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Regeneration of axons in the central nervous system
(CNYS) is defined as a growth response to transection in
which newly formed sprouts traverse the lesion site and
extend for a substantial distance into distally located neu-
ropil which may be either white or grey matter. Functional
regeneration is a corollary defined as the invasion of
regenerating fibres into the original or new targets, where
synaptic connections are established which restore lost
function. Regeneration of axons in the mammalian and
avian CNS is, however, largely impossible, but the
reasons for this are unknown.

The classical accounts of the injury response of CNS
axons describe an initial abortive regenerative phase last-
ing up to 14 days, after which growth stops and most fibres
die back into the lesion area.' The idea that the scar tissue
deposited in the wound acts as a physical barrier, obstruct-
ing the growth trajectory to the target,” is contraindicated
by an absence of neuromata on the proximal side of the
scar, except in very rare instances.® The once strongly held
view that mature CNS axons are inherently incapable of
regrowth beyond the abortive post-injury response' has
been refuted by Richardson et al.” who showed that neu-
rons from most, if not all, CNS areas regenerate their
axons into peripheral nervous system (PNS) grafts
implanted into the brain, the spinal cord, and also onto the
cut retinal stump of the optic nerve® (Fig. 1).

These findings represent a milestone in the history of
regenerative research, not only by showing that CNS
axons can regrow, but also in defining a feasible strategy
for future research, with a new priority directed towards
discovering what it is about the environment of the CNS,
on the one hand, which impedes regrowth, and of the PNS,
on the other, which promotes regeneration. Subsequently,
at least two plausible explanations (which may not be
mutually exclusive) were proposed for the growth arrest
which underlies the failure of CNS axons to regenerate.

First, it was once thought that neurotrophic factors,
essential for sustaining fibre growth during development
and also mandatory for regeneration, were absent from the
mature CNS. Growth-promoting substrates may also be

Correspondence to: Professor M. Berry, Division of Anatomy and

Cell Biology, UMDS (Guy’s Campus), London Bridge, London SEI
9RT, UK.

Eye (1994) 8, 245-254 (©) 1994 Royal College of Ophthalmologists

important for regrowth since substrate maps are also pres-
ent during development for redirecting growth into tar-
gets.” We do not know whether substrate maps either
persist or are redrawn in the adult CNS after injury, but
some neurotrophins are found in the mature CNS'’"
which might be available to support a regenerative
response. There is no evidence, however, that regenerat-
ing neurons recapitulate their developmental growth
status. By contrast, in a mature peripheral nerve, trophic
molecules and a guidance substrate are both provided by
Schwann cells after damage,"’ which probably explains
not only why regeneration is possible in this system but
also why CNS axons readily regrow into peripheral nerves
implanted into the brain*" and into areas of the CNS in
which Schwann cells are seeded.""

A second possible explanation for the failure of CNS
regeneration is contact inhibition'’ — a concept originally
introduced by Abercrombie and Heaysman'® after observ-
ing fibroblast behaviour in monolayer cultures. In the
CNS, inhibition of growth might be brought about by
interaction between receptors on axons and glial surface
membrane ligands which prevents growth cone adhesion
to the substrate or causes growth cone collapse." It is
possible that in the normal developing CNS such axon/
ligand interactions might function to confine growing
axons within permissive pathways, limit the overgrowth
of tracts, and prevent the mixing of functionally different
fibre systems.*"*'

It is assumed that growth cone collapsing and anti-
adhesive ligands are absent from peripheral nerves, which
would explain why motor axons readily regenerate across
the CNS/PNS interface into ventral roots and cranial
motor nerves.”>>* However, the latter are one-way con-
duits, presumably because the ligand-bearing astrocytes at
the CNS/PNS junction prevent peripheral sensory axons
from penetrating the root/cord junction.”*>® At an early
stage of development the axons of neural crest derived
dorsal root ganglia (DRG) are able to invade the cord to
establish the definitive dorsal roots,” possibly because
either receptor and/or ligand expressing glia cells are
absent.
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Fig. 1. (A) Anastomotic site between optic nerve (O) and normal sciatic nerve (n.s.) showing rhodamine isothiocyanate-B (RITC-B)
anterograde labelling of retinal glial cell (RGC) axons passing into the peripheral nerve (PN) segment from the optic nerve. (B)
Anastomotic site between the cut ends of the optic nerve (d.s., distal segment; p.s., proximal segment) showing RITC-B anterograde
labelling of RGC axons. No axons pass from the proximal segment of the optic into the distal segment, but fibres do course freely within
the connective tissue scar and the dural sheath of the optic nerve. (C) Anastomotic site between optic nerve (0O) and acellular sciatic
nerve (a.s.) showing RITC-B anterograde labelling of RGC axons. Note that the axons cross the scar tissue but only small numbers
ramify for short distances within the acellular PN segments. All labelled fibres are of RGC origin. Apparent lateral entry of fibres into
the PN in (A) on the distal side of the scar is caused by fibre clustering in the basal lamina tubes in the proximal part of the PN before
entry into the less disorganised distal part of the PN. Thirty days post-injury; magnification: (A) and (B) x110; (C) x220. (Reproduced

with permission from Berry et al.?)

