth toward the disk, RGC axons grow in loops and circles (Fig. 2¢, 3c),
indicating they have lost orientation. These pathfinding errors are significantly
different from those elicited by E587 Fabs. Disturbing E587 antigen function
reduced the fascicle order but did not prevent axon arrival at the optic disk (Fig. 2).

The finding that neurolin-blocked axons fail to reach the optic disk indicates
that the disk is an intermediate target for growing RGC axons (Leppert et al.,
1999). Therefore, one may expect the presence of guidance cues, for newly added
RGC axons, at or around the disk. Under this premise, the highly aberrant routes of
RGC axons suggest that neurolin is a receptor (or part of a receptor complex) for a
retinal axon guidance component within the retina (Fig. 5), which assists growing
axons in their disk-oriented growth.

Application of monoclonal anti-neurolin antibodies against Ig domain 1, 2 or
3, show that Ig domain 2 is essential to neurolin's function in axon guidance
(Leppert et al., 1999). Antibodies against Ig domain 1 and 3 affected fasciculation
in that axons within one fascicle were separated instead of being tightly bound. But
the antibody against Ig domain 2 caused axon growth in abnormal routes including
loops and circles. The observation of live growth cones in isolated ex-vivo retina
wholemounts supports the importance of Ig domain 2. Under the influence of anti-
Ig domain 2 antibody, RGC growth cones turned away from the optic disk and
erred through regions outside their normal fascicle tracks (Fig. 4). In these regions
the velocity of the growth cones fell to a third of normal (Leppert et al., 1999),
indicating that the fascicular pathway is superior to extrafascicular routes in its
growth promoting properties.

Neurolin may therefore represent a multifunctional surface protein mediating
close binding of neighboring axons and participating in growth cone guidance to
the optic disk, in the presence of an axon guidance component whose identity and
distribution is unknown at present. The observation that neurolin-blocked axons
lose orientation at around 50% of their path from the margin to the disk suggests
that this guidance component extends up to midretinal levels. Quite remarkable is
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Figure 2 Segments of a goldfish retina showing RGC axons on their path from the retinal
margin (top) to the optic disk (bottom). In (a), the normal order of young axons in fascicles
is shown. The retina in (b), was exposed to E587 antibodies, the retina in c, to anti-neurolin.
(b) When exposed to E587 antibodies the young axon fascicles have lost their normal order.
Fascicles cross each other or split (arrows) and are broader than in controls. (¢) When
neurolin on the axons is blocked, many axons fail to reach the optic disk. Instead, they
depart from their fascicle of origin, turn (arrows), grow in the opposite direction and fail to
arrive at the disk. Scale bar, 200pum.
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Figure 3 Comparison of the fascicle order in (a) the control retina, (b) after E587 blockage
and (c) after blockage of neurolin. Antibodies agamst E587 antigen disrupt the fascicles,
however, axons still grow towards the disk. Neurolin-blocked axons, in contrast, grow in
highly aberrant routes, lose orientation and grow, as demonstrated here, i circles. Scale bar,
100pm.

the turning and growth in circles of the neurolin-blocked axons. This turning away
from the disk-directed pathway may mean that the axons become responsive to a
repulsive signal when neurolin is blocked. If neurolin operated in response to an
attractive signal the axons might cease to advance but not necessarily grow off the
track into the opposite direction and through a less favorable environment. A
promising strategy employed to find the presumed ligand is the use of a tagged
neurolin construct which is expected to bind the ligand-expressing cells and tissues
and which can be used to isolate and identify the guidance component (Diekmann
et al., 1999).

That members of the IgSF subserve a function as receptor for axon
guidance components has been demonstrated, for instance, in the case of DCC
which is required for the growth of axons toward a netrin source (Keino-Masu et
al.,, 1996). Interestingly, in netrin knock-out mice, RGC axons do grow toward and
arrive at the optic disk but fail to enter the optic nerve head (Deiner et al., 1997).
As netrins and netrin receptors seem to be present not only in the embryonic fish
visual pathway (Straehle et al., 1997) but even in the adult (Leppert and Stuermer,
unpublished observations; Fig. 5), it appears that RGC growth cone guidance from
the retina into the nerve depends on the netrins. However, growth towards and
arrival at the disk seems to require neurolin and its interaction with the still
unidentified neurolin ligand.
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Figure 4 Antibody against Ig domain 2 of neurolin causes aberrant growth of RGC growth
cones as observed in ex vivo time lapse videorecordings. Fluorescent dyes were applied to
the margin of the isolated retina to stain young growing axons. The labeled growth cones in
control retinae (b, arrow) follow the fascicle track toward the optic disk (to the right in b-d).
Under the influence of antibodies against Ig domain 2 (c-h), growth cones exit at right
angles from the fascicles (arrows in c,d) and take abnormal routes. (e-h) This growth cone
was followed over 24 hours. After its exit from its fascicle (arrows in e,f), this growth cone
turns into the opposite direction (arrow in g) and grows away from the optic disk (to the
lower right hand corner). On its further path outside the fascicles it tums again at quasi right
angles and errs through extrafascicular territories (arrow in h). Scale bar, Imm (a); 50 pm
(b-h).
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D. Position dependent differences in intraretinal axon guidance

The situation is more complicated than described above insofar as defects in the
orderly axon growth pattern provoked by the antibodies against E587 antigen or
neurolin are restricted to dorsal RGC axons (Ott et al., 1998; Leppert et al., 1999),
although ventral RGC axons express the proteins at seemingly similar levels and

bind antibodies to an extent that does not seem to differ from that on dorsal RGC
axons.

Figure 5 Guidance of RGC axons in their intraretinal path and into the optic nerve.
Schematic representation of the growth cones’ path from the retinal margin to the optic disk
at the center of the retina (a). From experiments with anti-neurolin antibodies it appears that
growth cones respond to a guidance component presumably localized around the optic disk
(stippled region in a,b). b) Lateral view on the retina and optic nerve to illustrate the path of
RGC growth cones to the optic disk, their passage into the optic nerve head (ONH) and
optic nerve (ON). After axons have been guided to the optic disk they enter into the ONH.
The patterned region (ONH) marks the zone at which axons turn to exit the retina and to
enter into the optic nerve head and optic nerve. In this region, netrin seems to be expressed
(d) and may be responsible for guidance of RGC axons into the ONH. As indicated in c, the
RGC axons merge in this zone where elongated netrin-expressing glial cells reside (d). Scale
bar, 50 pm.
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While there is no direct explanation for this difference in RGC growth cone
behavior, it is possible that proteins such as the ephrins and Eph-receptors with a
position-dependent expression pattern may interact with the Ig family members
(Zisch et al., 1997) or that other Ig family members and receptor/ligand systems are
responsible for fasciculation and guidance of ventral RGC axons in fish.

Newly added RGCs seem to express most or all of the proteins which are
synthesized by differentiating RGCs in the embryo. This also applies to TAG-1.
TAG-1 is strongly expressed only by growing RGC axons of the nasal retina and is
weakly expressed by RGCs in the temporal retinal half (Lang et al.,1999) As
discussed in section 1, the functional consequence of this uneven expression is not
known. But by its uneven expression TAG-1 is implicated to participate in the
control of some position-dependent growth behavior of the axons, be it in selective
fasciculation or target interaction or both.

From these findings it follows that the many Ig family members co-expressed
on young growing axons may each fulfill a specific function in one or more parts of
the RGC axonal path. Quite extensive work lies ahead of us to clarify their mutual
interactions, interactions with ECM proteins and cooperation with members of
other receptor/ligand systems.

Surface recognition proteins which guide axons along the path through the
optic nerve, across the chiasm and into the tract and tectum have not been
identified in the adult (yet growing) fish visual system. However, from the
spatiotemporal expression patterns of some of the relevant growth-associated
proteins follows the prediction that cues involved in guiding embryonic axons,
mediating their mutual recognition and creating their order are quite likely to be
present in the adult for growth and guidance of growing axons of newly added
RGCs. Moreover, the molecular system involved in guiding RGC axons to their
retinotopically appropriate regions must be continuously operating in fish, for
homing in of new RGC axons and for the translocation of resident “older” RGC
arbors to their actual appropriate sites.

IV. RETINAL AXON REGENERATION FOLLOWING OPTIC NERVE
TRANSECTION

The fish visual pathway is a prime example of a selfrepairing CNS system. The
lesioned RGC axons are able to regenerate and restore a retinotopically organized
projection on the tectum. They also undergo timely interactions with glial cells
which lead to remyelination of regenerated RGC axons soon after they begin to
restore synaptic connections with the tectum (Wolburg, 1978; Ankerhold et al.,
1995). This results in efficient spike propagation, synaptic transmission and
recovery of normal vision (Northmore and Masino, 1984). Clearly, this requires the
regulated expression of many genes in the affected neurons, in the glial cells and in
the environment through which the axons pass as well as in the target tissue where
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the axons arborize.

The capability for complete functional repair in the fish visual pathway is
outstanding and in striking contrast to the poor regenerative capacity of the
lesioned mammalian visual system, where neurite growth inhibitors block axon
regeneration (this volume, chapter by Schwab). Such inhibitors' were not found in
fish (Stuermer, 1995; Lang et al., 1996). The properties of glial cells, however, are
considered in other chapters of this book. We will concentrate here on selective
aspects; the reexpression of growth-associated proteins by axon-regenerating fish
RGCs; the induction of one of these proteins in glial cells; the abnormal pathways
and the restoration of a retinotopic map.

A. The reaction of the retinal ganglion cells

Among the many genes whose expression is induced in RGCs by axotomy are
transcription factors (Herdegen et al., 1993), cytoskeletal elements (Jian et al.,
1996; Asch et al., 1998; Bormann et al., 1998; Hieber et al., 1998), mediators of
axon growth such as GAP-43 (Benowitz et al,, 1981; Skene, 1989) and other
intracellular signaling molecules (Ballestero et al., 1997; Schmidt, 1998) and cell
surface recognition proteins which function in axon growth and guidance in the
embryo and in newborn RGCs in the adult. In situ hybridization and
immunostaining experiments have shown re-expression of NCAM (Bastmeyer et
al,, 1990; Bernhardt et al., 1996), the L1-like E587 antigen (Giordano et al., 1996),
L1.1, L1.2 (Tongiorgi et al., 1995), neurolin (Paschke et al., 1992), TAG-1 (Lang
etal., 1999), and reggie-1 and -2 (Schulte et al., 1997). With antibodies, the surface
proteins NCAM, ES87 antigen, neurolin, and M 802 antigen were shown to
reappear on the RGC axons on their “old” portion within the retina (Fig. 6) and on
the newly generated (i.c., regenerating) axon on its path into the optic tectumn,

There are temporal differences in the onset of re-expression and
downregulation of these proteins, as well as spatial expressional differences. In the
case of TAG-1, the positional differences in expression observed in the embryo
(section 1) and normal adult were retained insofar as only nasal RGCs strongly re-
expressed this protein in the lesioned system (Lang et al.,1999).

The fact that they are re-expressed indicates that they are required or
advantageous for the regenerative growth of the RGC axons, particularly since this
controlled re-expression is not observed in mammals (Stuermer, 1998). However,
the signals that control the upregulation and downregulation of these proteins are
not known, nor are the functions of each of the many re-expressed proteins
understood.

When regenerating axons cross the lesion site and pass through the nerve and
tract, they lose their original order by both retinal cicumferential origin, i.e., age,
and retinal sectorial origin (Stuermer and Easter, 1984b; Stuermer, 1988b,c;
Bastmeyer et al., 1990; Vielmetter et al., 1991a). Since the age-related order of
RGC axons in the nerve is dependent on the spatiotemporally restricted expression
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Figure 6 Re-expression of growth-associated surface proteins on retinal axons. In the
normal retina, only the fascicles of young axons express the proteins on their surface (a) here
exemplified for M802 antigen, whereas following optic nerve transection, all RGCs and
RGC axons re-express this surface protein (b). The retinal peripheral margin is to the left,
the optic disk on the right side. Scale bar, 100pum.

of growth-associated surface recognition proteins such as E587 antigen, a
reasonable assumption is.that this rule of order is broken because all regenerating
axons reexpress E587 antigen and other [gSF members simultaneously (Stuermer
et al., 1992). Since E587 antigen promotes axon growth, axons re-expressing ES87
antigen may represent the preferred substrate for later emerging growth cones
which (as occurs during normal development, section IIl) fasciculate with their
forerunners during regeneration irrespective of their retinal regional origin.

B. The reaction of the optic nerve/tract glial cells

Following optic nerve transection, the regenerating RGC axons form growth
cones at their proximal stumps (Lanners and Grafstein, 1980), grow across the site
of lesion, assisted by fibroblast-like cells which bridge the gap created by the cut
(Hirsch et al., 1995), and progress into the old fascicles where they encounter glial
cells including oligodendrocytes and myelin debris.

Evidence available to date suggests that oligodendrocytes and CNS myelin
do not inhibit growing RGC axons (Bastmeyer et al., 1991; Strobel and Stuermer,
1994; Wanner et al., 1995; review: Stuermer, 1995; Lang et al., 1996) nor do
astrocytes form impenetrable glial scars (Hirsch et al., 1995). Instead, the glial
cells and in particular oligodendrocytes appear to assist RGC axon regeneration, in
vitro and in vivo.
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In vitro, fish oligodendrocytes are highly growth supportive and promote
growth not only of fish RGC axons but also of regenerating rat RGCs (Bastmeyer
et al., 1993; Ankerhold et al., 1998). E587 antigen contributes significantly to axon
growth along oligodendrocytes and also mediates adhesion between growth cones
and the glial cells (Fig. 7). This was demonstrated by the fact that E587 antibodies
disturb this interaction (Ankerhold et al., 1998).

Figure 7 Interaction of regenerating growth cones with fish oligodendrocytes in vitro. (a-
d) When the growth cone of an axon (arrow) makes contact with an oligodendrocyte (b),
adhesion of the axon to the cell is so strong, that the axon is stretched when the cell moves
(c). The insert in ¢ shows the growth cones on the cell surface (arrows). (d) In cultures with
many RGC axons, they grow preferentially along the long axis of the oligodendrocyte. (e-h)
In presence of antibodies against E587 antigen, growth cones (arrow, arrowhead) cross the
oligodendrocytes and continue to grow past them, or grow freely across the cells in denser
cultures (h). Scale bar, 50pm.
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E587 antigen may also participate in the interaction of regenerating axons
with oligodendrocytes in the lesioned nerve much as in tissue culture assays,
because regenerating fish RGC growth cones have also been found in direct contact
with the surface of oligodendrocytes in vivo (Strobel and Stuermer, 1994).
Moreover, recent findings revealed that oligodendrocytes in vivo are induced to
express E587 antigen by optic nerve lesion (Ankerhold et al., 1998). The
appearance of E587 antigen in oligodendrocytes in fact marks oligodendrocyte
dedifferentiation. The interaction of regenerating axons with oligodendrocytes may
stimulate growth cone elongation and/or the association of oligodendrocytes with
regenerating axons for remyelination. When oligodendrocytes redifferentiate they
synthesize myelin marker molecules such as 36K protein and MBP (Ankerhold and
Stuermer, 1999) and reform a myelin sheath around regenerated axons. This
coincides with the downregulation of E587 antigen. Thus, the expression of E587
antigen by RGC axons and in glial cells occurs in perfect temporal correlation.

