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The extent of regeneration in the injured adult mammalian nervous system appears to be primarily determined by the nature
of the glial environment. Thus, the striking findings of Aguayo
and colleagues (David and Aguayo, 1981; Benfey and Aguayo,
1982), that pieces of sciatic nerve grafted into the adult brain
and spinal cord support long distance axon regeneration from
juxtaposed injured neurons, suggest that Schwann cells, the glial
cells of the PNS, combined with the abundant extracellular matrix in peripheral nerves, provide a favorable environment that
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The failure
of axon regeneration
in the injured
adult CNS
has been ascribed
to axon growth inhibitory
molecules
expressed
by the resident
glial cell populations,
especially
oligodendrocytes.
Unlike
their adult counterparts,
however, early embryonic
neurons
are able to send lengthy
axons
through
myelinated
fiber tracts when transplanted
into the
adult brain. One explanation
is that they have yet to express receptors
for factors that inhibit
the growth of older
neurons.
To test this possibility,
we have used the cryoculture
technique
to study the regeneration
of rat central
and peripheral
neurons,
over a developmental
period that
encompasses
the stages
before,
during,
and after target
contact,
when cultured
on either unmyelinated
(neonatal)
or myelinated
(adult) optic nerve tissue sections.
Early embryonic
(days 14-15) retinal
ganglion
cells extended
neurites on neonatal
optic nerve, but few grew on adult optic
nerve. In the case of early embryonic
dorsal root ganglion
neurons,
however,
neurite outgrowth
on either neonatal
optic nerve or on adult optic nerve was extensive.
This response
declined
sharply
with age. In contrast,
neurite
outgrowth
by dorsal
root
ganglion
neurons
on laminin
substrata
remained
relatively
constant
(> 80% extended
neurites)
over the same period.
This suggests
that (a) inhibition
of neurite
outgrowth
within the optic nerve is mediated not only by oligodendrocytes,
but also by molecules
expressed
prior to the onset of myelination;
(b) neurons
acquire
receptors
for these inhibitors
only late in embryonic development;
(c) differences
exist between
developing central and peripheral
neurons
in the response
to myelin-associated
axon-growth
inhibitors.
[Key words: axon regeneration,
culture,
DRG neurons,
retinal ganglion
cells, myelin,
astrocytes,
rat CNS]
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fosters regeneration after injury in the PNS and, when transplanted, can do so in the injured CNS. In contrast, the resident
glial cells in the adult CNS, oligodendrocytes and astrocytes,
express molecules in the immediate vicinity of damaged axons
that create an inhibitory environment for regenerating axons (reviewed in Johnson, 1994). However, the ability of CNS neurons
to regenerate, even in the presence of sciatic nerve grafts, varies
over a wide range (Fawcett, 1992). Moreover, as neurons age,
new constraints are likely to be imposed on the regenerative
response, due to changes, some possibly irreversible, in neuronal
phenotype that accompany maturation (Fawcett et al., 1989;
Bedi et al., 1992). Thus, reports of extensive axon regeneration
by early human fetal forebrain neuroblasts following transplantation into the mature rat CNS (Wictorin et al., 1990, 1992) have
focussed attention on possible intrinsic properties of immature
neurons that enable them to extend processes in an environment
that is inhospitable to axons regenerating from adult neurons.
The underlying molecular bases for these differences are unknown.
Studying the mechanisms of axon regeneration in viva, however, is impeded by the confusing variety of cell types, cell interactions, and trophic factors that may influence the behavior
of the injured nerve fibers. Moreover, such experiments are complicated by accompanying degenerative changes. Conversely, in
previous in vitro studies, insufficient account has been taken of
the age of cultured neurons or of the complex environment encountered in vivo by regenerating neurites. To circumvent these
problems, we have adopted the cryoculture assay system (Carbonetto et al., 1987; Covault et al., 1987; Sandrock and Matthew, 1987), which allows the study of neurite regeneration by
dissociated neurons in vitro over intact, physiologically relevant
substrata. Although the cryoculture method, being based on a
two-dimensional assay environment, is only partially representative of the complex environment encountered by developing/regenerating
neurons in vivo, it has the advantage of
retaining extracellular matrix and cell surface molecules, while
the influence of diffusible factors is minimized. In previous work
using this technique, we have shown that neither neonatal and
adult DRG neurons nor immature retinal ganglion cells (RGC)
extend neurites when cultured on both immature, unmyelinated,
and mature, myelinated CNS tissue sections (Shewan et al.,
1993). In the present study, we have extended this approach,
using the optic nerve as a prototype CNS tissue culture substratum, to examine the behavior of early embryonic neurons. Our
data suggest that developing neurons acquire receptors for putative CNS growth-inhibitory
molecules, only at late embryonic
age.
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Figure I. Neurite outgrowth by RGC on immature (A) and adult (B)
optic nerve cryosections over a developmental range encompassing the
period during which RGC axons make target contact in vivo. The percentage of attached RGC extending long GAP43-positive
neurites is
greatest at the earliest embryonic ages tested (E13-15) on both substrata
and progressively declines with maturation. Mean values plotted represent numbers of neurons with GAP43-positive
neurites 2 3 cbds ?
SEM of at least five separate experiments, statistically evaluated by the
Student’s two-tailed r test. Asterisks indicate values for age groups significantly different from El&P4
neurons (p < 0.05).