CELLS EXPRESSING CONTACT
INHIBITORY LIGANDS

The cells that mediate the contact inhibition which might
prevent regeneration in the CNS are thought to be the
macroglia, but the relative contribution of each is
unknown. A major inhibitory role®* has been attributed
to oligodendrocytes, which are thought to express unique
molecules on their surface and in the myelin sheaths. Two
proteins of 35 kDa and 250 kDa have been isolated and
partially purified from CNS myelin which inhibit axon
growth™ by inducing growth cone collapse.” When a
hybridoma producing monoclonal antibodies against the
35 kDa protein is implanted into the subarachnoid space
of experimental animals with partial spinal lesions, high
titres of the antibody appear in the cerebrospinal fluid, and
some regeneration appears to be promoted in the cord.**"’
It is assumed that neutralising antibody penetrates the
CNS parenchyma and reacts with the oligodendrocyte
proteins, thereby blocking axonal receptor engagement.
Regrowth is as incomplete in grey as it is in white matter,
and it is therefore unlikely that inhibition by contact with
oligodendrocytes/CNS myelin provides a complete
explanation for the failure of CNS regeneration.

In vitro, neonatal CNS neurons are unable to grow
neurites over cryosections of both pre- and post-myel-
ination optic nerves.*® Furthermore, in vivo experiments
have shown that adult rat CNS fibres will not regenerate

into embryonic/neonatal rat optic nerve grafts in which
both oligodendrocytes and CNS myelin are absent.” Rep-
lication of these experiments in the periphery has con-
firmed the findings of Giftochristos and David* that
regenerating peripheral axons do not penetrate either mye-
lin/oligodendrocyte-free adult’ or fetal/neonatal® optic
nerve grafts unless Schwann cells co-migrate with the
growing axons. Perhaps a more direct test for the hypoth-
esis that oligodendrocyte/CNS myelin inhibits regener-
ation is provided by studying the injury response of axons
in unmyelinated CNS in vivo. Although some workers
have reported axonal sprouting proximal to a lesion in
hypomyelinated CNS,**** regeneration is not seen after
complete transections of the Browman/Wyse (BW) rat
mutant optic nerve'” in which both oligodendrocytes and
CNS myelin are entirely absent** (Fig. 2). Thus, if the
explanation for non-growth of axons into myelin/oligo-
dendrocyte-free mammalian CNS is inhibition, astrocytes
must be active in this process, at least as early as the late
fetal stage of development.

Although a correlation is lacking between regenerative
failure and the onset of myelination in the developing
mammalian CNS, in the chick there is a strong relation-
ship between myelinogenesis and functional and anatom-
ical restitution of the lesioned spinal cord.*™"
Myelination of fibre tracts in the avian spinal cord begins
on embryonic day (E) 13. Transection at the thoracic level
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Fig. 2. (A) Growth-associated protein 43 (GAP43) staining of axons at the crush site in a BW optic nerve in which oligodendrocytes
are absent, and (B) GAP43 positive processes (i) and RT 97 (neurofilament) positive regenerated axons (ii) in the same section of a BW
optic nerve in which Schwann cells are resident. An asterisk marks the centre of the lesion. The faintly stained cells seen in the unmyel-
inated segment of the BW optic nerve, distal to the crush site, are probably oligodendrocyte precursors. Note the co-localisation of
GAP43 and neurofilament protein in many of the axons in (B) (i) and (ii). Regenerating fibres are largely confined to parellel arrays in
one sector of the nerve containing similarly orientated Schwann cell basal lamina tubes; large areas of the unmyelinated proximal
segment not occupied by Schwann cells are free of axons. Schwann cell basal lamina tubes were laminin-positive in an adjacent section.
Scale bar represents 0.08 mm. (Reproduced with permission from Berry et al.”)

before E13 is associated with complete anatomical repair
and functional recovery, but both diminish over the period
E13-E14, and are unachievable beyond E15. Delaying the
onset of myelination by complement-mediated killing of
oligodendrocytes with a mouse galactocerebroside mono-
clonal antibody extends the repair/recovery period at least
until E15,* when double retrograde tract-tracing unequiv-
ocally demonstrates regeneration of axotomised cord
axons.*

Reactive astrocytes in a CNS lesion have long been
implicated in the failure of CNS axons to regenerate.””*
As already mentioned, it is unlikely that the astrocytes in
the scar act as a physical barrier to growing axons but they
could provide a ‘physiological stop signal’ for axonal
growth,” possibly mediated by the anti-adhesive proper-
ties of either secreted or cell surface membrane bound
molecules such as sulphated proteoglycans™*’ or tenas-
cin.®

Tenascin exhibits paradoxical enhancing and inhibitory
effects on neurite outgrowth which have been mapped to
different domains of the molecule.”” Tenascin is present in

very low titres in normal adult brain but is markedly up-
regulated in injured adult mouse cerebellum and cere-
brum® but not in mouse optic nerve.® By contrast, in
regenerating peripheral nerve tenascin expression is also
enhanced.” An extracellular matrix protein J1-160/180
with about 40% sequence homology with mouse tenascin
is secreted by oligodendrocytes and also has growth cone
substrate anti-adhesive properties.’”**** Chondroitin-6-
sulphate proteoglycan inhibits neurite outgrowth in vitro®
and its expression is upregulated in astrocytic scar tissue
in vivo.®® The ability of astrocytes to support neurite
growth in vitro® and in vivo™* is age related and could be
correlated with the synthesis of cell surface inhibitory pro-
teoglycans,®” or a progressive downregulation in the pro-
duction of neurotrophic/tropic molecules.”