Still, the timely expression of one protein hardly accounts for the success of
RGC axon regeneration through the nerve. Among the many molecules with
potential effects on regrowing axons which are synthesized in the lesioned visual
pathway are laminin (Hopkins et al., 1985), chondroitin sulphateproteoglycans
(Battisti et al, 1992) and other proteoglycans, HNK-1 (possibly on
immunoglobulin family proteins) (Battisti et al., 1992), fibronectin (Hirsch et al.,
1995) and tenascin (Bernhardt et al., 1996). Upregulation of L1.1, L1.2 and
NCAM mRNAs has also been observed in optic nerve/tract glial cells (Bernhardt et
al.,, 1996). These observations speak for the view that the lesioned fish visual
pathway - in addition to lacking inhibitors - undergoes substantial changes allowing
axonal regeneration to be successful.

C. Re-establishment of a retinotopic RGC axon terminal order in
spite of aberrant pathways

The disorder among regenerating axons in the nerve distal to the site of lesion
persists (Stuermer and Easter, 1984b; Stuermer, 1988b,c; review: Stuermer,
1988d): dorsal and ventral axons are mixed in the brachia and pass through both
the dorsomedial and ventrolateral halves of the tectum in fascicles of abnormal
internal order. In the layer below, axons form numerous side branches in all
directions and it appears as if they widely explore the tectal territories before finally
developing their terminal arbors at retinotopically appropriate sites (Schmidt et al.,
1988; Stuermer et al., 1988b,c).

The fact that they do find their retinotopic target area suggests that the
relevant recognition systems on axons and in the optic tectum are present. Although
it has not been examined whether the ephrins, Eph-receptors and additional
candidate guidance molecules are expressed by the regenerating axons and their
target cells, results obtained over the years speak strongly for their continued
presence in this system. In the famous Bonhoeffer stripe assay (Walter et al.,
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1987a,b), where cell surface membranes of anterior and posterior tectum are laid
down side by side in alternate lanes, the regenerating fish RGC axons do make the
correct choices, i.e. temporal RGC axons grow preferentially on anterior tectal
membranes and avoid the lanes containing membranes of the posterior tectum
(Vielmetter and Stuermer, 1989). That regenerating axons are guided by molecular
components related to those that provoke this behavior in birds and mammals was
supported by several lines of evidence: regenerating fish RGC axons recognize the
same difference between anterior and posterior tectal membranes when these were
derived from the fish or embryonic chick tectum (Vielmetter et al., 1991b), and
they lose the ability to respond when the tectal membranes of chick and fish were
pretreated with the enzyme PIPLC (phosphoinositol-specific phospholipase C)
which cleaves GPI-anchored proteins. The relevant ephrins (A2 and A5) as well as
another guidance component (RGM) are GPl-anchored and are lost by this
treatment (review: Mueller, 1999).

Because these assays (Vielmetter and Stuermer, 1989) were performed with
membranes from normal adult goldfish tecta, the proper sorting of the axons
suggests that the relevant ephrins and guidance components are expressed by the
tectum throughout the fish's life. This implies that the relevant and corresponding
receptor systems on the axons (review: Mueller, 1999) are operating. In the normal
adult, these may either be expressed by the young growing axons only and then
become more widely re-expressed during regeneration or they are present in the
retina continuously irrespective of age or lesion but in correspondence with retinal
positional identity. As some of the relevant probes have recently become available,
ephrin A2 and A5 expression in the tectum and the Eph-receptor distribution in the
retina can be determined and will be compared to the above predictions.

V. SUMMARY AND FUTURE DIRECTIONS

In summary, events observed during regeneration in the fish retinotectal pathway
indicate that a regulated expression of genes in fish correlates with axon
regeneration and may thus be causally involved in this process and required for
repair of this pathway

The present state of knowledge suggests that molecular components involved
in axon growth and guidance are regulated in the fish visual pathway in a way that
is perfectly adapted to its specific mode of development. Moreover, the system has
the ability to re-activate genes for growth and guidance allowing regeneration and
repair to occur. An important goal for future research is to identify the regulatory
elements (factors) which control the regulation of gene expression in RGCs and in
their environment.
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. INTRODUCTION

Our sensory world, like that of many other species, is dominated by vision. This,
combined with the accessibility of the retina and its efferent projections to experi-
mental manipulations, has made the primary visual pathway a gateway for under-
standing neural development, sensory processing, and the response of neurons to
injury. Across vertebrate species, there has been a remarkable conservation in the
cellular and molecular organization of the retina and its efferent projections. How-
ever, one striking difference between amniotic and anamniotic vertebrates is in
their ability to regenerate axons of the optic nerve after injury.

In its glial make-up, the mammalian optic nerve is a typical central nervous
system (CNS) pathway, rich in oligodendrocytes and white matter astrocytes
(Ramon y Cajal, 1928). As in other pathways of the mammalian CNS, axons aris-
ing from retinal ganglion cells (RGCs) are unable to regenerate through the optic
nerve if they are damaged in mature animals. The consequences of this are dire:
injured axons rapidly undergo anterograde and retrograde degeneration, and within
a few days, the ganglion cells begin to undergo apoptotic cell death, culminating in
a near-complete loss of this cell population and a permanent loss of vision. This
sequence of events is not inevitable, however. Under the right set of conditions,
mature mammalian RGCs can survive axotomy and go on to regenerate their ax-
ons. In cell culture, RGCs from mature animals will regenerate their axons when
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grown with astrocytes, serum, or other growth factors (Wigley and Berry, 1988;
Thanos et al., 1989; Schulz et al., 1990; Meyer et al., 1994; Meyer-Franke et al.,
1995; Jo et al,, 1999). Moreover, in vivo, RGCs can extend severed axons long
distances through a peripheral nerve graft (So et al., 1985; Aguayo et al., 1991)
and, if stimulated by appropriate trophic factors, even into the optic nerve itself
(Berry, 1996). Thus, by identifying the factors that stimulate the survival and
growth of axons from retinal ganglion cells, some degree of visual recovery may
become a reality.

ll. OPTIC NERVE REGENERATION IN LOWER VERTEBRATES:
MOLECULAR CHANGES

The situation in lower vertebrates is very different from that in mammals. Almost
all RGCs survive injury to the optic nerve, and go on to reestablish the correct
pattern of connections with their central targets within a month or so (Sperry,
1963; Jacobson, 1991). Axon regeneration is characterized by a shift in the gan-
glion cells’ program of gene expression (Grafstein and Murray, 1969). The most
striking change is a 100-fold increase in the synthesis of GAP-43, a phosphopro-
tein that is localized on the cytoplasmic surface of growing axonal membranes and
growth cones (Benowitz et al., 1981, 1983; Skene & Willard, 1981a,b; Heacock &
Agranoff, 1982; Perry et al., 1986; LaBate & Skene, 1989). GAP-43 induction
begins within 2 days of axotomy and remains high for 2-3 weeks, during the pe-
riod of rapid axon growth and synaptogenesis. In the primary visual pathway of
mammals, deletion of the GAP-43 gene by homologous recombination disrupts
axon pathfinding at the optic chiasm and alters the distribution of retinal fibers in
the diencephalon (Strittmatter et al., 1995; Kruger et al., 1998). In contrast, over-
expression leads to exuberant synaptic growth (Aigner et al., 1995). In addition to
its role in development, the persistent expression of GAP-43 in associative regions
of the mature CNS is linked to activity-dependent synaptic plasticity (Benowitz &
Routtenberg, 1997). At a molecular level, GAP-43 shows an association with the
submembrane cytoskeleton (He et al., 1997) and the membrane fusion apparatus
(Coopersmith et al., 1998; Haruta et al., 1997). Thus, during axonal regeneration,
it is likely to play a role in membrane addition, growth cone motility, axon tar-
geting, and/or synaptic tuning events.

The expression of several transmembrane adhesion proteins of the immuno-
globulin superfamily also shifts during optic nerve regeneration. Increases in gene
expression occur for neurolin, a homologue of mammalian DM-GRASP, which
has been shown to participate in axon fasciculation within the retina and optic
nerve (Paschke et al., 1992; Ott et al., 1998); L-1 (Vielmetter et al., 1991; Blau-
grund et al., 1992; Bernhardt et al., 1996), which is also implicated in fasciculation
and pathfinding (Ott et al., 1998); and N-CAM, which contributes to adhesive
interactions and axon guidance through homophilic binding (Bastmeyer et al.,
1990; Bemnhardt et al., 1996), interactions with the FGF receptor (Doherty et al.,
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1996), and regulation of GAP-43 phosphorylation (Meiri et al., 1998). An
upregulation of two other cell surface proteins, reggie-1 and -2, occurs as well
(Schulte et al., 1997).

Regeneration of the goldfish optic nerve is also accompanied by a signifi-
cant upregulation of the intermediate filament proteins gefiltin (ON-1) and plasti-
cin (Glasgow et al., 1992, 1994), along with the microtubule subunit a-1 tubulin
(Bormann et al., 1998). These changes presumably contribute to rebuilding the
axonal cytoskeleton and establishing the scaffold required to transport membra-
nous organelles. Expression of one or more members of the jun family of tran-
scription factors occurs (Herdegen et al., 1993), though the relationship of this to
the observed changes in effector gene products is not yet known. Finally, there is a
marked increase in soluble cyclic nucleotide phosphodiesterases (Ballestero et al.,
1997), and several other proteins that remain to be characterized (Skene &
Willard, 1981a; Benowitz & Lewis, 1983; Perry et al., 1987).

In experimental paradigms in which mammalian retinal ganglion cells are
induced to regenerate their axons, there is a striking upregulation in the expression
of GAP-43 (Doster et al., 1990; Meyer et al., 1994; Schaden et al., 1994; Berry et
al., 1996), the cell adhesion molecule L1 (Jung et al., 1997), and a member of the
jun family of transcription factors (Hull and Béhr, 1994). While many other
changes are no doubt taking place, the patterns of gene expression underlying
axon regeneration in goldfish and rat RGCs appear at first glance to be similar.

Ill. WHAT INDUCES GOLDFISH RETINAL GANGLION CELLS TO
REGENERATE THEIR AXONS?

While the molecular changes that accompany optic nerve regeneration in lower
vertebrates have been investigated in some detail, relatively little attention has
been paid to the signals that trigger this process. Explant studies provided the first
clue that the inductive signals arise from a source extrinsic to the retina. If goldfish
RGCs are stimulated to begin regenerating their axons in vivo for 1-2 weeks
(‘priming’), they continue to extend axons when explanted into serum-containing
media (Landreth and Agranoff, 1976, 1979). However, if regeneration is not initi-
ated in vivo, ‘naive’ RGCs show little growth when explanted. These observations
suggest that regeneration is triggered by something that is available to RGCs in
vivo, but which is not intrinsic to the retina nor present in the culture media. We
therefore carried out ‘complementation’ studies to identify factors which, when
added to RGCs, enable them to regenerate their axons even without being
‘primed’ in vivo. These studies utilized dissociated cultures highly enriched in
RGCs (Schwartz & Agranoff, 1982; Schwalb et al., 1995). When maintained in
serum-free, defined media, dissociated RGCs remained viable for several weeks
but failed to extend axons. The addition of factors secreted by optic nerve glia
stimulated dramatic outgrowth (Schwalb et al, 1995, 1996: Fig. 1). Upon size
fractionation, the principal axon-promoting factor proved to be a small molecule,
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< 1 kilodalton in mass, which was tentatively named axogenesis factor-1 (AF-1).
AF-1 induced the same level of outgrowth from RGCs regardless of whether cells
had been primed to begin regenerating their axons in vivo; in the absence of AF-1,
even primed retinal ganglion cells failed to show appreciable growth (Fig. 2).
These findings support the hypothesis that AF-1 is a key determinant of regenera-
tive growth in vivo, and suggest that, the priming phenomenon might be explained
by the need for RGCs to remain exposed to optic nerve glia to trigger the regen-
erative program.

Figure 1 Factors secreted by the goldfish optic nerve glia induce RGCs to extend axons.
Left: In defined media, goldfish retinal neurons remain viable (as demonstrated by metabo-
lism of 5,6-carboxyfluorescein diacetate), but show little outgrowth. Right: The addition of
media conditioned by optic nerve glia induces cells 10-17 um in diameter to extend one or
two processes of a uniform caliber (open arrows); these sometimes terminate in a prominent
growth cone (closed arrow). Retrograde labeling shows that the responsive cells are RGCs
(Schwalb et al., 1995). Bar = 100 pm.
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Figure 2 Factors secreted by optic nerve glia induce the same level of outgrowth from
RGCs irrespective of “priming”. RGCs were dissected either from previously unoperated
animals (light bars) or from goldfish in which axon regeneration had proceeded in vivo for
10 days after an optic nerve crush (dark bars: “priming”). In the presence of factors secreted
by optic nerve glia, ‘naive’ and primed RGCs showecd the same level of outgrowth. In the
absence of glial factors, both failed to extend axons. Thus, optic nerve-derived factors in-
duce all of the outgrowth seen in primed RGCs, whereas in the absence of these factors,
there is no effect of priming; these factors therefore, appear to be necessary and sufficient
for outgrowth. Outgrowth was measured as the percent of phase-bright cells (10-17 pm
diameter) extending one or two processes of uniform caliber more than 5 cell diameters in
length. Results were normalized by subtracting the level of growth seen in negative con-
trols, then dividing by the net growth in positive controls (partially purified AF-1). Data
represent means from 4 wells per condition = SEM. Counting was carried out blind to the
identity of samples (Schwalb et al., 1996).

Optic nerve glia also secrete a larger axon-promoting factor, probably a polypep-
tide. In our earlier work, chromatography pointed to a peak of biological activity at
12 kDa and a second one at 70 kDa. With procedural refinements, however, the 12
kDa species appears to be a proteolytic fragment of AF-3, the larger protein (R.
Tabibiazar and L. Benowitz, unpublished observations). Even at saturating con-
centrations, AF-3 promotes much less outgrowth than AF-1. A host of polypeptide
growth factors were tested for their ability to mimic the effects of AF-3 (Schwalb
et al,, 1995). Of these, only recombinant rat ciliary neurotrophic factor (CNTF)



50 Benowitz et al.

was active (ED50 ~5 ng/ml: R. Tabibiazar, L. Benowitz, unpublished observa-
tions). Whether AF-3 is related to CNTF remains to be determined. A number of
small differentiation factors (e.g., retinoic acid, taurine, small peptides) were in-
vestigated for their ability to mimic AF-1’s actions. None showed any activity
except for the purine nucleosides, which led to a surprising discovery about intra-
cellular signaling mechanisms.

IV. STIMULATION OF GROWTH THROUGH A PURINE NUCLEOSIDE-
SENSITIVE PATHWAY

We investigated whether purine nucleosides or nucleotides might induce growth,
perhaps by acting upon one or more of the well-characterized purine receptors
(Burnstock, 1990; Linden, 1998). Low micromolar concentrations of either adeno-
sine or guanosine induced dramatic outgrowth, whereas pyrimidine nucleosides
were inactive (Fig. 3a, lanes 1-5). The effects of adenosine and guanosine were
not, however, mediated through extracellular purine receptors. P1 (adenosine)
receptors were ruled out since a non-hydrolyzable agonist for all of the known
extracellular adenosine receptors (2-chloroadenosine, 2-CA) was inactive; at the
same time an antagonist of the A1 and A2 receptors (8-p-sulphophenylthioinosine,
8-PST) failed to block the effects of adenosine (Fig. 3b, lanes 1,2). P2 (purine nu-
cleotide) receptors were likewise ruled out, since adenosine mono-, di- and tri-
phosphate showed little or no activity. Moreover, the purine nucleosides were not
serving as precursors to cyclic nucleotides that might act as intracellular second
messengers, since non-hydrolyzable, membrane-permeable analogs of cAMP or
c¢GMP failed to stimulate outgrowth (Fig. 3a, lanes 7,8). One remaining possibil-
ity, that adenosine acts by virtue of being converted to a metabolite, proved to be
correct. When we prevented adenosine from being hydrolyzed to inosine (using
the adenosine deaminase inhibitor deoxycoformycin, DCF), adenosine not only
failed to stimulate growth, but actually proved to be cytotoxic (Fig. 3b, lane 3). As
anticipated from this result, inosine stimulated extensive outgrowth, with an EC50
of 11 uM. Inosine and guanosine were both found to act upon an intracellular tar-
get, and failed to induce growth in the presence of a purine transport blocker (ni-
trobenzylthioinosine, NBTI: Fig. 3b, lanes 5,6).