Materials

and Methods

Tissue sections. Neonatal [embryonic day (E) 20 to postnatal day (P)
31, and adult optic nerves from Wistar rats, were carefully mounted
longitudinally
on pieces of liver mounted in embedding medium (OCT
compound; Tissue-Tek), taking care to exclude the OCT from the nerve
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Figure 2. Neurite outgrowth by DRG neurons on immature (A) and
adult (B) optic nerve cryosections. The most striking growth was exhibited by the earliest age of neurons tested (E14-15). Almost 50% of
attached neurons of this age regenerated long neurites over both types
of substratum. Note the similar developmental
trend in declining outgrowth displayed on both the immature and mature optic nerve. Details
as in legend to Figure 1, except that asterisks indicate values for age
groups significantly different from P2-4 neurons (p < 0.05). Inset, Neurite outgrowth by DRG neurons on polylysine-coated
glass over the age
range depicted in Figure 2. Details as above.

tissue. Several nerves were mounted at each embryonic and neonatal
age. Adult nerves were cut into short (0.5-l cm) segments, before
mounting. The unfixed nerves, mounted on liver, were rapidly frozen
in isopentane precooled in liquid nitrogen. Tissue sections 6-9 pm thick
were cut on a Bright cryostat, picked up on sterile polylysine-coated
glass coverslips and stored at -70°C in a sterile environment until required (Shewan et al., 1994). For each of the tissues tested as culture
substrata for neurons, experiments were performed with at least five
separate tissue preparations from different animals.
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Figure 3. Fluorescence photomicrographs
of double-immunolabeled
cultures of early embryonic RGC on cryosections of neonatal (A and B) and
adult (C and D) optic nerve tissue. El5 RGC regenerate most robustly on immature optic nerve sections (A and B) but can also extend long neurites
on mature optic nerve cryosections (C and D). A and C, GAP43; B and D, GFAI? Scale bar = 100 pm (A and B) and 200 p,m (C and D).
Preparation of dissociated retinal cells. Retinae from embryonic and
perinatal (E14-P4) rats, were collected in calcium and magnesium-free
Earles balanced salts solution (CMF; Gibco-BRL, UK), then transferred
to 5 ml papain (Lorne Laboratories, UK; 10 U/ml) in a HEPES-buffered
salt solution containing cysteine (Leifer et al., 1984), and incubated at
37°C for 15 min. The tissue was then transferred to 0.5 ml CMF/DNase
(Sigma UK, Type I; 50 pg/ml) and triturated to give a single cell suspension by several passes through a small bore pipette tip. The mixed
retinal cell suspension from E14-18 rats was plated at a concentration
of 100,000 cells/ml.
Preparation of purijied RGC. Purification of E20-P2 RGC from cell
suspensions of neonatal rat retinae, by immunopanning
for Thy-l-positive cells using monoclonal antibody (mab) 0x7, was achieved as described by Barres et al. (1988), except that the final step for removal
of attached cells using trypsin was omitted; RGC were retrieved from
the panning dish by vigorous pipetting with culture medium, and plated
at a concentration of 60,00O/ml.
Preparation of dissociated DRG neurons. Sensory dorsal root ganglia
were dissected out from embryonic, postnatal, and adult Wistar rats,
collected in Ham’s F-12 medium (Gibco, UK), and trimmed to remove
attached roots. Embryonic and perinatal DRG tissue was enzymatically
treated and cells dissociated as described for retinal tissue (see above).
The dissociated cells were then diluted to a concentration of 5OOO/ml
in modified Bottenstein and Sato’s tissue culture medium containing 2%
fetal calf serum (BSF2) in F-12, supplemented with nerve growth factor
(NGF; 100 rig/ml).
Adult ganglia were incubated at 37’C for 3 hr in 0.125% collagenase
(Sigma, UK), in F12, as described by Lindsay (1988), then transferred
to papain solution and incubated for a further 15 min, as described
above, washed in F12, and triturated in fresh BSF2 (1 ml). The cell
suspension was spun through a 2 ml cushion of 15% bovine serum
albumin (fattv acid-free: Sigma. UK) in F-12. to remove mvelin debris.
and the pelleted cells resu&ndkd
in’BSF2 containing NGF*(lOO rig/ml)
to a cell concentration of 2000/ml.
Neuronal cultures on tissue sections. The coverslips bearing cryostat
sections were placed in plastic four-well multidishes (Nunc: Gibco, UK)