AXONS EXPRESSING THE RECEPTOR FOR
THE INHIBITOR LIGAND

The results of transplantation studies have provided evi-
dence that the receptor for putative glial inhibitory ligands
may not be expressed on axons early in development
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before target engagement. For example, transplanted post-
mitotic neuroblasts exhibit a florid regenerative response
equally well in adult CNS white and grey matter,”"”
despite the evidence for the presence of uncompromising
growth inhibitory molecules in both sites (Fig. 3). This
remarkable regenerative capacity of transplanted neuro-
blasts might be explained if all axons growing de novo do
not elaborate the receptors for the putative inhibitory mol-
ecules. Thus, during normal development the presumed
absence of receptor expression in post-mitotic neuroblasts
would allow pioneering axons to find their way into tar-
gets even if the ligand is elaborated by immature astro-
cytes. Moreover, it is possible that a signalling molecule
secreted by the target, and taken up by the ‘homed’ axon
terminals, is retrogradely transported to the perikarya to
initiate receptor protein production. It is possible that the
inhibitor ligand is present from an early age in astroglia
(see above) and, if so, both growth de novo and regener-
ation of axons are a function of receptor expression.

GROWTH INHIBITION ASSAYS
Several tissue culture techniques have become available

Table I. Results with cryoculture technique
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recently to detect axonal growth inhibition including cryo-
culture and growth cone collapse assays. The latter tech-
nique is also a powerful tool in the investigation of the
second messenger systems that subserve receptor/ligand
interaction leading to the disassembly of cytoskeletal ele-
ments that presumably underlies growth arrest.'>”?

The Cryoculture Technique

The cryoculture method measures the neurite outgrowth
response of isolated neurons seeded onto cryosections of
tissue (Fig. 4). Cryoculture was first introduced by Car-
bonetto er al,” Sandrock and Matthew’ and Covault et
al’® in 1987. Since then, the technique has been used
widely in axon growth studies, the results of which are
summarised in Table I. The technique allows controlled
experiments to be designed investigating the fundamental
mechanisms underlying the inhibition of axon growth.
Thus, the overall growth response of test neurons and the
behaviour of growth cones on substrates can be directly
observed and quantified. Moreover, the growth inhibitory
properties of the substrate may also be investigated by, for
example, enzymatic or neutralising antibody methods.

Reference Test neurons

Growth/adhesive response

Substratum

Sandrock and Matthew™ Neonatal rat superior cervical gan-

glion explants
Embryonic chick DRG explants or
dissociated DRG neurons

Carbonetto et al.™

Savio and Schwab” Neuroblastoma cells, sympathetic

and neonatal rat DRG neurons

Regeneration and cell adhesion on:

Crutcher™ Embryonic chick sympathetic gan-

glion explants

Regeneration and cell adhesion on:

Watanabe and Murakami®®  Dissociated embryonic chick neo-

Regeneration on:
No regeneration on:

No regeneration on:
Regeneration on:

Poor regeneration and cell adhesion on:

Poor regeneration and cell adhesion on:

adult rat intact sciatic nerve
adult rat CNS tissue

adult rat optic nerve and spinal cord
adult rat sciatic nerve, goldfish optic
nerve, embryonic rat spinal cord,
lesioned rat sciatic nerve

white matter of adult rat brain,
spinal cord and optic nerve

grey matter of adult rat brain and
spinal cord, optic nerve, sciatic
nerve, mature trout CNS, and
demyelinated rat spinal cord

white matter of adult rat brain and
spinal cord

grey matter of adult rat brain and
spinal cord

adult rat brain

David et al.¥!

Bedi et al.”

Shewan er al.®

cortical cells

Embryonic chick DRG explants

Embryonic chick DRG explants
Adult rat DRG

Embryonic rat DRG (E16-E20)

Perinatal rat DRG (E18-P3)

Adult rat DRG

Neonatal rat retinal ganglion cells

Cells adhere to grey matter on:
Extensive cell adhesion on:

Cell adhesion on white matter near lesion
site on:

Extensive cell adhesion on:
Regeneration preferentially on grey
matter of:

Regeneration on or near lesioned site on:
No regeneration on:

No regeneration on:

Regeneration on:

Regeneration on:

Regeneration but poor cell adhesion on:
Regeneration and cell adhesion on:

No regeneration and poor cell adhesion
on:

No regeneration and poor adhesion on:

Regeneration but poor adhesion on:
No regeneration and poor adhesion on:

No regeneration but cell adhesion on:

developing rat brain

lesioned rat brain
adult frog brain

adult spinal cord

lesioned adult rat optic nerve
normal adult rat optic nerve

adult intact rat sciatic nerve

adult lesioned rat sciatic nerve
both intact and lesioned rat sciatic
nerve

adult intact rat sciatic nerve
adult lesioned rat sciatic nerve

both adult and perinatal (E18-P1)
rat optic nerve

adult intact rat sciatic nerve, and
both adult and perinatal optic nerve
adult lesioned rat sciatic nerve
adult intact rat sciatic nerve, both
adult and perinatal optic nerve
adult lesioned rat sciatic nerve