Studies in pheochromocytoma PC12 cells provide a hint about the intracel-
lular target of the purine nucleosides. In PC12 cells and some peripheral gangli-
onic neurons, nerve growth factor (NGF) stimulates cell survival as well as neurite
outgrowth. The purine analog 6-thioguanine (6-TG) selectively blocks NGF-
induced neuritogenesis, which correlates with the inhibition of a 47-49 kDa serine-
threonine kinase (N-kinase: Volonte et al., 1989; Greene et al., 1990; Batistatou et
al., 1992). In light of the structural similarities among 6-TG, inosine, and guanos-
ine (Fig. 4a), we hypothesized that the two purine nucleotides might act as ago-
nists at the same site at which 6-TG functions as an antagonist. One prediction
from this hypothesis is that inhibiting the N-kinase should block axon outgrowth
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Figure 3 Purinergic effects on axon outgrowth. (a) Effects of purine nucleosides and nu-
cleotides. Goldfish retinal ganglion cells were grown in defined media and treated with the
indicated nucleosides, nucleotides, or analogs. Extensive outgrowth was obtained from the
purine nucleosides adenosine and guanosine, but not from any of the pyrimidines (only
uridine shown here). None of the purine nucleotides induced growth, including membrane-
permeable, non-hydrolyzable analogs of cAMP (8-bromoadenosine-3°,5’ cyclic monophos-
phorothioate, sp8BrcAMPs) and of cGMP (8-(4-chlorophenylthio) guanosine-3°,5’-cyclic
monophosphate, 8pcptcGMP). All compounds were tested between 1-1000 pM; results
shown here are at 100 uM, a concentration that yielded results in cases in which any re-
sponse was seen. Data are normalized as described in the legend to Fig. 2. (b) Further stud-
ies on purinergic effects: inosine is the active metabolite of adenosine, and acts through an
intracellular mechanism. lane 1: 2-CA, a non-hydrolyzable adenosine analog that acts as an
agonist at all known adenosine receptors, fails to stimulate growth. lane 2: Further evidence
that adenosine is not stimulating growth through adenosine receptors comes from the failure
of 8-PST, an antagonist of Al and A2 receptors, to stimulate growth. lane 3: Evidence that
adenosine must be hydrolyzed to stimulate growth comes from the fact that DCF, an in-
hibitor of adenosine deamidation, blocks the activity of adenosine. lane 4: Inosine, the
product of adenosine deamidation, stimulates outgrowth. lanes 5, 6: Evidence that inosine
and guanosine act through an intracellular mechanism comes from the observation that
NBTI, an inhibitor of purine transport across the membrane, blocks their activity.
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Figure 4 Evidence that purine nucleosides may act upon the intracellular target that is
inhibited by 6-thioguanine. (a) Structural similarities among the purine analog 6TG, inosine,
and guanosine. 6-TG, which blocks growth and inhibits N-kinase, differs from the growth-
promoting nucleosides inosine and guanosine by the absence of the ribose group and the
substitution of a sulfhydryl group for oxygen. (b) 6-TG nhibits the outgrowth induced by
AF-1, AF-3 or CNTF to a level below baseline. Thus, the effects of all three factors on out-
growth may be mediated through a purine-sensitive mechanism. (c) Inosine and 6-TG act
competitively. Outgrowth induced by 25 uM inosine is only partly affected by 10 uM 6-
TG, while outgrowth induced by 100 uM is unaffected. At 100 uM, inosine restores the full
level of growth induced by AF-1 to its original level in the presence of 6-TG.
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from goldfish RGCs. This proved to be correct at 10 uM, 6-TG blocked outgrowth
initiated by AF-1, AF-3, or CNTF but did not affect cell survival (Fig. 4b). A sec-
ond prediction is that inosine would act competitively with 6-TG to restore
growth. As shown in Fig. 3c, outgrowth stimulated by a near-saturating concen-
tration of inosine was partially affected by 6-TG, but higher levels of inosine over-
came this blockade. In addition, inosine restored the full level of growth induced
by AF-1 in the presence of 6-TG (Fig. 4c). While these studies support the possi-
bility that inosine acts by stimulating the N kinase, other possibilities cannot yet be
ruled out, e.g., that inosine activates some pathways that are 6-TG insensitive.

As mentioned above, one hallmark of axon regeneration in the visual system
is the dramatic upregulation of GAP-43 expression. As shown in Fig. 5, GAP-43
is induced by AF-1, inosine, and guanosine. Moreover, GAP-43 induction by
growth factors is blocked by 6-TG but restored by inosine. Thus, at least this one
facet of axon growth appears to be mediated through the purine-sensitive trans-
duction step. It will be important to determine whether other gene products associ-
ated with regenerative growth in vivo are likewise regulated through this pathway.

V. INVOLVEMENT OF OTHER SIGNAL TRANSDUCTION PATHWAYS

In PC12 pheochromocytoma cells, stimulation by NGF leads to the phos-
phorylation of several key tyrosine residues on trkA, the high affinity NGF recep-
tor, which allows for the docking of shc and other adapter proteins. This leads to
the subsequent activation of several downstream signaling pathways (reviews:
Greene and Kaplan, 1995; Segal and Greenberg, 1996), two of which have been
implicated in neurite outgrowth: one involves the mitogen-activated protein kinase
cascade (MAPK: Cowley et al., 1994), and the other, activation of phosphatidyl-
inositol-3 kinase (P13-K: Kimura et al., 1994; Kita et al., 1998). In goldfish retinal
explant cultures, inhibition of PI 3-K signaling with wortmannin has been reported
to partially inhibit neurite outgrowth (Lavie et al., 1997). In dissociated goldfish
RGCs, two inhibitors of PI3-K signaling, wortmannin and LY294002, failed to
block outgrowth stimulated by AF-1, but blocked c. 50% of the growth stimulated
by inosine (Benowitz et al., 1998). Quantitatively similar results were obtained
with PD098059, which inhibits MEK-1 and -2 activity and therefore blocks
MAPK phosphorylation (Alessi et al., 1995). Like LY294002, PD098059 had
little effect on AF-1-induced growth but blocked much of the growth stimulated
by inosine. When combined, LY294002 and PD098059 blocked all outgrowth
stimulated by inosine, but still left much of the activity of AF-1 unimpeded (Fig.
6a). From these studies, it appears that inosine-induced growth requires MEK and
PI3-kinase to be active, whereas AF-1 may stimulate additional signaling path-
ways that lead to axon growth (Fig. 6b). More work is needed to clarify the rela-
tionship between the purine-sensitive mechanism and other signaling pathways.
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Figure 5 GAP-43 induction parallels axon outgrowth. (a,c,e.g). Goldfish RGCs were
immunostained with a primary antibody to recombinant zebrafish GAP-43 (courtesy C.
Stuermer, Univ. Konstanz) and a fluorescent secondary antibody (b,d,f): same field as a, c,
e, stained with DAPI to visualize cell nuclei. (a,b) Negative controls maintained for 6 days
in defined media show little GAP-43. (c,d) Cells treated with AF-1 extend axons and ex-
press GAP-43. (e,f) Cells grown with 100 um inosone or 100 um guanosine. (h) Western
blot showing GAP-43 induction in RGCs grown in culture, scraped and prepared for protein
separation by SDS-PAGE. Guanosine, not shown here, induces a similar level of GAP-43
expression as inosine.
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VI. MAMMALIAN RETINAL GANGLION CELLS

In mature mammals, the rapid death of RGCs that occurs after intraorbital injury
to the optic nerve can be attenuated with a variety of trophic factors or by directly
manipulating elements of the cell death pathway (e.g., caspase inhibitors or over-
expression of the bcl-2 gene: Kermer et al., 1998; Bonfanti et al., 1996). Trophic
factors that enhance RGC survival in vivo include brain-derived growth factor
(BDNF: Mansour-Robaey et al., 1994), CNTF (Mey and Thanos, 1993), acidic or
basic fibroblast growth factor (FGF: Sievers et al., 1987), neurotrophin- 4/5 (NT-
4/5: Cohen et al., 1994), and glial-derived neurotrophic factor (GDNF: Koeberle
and Ball, 1998). Implanting Schwann cells intravitreally, or grafting a segment of
peripheral nerve onto the distal end of a cut optic nerve, also enhances RGC sur-
vival, and this may involve factors that remain to be identified. In homogeneous
RGC cultures, Meyer-Franke et al. (1995) found that BDNF, CNTF, insulin-like
growth factor-1 (IGF-1), NT-4/5, leukemia inhibiting factor (LIF), basic FGF,
transforming growth factor-f (TGF-f), and insulin each had a partial effect in
enhancing cell survival. These partial effects could be increased several-fold by
combining several polypeptide growth factors while at the same time increasing
physiological activity or directly elevating intracellular cAMP levels. In the pres-
ence of forskolin, the combination of BDNF (or NT-4/5), insulin (or IGF-1), and
CNTF (or LIF) allowed most retinal ganglion cells to survive for several weeks.
Addition of an as yet unidentified factor derived from CNS oligodendrocytes had
a further effect on survival (Meyer-Franke et al., 1995). Thus, unlike the situation
in peripheral neurons, where a single target-derived factor may control cell surviv-
al, the survival of RGCs depends upon the level of physiological activity and the
availability of growth factors from more than one tissue source (e.g., target cells,
sheath cells).

Besides attenuating cell death, Schwann cells enable RGCs to regenerate
their axons. This enhancement of regeneration has variously been ascribed to (a)
the presence in Schwann cells of neurotrophic factors that are absent in CNS glia;
(b) synthesis by Schwann cells of cell surface or basement membrane molecules
favorable to growth, e.g., laminin; and/or (c) an absence in Schwann cells of fac-
tors that inhibit axonal growth, e.g., myelin associated glycoprotein (MAG:
McKerracher et al., 1994; Mukhopadhyay et al., 1994), NI-250 or NI-35 (Nogo:
Caroni and Schwab, 1988; Weibel et al., 1994). In support of the latter hypothesis,
antibodies to NI-250 applied to the injured optic nerve have some effect in en-
hancing axon regeneration past the injury site (Weibel et al., 1994). However,
even without altering the inhibitory influences of oligodendrocytes, the presence
of appropriate trophic factors may enable RGCs to regenerate their axons into the
optic nerve (Berry et al., 1996; Lucius et al., 1998). Following optic nerve injury
in adult rats, implanting a sciatic nerve fragment or dissociated Schwann cells into
the vitreous induces RGCs to extend local neurites (Cho and So, 1992), upregulate
GAP-43 expression (Ng et al., 1995), and regenerate their axons past the injury
site several millimeters into the distal optic nerve (Berry et al., 1996). Identifica-
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tion of the active factor(s) is an issue of paramount interest.

In dissociated RGCs cultured from juvenile rats, CNTF and LIF were found
to stimulate lengthy axon regeneration and induce GAP-43 expression (Fig. 7a: Jo
et al., 1998). These two cytokine growth factors act through the same receptor
complex, and therefore stimulate the same downstream signaling events. As in
goldfish RGCs, CNTF-induced outgrowth in rat RGCs utilizes a purine-sensitive
mechanism: outgrowth in rat RGCs was blocked by 6-TG and restored with inos-
ine. By itself, inosine induced a small but significant amount of outgrowth (Fig.
7b: Benowitz et al., 1998). Although BDNF and certain other growth factors also
enhanced the survival of rat RGCs as reported (Meyer-Franke et al., 1995), none
of these induced the same extent of outgrowth as CNTF or LIF (Fig. 7c: Jo et al,,
1998). Conditioned media obtained from either the rat sciatic nerve or optic nerve
contained axon-promoting activity, which was neutralized with an anti-CNTF
antibody. This would suggest that CNTF is a major endogenous growth-promoting
factor for mature mammalian RGCs. Indeed, intravitreal injections of CNTF in-
crease the ability of RGCs to regenerate their axons into a peripheral nerve graft
(Cho et al., 1998). However, it seems unlikely that CNTF alone can account for
the effects of implanting Schwann cells into the retina. Arguing against this is the
fact that the optic nerve itself has among the highest levels of CNTF in the nerv-
ous system (Stockli et al., 1991), yet RGCs whose cut endings are exposed to the
cellular environment of the optic nerve fail to regenerate their axons in the absence
of additional factors provided by peripheral nerve Schwann cells.