and 0.5 ml of cell suspensions were pipetted into each well. The dishes
were placed in an incubator at 37°C with a humidified atmosphere of
5% CO, and 95% air. RGC and immature DRG neurons were cultured
for a period of 18-24 hr, while adult DRG cells were incubated for 23 d, prior to fixation and immunostaining.
Antibodies. Rabbit anti-GAP43 antiserum, from Rory Curtis and Graham Wilkin (Imperial College, London), was used as a marker for cultured neurons and their neurites at a dilution of 1:lOOO (Bedi et al.,
1992). Where mixed retinal cultures were employed, we confirmed by
double immunolabeling
that Thy-l-positive
RGC were the only
GAP43-positive
cells present (data not shown). To visualize the underlying optic nerve tissue sections used as culture substrata, the antiGAP43 antiserum was combined in double immunostaining
with a
mouse monoclonal antibody to glial fibrillary acidic protein (GFAP;
Sigma, UK), at a dilution of 1:400. In some function-blocking
experiments, we used a rabbit anti-B1 integrin antibody (as purified IgG, a
gift of Kristofer Rubin, University of Uppsala, Sweden), diluted to a
final concentration of 100 kg/ml.
Immunohistochemistry.
Cultures were fixed at room temperature for
at least 10 min in 2% paraformaldehyde
in phosphate-buffered saline
(PBS) and permeabilized in 100% methanol at -20°C for 3 min. The
coverslips were then washed three times in PBS and incubated at room
temperature for 2 hr (or overnight at 4°C) in the diluted combinations
of primary antibodies. All antibody dilutions were made in minimal
Eagle’s medium containing 10% fetal calf serum, 15 mM HEPES and
0.1% sodium azide. After further washes in PBS as above, the cultures
were incubated for 30 min in a mixture of biotinylated anti-rabbit antibody (Amersham, UK) and fluorescein-conjugated
anti-mouse antibody (Capel, USA), or a combination of biotinylated anti-mouse antibody (Amersham, UK) and fluorescein-conjugated
anti-rabbit antibody
(Sigma, UK), all diluted 1: 100. After a further wash, the cultures were
incubated for 30 min in Texas red-conjugated streptavidin (Amersham,
UK), also at a dilution of 1:lOO. Following a final wash in PBS, the
cultures were mounted in glycerol containing 1,4-diazobicyclo-(2,2,2)
octane (DABCO; Sigma, UK) to prevent fading of the fluorescence.