DRG, dorsal root ganglia.
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Fig. 3. (A) Semi-schematic camera lucida drawing of a sagittal section from one of the lhuuman ventral mesence-
phalic (VM) tissue transplants placed in the internal capsule (ic), illustrating the highly polarised projection of graft-
derived human neurofilament (HNF)-positive fibres rostrally along the internal capsule into the caudate putamen
(CPu), the amygdala (Am) and the ventral striatum. ic, internal capsule; ac, anterior commissure: cc, corpus cal-
losum; Th, thalamus; opt, optic tract; Fr, frontal cortex; OB, olfactory bulb; LV, lateral ventricle, Tu, olfactory tuber-
cle. (B) Dark-field micrographs of a human VM transplant placed in the internal capsule (ic) stained for HNF. Note
the marked polarity of the graft-derived fibre growth rostrally within the ic. Am, amvgdala: GP, globus pallidus; opt,
optic tract; Th, thalamus. Scale bar represents 0.1 mm. (Reproduced with permission from Wictorin et al.”™)
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Fig. 4. Growthof adult (A-D, G, H) and neonatal (E, F) dorsal root ganglion (DRG) on cryosections of sciatic nerve 10 days
post-lesion (A, B) and on adult (C), E20 (E) and P1 (G) optic nerves. Fluorescence photographs of growth-associated protein
(GAP43) (B, D, F, H) stained neurites, glial fibrillar acidic protein (GFAP) (C, E, G) and nerve growth factor receptor (NGFR)
(A) immunostained cryosections. Adult and neonatal DRG (not shown) extend neurites only on 10-day lesioned sciatic nerve
(A, B). Adult and neonatal DRG do not grow on cryosections of either adult optic nerve (C, D), E 20 optic nerve (E, F), or Pl
optic nerve (G, H) but readily grow on the surrounding polylysine-coated glass. No putative myelin-associated inhibitory
molecules are present in E20 and P1 optic nerves (x10).
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Fig. 5. Retinal growth cone collapse on meeting a
sympathetic neurite. In this example, retraction and collapse is
incomplete, and the growth cone never recovers normal motility.
Time in minutes is indicated at the lower left of each frame.
Calibration bar represents 10 um. (Reproduced with
permission from Kapfhammer and Raper.*)

Interpretation of the results of such experiments does,
however, require caution. For example, since growth inhi-
bition is mediated by receptor/ligand interaction, the
method tests not only the potency of the cryosection sub-
strate to inhibit neurite outgrowth of the test neurons but
also the receptor expression of the neurites. The differ-
ential growth response of neurites over cryosections seen
is related to age and source of test neurons in the
assay — two properties which probably correlate with
receptor expression. For example, neonatal rat DRG neu-
rites grow over cryosections of unlesioned adult sciatic
nerve®®*77 put the neurites of adult rat DRG do not,**”’
and neonatal rat retinal ganglion cells (RGC) neurites fail
to grow over normal and lesioned adult rat sciatic nerve.*
Adhesivity of the cultured test cells to the substrate is, in
most cases, positively correlated with the regenerative
response, but for neonatal RGC, despite good attachment
to the surface of cryosections of lesioned rat sciatic nerve,
no neurite extension occurs.® During normal develop-
ment inhibitory ligands appear to be expressed in the rat
CNS atleast by E20, since the neurites of neither adult nor
neonatal neurons will grow over cryosections of E20 optic
nerve (Fig. 4).” Evidence from cryoculture experiments
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also suggests that receptors for inhibitory ligands are
expressed on growth cones at least by birth in the rat, since
the neurites of 1-day-old RGC and DRG are unable to
grow over either neonatal unmyelinated or adult mye-
linated CNS neuropil.™ On the other hand, Ard et al.*
have shown that E15 rat RGC will extend neurites in cul-
ture among oligodendrocytes synthesising myelin basic
protein.

In order for the results of cryosection experiments to be
relevant to CNS regeneration, mature rather than imma-
ture neurons should form the test system and the growth
characteristics of their neurites carefully documented on a
wide range of substrates and correlated with in vivo
behaviour.

Growth Cone Collapse

The growth of axons is defined as the forward extension of
the tip of the neurite. The latter is expanded into a special-
ised structure called a growth cone, the integrity of which
is essential for axon extension. From the cone emanate fil-
opodia and lamellipodia which sample the immediate
local microenvironment. The cone contains the organelles
and metabolic machinery for activities such as membrane
expansion, cytoskeletal actin and tubulin assembly and
surface membrane adhesion, all of which contribute to
axonal elongation.™

Growth cone collapse (Fig. 5) occurs in response to
particular environmental signals and is defined as a dra-
matic change in both shape (from a spread to a collapsed
state) and behaviour (with the temporary cessation of
motility).** Collapse is probably associated with actin
and tubulin depolymerisation.” The phenomenon can be
observed in vitro and quantified to assay the potency of
growth inhibitory molecules and substrates.*® Multiple
glycoproteins, including myelin derived proteins®**’ and
peanut lectin binding proteins,*™* cause growth cone col-
lapse. In vivo, growth cone collapsing molecules may act
transiently in development as pathway boundary defining
molecules (e.g. preventing the invasion of (1) spinal
nerves into the caudal half of each somite® and (2) tem-
poral retinal fibres into the posterior tectum®') and in dis-
couraging interfasciculation of heterogenous groups of
axons (e.g. peripheral nerve axons with CNS axons.**”
Permanent growth cone collapse, which presumably
accounts for the failure of axonal regeneration in the CNS,
has not been observed in vivo but might occur when
growth cones enter an environment where the inhibitory
substrate is ubiquitous. There is, however, evidence that
growth cones can adapt to prolonged exposure and
become desensitised to growth cone collapsing mol-
ecules.”™™ Neurite growth cone collapse is induced in
vitro on contact with both oligodendrocytes™* and lipo-
somes coated with CNS myelin proteins, but blocked in
the presence of neutralising anti-CNS myelin protein
antibodies.**"¥’