Figure 6 Involvement of the MAP kinase and PI3 kinase signaling pathways in axon
outgrowth from goldfish RGCs. To investigate whether two well-characterized signal trans-
duction pathways are involved in outgrowth induced by AF-1 or inosine, RGCs were pre-
treated with PD 98059 (50 um), a specific inhibitor of MEK-1 and 2,1.Y 294002, an inhibi-
tor of PI3 kinase signaling, or both, prior to being stimulated by AF-1 or inosine. Neither
inhibitor by itself, blocked growth stimulated by AF-1, though both combined had some
effect. In contrast, either inhibitor alone blocked ¢.50% of the growth induced by inosine
and the two combined blocked all inosine-induced growth. b. In this schema, AF-1 acts
upstream from N-kinase, since inhibiting the latter with 6-TG blocks all AF-1-induced
growth, Inosine is proposed to be an agonist of N-kinase. By itself, inosine stimulates a
lower level of growth than AF-1, which suggests that AF-1 stimulates additional pathways
besides PKN. Inosine can compete with 6-TG to restore the full level of growth induced by
AF-1. MAP kinase and PI3 kinase may not be on the direct signaling pathway activated by
AF-1. since blockade of either alone has no effect on AF-1-induced growth. However, they
may be constitutively activated in our cultures (e.g., by the insulin in the culture media), and
contribute somewhat to growth. Blocking MAP kinase signaling with PD 980959, or the
PI3 kinase signaling pathway with LY294002 inhibits the weaker growth induced by inos-
ine, but has a lesser effect on growth stimulated by AF-1, since the latter may activate addi-
tional signaling pathways.
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Figure 7 CNTF induces axon outgrowth and GAP-43 expression in rat RGCs. (a-d) Im-
munopurified RGCs from postnatal day 8 rat were cultured for 2 days in the absence (c,d)
or presence (a,b) of CNTF (50 ng/ml). Cultures were fixed, immunostained with an anti-
GAP-43 antibody (a,c) followed by a fluorescent secondary antibody, and visualized under
fluorescence (a,c) or phase-contrast (b,d) illumination. Scale bar: 50 pm. (e,f) Effects of
various trophic factors on axon outgrowth and survival. (¢) CNTF and LIF, which both
activate the same receptor complex, induced striking axonal outgrowth (defined as the frac-
tion of RGCs extending an axon >3 cell diameter in length); NGF and aFGF showed only
minor effects. (f) CNTF, LIF, BDNF, and aFGF all increased cell survival over controls.
*p <0.05, *¥*p <0.01, ***p < 0.002. (g) CNTF-induced outgrowth is mediated by a purine-
sensitive mechanism. Cultured rat RGCs were maintained in defined media either alone, or
with various combinations of inosine (25 um), CNTF (5 ng/ml), and 6-thioguanine as
shown. Inosine increased growth above baseline by 52% (lane 2 vs lane I, **p< 0.01);
CNTF had a more pronounced effect (lane 3, ***p < 0.001) that was blocked by 6-TG ({ane
5) but restored upon the addition of inosine (*p < 0.05) (from Benowitz et al., 1998).
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To investigate whether CNTF or any other trophic agent can mimic the ef-
fect of Schwann cells in stimulating RGCs to regenerate their axons through the
optic nerve, various factors were injected intravitreally into rats with optic nerve
injury and no peripheral nerve grafts. Surprisingly, all groups with intravitreal
injections, including controls with only a puncture wound to the posterior cham-
ber, showed extensive axon growth past an injury site; as expected, controls with
no intravitreal manipulations showed no growth at all. Thus, puncturing the sclera
and retina is sufficient to set off events that activate RGCs’ regenerative program.
Similar puncture wounds have been shown to enhance RGC survival (Mansour-
Robaey et al., 1994) and to be neuroprotective for photoreceptors (Faktorovich et
al,, 1992). These injuries lead to a delayed upregulation of CNTF and basic FGF
mRNA (Wen et al., 1995). However, whether either of these mediates the effect of
a puncture wound on axon regeneration is difficult to test, since the effect of an
injection per se is such a powerful stimulus. In any event, these findings confirm
the fact that RGC axons can regenerate through the optic nerve, and indicate that
the inhibitory influences exerted by CNS myelin proteins, e.g. NI-250 (Nogo) or
MAG (Li et al., 1996; McKerracher et al., 1994; Mukhopadhyay et al., 1994,
Shafer et al., 1996) can be at least partly overcome (Berry et al., 1996). Identifica-
tion of the cellular source and nature of the factor(s) that support RGC axon re-
generation through the optic nerve are questions of considerable interest. One
question raised by these findings is whether the enhancement of axonal regenera-
tion past an injury site is secondary to increased cell survival. In agreement with
others {Mansour-Robaey et al., 1994; Koeberle and Ball, 1998), we found that a
puncture wound to the posterior chamber enhances cell survival in addition to
axon regeneration. However, one indication that enhanced survival does not itself
insure regeneration following optic nerve injury comes from studies in transgenic
mice overexpressing the antiapoptotic gene bcl-2. Although bel-2 overexpression
almost completely prevents RGCs from undergoing cell death after optic nerve
crush (Bonfanti et al., 1996), such animals show little or no axon growth past an
optic nerve injury site, even when treated with antibodies to NI-250 (Nogo:
Chierzi et al., 1998). Thus, additional factors must be responsible for inducing
axon outgrowth.

VIl. SUMMARY AND FUTURE DIRECTIONS

Regeneration of the optic nerve occurs spontaneously in lower vertebrates. This
process appears to be triggered by molecules secreted by optic nerve glia, includ-
ing the low molecular weight factor AF-1 and a polypeptide AF-3. Regeneration is
marked by an upregulation of GAP-43 and other gene products required for the
establishment of anatomically appropriate connections. Intracellularly, one of the
key signal transduction steps involves a purine-sensitive kinase. Further details on
the signal transduction cascade leading to axon regeneration and the expression of
attendant gene products remain to be deciphered.
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In mammals, although RGCs normally fail to regenerate injured axons, ad-
vances over the past 15 years indicate that this may not be insurmountable. Axon
regeneration occurs readily through a peripheral nerve graft, and can even be
stimulated to occur through the optic nerve itself when RGCs are exposed to ap-
propriate signaling molecules. The identity of these factors is clearly an important
question. However, with axon extension becoming more tractable, we will need to
face another equally important question regarding axon guidance and target recog-
nition during regeneration. Do the molecular signaling systems that enable RGC
axons to find their correct targets get re-expressed after optic nerve injury? Some
of the molecules likely to be important include cadherins (Riehl et al., 1996); L1-
mediated axon guidance via FGF receptor signaling (Brittis et al., 1996); netrin-
DCC interactions (Deiner et al., 1997); GAP-43 signaling in the ventral dien-
cephalon (Kruger et al., 1998); ephrin-Eph receptor interactions that govern topo-
graphic organization in central targets (Nakamoto et al., 1996; Bihr and Wizen-
mann, 1996; Braisted et al., 1997; Frisén et al., 1998); and the machinery required
for activity-dependent tuning of the retinal map upon its central targets, e.g., par-
ticular NMDA receptor subunits, growth factors and their receptors, and nitric
oxide signaling mechanisms (Cramer et al., 1996; Shi et al., 1997; Schatz, 1997;
Wu and Cline, 1998). While these all remain daunting questions, the possibility of
restoring visual function after optic nerve injury seems considerably more possible
than a decade ago.
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Regeneration of Axons in the CNS of
Amphibians and Reptiles

Lynda D. Beazley
University of Westem Australia, Nedlands, Australia

I. INTRODUCTION

This chapter concerns axonal regeneration in the central nervous system of am-
phibians and reptiles. It concentrates on the primary visual system and in particu-
lar on events in the retina, visual pathway and primary visual centers during optic
nerve regeneration. Amphibians, both Urodeles (salamanders and newts) and
Anurans (frogs and toads), have been popular experimental models for such stud-
ies since their capacity for optic nerve regeneration was first described (Matthey,
1925). Optic nerve regeneration takes place in some reptiles also but has been
studied far less extensively than in amphibians and differs in some key respects. In
contrast to the optic nerve, other parts of the amphibian and reptilian central ner-
vous systems undergo little or no axonal regeneration. Examples in frog are tectal
efferents (Rana pipiens: Lyon and Stelzner, 1987), the spinal cord (Xenopus
laevis: Michel and Reier, 1979; Clarke et al., 1986) and dorsal root ganglia regen-
erating within the spinal cord (X. /aevis, Katzenstein and Bohn, 1984). As excep-
tions, spinal cord regeneration takes place in premetamorphic frog (X. laevis:
Beattie et al.,, 1990) and to a lesser extent in adult lizard (Anolis carolinensis,
Simpson, 1968).
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Il. OVERVIEW OF OPTIC NERVE REGENERATION

A. The Lesion Procedure-The type and location of the nerve lesion
influence the outcome of regeneration. The most common pro-
cedure is extracranial nerve crush, severing all axons but leaving
the nerve sheath intact as a conduit for regeneration.

Axons are usually severed by crushing the optic nerve with forceps. Alternatives
include cryosurgery (Vipera aspis: Rio et al., 1989) or cutting, a procedure that
severs the nerve sheath as well as the axons allowing them to escape from the vis-
ual pathway (Rana temporaria: Gaze and Jacobson, 1963; X. laevis: Bohn et al.,
1982; R. pipiens: Blanco and Orkand, 1996). As in mammals, necrosis within the
distal nerve segment is probably more extensive after a cut than a crush (rat: Ber-
kelaar et al., 1994).

Lesions are usually performed extracranially, approaching the nerve via the
orbit or the roof of the mouth; for intracranial lesions, the approach is again via the
mouth with the bone overlying the nerve being deflected or removed. The nerve
sheath is tough extracranially; it survives nerve crush and acts as a conduit for
regrowing axons. Intracranially, the thin nerve sheath is often torn by nerve crush,
allowing axons to escape. As a result, regeneration is more reliable after extra-
cranial than intracranial nerve crush (R temporaria: Gaze and Jacobson, 1963;
Litoria (Hyla) moorei: Humphrey and Beazley, 1982, 1983). Unlike mammals, in
amphibians and reptiles, the ocular blood supply is external to the optic nerve and
is readily avoided during surgery. Regeneration has also been studied after tran-
section of the optic chiasm (R. pipiens: Waldeck and Gruberg, 1995) or optic tract
(X laevis: Bohn and Reier, 1982; Szaro et al., 1985). In Urodeles, optic nerve re-
generation takes place even after destruction of the retina. A new retina is gener-
ated from the retinal pigment epithelium and optic axons regrow into the brain
(Triturus viridescens: Burgen and Grafstein, 1962; Gaze and Watson, 1964;
Cronly-Dillon, 1968).

B. Outcomes of Optic Nerve Regeneration-Optic axons regenerate
to visual centers and form a topographically ordered projection
in frogs but not in lizards

In amphibians severed optic axons regenerate along the visual pathway within 1-3
months. Axons reenter visual centers, reestablish topographically ordered projec-
tions and vision is restored (reviewed by Sperry, 1951; Gaze, 1960, 1970; Beazley
1984). Optic nerve regeneration in reptiles is less successful and seems to vary
between species. For example, in the gecko Nephrurus stellatus axons do not re-
generate beyond the lesion site (Beazley et al., 1999) and in the viper snake regen-
eration is protracted and limited in extent (V. aspis: Rio et al., 1989). By contrast,
in a lizard, Ctenophorus ornatus, many optic axons regenerate to visual centers
within 2 months of nerve crush. However, in the long term, the central projections
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lack topographic order and animals are functionally blind (Beazley et al., 1997;
Stirling et al., 1999).

ill. CELL SURVIVAL AND CELL DEATH

A. Ganglion Cell Death-Many ganglion cells die after axotomy in
frogs and lizard, apparently by apoptosis

The early anatomical and behavioural studies of optic nerve regeneration in fish
and amphibians (Matthey, 1925; Sperry, 1943, 1944) described substantial axonal
regrowth into the brain. The robust regeneration observed, along with the restora-
tion of vision, led to the assumption that the vast majority of ganglion cells survive
axotomy and regenerate their axons. However, the retina and optic nerve were not
studied in sufficient detail to address the issue. The assumption has proved to be
true for goldfish (Murray et al., 1982) but not for frogs or lizards. The question of
ganglion cell death induced by axotomy has yet to be addressed in Urodeles.

In other systems, both neural and nonneural, injured cells die by necrosis or
apoptosis (Wyllie et al., 1980). Necrotic cells swell before death, due to the entry
of water, whereas apoptotic cells become pyknotic. The appearance of dying gan-
glion cells after optic nerve lesion in frogs or lizards suggests that death is by
apoptosis. DNA electrophoresis and DNA fragmentation using the TdT-dUTP
terminal nick-end labelling (TUNEL) have yet to confirm that, in frogs and liz-
ards, as in mammals (rat: Berkelaar et al., 1994; monkey: Quigley et al., 1995),
axotomised ganglion cells die by apoptosis.

B. The Extent of Cell Survival and Cell Death-In frogs, 30-60% of
ganglion cells die after axotomy; about one third do so in lizards.
By contrast, cell numbers remain stable in other retinal popula-
tions such as displaced amacrine cells and cells of the inner nu-
clear layer

Retinal ganglion cell numbers, estimated from retinal wholemounts, usually fall by
30-60% within 2-3 months of optic nerve lesion in frogs (X. laevis: Beazley, 1981;
Jenkins and Straznicky, 1986; L. moorei: Humphrey and Beazley, 1985; R. pipi-
ens: Scalia et al., 1985; Beazley et al., 1986; Stelzner and Strauss 1986). In liz-
ards, counts were undertaken in sectioned material due to the multi-layered nature
of the ganglion cell layer. Values were found to be reduced by approximately one
third at one year after nerve crush; shorter time intervals have yet to be examined
(C. ornatus: Beazley et al., 1997).

It seems likely that the reductions observed represent the absolute extent of
ganglion cell loss during optic nerve regeneration. Autoradiographic studies have
shown that there is no compensatory generation of retinal ganglion cells in frogs to
replace dying ganglion cells (R. pipiens: Gruberg and Stirling, 1974; L. moorei:
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Pedalina and Beazley, 1986). Similarly, retinal cell generation is presumed to be
absent from lizards during optic nerve regeneration. It can be assumed therefore
that 40-70% of ganglion cells usually survive axotomy and regenerate their axons
in frogs and lizard whilst the remainder die.

Although the vast majority of ganglion cell somata lie in the ganglion cell
layer, in both amphibians and lizards as in other vertebrates studied (Ramon y
Cajal, 1892), a small proportion lie in the inner nuclear layer (R. pipiens: Frank
and Hollyfield, 1987; Singman and Scalia, 1990a; L. moorei: Dunlop et al., 1992;
C. ornatus: Starac et al., 1996). These are termed Dogiel or displaced ganglion
cells. In both frogs and lizards many Dogiel cells project to the basal optic nu-
cleus, part of the accessory optic system (R. pipiens: Montgomery et al., 1981; C.
ornatus: Dunlop and Beazley, unpublished observations). Retrograde transport of
neuronal tracers in frogs and lizards has shown that comparable proportions of
displaced and orthotopic ganglion cells survive optic nerve regeneration (L.
moorei: Dunlop et al., 1992; C. ornatus, Dunlop and Beazley, unpublished obser-
vations).

Within other neural systems, cell death in one cell population can in turn
trigger losses from cells afferent (Tong et al., 1982) and efferent to it (Cowan,
1973). However, unlike primates (Gills and Wadsworth, 1967), frogs or lizard
do not display such changes as a result of ganglion cell death. Displaced ama-
crine cells are axonless cells with somata in the ganglion cell layer and proc-
esses contacting ganglion cells (Perry, 1981). Counts from retinal sections and
wholemounts indicate that these interneurons, representing 10-20% of the cells
in the ganglion cell layer of normal frogs and lizards, survive optic nerve regen-
eration (L. moorei: Humphrey and Beazley, 1985; R pipiens: Singman and
Scalia, 1990b; C. ornatus: Beazley et al., 1997). Moreover, cell counts of sec-
tioned retinae in frogs suggest that the inner nuclear layer, the layer containing
cells afferent to ganglion cells, also maintains a full cell complement (L. moorei:
Darby et al., 1990). It is unclear whether depletion of the ganglion cell popula-
tion during optic nerve regeneration leads anterogradely to the death of retino-
recipient cells in primary visual centers of frogs or lizards.

C. Survival of Ganglion Cell Classes-Ganglion cells of each class
survive and undergo axonal regeneration in frogs

Frogs, as with other vertebrates including mammals (cat: Wassle et al., 1981),
possess several classes of ganglion cells each with distinct morphologies (pletho-
dontid salamanders: Linke and Roth, 1989; R. pipiens: Pomeranz, 1971; Frank and
Hollyfield, 1987; X laevis: Sakuguchi et al., 1984; Straznicky and Straznicky,
1988; Toth and Straznicky, 1989) and electrophysiological properties (R. tempo-
raria: Gaze et al,, 1965; R. pipiens: Maturana et al., 1960). Moreover, ganglion
cells can be defined as either ‘on’ or ‘off” cells to reflect their center/surround re-
sponse properties (cat: Famiglietti and Kolb,1976). The dendrites of ‘on’ ganglion
cells terminate in the inner part of the inner plexiform layer, and those of ‘off’
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cells in the outer part. In addition, distinct immuno-reactivities are seen amongst
the ganglion cell population in frogs (R. pipiens: Kuljis and Karten, 1982; L.
moorei: Humphrey et al., 1995) although the relationship to the classically defined
classes is uncertain.

Electrophysiological recording of visual input to the optic tectum, the major
primary visual center, has revealed that ganglion cells of each class survive regen-
eration (R. temporaria: Keating and Gaze, 1970). It is unclear whether they do so
to comparable extents or whether the dendrites of ‘on’ and ‘off’ cells retain the
characteristic sublaminar distributions in the inner plexiform layer (R. pipiens:
Frank and Hollyfield 1987).