LIGAND-RECEPTOR INTERACTIONS
Growth cone collapse assays have demonstrated that
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ligand—transmembrane receptor interactions in some
cases activate second messenger transduction systems
within the growth cones by the release of Ca™* from intra-
cellular stores after activation of G protein linked recep-
tors.” " The large increases in levels of growth cone Ca**
concentrations which occur in the presence of growth
inhibitory myelin proteins are abolished after treatment
with neutralising antibodies.* Collapse is also prevented
by treatment with blockers of Ca™" released from intracel-
lular stores™ and enhanced by G protein binding agon-
ists.”” However, some ligand-receptor interactions effect
growth cone collapse without mobilising intracellular
Ca2+.98

The best-characterised growth cone collapsing mol-
ecule is collapsin, a 100 kDa non-membrane-spanning
secreted glycoprotein.” Originally isolated from chick
embryo brain, its recent cloning and sequencing reveal
sequence homology with both fasciclin IV, an insect
growth cone guidance molecule,'” and a single C2-type
immunoglobulin-like domain. It is expressed at high
levels also in adult brain, and in muscle and lung tissue.

CONCLUSIONS

Permanent inhibition of axon growth could account for the
abortive regeneration that occurs after CNS injury. This
growth arrest could result from either collapse of the
growth cone or its detachment from the substrate. A
variety of glial-derived ligands have been identified which
are thought to mediate contact inhibition through recep-
tors on the surface of axon growth cones linked to an intra-
cellular second messenger system. For example, avian and
mammalian oligodendrocytes and CNS myelin express
surface membrane bound growth cone collapsing proteins
which inhibit axon growth on contact, and mammalian
astrocytes appear to elaborate growth inhibitory anti-
adhesive molecules. Receptors for the ligands mediating
growth cone collapse and anti-adhesive activity have not
been identified, but their expression on axons appear to be
developmentally regulated.

Understanding more about receptor expression and the
receptor—ligand interactions leading to arrest of axon
growth, together with the characterisation of the mol-
ecules responsible, could suggest ways of preventing inhi-
bition and thereby provide clues as to whether
regeneration is possible after injury of the adult CNS.
Key words: Axon growth inhibition, Growth cone collapse, Growth

inhibition assays, Growth inhibitory molecules, Ligand/receptor
interaction.

REFERENCES

1. Cajal S Ramon Y. Degeneration and regeneration in the
nervous system. London: Oxford University Press, 1928.

2. Clemente CD. Structural regeneration in the mammalian
central nervous system and the role of neuroglia and con-
nective tissue. In: Windle WF, editor. Regeneration in the
central nervous system. Springfield, Illinois: CC Thomas,
1955:147-61.

3. Clemente CD. Regeneration in the vertebrate central ner-
vous system. Int Rev Biol 1964;6:257-301.

4. Reier PJ, Houle JD. The glial scar: its bearing on axonal

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

M. BERRY ET AL.

elongation and transplantation approaches to CNS repair.
In: Waxman SG, editor. Advances in neurology: functional
recovery in neurological disease. New York: Raven Press,
1988:87-138.

. Windle WF. Regeneration of axons in the vertebrate central

nervous system. Physiol Rev 1956;36:427-40.

. Sung JH. Tangled masses of regenerated central nerve

fibres (non-myelinated central neuromas) in the central
nervous system. J Neuropathol Exp Neurol 1964;40:
645-57.

. Richardson PM, McGuiness UM, Aguayo AJ. Axons from

CNS neurons Nature

1980;284:264-5.

regenerate into PNS grafts.

. Berry M, Rees L, Hall S, Yiu P, Sievers J. Optic axons

regenerate into sciatic nerve isografts only in the presence
of Schwann cells. Brain Res Bull 1988;20:223-31.

. Cohen J, Burne JE, McKinley C, Winter J. The role of lami-

nin and laminin/fibronectin receptor complex in the out-
growth of retinal ganglion cell axons. Dev Biol
1987;122:407-18.

. Barde Y-A. Trophic factors and neuronal survival. Neuron

1989;2:1525-34.

. Leibrock J, Lottspeich F, Hohn A, Hofer H, Hengerer B,

Masiakowski P, et al. Molecular cloning and expression of
brain-derived neurotrophic factor. Nature 1989;341:
149-52.

Stockli KA, Lottspeich F, Sendtner M, Masiakowski P,
Carroll P, Gotz R, et al. Molecular cloning, expression and
regional distribution of rat ciliary neurotrophic factor.
Nature 1989;342:920-3.

Hall S. Regeneration in the peripheral nervous system.
Neuropathol Appl Neurobiol 1989;15:513-29.

Aguayo AJ. Axonal regeneration from injured neurons in
the adult mammalian central nervous system. In: Cotman
CW, editor. Synaptic plasticity. New York: Guildford
Press. 1985:457-84.

Berry M, Hall S, Rees L, Carlile J, Wyse JPH. Regener-
ation of axons in the optic nerve of the adult Browman-
Wyse (BW) mutant rat. J] Neurocytol 1992;21:426-48.

. Brook GA, Lawrence JM, Raisman G. Morphology and

migration of cultured Schwann cells into the fimbria and
hippocampus of adult rats. Glia 1993;9:292-304.

. Berry M. Post-injury myelin-breakdown products inhibit

axonal growth: an hypothesis to explain the failure of axo-
nal regeneration in the mammalian central nervous system.
Biblioth Anat 1982;23:1-11.

. Abercrombie M, Heaysman JEM. Observations on the

social behavior of cells in tissue culture. II. ‘Monolayering’
of fibroblasts. Exp Cell Res 1954;6:293-306.