Ganglion cells with distinct immuno-reactivities survive regeneration (L.
moorei: Humphrey et al., 1995). At one juncture, it seemed that in the frog R.
pipiens ganglion cells with substance P-like immuno-reactivity survive optic nerve
regeneration but those with other profiles such as bombesin and leucine-
enkephalin do not (Kuljis and Karten, 1985). In reaching their conclusion, the
authors compared the appearance of the tectum at 99 days after deafferentation
(Kuljis and Karten, 1983) with that of 270 days after optic nerve crush. However,
as discussed by Humphrey and his colleagues (1995), the findings of Kuljis and
Karten (1985) agree with the study in L. moorei and indicate the survival of each
immunocytochemically defined ganglion cell class. Kuljis and Karten had not
allowed for the protracted survival to 99 days of disconnected distal segments of
severed optic axons in the deafferented tectum (Section V.V; R. esculenta: Lazar,
1980, R. pipiens: Matsumoto and Scalia, 1981; L. moorei: Humphrey et al., 1992).

Little is known of ganglion cell classes or their responses during optic nerve
regeneration in lizards.

IV. RETINAL RESPONSES DURING OPTIC NERVE REGENERATION

The retina responds to optic nerve lesion in several ways. Ganglion cells change
their metabolism to initiate regeneration of a new distal axonal segment and retinal
rewiring takes place to counteract the loss of ganglion cells. Coincidentally, tran-
sient changes take place within the retinal vasculature.

A. Metabolic Changes Within Ganglion Cells-Axotomised ganglion
cells undergo a cell soma reaction, indicating an increased pro-
tein synthesis. The appearance is transient in frogs but perma-
nentin lizard. Most of the proteins synthesized are axonally
transported.

All axotomised ganglion cells in frogs (R. pipiens: Humphrey, 1988) and lizards
(C. ornatus: Beazley et al., 1997) exhibit a cell soma reaction (Soreide, 1981), an
appearance that is also termed chromatolysis and reflects increased protein synthe-
sis. In frogs, the appearance persists for weeks or months, until optic axon regen-
eration is complete and stable connections are reestablished in visual brain centers
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(Section IX.A). The retinal response differs in lizards, however, with ganglion
cells continuing to exhibit an intense cell soma reaction even at the longest time
interval studied, more than a year after nerve crush (C. ornatus: Beazley et al.,
1997). Presumably ganglion cell somata continue to undertake abnormally high
levels of protein synthesis to form new terminals that search for but do not recog-
nise appropriate postsynaptic partners (Section IX.A).

The profile of protein synthesis during optic nerve regeneration is best
understood for fish (goldfish: Grafstein, 1967; Barron et al., 1985) but has also
been documented in frogs (X. laevis: Szaro et al., 1984, 1985). Proteins were la-
belled with **S-methionine injected into the eye and their transport tracked autora-
diographically. In addition, two-dimensional gel separation identified proteins
present in the regenerating but not in the normal nerve. Some of these proteins,
which may correspond to ones found in the regenerating optic nerve of goldfish
(Benowitz et al., 1981), were in the fastest transported group but others were com-
ponents of the intermediate and slow groups. No comparable studies have yet been
undertaken for reptiles. The production of cytoskeletal proteins is discussed in
Section V.B.

B. Long-term Structural Changes in the Ganglion Cell Population-
Reflecting ganglion cell losses, densities of surviving cells are
reduced across the retina. Somata are hypertrophied and den-
dritic trees are remodelled.

The ganglion cell layer of frogs and lizards is abnormal in several respects after
optic nerve regeneration. One change is that the layer contains abnormally few
ganglion cells. These cells are usually identified by retrograde labelling or by their
characteristic morphology. Analyses of wholemounted and sectioned retinae have
shown that surviving ganglion cells are present at reduced densities across the
retina (R. pipiens: Scalia et al,, 1985; Stelzner and Strauss, 1986; Beazley et al.,
1986; L. moorei: Humphrey and Beazley, 1985; C. ornatus: Beazley et al., 1997).
Another abnormality is that, although chromatolysis is transient in frogs, the sur-
viving ganglion cells remain somewhat enlarged in the long term (R pipiens:
Humphrey, 1988; Stelzner and Strauss, 1988). Presumably the increased size re-
flects the greater metabolic demands placed on each ganglion cell within the de-
pleted population. In lizards, ganglion cells remain chromatolysed in the long
term, a further indication that regeneration does not reach a stable endpoint (Sec-
tion IX.A).

In the frog R pipiens, the somata of about 5% of the surviving ganglion
cells become displaced towards the inner plexiform layer during optic nerve re-
generation (R. pipiens: Scalia et al., 1985; Singman and Scalia, 1990a). The dis-
placement is thought to involve migration of the nucleus and some somal contents
rather than cell motility and is presumably linked at least in part to the removal of
dying ganglion cells. It seems likely that the change is most marked in species,
such as R. pipiens, that undergo particularly extensive ganglion cell death.



Regeneration in Amphibians and Reptiles 73

The surviving ganglion cells in both frogs and lizards are presumed to un-
dergo dendritic hypertrophy to compensate for their depleted numbers. The change
has been quantified only for large ganglion cells in frogs (X. /aevis: Straznicky,
1988). Changes in retinal wiring may also extend to axons. It is unclear whether in
frogs and lizards optic axons form intraretinal collateral sprouts following optic
nerve lesion as have been demonstrated in goldfish by filling individual cells with
fluorescent dye (Becker and Cooke, 1990). However, the frog X. laevis develops a
permanent swirl of neuritic processes around the optic nerve head after section of
the optic nerve or tract (Bohn and Reier, 1982). The ultrastructural appearance
suggests the swirl is comprised of axon collaterals; their functional impact is un-
known. Equivalent investigations have yet to be carried out in lizard.

C. Nonneural Changes-A transient episode of retinal neovascu-
larisation takes place in frog, presumably triggered by the de-
generation of ganglion cells and their axons.

Retinal changes after optic nerve lesion are not confined to neurons. In frog, the
retina receives a vascular bed via the hyaloid artery. A transient neovascularisa-
tion of the bed after optic nerve crush has been demonstrated by transcardial
perfusion of India ink (L. moorei: Tennant et al., 1993). The time course of the
neovascularisation matches that of ganglion cell death, suggesting that angio-
genesis is triggered by the dying cells themselves or the phagocytosing cells
attracted to them. Thus the transient vessels are most numerous in areas with
the greatest numbers of dying ganglion cell somata and of axons, namely the
area centralis and the optic nerve head respectively. The abnormal vasculature is
likely to lead to a breakdown of the blood-retinal barrier. The importance of this
abnormality on the survival or death of ganglion cells is unknown. The retinal
vasculature in lizards is contained within a conus capillaris; its response to optic
nerve lesion has yet to be investigated although macroscopically it appears un-
changed (C. ornatus: Beazley et al., 1997; N. stellatus: Beazley et al., 1999).

Changes within the macroglial population of the retina after axotomy have
yet to be studied in amphibians or reptiles. However, the beds of microglia pres-
ent in the inner and outer plexiform layers appear to remain unchanged through-
out optic nerve regeneration in frogs (R. pipiens, L.D. Beazley and V.H. Perry
unpublished observations).

V. THE REGENERATING AXON

During optic nerve regeneration, axonal sprouts form at the lesion site or else-
where and one or more sprouts per axon regrow into the brain. To do so, new
membrane and cytoskeletal proteins must be produced. If regeneration is to reach
completion, excess sprouts must be lost and axons that were prev10usly myeli-
nated must become remyelinated.
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A. Axonal Sprouting-Extensive axonal sprouting takes place tran-
siently in some species of frog but not others. Sprouting is
thought to persist in lizards.

During regeneration of the optic nerve in goldfish (Murray, 1982) and in mam-
malian peripheral nerves (Perry et al., 1987), each regenerating axon produces
several sprouts. In the long term, only one sprout survives, enlarging to become
the regenerated portion of the axon. Similarly, large numbers of axonal sprouts are
present in the regenerating optic nerve of the frog R. pipiens (Scott and Foote,
1981). Counts of these axonal profiles indicate that sprouts form both between the
eye and the crush site and to an even greater extent at and beyond it (R. pipiens:
Stelzner and Strauss, 1986). Excess sprouts are removed only at a stage when
projections have consolidated in primary visual centers.

However, a recent study of optic nerve regeneration in the frog L. moorei
suggests a different sequence of events in this species. Counts of axonal profiles
and of retrogradely labelled ganglion cells, as well as an analysis of the morphol-
ogy of individual axons, suggests that there are few if any excess sprouts at any
point along the visual pathway (Dunlop et al., submitted for publication). Rather, it
seems that each severed axon that regenerates forms a growth cone close to the
crush site and the single process regenerates into the brain. Reasons for the differ-
ing results in the two species are as yet unclear.

In lizards the extent of axonal sprouting throughout optic nerve regeneration
has yet to be documented. Preliminary findings from our laboratory suggest that
growth associated protein (GAP)-43, an indicator of axon growth, is limited to the
crush site at early stages of regeneration (Bartlett et al., in preparation). The result
suggests that axons regrow from the crush site and do not sprout extensively fur-
ther back towards the eye. In the long term, numbers of axon profiles between the
crush site and the brain exceed the numbers of ganglion cells and of axons behind
the eye by one third (C. ornatus: Beazley, 1997). Presumably at least some of the
excess profiles represent long persisting axonal sprouts arising at or beyond the
crush site.

B. Regeneration-Associated Protein Expression-Expression of
membrane proteins is upregulated during optic nerve regenera-
tion. There is also increased expression of neurofilament pro-
teins to build a new cytoskeleton. In frogs the expression is pro-
gressive and is probably coordinated by cues along the visual
pathway. In lizards, expression of the neurofilament protein ge-
filtin is upregulated permanently.

The regenerating axon must produce new membranes as it grows. In a study of
the X. laevis tadpoles, a monoclonal antibody (Mab5) specific to the neuronal cell
surface protein neuropilin (formerly referred to as AS5) was used to detect expres-
sion of the protein during optic nerve regeneration. As in early stages of develop-
ment, the protein is present in optic axons during regeneration; levels fall again as
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regeneration reaches completion (Fujisawa et al., 1996). The protein may be in-
volved during development in neuronal cell interactions (Satoda et al., 1995)
and/or neuronal recognition (Fujisawa et al., 1989) but its role during regeneration
is uncertain.

Axonal regrowth also requires the production of a new cytoskeleton. Im-
muno-cytochemical studies using antibodies characterised in Western blots of the
optic nerve in the frog X. Jaevis have revealed a progressive pattern of expression
of the neurofilament proteins XNIF, NF-L, NF-H and NF-M. The regenerative
sequence is reminiscent of, but not identical to, that found during development (X.
laevis: Charnas et al., 1992; Zhao and Szaro, 1994, 1995). Moreover, certain
phosphorylated forms are expressed only after regenerating axons reach the tec-
tum. The result suggests that cues along the pathway coordinate neurofilament
expression.

The possibility of such coordination has been supported by further studies of
these neurofilament proteins and of another, xefiltin, present in X. laevis. Xefiltin
(Zhao and Szaro, 1997a) is found in growth cones and is closely related to a-
internexin and an intermediate filament present in goldfish, namely gefiltin (Glas-
gow et al., 1994). The expression of xefiltin (Zhao and Szaro, 1995, 1997b) is
virtually identical to that of the neurofilament proteins described previously (Zhao
and Szaro, 1994). Moreover, the expression of these neurofilament proteins was
examined in two abnormal pathways, the retinoretinal projection (Section VIIL. B)
and optic axons deprived of their major target by bilateral tectal ablation (Zhao
and Szaro, 1995, 1997b). Expression of xefiltin, NF-H and the phosphorylated
form of NF-M, was found to be reduced in the retinoretinal pathway; their expres-
sion was delayed by tectal ablation. The results indicate that, as in goldfish (Glas-
gow et al., 1994), separate parts of the pathway modify components of the cyto-
skeleton in ways that may be associated with choosing targets and stabilising pro-
jections.

Recent immuno-cytochemical and in situ hybridisation studies have exam-
ined the expression of gefiltin during optic nerve regeneration in lizards (C. orna-
tus: Rodger et al., 1998). As in goldfish (Glasgow et al., 1994), gefiltin expression
in ganglion cells rises during optic axon regrowth. However, in goldfish, the ex-
pression falls when retinotopic projections have stabilised in visual centers. By
contrast, in lizards levels remain high for at least one year after nerve crush. The
sustained expression presumably reflects a continuing remodelling of axon termi-
nals as the unstable regenerated projection searches unsuccessfully for appropriate
target cells (Section IX.A).

Plasticin is another neurofilament protein that is expressed in the goldfish
retina and optic nerve during optic nerve regeneration (Glasgow et al., 1992,
Fuchs et al., 1994). Plasticin has been visualised using polyclonal antibodies raised
to a plasticin fusion protein. Whereas normally immuno-reactivity is most promi-
nent in newly generated ganglion cell somata and their axons, during optic nerve
regeneration the entire population of somata becomes positive along with its den-
drites in the inner plexiform layer and axons proximal to the crush site. Peak in-
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tensity is seen 20 days after lesion. It is not clear whether plasticin is present in

frogs but studies suggest that it is absent from lizards (C.ornatus: Rodger et al.,
1998).

C. Demyelination/Remyelination-Amphibian and lizard optic nerves
are partially myelinated. After regeneration in frogs the per-
centage of myelination returns to normal levels. In lizards the
optic nerve is largely demyelinated after regeneration.

Ultrastructural analysis reveals that amphibian and reptilian optic nerves are only
partially myelinated (1-9% lungless salamanders: Linke and Roth, 1990; 2-3% R.
pipiens: Stelzner and Strauss, 1986; L. moorei: Playford and Dunlop, 1993; 11%
X laevis: Dunlop et al., 1984; 83% V. aspis: Rio et al., 1989; 21% C. ornatus:
Beazley et al., 1997). Electrophysiological recording and morphological analyses
have suggested that myelination in the frog visual pathway is restricted to large
calibre axons of the dimming detector class (R. pipiens: Maturana et al., 1960).
This suggestion is supported by a study in which individual ganglion cells were
recorded electrophysiologically and then labelled with an axonal tracer (R. pipi-
ens: Stirling and Merrill, 1987).

The sequence and extent of remyelination after optic nerve regeneration has
been described ultrastructurally in frogs (R pipiens: Stelzner and Strauss, 1986; L.
moorei: Dunlop et al., submitted for publication). The segment between the eye
and the lesion does not undergo extensive demyelination. Beyond the lesion, all
regenerating axon sprouts are initially unmyelinated. Remyelination takes place
only after projections are stabilised in the brain and any excess sprouts are lost (R.
pipiens: Stelner and Strauss, 1986; L. moorei: Dunlop et al., submitted for publi-
cation). At this stage regenerated axons presumably first reach a threshold di-
ameter for remyelination (Rushton, 1951). In the long term, the percentage of
myelinated axons matches that in the normal animal although, as a consequence of
ganglion cell death (Section IIL.A), the absolute number is reduced. An immuno-
cytochemical study distinguished oligodendrocytes from astrocytes by a lack of
intermediate filaments in X. /aevis tadpoles. Counts of oligodendrocytes fell, pre-
sumably matching the reduction in the number of ganglion cells and therefore of
optic axons requiring remyelination (Runnger-Brandle et al., 1995).

Ultrastructural examination has indicated that, unlike the regenerated optic
nerves in frogs, those in snakes and lizards undergo demyelination and do not be-
come remyelinated to a substantial extent (V. aspis: Rio et al., 1989; C. ornatus:
Beazley et al., 1997). Moreover, the segment of the optic nerve between the eye
and the crush site in lizards undergoes retrograde demyelination. Eventually only
3-5% of axons are myelinated along the length of the regenerated nerve.

There are several possible reasons why percentage myelination remains low
in lizards. The low levels are likely to be linked to the inability of most regener-
ated axons to form stable central projections (Section IX.A), remove their excess
axonal sprouts (Section V.A) and return to their normal dimensions. Alterna-
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tively, all ganglion cells that are myelinated in the normal animal may die, leaving
only the unmyelinated population to regenerate. However, this explanation seems
unlikely since, after regeneration, electrophysiological recording reveals the return
of responses to dimming light (C. ornatus: Stirling et al., 1999); in frogs (R pipi-
ens: Stirling and Merrill, 1987) and presumably in lizards also, ganglion cells with
this property are normally myelinated. A third possibility is that all regenerated
axons remain unmyelinated and the myelinated axons in a regenerated optic nerve
represent an efferent projection from the brain to the eye; such a projection has
been reported in other reptiles (Reperant et al., 1989).

V1. THE VISUAL PATHWAY DURING OPTIC NERVE REGENERATION

There are molecular and structural changes to the vascular, glial and neuronal
components within the visual pathway after optic nerve lesion.

A. An Environment Permissive for Axonal Regeneration-Neural cell
adhesion molecules are present during optic nerve regeneration
in frogs. The role of myelin during regeneration in amphibians
and reptiles is not well understood. It may be that, as in fish, the
components of myelin are inhibitory to axonal regeneration im-
mediately after lesion but become permissive within a few days.

Neural cell adhesion molecules (NCAMs) mediate adhesive interactions between
growing axons and their environment and are implicated as recognition molecules
in the tectum during development in salamanders and frogs (Pleurodeles waltl,
Discoglossus pictus: Becker et al., 1993) and optic nerve regeneration in zebrafish
(Bernhardt et al., 1996). Antibodies to NCAM have indicated that NCAMs are
also present in the visual pathway of salamanders during optic nerve regeneration
(Pleurodeles waltl: Becker et al., 1993). During development in the salamander,
NCAM seems to be associated with polysialic acid, a posttranslational modifica-
tion that weakens the strength of NCAM-NCAM binding and other cell substrate
interactions facilitating exploratory axonal pathfinding (Acheson et al., 1991;
Rutishauser and Landmesser, 1991). By contrast, polysialic acid is not associated
with NCAM during optic nerve regeneration, compatible with regenerating axons
making navigational errors.

A further demonstration of the role of NCAMs during optic nerve regenera-
tion in frogs was provided by the effect of tectal implants of agarose containing
antibodies to NCAM (X. laevis: Fraser et al., 1988). The morphology of individ-
ual axons labelled with horseradish peroxidase (HRP), along with enlarged recep-
tive fields as assessed electrophysiologically, indicated a disruption to the growth
and retraction of terminal arbors. Similar issues have yet to be addressed in rep-
tiles.

The presence of certain components of myelin may influence the success, or
otherwise of regeneration. It is well-established that some myelin subunits inhibit
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axonal regeneration in mammals (Bastmeyer et al., 1991). Moreover, the applica-
tion of masking monoclonal antibody IN-1 can reduce the inhibitory effect. In the
goldfish optic nerve (Bastmeyer et al., 1993), and to a lesser extent in the spinal
cord (Sharma et al., 1993), axonal regeneration is successful, apparently because
fish myelin does not contain the inhibitors of axonal growth or expresses them at
low levels. More recent studies indicate that optic nerve myelin in fish may be
inhibitory to axonal regeneration immediately after lesion but becomes permissive
to it within a few days (goldfish: Sivron et al., 1994, Wanner et al., 1995).

A similarly permissive environment presumably is present or comes about
in the amphibian optic nerves after lesion. An in vitro study in frogs examined the
regenerative response of the growth cones of optic axons in the presence of oligo-
dendrocytes extracted from either the spinal cord or optic nerve (X. laevis: Lang et
al., 1995). The results indicated that optic axons regenerate in the presence of
myelin from the optic nerve, but not the spinal cord. Moreover, application of the
masking molecule IN-1 encouraged optic axons to grow on spinal cord oligoden-
drocytes, a result confirming that local conditions are critical for optic axon regen-
eration.

A study in the lizard Gallotia galloti examined whether the optic nerve re-
generation observed in this species takes place because axons encounter a growth
promoting environment (Lang et al., 1998). It was found that in vitro axons of rat
dorsal root ganglia were unable to regenerate when challenged with lizard myelin
or oligodendrocytes. The result suggests the environment is a nonpermissive sub-
strate but that lizard axons are relatively insensitive to growth inhibiting compo-
nents of optic nerve myelin and oligodendrocytes.

A yet more recent study of the salamander P. waltl has assessed immuno-
cytochemically the levels of tenascin-R during optic nerve regeneration (Becker et
al., 1999). This extracellular matrix molecule is known to be inhibitory to neurite
outgrowth and appears concomitantly with myelination during metamorphosis.
Levels were found to fall to undetectable levels within 8 days of nerve crush,
along with a reduction in the level of myelin-associated glycoprotein. Since regen-
erated axons were first seen distal to the lesion at 9 days, the authors concluded
that the removal of inhibitory molecules correlated with axonal regeneration.

Nevertheless, the immediate environment cannot be the sole factor govern-
ing axonal regeneration in frog. Innate differences between cell populations must
also be important. Thus when both optic axons and tectal efferents are severed by
optic tract lesion, they presumably experience the same environment at their cut
ends. Nevertheless, optic axons regenerate but the tectal efferents do not (R. pipi-
ens: Lyon and Stelzner, 1987).
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B. Vascular Changes/Blood-brain barrier-Neovascularisation is
seen within 1 day at and beyond the crush site in frog; it may be
the site of the observed transient breach of the blood-brain bar-
rier.

Neovascularisation is one is the most immediate structural changes yet docu-
mented after optic nerve crush in frogs. A light and electron microscopy study has
revealed new intraparenchymal vessels at and distal to a nerve crush in the nor-
mally avascular nerve as early as 24 hours after lesion. The vessels persist to the
latest stage yet examined, namely 8 days (R. pipiens: Liuzzi and Miller, 1990).

The new vessels presumably lack a blood-brain barrier. The finding is com-
patible with the resuits of a study in which rhodamine B-isocyanate conjugated to
bovine serum albumin was perfused transcardially in frogs at various stages of
optic nerve regeneration (L. moorei: Tennant and Beazley, 1992). As in goldfish
(Kiernan and Contestabile, 1980), a breakdown of the blood-brain barrier takes
place. The region lacking such a barrier is seen to move sequentially along the
length of the visual pathway and across the tectum, coincident with the front of
regenerating axons. If axonal regeneration is prevented by nerve ligation, a break-
down of the barrier along the visual pathway is not observed. The result indicates
that a breach of the blood-brain barrier is triggered by regenerating axons but not
by degenerating ones. The significance of the breakdown in terms of macromole-
cules gaining access to the front of regenerating axons is unknown.

Neovascularisation and the integrity of the blood-nerve barrier within the
visual pathway during optic nerve regeneration have yet to be addressed in rep-
tiles.

C. Macrophages and Microglia

In frogs, coincident with neovascularisation and axon outgrowth, massive numbers
of granulocytes, macrophages and microglia invade the lesion site and distal nerve
(R pipiens: Liuzzi and Miller, 1990; X. laevis: Goodbrand and Gaze, 1991; Wil-
son et al., 1992; L. moorei: Dunlop et al., submitted for publication). Both ultra-
structural and immuno-cytochemical studies reveal that the invasion matches that
seen in goldfish (Battisti et al., 1995; Nona et al., 1998) with peak numbers of
macrophage-like cells being present during the first week after crush. The cells are
presumed to phagocytose cellular debris resulting from the lesion. However,
macrophage-like cells may also enhance axonal regrowth, as demonstrated in the
mammalian peripheral nervous system (mouse: Perry et al., 1987).

In lizards, preliminary studies suggest that macrophages are present at the
crush site 1 week after crush but their numbers are already reduced by 2 weeks.
Unlike frogs, lizard macrophages are not found in large numbers elsewhere in the
visual pathway (C. ornatus: Bartlett et al., in preparation). The result supports
other findings that suggest a protracted removal of debris from the pathway (Sec-
tion VLE).
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D. Astrocytes

Changes take place within the resident astrocyte population after optic nerve lesion
in frogs and lizards. Whereas in mammals the formation of an astrocytic scar is
thought to inhibit axonal regeneration (McKeon et al., 1991), this is not the case in
frog. Axons regenerate through astrocytic material, even penetrating grafts of scar
tissue produced by extensive damage to the optic nerve (X. lgevis: Reier and Web-
ster, 1974, Reier, 1979).

In a recent immuno-cytochemical study (X. laevis: Rungger-Brandle et al.,
1995), astrocytes were identified by their expression of cytokeratin. The identifi-
cation was used since in frogs, as in goldfish (Nona et al., 1989; Giordano et al.,
1989, 1990) but unlike mammals, astrocytes lack glial fibrillary acidic protein
(GFAP). Astrocytes were seen to invade the lesion site within 1 day of crush, ap-
parently providing a temporary scaffold for regenerating axons. Similarly, in liz-
ards GFAP-positive cells are present in the crush site by 1 week (C. ornatus:
Bartlett et al., in preparation). Detailed studies have yet to be undertaken in am-
phibians or reptiles to reveal whether, as in fish spinal cord (Nona and Stafford,
1995; Nona, 1998) and the optic nerve of goldfish and rat (Blaugrund et al.,
1997;), axons precede astrocytes into the lesion.

In addition to changes at the lesion site, astrocytic cytoplasm can be seen
ultrastructurally to undergo long term hypertrophy throughout the regenerating
optic nerve of frogs and lizards (L. moorei: Humphrey and Beazley, 1985; C. or-
natus: Beazley et al., 1997). Zonulae adherentes between astrocytic processes also
become more prominent, presumably providing mechanical stability. Changes in
the electrical properties of astrocytes after regeneration have yet to be addressed.
However, after retinal ablation in situ glial voltage dependent membrane proper-
ties have been assessed and shown to depend on interactions between astrocytes
and neighbouring axons (R. pipiens: Blanco et al., 1993).

E. Degenerating Axons-Some disconnected distal segments of
severed axons persist along the visual pathway and in visual
centers throughout regeneration.

In adult frogs, the disconnected distal segments of myelinated axons disappear
from the optic nerve within a few days or weeks of lesion, leaving only myelin
debris. However, the distal segments of some unmyelinated axons display an un-
usually slow degeneration (R. temporaria: Manteifel and D’yachkova, 1970; R.
esculenta: Lazar 1980; R. pipiens: Matsumoto and Scalia, 1981; Blanco and
Orkand, 1993; L. moorei: Humphrey et al., 1992), a feature more marked at post-
metamorphic and at larval stages (X. laevis: Wilson et al., 1992). For 3-6 months,
the segments retain a normal appearance, perform axonal transport and conduct
action potentials if electrically stimulated. Moreover, an anterograde tracing study
in which the tracer HRP was applied in separate animals to either side of the crush
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site confirmed that regeneration is essentially complete before the disconnected
distal segments disappear (L. moorei: Humphrey et al., 1992).

The limited evidence available for reptiles suggests that removal of discon-
nected segments of severed axons may be even more protracted, at least in alliga-
tors and crocodiles, than in amphibians (Alligator mississippiensis, Caiman croco-
dilus: Kruger and Maxwell, 1969). The significance of this longevity is not
known. It may be that the slow degenerating segments interfere with the success-
ful restoration and consolidation of regenerated visual projections (Section VIII)
by continuing to occupy most postsynaptic sites.

ViI. AXONAL NAVIGATION

Given the changes that take place within the visual pathway that awaits regener-
ating axons, axonal navigation is unlikely to be perfect. However, such precision
is not a prerequisite for successful regeneration. It is sufficient for axons to navi-
gate to appropriate brain centers, a feat achieved in frogs and to a large extent in
lizards.

A. Regenerating Axons Within the Visual Pathway-Axons favour the
periphery of the optic nerve at early stages of regeneration in
frogs but later invade its core. In lizards, a peripheral location is
maintained throughout. Within the optic tract, axons stay super-
ficial in frogs but line its entire borders in lizards. Axon order is
lost.

Regenerating optic axons are present in large numbers in the distal segment of the
optic nerve of amphibians and lizards. However, the distribution of axons is ab-
normal. In newts and frogs, ultrastructural and axon tracing studies have shown
that regrowing axons initially favour the periphery of the optic nerve but later also
invade its core (P. waltl: Becker et al., 1999; X laevis: Wilson et al., 1992). In a
study of the early stages of regeneration in frogs (L. moorei: Dunlop et al., sub-
mitted for publication), degenerating and regenerating axons were labelled with
different carbocyanine dyes. Regenerating axons were seen to grow around the
periphery of the nerve initially, largely avoiding the disconnected distal segments
of severed axons (Section VLE); only later do regenerating axons invade the core.
By contrast, in lizards, axonal tracing with carbocyanine dyes has shown that re-
generated axons tend to retain a peripheral location in the optic nerve throughout
regeneration (C. ornatus: Dunlop, submitted for publication, b).

Axon trajectories are also abnormal in the optic tract of both frogs and liz-
ards throughout regeneration. In frogs, most regenerating axons adopt a superficial
location (X. laevis: Gaze and Grant, 1978) and in lizards line the entire borders of
the tract (C. ornatus: Dunlop, submitted for publication, b). Presumably in both
cases, regenerating axons are avoiding the disconnected distal segments of severed
axons. A second factor may be involved in frogs. Retinal ganglion cells are gener-
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ated in adult life in frogs and their ingrowing axons grow superficially along the
optic tract presumably following navigational cues (X. /aevis: Grant and Gaze,
1978; R. pipiens: Reh et al., 1983). It is possible that these cues are read also by
regenerating axons. Since in lizards retinal ganglion cells are not generated in
adulthood (C. ornatus: Beazley et al., 1998), cues would presumably no longer be
available to encourage regenerating axons into a superficial location.

As in other vertebrates, optic axons in amphibians and lizards are ordered
along the visual pathway. Order reflects both the retinal location of the parent cell
body (R. pipiens: Scalia and Arango, 1983; Montgomery and Fite, 1989; C. orna-
tus: Beazley et al., 1997) and the stage at which it was generated (R pipiens: Reh
et al., 1983). After regeneration in newts, frogs and lizards, as in goldfish (Bern-
hardt and Easter, 1988, Springer et al., 1990), little or no axon order is apparent in
either the optic nerve or tract (R. pipiens: Udin, 1978; X_ laevis: Fawcett and Gaze,
1981; Cynops pyrrogaster: Fujisawa, 1981; Fujisawa et al., 1982; C. ornatus:
Beazley et al., 1997).

As an exception, in the frog X. /aevis, regenerating axons demonstrate some
selective navigation at the division of the optic brachia. Normally, axons from
dorsal and ventral retina enter the tectum via the lateral and medial optic brachia
respectively (X laevis: Straznicky et al.,, 1979). If an eye composed solely of
ventral retina is constructed early in life, a so-called double ventral compound eye,
optic axons enter the tectum only via the medial brachium. During optic nerve
regeneration, the axons again favour this route. The explanation may be that re-
generating axons prefer to enter the brachium containing debris of the severed
axons (Section VLE) rather than a ‘virgin’ one.