. Johnson AR. Contact inhibition in the failure of mamma-

lian CNS axonal regeneration. Bioessays 1993;15:807-13.
Kuwada JY, Bernhardt RR, Chitnis AB. Pathfinding by
identified growth cones in the spinal cord of zebrafish
embryos. J Neurosci 1990;10:1299-308.

Schwab ME. Mpyelin-associated inhibitors of neurite
growth. Exp Neurol 1990;109:2-5.

Derouiche A, Berry M, Sievers J. Regeneration of axons
into the trochlear rootlet after anterior medullary lesions in
the rat is specific for ipsilateral IVth nerve axons. J] Comp
Neurol 1994;23:97-115.

McConnell P, Berry M, Rees EL, Sievers J. The injury
response of the nerve fibres in the anterior medullary velum
of the adult rat. Brain Res 1984;323:257-76.

Kimmel DL, Moyer EK. Dorsal roots following anastom-
osis of the central stumps. J Comp Neurol 1947;87:
289-319.

Tower S. A search for trophic influences of posterior spinal
roots on skeletal muscle, with a note on the nerve fibres
found in the proximal stumps of the roots after excision of
the root ganglia. Brain 1931;54:99-110.



INHIBITION OF AXON GROWTH

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Westbrook WHL Jr, Tower SS. An analysis of the problem
of emergent fibres in the posterior spinal roots, dealing
with the rate of growth of extraneous fibres into the roots
after ganglionectomy. J Comp Neurol 1940;72:383-97.
Tennyson VM. Electron microscopic study of the develop-
ing neuroblasts of the dorsal root ganglion of the rabbit
embryo. J Comp Neurol 1965;124:267-318.

Bandtlow C, Zachleder T, Schwab ME. Oligodendrocytes
arrest neurite growth by contact inhibition. J Neurosci
1990;10:3837-48.

Fawcett JW, Rokos J, Bakst I. Oligodendrocytes repel
axons and cause axonal growth cone collapse. J Cell Sci
1989;92:93-100.

Pesheva P, Spiers E, Schachner M. J1-160 and J1-180 are
oligodendrocyte-secreted non-permissive substrates for
cell adhesion. J Cell Biol 1989;109:1765-78.

Schwab ME. Myelin-associated inhibitors of neurite
growth and regeneration in the CNS. TINS 1990;13:452-6.
Schwab ME, Caroni P. Rat CNS myelin and a subtype of
oligodendrocytes in culture represent a non-permissive
substrate for neurite growth and fibroblast spreading. J
Neurosci 1988;8:2381-93.

Vanselow J, Schwab ME, Thanos S. Reponses of regener-
ating rat retinal ganglion cell axons to contacts with central
nervous myelin in vitro. Eur J Neurosci 1990;2:121-5.
Caroni P, Schwab ME. Two membrane protein fractions
from rat central myelin with inhibitory properties for neu-
rite growth and fibroblast spreading. J Cell Biol
1988;106:1281-8.

Bandtlow CE, Schmidt MF, Hassinger TD, Schwab ME,
Kater SB. Role of intracellular calcium in NI-35 evoked
collapse of neuronal growth cones. Science 1993;259:
80-3.

Schnell L, Schwab ME. Axonal regeneration in rat spinal
cord produced by an antibody against myelin-associated
neurite growth inhibitors. Nature 1990;343:269-72.
Schnell L, Schwab ME. Sprouting and regeneration of
lesioned corticospinal tract fibres in the adult rat spinal
cord. Eur J Neurosci 1993;5:1156-71.

Shewan D, Berry M, Bedi K, Cohen J. Embryonic optic
nerve tissue fails to support neurite outgrowth by central
and peripheral neurons in vitro. Eur J Neurosci
1993;5:809-17.

Berry M, Hall S, Watt B, Carlile J. Failure of growth of
adult rat optic nerve and sciatic nerve fibres into unmyel-
inated, oligodendrocyte-free embryonic and neonatal optic
nerve grafts. J Neurocytol 1994 (submitted).
Giftochristos N, David S. Immature optic nerve glia of rat
do not promote axonal regeneration when transplanted into
a peripheral nerve. Dev Brain Res 1988;39:149-53.

Hall S, Berry M, Wyse JPH. Regrowth of PNS axons
through grafts of the optic nerve of the BW mutant rat. J
Neurocytol 1992;21:402-12.

Marciano FF, Gocht A, Dentiger MP, Hof L, Csiza CK,
Barron KD. Axonal regrowth in the amyelinated optic
nerve of the myelin-deficient rat: ultrastructural obser-
vations and effects of ganglioside administration. J Comp
Neurol 1990;295:219-34.

Savio T, Schwab ME. Lesioned corticospinal tract axons
regenerate in myelin-free rat spinal cord. Proc Natl Acad
Sci USA 1990;87:4130-3.

Chan CLH, Wigley CB, Wyse J, Berry M. Immunocy-
tochemical analysis of glial cells in the hypomyelinated
optic nerve of the BW mutant rat. J Neurocytol
1991;20:732-45.

Berry M, Hall S, Follows R, Wyse JPH. Defective myel-
ination in the optic nerve of the Browman—-Wyse (BW)
mutant rat. J Neurocytol 1989;18:141-59.

Hasan SJ, Keirstead HS, Muir GD, Steeves JD. Axonal
regeneration contributes to repair of injured brainstem—

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

253

spinal neurons in chick. J Neurosci
1993;13:492-507.