B. Pathway Selection/Axonal Misrouting—in frogs and lizards some
axons become misrouted at the chiasm to form an enhanced
projection to the ipsilateral side of the brain. A retinoretinal pro-
jection via the chiasm to the opposite eye forms transiently in
frogs but is permanent in lizards. Regenerating axons stay exclu-
sively within the visual pathway in frogs but in lizards a minority
deviate from it.

In both frogs and lizards some regenerating axons become misrouted at the optic
chiasm. One consequence is an abnormally heavy input into the ipsilateral optic
tract (X. laevis: Glastonbury and Straznicky, 1978, Straznicky et al., 1980; R. pipi-
ens: Stelzner et al., 1981; L. moorei: Humphrey and Beazley, 1985; C. ornatus:
Tran et al., 1996; Beazley et al., 1997; Dunlop et al., 2000). It is thought that in
frogs, unlike goldfish (Sharma and Tsai, 1991), the ipsilaterally projecting regen-
erated axons are axons in their own right and not collateral branches of contralat-
erally projecting ones (R. pipiens: Stelzner and Strauss, 1986).

Other regenerating axons, on reaching the chiasm, are misdirected away
from the brain. As in developing mammals (rat: Bunt and Lund, 1981), some re-
generating axons in frogs and lizards enter the opposite optic nerve and grow into



Regeneration in Amphibians and Reptiles 83

the other eye (R. pipiens: Bohn and Stelzner, 1981a-c; L. moorei: Tennant et al.,
1993; C. ornatus: Beazley et al., 1997; Dunlop et al., 2000). Retrograde labelling
from the opposite eye indicates that the retinoretinal projection is formed by ap-
proximately 5% and 1% of ganglion cells in the frogs R pipiens (Bohn and Stel-
zner, 1981a) and L. moorei (Tennant et al., 1993) respectively. Moreover, up to
80% of retinoretinal axons were found to be collateral branches of axons growing
along the optic tract (R. pipiens: Bohn and Stelzner, 1981a; Stelzner and Strauss,
1986). Quantitative studies of the retinoretinal projection have yet to be carried
out in lizards.

During optic nerve regeneration in frogs the retinoretinal projection is tran-
sient and disappears when projections to visual centers become consolidated. The
long term accumulation of the retrograde tracer diamidino yellow in retinal gan-
glion cells that form the transient retinoretinal projection indicates that the parent
cells do not die. Presumably after withdrawal of the retinoretinal branch, the cells
are maintained by sustaining collaterals to visual brain centers (L. moorei: Tennant
et al., 1993). In contrast to frogs, the lizard forms a permanent retinoretinal pro-
jection (C. ornatus: Dunlop submitted for publication, b). It is further evidence
that in lizards regenerating axons cannot recognise and respond to inappropriate
targets (Section VIIL.B).

Anterograde tracing studies demonstrate that regenerating optic axons stay
almost exclusively within the optic tract in frogs (R. pipiens: Stelzner et al., 1981)
and probably also in snakes (V. aspis: Rio et al., 1989). The confinement persists
in frogs even when areas adjacent to the optic tract, such as the nucleus rotundus,
are denervated by axon transection at the isthmal level (R. pipiens: Bohn and Stel-
zner, 1980). Despite the proximity of extensive terminal degeneration, the regen-
erating optic axons do not deviate from the optic tract.

A recent study in lizards traced regenerated projections with carbocyanine
dyes. Most regenerating axons remain within the optic tract and projections are
more pronounced at an intermediate stage of regeneration, namely 4-6 months,
than at earlier or later stages. However, throughout regeneration some axons devi-
ate into secondary visual nuclei such as the nucleus rotundus and isthmic nucleus
whilst others follow highly aberrant paths, for example, to the olfactory bulb (C.
ornatus: Dunlop et al., 2000).

VIIl. THE SEARCH FOR VISUAL CENTERS

In amphibians and lizards, most optic axons regenerate to the tectum; minor pri-
mary visual centers are also reinnervated. In lizard, optic axons terminate also in
secondary visual and nonvisual centers.
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A. Tectal Innervation-Axons reinnervate the superficial retino-
recipient tectal layers. Although the projection is more pro-
nounced contralaterally, the ipsilateral input is abnormally heavy
and in some species is electrically silent.

In newts, frogs and lizards, most optic axons reinnervate the contralateral optic
tectum (7. viridescens: Sperry 1943; R. pipiens: Singman and Scalia, 1990b, 1991;
C. ornatus: Beazley et al., 1997). An ultrastructural study in frogs has shown that
regenerating axons tend to form synapses de novo rather than occupying long-
persisting vacant sites. The number of synapses returns to normal levels (X. Jaevis:
Ostberg and Norden, 1979). Presumably, hypertrophy of axonal arbors and an
increased synaptic complement per terminal compensates for a reduced ganglion
cell number (Section II. A). There is little or no invasion of the denervated tectum
as a result of sprouting across the mid-line by axons from the other eye to the op-
posite tectum (R. pipiens: Stelzner, 1979).

Most regenerating axons regain their location in the superficial retino-
recipient tectal layers in both amphibians and lizards. In frogs, regenerated axons
continue to occupy the retinorecipient layers of the contralateral tectum even if
forced to compete for territory with a regenerating mandibular nerve grafted onto
the rostrodorsal surface of the tectum (R. pipiens: Kaplan and Clemente, 1985).
By HRP labelling of either the mandibular or optic inputs, it was clear that the two
inputs interact with the tectal substrate independently. The growth pattern of the
mandibular input is highly segregated and disordered whereas that of the optic
ingrowth is fascicular and ordered.

The specificity extends also to ganglion cell classes. Thus, electrophysi-
ological recording and immuno-cytochemistry have demonstrated that the charac-
teristic depth distribution of terminal arbors of different ganglion cell classes is
restored in the contralateral tectum after regeneration (R. temporaria: Keating and
Gaze, 1970; L. moorei: Humphrey et al., 1995). The issue has yet to be addressed
in lizards.

Innervation to the ipsilateral tectum is abnormally pronounced in both am-
phibians and lizards after optic nerve crush (R pipiens: Singman and Scalia,
1990b, 1991; C. ornatus: Tran et al., 1996; Beazley et al., 1997; Dunlop et al.
2000) or complete chiasmal transection (R. pipiens: Waldeck and Gruberg, 1995).
Although the projection extends throughout the retino-recipient tectal layers in
amphibians, in lizards it tends to lie mostly in the deepest part. We do not yet un-
derstand the significance of this localisation. Possibly the ganglion cell class that
normally projects to this sublamina does so after regeneration and no other gan-
glion cell classes are represented. However, the density of the regenerated projec-
tion suggests that regrowing axons are unable to displace the resident input from
the partner eye and ‘build up’ at the inner border of the retinorecipient region.

Unlike Ranid frogs (R. temporaria: Gaze and Jacobson, 1963), the frog X.
laevis (Straznicky et al., 1980) and the lizard (C. ornatus: Beazley et al.,, 1997,
Stirling et al., 1999) regenerate a projection to the ipsilateral tectum that is unde-
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tectable electrophysiologically and presumably therefore is nonfunctional. It
seems that the regenerated projection cannot compete for terminal sites with the
resident population of optic axons from the unoperated partner eye. If this popu-
lation is removed by severing the intact optic nerve in the frog, the regenerated
ipsilateral projection becomes electrophysiologically active within 2-4 weeks (X.
laevis: Straznicky et al., 1980).

B. Minor Visual Centers and Nonstandard Targets-Minor visual cen-
ters become reinnervated in frogs and lizards. Nonstandard tar-
gets are also innervated in lizards.

In addition to the tectum, minor primary visual centers are also reinnervated dur-
ing optic nerve regeneration in frogs and lizards (R. pipiens: Stelzner et al., 1981;
L. moorei: Humphrey and Beazley, 1985; C. ornatus: Beazley et al., 1997, Dunlop
et al., 2000). A study in frogs using *H-proline autoradiography suggested that
nuclei in the anterior thalamus became reinnervated only several weeks after those
in posterior thalamus and the tectum (R. pipiens: Stelzner et al., 1981). However,
using the more sensitive tracer HRP, Scalia reported that axons escaping from an
optic nerve deflected into the telencephalon reinnervated thalamic and pretectal
regions before the tectum (R. pipiens: Scalia, 1987). In lizards, carbocyanine dyes
have demonstrated that during optic nerve regeneration, as in development
(Rodger et al., in preparation), diencephalic nuclei are reinnervated before the
tectum (Dunlop et al., 2000).

It would be interesting to determine whether ganglion cells of different
classes selectively reinnervate appropriate minor visual nuclei after optic nerve
regeneration as in normal animals. The question could be addressed by examining
whether the basal optic nucleus regains input from displaced ganglion cells (R.
pipiens: Montgomery et al., 1981; C. ornatus: Dunlop and Beazley in prepara-
tion). However, it is known that, as in normal frogs, only ganglion cells from tem-
poroventral retina reinnervate ipsilateral diencephalic nuclei after optic nerve re-
generation (X. laevis: Hoskins and Grobstein, 1985). The issue has yet to be ad-
dressed in lizards. Moreover, it is unclear whether, as in normal animals (R. pipi-
ens: Stirling and Merrill, 1987), some ganglion cells projecting to the tectum form
collateral branches to a minor visual center.

There is one major difference between optic nerve regeneration in frogs and
lizards in terms of targets innervated. In frogs, the regenerated projections extend
exclusively to primary visual centers and radical procedures are required before
regenerating optic axons can be induced to innervate nonstandard targets. Thus,
after complete ablation of one optic tectum (R. pipiens: Cantore and Scalia, 1987),
regenerating axons labelled with HRP have been shown by light and electron mi-
croscopy to enter the lateral thalamic neuropil and in some frogs also the isthmic
nucleus; these regions are normally innervated by the tectum. The result suggests
that regenerating axons respond to signals that are present in these regions but are
normally suppressed by their tectal input. The synapses formed ultrastructurally in
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the nonstandard targets resemble those formed in the tectum. Similarly, regener-
ated axons will terminate and form synapses in the olfactory cortex if forced to
regenerate into the forebrain (R. pipiens: Scalia, 1987).

By contrast to the specificity of target recognition displayed in frogs, in liz-
ards even one year after crush some regenerated axons innervate secondary visual
centers such as the nucleus rotundus. Yet other axons project to non-visual areas
including the olfactory bulb (C. ornatus: Dunlop et al., 2000).

IX. SELECTING POSTSYNAPTIC CELLS: RETINOTOPY OF REGEN-
ERATED PROJECTIONS

For successful regeneration, axonal arbors must reform retinotopically appropriate
arrays (R. pipiens: Scalia and Fite, 1974) in visual centers and transmit input to
postsynaptic cells. Thereby a spatially appropriate representation of visual space is
relayed to the brain and vision restored. The feat is achieved in amphibians but not
in lizard.

A. Formation and Stability of Topographic Projections-In amphibi-
ans regenerating optic nerves reestablish and stabilise topo-
graphic maps in the tectum and vision is restored. In lizard a
transient low fidelity map is formed but thereafter all order is lost;
as a consequence blindness persists.

In salamanders, anterograde labelling reveals that individual axon terminals extend
widely through the superficial layers of the contralateral tectum (C. pyrrogaster:
Fujisawa, 1981; Fujisawa et al., 1982). Compatible with this observation, elec-
trophysiological recording has shown that projections are initially diffuse. Reti-
notopic order has been found to become progressively more pronounced over a
period of weeks, approaching the precision found in normal newts and frogs (R.
pipiens: Maturana et al., 1959; T. viridescens: Cronly-Dillon et al., 1968; L.
moorei: Humphrey and Beazley, 1982, 1985).

From the initial stage, visual input is transmitted to postsynaptic cells irre-
spective of whether it is topographic or nontopographic. To demonstrate this con-
nectivity, electrophysiological recordings were made of the regenerated input to
the contralateral tectum and the secondary projection from this tectum to the oppo-
site one via the isthmic nucleus (R. pipiens: Adamson et al., 1984). The indirect
pathway was found to respond to visual stimuli in appropriate and in inappropriate
locations.

The return of visual function in frogs after optic nerve regeneration also con-
firms that the regenerated input is transmitted to post-synaptic cells. Good mo-
nocular vision is regained (R. pipiens. Singman and Scalia, 1991) although there is
some impairment of binocular tasks such as prey capture and avoidance of obsta-
cles after unilateral optic nerve regeneration (L. moorei: Dunlop et al., 1997). The
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impairment probably reflects at least in part the inferior quality of the visual input
via a reduced complement of ganglion cells in the experimental eye (Section ILI).

Retinotopy is restored in frogs even if a size disparity is introduced between
retina and tectum. Thus optic input from a surgically-created half retina can be
shown by electrophysiological recording to project retinotopically over an entire
tectum (X. laevis: Straznicky et al., 1978). In the converse experiment, if the optic
nerve is crushed and the caudal half of the contralateral tectum is removed, elec-
trophysiological recording demonstrates that, as in fish (goldfish: Schmidt, 1978),
the entire retina is represented retinotopically but in a compressed form across the
remaining rostral half (R. pipiens: Udin, 1977). However in frogs, unlike fish,
compression does not occur if the optic nerve remains intact. Rather nasal retina
when deprived of caudal tectum projects in a disorganized fashion to the caudal
border of the remaining rostral half tectum. Presumably the regenerating axons
cannot compete successfully with an established projection in the remaining half
tecturn but can do so if axons from both hemiretinae regenerate simultaneously.

The regenerated projection is also retinotopically ordered to the ipsilateral as
well as the contralateral tectum. In Ranid frogs electrophysiological recording and
behavioural studies have demonstrated that the regenerated projection is mirror
symmetric to that within the opposite tectum (R. temporaria: Gaze and Jacobson,
1963; R. pipiens: Singman and Scalia, 1990b, 1991, Waldeck and Gruberg, 1995).
If the optic nerve in its entirety is relocated to force it to regenerate into the ipsilat-
eral side of the brain field, the aberrant innervation can be shown to compete with
the resident one from the other eye. Behavioural assessment suggested that with
time functional connections are formed but are the mirror-image of those to the
other tectum (R. pipiens: Misantone and Stelzner, 1974).

Unlike amphibians, in lizards, optic nerve regeneration does not lead to the
restoration of ordered functional projections. Recently the retinotectal projections
have been mapped electrophysiologically using an in vitro isolated eye-cup, optic
nerve and midbrain preparation (Stirling et al., 1998, 1999). Between 2 and 4.5
months no order is present amongst the inconstant, rapidly fatiguing responses.
However, between 4.5 and 6-7 months, a low-fidelity map is present; at this stage,
projections are most pronounced anatomically (Stirling et al., 1999; Dunlop et al.,
2000). The order is imperfect but is most apparent along the ventrotemporal to
dorsonasal axis of the retina, projecting along the rostrocaudal tectal axis. How-
ever, unlike the amphibians or fish, a process of consolidation does not take place.
Rather, the low-fidelity map is permanently lost beyond 6-7 months, confirming
our anatomical evidence for lack of topography at one year (C. ornatus: Beazley et
al,, 1997).

The visual behaviour of lizards during optic nerve regeneration suggests that
the non-retinotopic input is transmitted to postsynaptic cells. The lizards are at first
unresponsive to stimuli such as live prey presented exclusively to the visual field
of the experimental eye. At later stages, however, some lizards orient to moving
prey, indicating visual input has reached postsynaptic sites. However, at no stage
do lizards strike at prey using the experimental eye. Moreover, in some animals,
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the regenerated input seems intolerable. If a cover is placed over the unoperated
partner eye, the lizards close the experimental eye until the cover is removed (C.
ornatus: Stirling et al., 1999). Preliminary electrophysiological evidence also sug-
gests that retinotectal input reaches postsynaptic cells in lizards. The light evoked
spike activity recorded from both normal eyes and those with regenerated optic

nerves is reversibly blocked by kynurenic, a glutamate receptor blocker (Stirling et
al., submitted for publication).