Hasan SJ, Nelson BH, Valenzuela JI, Keirstead HS, Shull
SE, Ethell DW, Steeves JD. Functional repair of transected
spinal cord in embryonic chick. Restor Neurol Neurosci
1991;2:137-54.

Keirstead HS, Hasan SJ, Muir GD, Steeves JD. Suppres-
sion of the onset of myelination extends the permissive
period for the functional repair of embryonic spinal cord.
Proc Natl Acad Sci USA 1992;89:11664-8.

Shimizu I, Oppenheim RW, O’Brien MO, Schneiderman
A. Anatomical and functional recovery following spinal
cord transection in the chick embryo. J Neurobiol
1990;6:918-37.

Lindsay RM. Reactive gliosis. In: Federoff S, Vernadakis
A, editors. Astrocytes, vol. 3. New York: Academic Press,
1986:231-62.

embryonic

. Maxwell WL, Follows R, Ashhurst DE, Berry M. The

response of the cerebral hemisphere of the rat to injury. L.
The mature rat. Phil Trans R Soc 1990;328:479-500.
Maxwell WL, Follows R, Ashhurst DE, Berry M. The
response of the cerebral hemisphere of the rat to injury. II.
The neonatal rat. Phil Trans R Soc 1990;328:501-13.
Reier PJ. Gliosis following CNS injury: the anatomy of
astrocytic scars and their influence on axonal elongation.
In: Federoff S, Vernadakis A, editors. Astrocytes, vol. 3.
New York: Academic Press, 1986:263-324.

Wells MK, Bernstein JJ. Scar formation and the barrier
hypothesis in failure of mammalian central nervous system
regeneration. In: Dacy RG, Winn HR, Runel RW, Jane JA,
editors. Trauma in the central nervous system. New York:
Raven Press, 1985:245-57.

Liuzzi FJ, Lasek RJ. Astrocytes block axonal regeneration
in mammals by activating the physiological stop pathway.
Science 1987;237:642-5.

Mansour M, Asher R, Dahl D, Labkovsley B, Perides G,
Bignami A. Permissive and non-permissive reactive astro-
cytes: immunofluorescence study with antibodies to the
glial hyaluronate-binding proteins. J Neurosci Res
1990;25:300-11.

Snow DM, Lemmon V, Carrino D, Caplan A, Silver J. Sul-
fated proteoglycans in astroglial barriers inhibit neurite
outgrowth in vitro. Exp Neurol 1990;109:111-30.
Lochter A, Vaughan L, Kaplony A, Prochiantz A,
Schachner M, Faissner A. J1/tenascin in substrate-bound
and soluble form displays contrary effects on neurite out-
growth. J Cell Biol 1991;113:1159-71.

Spring J, Beck K, Chiquet-Ehrisman R. Two contrary func-
tions of tenascin: dissection of the active sites by recombi-
nant tenascin fragments. Cell 1989;59:325-34.

Laywell ED, Bartsch U, Faissner A, Schachner M, Stein-
dler DA. Enhanced expression of the developmentally
regulated extracellular matrix molecule tenascin following
brain injury. Proc Natl Acad Sci USA 1992;89:2634-8.
Bartsch U, Bartsch S, Dorries U, Schachner M. Immuno-
histological localization of tenascin in the developing and
lesioned adult mouse optic nerve. Eur J Neurosci
1992;4:338-52.

Martini R, Schachner M, Faissner A. Enhanced expression
of the extracellular matrix molecule J1/tenascin in the
regenerating adult mouse sciatic nerve. J Neurocytol
1990;19:601-16.

Pesheva P, Probstmeier R, Schachner M. Divalent cations
modulate the inhibitory substrate properties of murine glia-
derived J1-160 and J1-180 extracellular matrix glycopro-
teins for neuronal adhesion. Eur J Neurosci 1991;3:
356-65.

Pesheva P, Gemnarini G, Goridis C, Schachner M. The
F3/11 cell adhesion molecule mediates the repulsion of
neurons by the extracellular matrix glycoprotein J1-160/
180. Neuron 1993;10:69-82.



254

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Rudge JS, Silver J. Inhibition of neurite outgrowth on
astroglial scars in vitro. J Neurosci 1990;10:3594-603.
McKeon RI, Schreiber RC, Rudge JS, Silver J. Reduction
of neurite outgrowth in a model of glial scarring following
CNS injury is correlated with the expression of inhibitory
molecules on reactive astrocytes. J Neurosci 1991;
11:3398-411.

Smith GM, Rutishauser U, Silver J, Miller RH. Maturation
of astrocytes in vitro alters the extent and molecular basis
of neurite outgrowth. Dev Biol 1990;138:377-90.

Smith GM, Miller RH, Silver J. Changing role of forebrain
astrocytes during development, regenerative failure and
induced regeneration upon transplantation. ] Comp Neurol
1986;251:23-43.

Snow DM, Steindler DA, Silver J. A chondroitin sulfate
proteoglycan may influence the direction of retinal gan-
glion cell outgrowth. Development 1991;113:1473-85.
Banker GA. Trophic interactions between astroglia cells
and hippocampal neurons in culture. Science 1980;209:
809-10.

Davies SJA, Field PM, Raisman G. Long fibre growth by
axons of embryonic mouse hippocampal neurons micro-
transplanted into the adult rat fimbria. Eur J Neurosci
1993;5:95-106.

Wictorin K, Brundin P, Sauer H, Lindvall O, Bjorklund A.
Long distance directed axonal growth from human dopa-
minergic mesencephalic neuroblasts implanted along the
nigrostriatal pathway in 6-hydroxydopamine lesioned
adult rats. J Comp Neurol 1992;323:475-494.

Fawcett JW. Growth-cone collapse: too much of a good
thing? TINS 1993;16:165-7.

Carbonetto S, Evans D, Cochard P. Nerve fibre growth in
culture on tissue substrate from central and peripheral ner-
vous systems. J Neurosci 1987;7:610-20.

Sandrock AW, Matthew WD. Identification of a peripheral
nerve neurite-outgrowth promoting activity by develop-
ment and use of an in vitro bioassay. Proc Natl Acad Sci
USA 1987;84:6934-8.

Covault J, Cunningham JM, Sanes JR. Neurite outgrowth
on cryosections of innervated and denervated skeletal
muscle. J Cell Biol 1987;105:2479-88.

Bedi KS, Winter J, Berry M, Cohen J. Adult rat dorsal root
ganglion neurons extend neurites on predegenerated but
not on normal peripheral nerves in vitro. Eur J Neurosci
1992;4:193-200.

Crutcher KA. Tissue sections from mature rat brain and
spinal cord as substrates for neurite outgrowths in vitro:
extensive growth of gray matter but little growth on white
matter. Exp Neurol 1989;104:39-54.

Savio T, Schwab ME. Rat CNS white matter, but not grey
matter, is non-permissive for neuronal cell adhesion and
fibre outgrowth. J Neurosci 1989;9:1126-33.

Watanabe E, Murakami F. Cell attachment to and neurite
outgrowth on tissue sections of developing, mature and
lesioned brain: the role of inhibitory factor(s) in the CNS
white matter. Neurosci Res 1990;8:83-99.

David S, Bouchard C, Tsatas O, Giftochristos N. Macro-
phages can modify the non-permissive nature of the adult
mammalian central nervous system. Neuron 1990;5:
463-9.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

M. BERRY ET AL.

Ard MD, Bunge MB, Wood PM, Schachner M, Bunge RP.
Retinal neurite growth on astrocytes is not modified by
extracellular matrix, anti-L, antibody, or oligodendrocytes.
Glia 1991;4:70-82.

Bray D. Cytoskeletal basis of nerve axon growth. In:
Letourneau PC, Kater SB, Macagno ER, editors. The nerve
growth cone. New York: Raven Press, 1992:7-18.
Kapfhammer JP, Raper JA. Collapse of growth cone struc-
ture on contact with specific neurites in culture. J Neurosci
1987:7:201-12.

Keynes RJ, Cook G. Cell—cell repulsion: clues from the
growth cone. Cell 1990;62:609-10.

Raper JA, Kapthammer JP. The enrichment of a neuronal
growth cone collapsing activity from embryonic chick
brain. Neuron 1990;2:21-9.

Caroni P, Schwab ME. Antibody against myelin associated
inhibitor of neurite growth neutralizes nonpermissive sub-
strate properties of CNS white matter. Neuron
1988;1:85-96.

Davies JA, Cook GMW, Stern CD, Keynes RJ. Isolation
from chick somites of a glycoprotein fraction that causes
collapse of dorsal root ganglion growth cones. Neuron
1990:4:11-20.

Walter J, Allsopp TE, Bonhoeffer F. A common denom-
inator of growth cone guidance and collapse. TINS
1990;13:447-52.

Keynes RJ, Stern CD. Segmentation in the vertebrate ner-
vous system. Nature 1984;310:786-9.

Cox EC, Miiller B, Bonhoeffer F. Axonal guidance in the
chick visual system: posterior tectal membranes induce
collapse of growth cones from the temporal retina. Neuron
1990;4:31-7.

Bray D, Wood P, Bunge RP. Selective fasciculation of
nerve fibres in culture. Exp Cell Res 1980;130:241-50.
Rehder V, Kater SB. Regulation of neuronal growth cone
filopodia by intracellular calcium. J Neurosci 1992;12:
3175-86.

Baier H, Bonhoeffer F. Axon guidance by gradients of a
target-derived component. Science 1992;255:472-5.
Strittmatter SM, Fishman M. The neuronal growth cone as
a specialized transduction system. Bioessays 1990;13:
127-34.

Strittmatter SM, Valenzuela D, Kennedy TE, Neer EJ,
Fishman M. G, is a major growth cone protein subject to
regulation by GAP-43. Nature 1990;344:836-41.
Igarashi M, Strittmatter SM, Vartanian T, Fishman MC.
Mediation by G proteins of signals that cause collapse of
growth cones. Science 1993;259:77-8().

Ivins JK, Raper JA, Pittman RN. Intracellular calcium
levels do not change during contact-mediated collapse of
chick DRG growth cone structure. J Neurosci 1991;11:
1597-608.

Luo Y, Raible D, Raper JA. Collapsin: a protein in brain
that induces the collapse and paralysis of neuronal growth
cones. Cell 1993;75:217-27.

Kolokodin AL, Matthes DJ, O’Connor TP, Patel NH,
Admon A, Bentley D, Goodman CS. Fasciclin IV:
sequence, expression and function during growth cone
guidance in the grasshopper embryo. Neuron 1992:9:
831-45.



	AXONAL GROWTH AND ITS INHIBITION
	CELLS EXPRESSING CONTACT INHIBITORY LIGANDS

	AXONS EXPRESSING THE RECEPTOR FOR THE INHIBITOR LIGAND
	GROWTH INHIBITION ASSAYS
	LIGAND-RECEPTOR INTERACTIONS
	CONCLUSIONS
	REFERENCES