B. Mechanisms of Map Formation-Cytochemical cues, probably ar-
ranged in gradients and possibly involving ephrins, may set up
the initial low-fidelity map. An activity-dependent mechanism in-
volving NMDA receptors is thought to then refine and stabilize
the projection. It seems that the activity-dependent mechanism is
insufficient to stabilize the transient map in lizards.

Map restoration seems to be a two-step process during optic nerve regeneration in
amphibians as in fish (goldfish: Schmidt, 1990, 1993). In lizards the first step
probably takes place but not the second.

The first step is a search for appropriate cytochemical cues. Although regen-
erating axons may be substantially misdirected when they exit the optic tract and
reenter the optic tectum (Section IV.A), they have been shown in salamanders to
search extensively for retinotopically appropriate sites (C. pyrrogaster: Fujisawa,
1981; Fujisawa et al., 1982). The family of Eph tyrosine kinase receptors and
their ligands, the ephrins, are present as complementary gradients within the eye
and tectum during development and have been implicated in map formation
(Flanagan et al., 1998). Studies are currently in progress in our laboratory to de-
termine if ephrins are upregulated during optic nerve regeneration in frog. How-
ever, preliminary evidence for lizards suggests that ephrin A2 is upregulated and
expressed as a gradient in the lizard tectum during optic nerve regeneration
(C.ornatus: Rodger et al., 1999). By contrast, ephrin A5 is absent from the regen-
erating system. Both ephrin A2 and A5 are expressed during development at the
time the map is being put in place (Rodger et al., in preparation). The results imply
that, during optic nerve regeneration in lizards, ephrin A2 may be involved in set-
ting up the low fidelity map and that an absence of ephrin A5 and/or other synapse
consolidating molecules play a role in its demise.

In addition, the remains of the disconnected distal segments of severed ax-
ons (Section VLE) may provide local signals to regenerating axons. An ultra-
structural reconstruction of a regenerating growth cone in frogs revealed that it
was associated with the disconnected distal segment of a myelinated axon (R. pi-
piens: Scalia and Matsumoto, 1985). It may be that in frogs, as in fish (goldfish:
Sharma and Romeskie, 1977), degenerating debris can influence map restoration.
For example, a projection compresses immediately into a partial tectum but only if
a sufficient period of time has elapsed to allow for the removal of degenerating
debris (Section VLE; goldfish: Sharma and Romeskie, 1977). In reptiles, discon-
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nected distal segments of severed axons probably persist for exceedingly long
periods. It may be that the slow degenerating segments interfere with the success-
ful restoration and consolidation of regenerated visual projections by continuing to
occupy many postsynaptic sites.

The second stage of map restoration is an activity-dependent process
whereby, as during development (cat: Meister et al., 1991), axons that ‘fire to-
gether, wire together’. Thus adjacent regions of retina produce similar volleys of
electrical activity and those axon terminals adjacent to one another in the tectum
will be reinforced; conversely, adjacent terminals receiving input from distant
retinal locations will be downgraded. Evidence from studies of goldfish indicates
that the activity-dependent mechanism involves the n-methyl-D-asparate (NMDA)
family of receptors (Schmidt, 1990, 1993). Reinforcing this possibility, a recent
study has shown that immuno-reactivity for a sub-unit 1 of the NMDA receptor is
expressed during optic nerve regeneration in frog (R pipiens: Janusonis and Fite,
1997). The immuno-reactivity is present bilaterally in thalamic and pretectal nu-
clei as well as the tectum. However, levels remain particularly high in the mis-
routed axons that innervate the ipsilateral tectum (Section VIILB). The result sug-
gests that these misrouted axons continue to use an activity-dependent mechanism
as they compete with the resident optic axon population from the other eye to re-
establish synaptic connections.

Mechanisms in the postsynaptic cells presumably also play a part in stabi-
lising the developing connections. Thus mRNAs for nicotinic acetylcholine re-
ceptors found in frogs (R. pipiens: Sargent et al., 1989) at the retino-tectal synapse
are presumably upregulated during restoration of visual maps in frogs as has been
reported in goldfish (Hieber et al., 1992). Equivalent studies have yet to be un-
dertaken in lizards.

X. REASONS FOR GANGLION CELL DEATH IN FROGS AND LIZARD

A study in frogs suggests that ganglion cells do not fall into two categories in
terms of their viability after axotomy with ‘fish-like’ ones that survive and ‘mam-
mal-like’ ones that do not (L. moorei: Beazley and Darby, 1993). The extents of
ganglion cell survival were estimated from cell counts in wholemounted retinae
for frogs in which the optic nerve had regenerated once and those in which the
regenerated nerve was recrushed and allowed to regenerate a second time. Had
there been two categories of ganglion cell, all the ‘mammal-like’ ones would have
been eliminated during the first episode of regeneration and no subsequent death
would have occurred during the second. The finding of similar proportions of gan-
glion cell loss on each occasion suggest that, during each episode of regeneration,
ganglion cells enter a lottery with only a percentage surviving. The factors influ-
encing the outcome could be located within the retina, at the lesion site or else-
where along the visual pathway and/or within visual centers. Factors leading to
ganglion cell death in reptiles remain largely unexplored.
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A. Events In The Retina and Proximal Visual Pathway-Ganglion cells
die if their axons fail to reenter and cross the lesion site.

Ganglion cells start to die in frog before regenerating axons reach the visual cen-
ters, implying that peripheral events precipitate at least some ganglion cell loss (L.
moorei: Humphrey and Beazley, 1985; R. pipiens: Stelzner and Strauss, 1986).
However, events in the retina do not seem to be crucial. In frogs and lizards, the
comparable extents of ganglion cell survival for the displaced and orthotopic gan-
glion cells suggest that events within the retinal ganglion cell layer do not induce
ganglion cell death (Section IILB; L. moorei: Dunlop et al, 1992; C. ornatus:
Dunlop and Beazley, unpublished observations). Moreover, the proportional loss
of ganglion cells is comparable across the retina suggesting factors such as cell
crowding (Section IV.B) or localised transient neovascularisation (Section VI.B)
are not crucial.

It seems more likely that events within the visual pathway up to and includ-
ing the lesion site are crucial for ganglion cell survival. Counts of retrogradely
labelled ganglion cells and of optic axons on either side of the lesion in the frog L.
moorei suggest that in this species events at the lesion site are the major determi-
nant of ganglion cell survival (Dunlop et al., 2000). The findings suggest that the
entire complement of optic axons is represented between the eye and the crush site
but the number of axons regenerating beyond it matches the number of long-term
survivors. The findings indicate that ganglion cells survive if their axons regener-
ate across the lesion but eventually die if their attempts fail, presumably by deny-
ing them long-term access to trophic factors (Jacobson, 1991) within the distal
visual pathway or visual centers. The proposal is supported by the finding of more
extensive ganglion cell death if the lesion extends over a greater length of nerve
(L. moorei: Tennant and Beazley, 1992).

Moreover, events between the eye and crush site probably underlie the
greater extent of ganglion cell survival in L moorei, at around 70% (Humphrey
and Beazley, 1985), as compared to R. pipiens at 40-50% (Scalia et al.,, 1985;
Beazley et al., 1986; Stelzner and Strauss, 1986). It seems likely that the extent of
axonal sprouting during optic nerve regeneration varies between frogs, being far
more pronounced in R. pipiens than in L. moorei (Section VLA). The result sug-
gests that in R pipiens, but not in L. moorei, axons withdraw from the lesion be-
fore starting to regrow and presumably thereby reduce their chances of reaching
and penetrating the lesion site and thus of surviving in the long term.

B. Events Distal to the Lesion-Failure to follow normal visual path-
ways or form projections in visual centers does not precipitate
ganglion cell death in frogs or lizards.

Another reason for ganglion cell death during optic nerve regeneration in frogs
might be that regenerating axons go astray en route to the visual brain centers.
However, this possibility seems to be unlikely. Some regenerating axons enter the
opposite optic nerve (Section VILB) but survive, withdrawing the misdirected
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axon and forming an appropriate connection in the brain (L. moorei: Tennant et
al., 1993). Moreover, even totally misrouted axons seem to survive in the long
term. Examples are axons deflected to enter the midbrain via the third nerve route
(X. laevis: Beazley and Lamb, 1979) or the forebrain via the telencephalon (R.
pipiens: Scalia 1987); in lizards, ganglion cells survive even if their axons sponta-
neously follow abnormal pathways (Section VIILB).

It also seems unlikely that events in visual brain centers precipitate ganglion
cell death. For example, competition for terminal space does not seem to be criti-
cal during optic nerve regeneration as it is during development (rat: O’Leary et al.,
1986). Application of tetrodotoxin to the retina throughout optic nerve regenera-
tion in frogs, to abolish sodium-mediated action potentials, does not reduce the
extent of ganglion cell loss (L. moorei: Sheard and Beazley, 1988). Moreover, a
failure to consolidate retinotopic projections in lizards (Section IX.A) does not
lead to extensive ganglion cell death.

Xl. OPTIC NERVE REGENERATION: IMPLICATIONS FOR OTHER
VERTEBRATE CLASSES

There is a spectrum of responses to optic nerve section amongst the vertebrate
phylum with the amphibians and reptiles at key transition points. An understand-
ing of the factors at work after optic nerve lesion in these vertebrate classes will
help to define those aspects of regeneration that will be necessary to encourage a
successful outcome in mammals including man.

A. Continued Retinal Neurogenesis and Optic Nerve Regeneration-
Continued retinal ganglion cell generation is not a prerequisite
for axonal regeneration but may be necessary for the consolida-
tion of retinotopic maps.

In fish and amphibians (goldfish: Meyer 1978; X. laevis: Straznicky and Gaze,
1971; Limnodynastes dorsalis: Coleman et al., 1984), retinal ganglion cells are
generated and added to the established population in adult life. The entire
population retains the capacity to undergo successful axonal regeneration. By
contrast, in birds and mammals, retinal neurogenesis is complete early in life
(chicken: Kahn 1974; cat: Walsh and Polley, 1985; quokka wallaby: Harman
and Beazley, 1989) and shortly thereafter the capacity for optic nerve regenera-
tion is lost (Kiernan, 1979; Keirstead et al.1992). It has therefore been suggested
that axonal regeneration takes place spontaneously after lesion only in systems
with continued neurogenesis (Holder and Clarke, 1988). The hypothesis has
been refuted in lizards and aged X. /aevis. In both, optic nerve regeneration is
extensive despite an absence of retinal ganglion cell generation (X. laevis: Tay-
lor et al., 1989; C. ornatus: Beazley et al., 1998).

However, it may be that the ability to reform topographic projections,
rather than undergo axonal regeneration per se, is linked to continued neuro-
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genesis. Presumably, whilst new axons continue to arrive at visual centers, the
target cells might retain cues to allow the new arrivals to find and consolidate
appropriate connections. When axonal ingrowth is complete, such signals would
no longer be required and map consolidation would be precluded. We do not yet
know if retinotopy is restored during optic nerve regeneration in aged X. laevis.
In lizard, a low fidelity map forms at early stages of regeneration but is not sta-
bilised thereafter (Section IX.A). The study is compatible with continued gen-
eration of retinal ganglion cells being linked to the capacity to stabilise and con-
solidate retinotopic projections.

B. Prevention of Ganglion Cell Death-Application of growth factors
protects mammalian ganglion cells after axotomy. Modification
of the lesion and the distal nerve, including masking particular
myelin subunits, will be necessary to induce optic axon regenera-
tion in mammals.

It is unclear whether, given sufficient support, all ganglion cells could survive
axotomy in any vertebrate class other than fish. Studies in which nerve growth
factor (NGF) was applied to the lesioned optic nerve in frogs did not influence
either the cell soma reaction or rate of axonal regeneration (R. pipiens: Humphrey,
1987, 1988). The result contrasts with the findings of an enhanced cell body reac-
tion and faster regeneration in the presence of NGF in newts (T. viridescens:
Turner and Glaze, 1977). The possible protective and/or regeneration enhancing
actions of other growth factors have yet to be tested. However, ligation of the
nerve does delay the death of some ganglion cells in frogs (L. moorei: Humphrey
et al., 1989) suggesting that the neuroma formed proximal to the ligature provides
transient trophic support that is retrogradely transported to the ganglion cell so-
mata.

It is likely that survival of axotomised ganglion cells can be encouraged by
modifying the lesion site to render it permissive of regenerating axons. The ability
of optic axons to regenerate readily along a grafted peripheral nerve (rat: Vidal-
Sanz et al., 1987; Thanos et al., 1997) demonstrates that many ganglion cells re-
tain the potential for axonal regeneration. Moreover, optic axon regeneration, al-
beit modest in extent, was observed in rats when monocytes cultured along with
segments of sciatic or optic nerve were transplanted into the lesion site (Lazarov-
Spiegler et al., 1996).

Having negotiated the lesion, the local environment of the distal optic nerve
must be modified to render it permissive to regenerating axons. Particular sub-
units of mammalian myelin are likely to be inhibitory factors that must be masked
to allow regeneration (rat spinal cord: Schnell and Schwab, 1990). However,
myelin is not the sole agent inhibiting optic axon regeneration. The Browman-
Wyse rat mutant lacks myelin from patches of the optic nerves, yet axons will not
regenerate through the myelin-free zones (Berry et al., 1992). As an alternative to
masking inhibitory factors it may be possible to protect regenerating optic axons
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en route to the brain by Schwann cells or olfactory ensheathing cells, as have been
demonstrated recently in the rat spinal cord (Li et al., 1997).

C. Restoration of Organized Projections-Regenerated axons must
form terminals that search widely in visual centers to form and
consolidate a retinotopic projection.

Studies in frogs and lizards suggest that, if factors inhibitory to axonal regenera-
tion are removed or masked in mammals, many optic axons will regain access to
visual centers. However, it will then be necessary to induce regenerating axons in
mammals to search widely within these centers for partner postsynaptic cells.
When optic axons reenter visual centers via a peripheral nerve graft in rat, they
remain ‘clumped’ near the point of entry (Thanos et al., 1997). Moreover, the
axons retain the retinotopy, an inappropriate one for visual centers, present in the
nerve. Presumably it will be necessary to protect terminals from factors, similar to
those along the visual pathway, that inhibit the axonal growth and thus prevent
searching within target regions.

However, a second step will then be required. Findings of a transient low
fidelity map in lizards (Section IX.A) imply that the presence of putative map-
making molecules, such as ephrins, in visual centers may be insufficient to form
an organized projection term. It may be necessary to induce additional factors,
possibly within the NMDA system, to consolidate a map. Only at this stage, will
axons reach a critical diameter to allow them to be remyelinated and thus restore a
system approaching normality.

Xil. SUMMARY

In this chapter I have argued that the amphibians and reptiles represent ‘half-way
houses’ amongst the vertebrate phylum in terms of their capacity for optic nerve
regeneration. Just as these classes are phylogenetically intermediate between the
fish and the birds and mammals, so their capacities for optic nerve regeneration
are reduced as compared to that of fish but exceed the abortive response of birds
and mammals. As a consequence, studies of optic nerve regeneration in amphibi-
ans and reptiles provide insights into the factors associated with successful or un-
successful central nerve regeneration in all vertebrates including man. Moreover,
differences between optic nerve regeneration in amphibians and reptiles may pro-
vide insights into the prerequisites for the restoration and stabilisation of topo-
graphic projections in the brain.
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