2060 Shewan et al. * Neurite Regeneration

In Vitro on Myelinated CNS Tissue

Figure 4. Fluorescence photomicrographs
of double-immunolabeled
cultures of early embryonic DRG neurons on cryosections of neonatal (A and
B) and adult (C and D) optic nerve tissue. El5 neurons regenerate extensively on immature optic nerve sections (A and B). Similarly, El5 DRG
neurons grow prolifically on adult optic nerve tissue (C and D). A and C, GAP43; B and D, GFAP Scale bar = 100 pm.

The cultures were viewed with a Zeiss Axiophot microscope equipped
with epifluorescence.
Cell counts. Counts were made under fluorescence optics of all
GAP43-positive
neurons attached to the tissue sections and of those
with neurites of more than three cell body diameters (cbd) in length.
The proportion of neurite-bearing cells was expressed as a percentage
of the total number of attached cells in duplicate cultures, averaged for
at least five separate preparations of each neuronal type 2 SEM, statistically evaluated by the Student’s two tailed t test. (Error bars that
appear to be absent in Figures 1B and 2B are, in fact, too small to be
plotted (0.3 and 0.4, respectively.)

Results
We have previously shown that, in cryoculture, the failure of
neonatal RGC and DRG neurons to extend neurites is unrelated
to the myelination status of the CNS substrata (Shewan et al.,
1993). When RGC from more immature embryonic rats are cultured on cryosections of unmyelinated, immature optic nerve, a
substantial number extend processes, and this declines sharply
with age (Fig. IA). Thus, 19% of E14-15 RGC that attached to
unmyelinated, neonatal optic nerve sections extended long neurites (> 3 cbd), compared with only 4% of perinatal RGC, almost a fivefold reduction in responsive neurons. An example of
this age dependence in neurite outgrowth is illustrated in Figure
3 (A,B), where El5 RGC are seen to extend long GAP43-labeled
processes over GFAP-positive
neonatal unmyelinated optic
nerve tissue sections. Although a similar trend was observed on
myelinated adult optic nerve tissue sections (Fig. 1B; Fig. 3C,D),

the magnitude of the response was reduced compared with the
immature optic nerve.
In contrast to RGC, early embryonic DRG neurons grew
equally well on both immature and myelinated optic nerve (Figs.
2, 4). Moreover, this response declined sharply with age, with a
comparable time course. Thus, almost half of the E14-15 DRG
neurons that attached to optic nerve sections extended neurites,
falling to less than 5% of neonatal DRG neurons (Fig. 2).
To test whether the reduction in outgrowth reflected a general
decline over this period in the ability of DRG neurons to regenerate net&es, the behavior of cells that attached to section-free
areas of polylysine-coated glass was also analyzed. Over the
period E14-P4, the proportion of DRG neurons extending neurites on polylysine displayed only a modest reduction (- 18%;
Fig. 2, inset). Also, > 80% of DRG neurons extended neurites
when cultured on a laminin substratum, and this remained relatively constant over the same period (data not shown). Moreover, when cultured in the presence of blocking concentrations
(100 pg/ml) of rabbit anti-l31 integrin antibody, E14-15 DRG
neurons displayed a somewhat reduced (approx. 30-35% inhibited) neurite outgrowth response, over both myelinated adult and
unmyelinated neonatal optic nerve (data not shown). These data
suggest that integrin-binding ligand(s) in the optic nerve substratum play only a minor role in supporting the neurite outgrowth response of immature DRG neurons.
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Discussion
In this study we have examined the possibility that immature
mammalian neurons are insensitive to putative growth inhibitory
ligands in the CNS, by testing the ability of developing DRG
neurons and RGC to regenerate neurites in vitro on both unmyelinated and myelinated optic nerve substrata. Our findings
show that early embryonic DRG neurons will regenerate equally
well on both types of optic nerve substrata, but this response
declines sharply, and at a comparable rate on both substrata, by
late embryonic age. This contrasts with the behavior of RGC,
which exhibit a much reduced neurite outgrowth response, even
at the earliest embryonic age, especially on myelinated optic
nerve.
Concerning the nature of axon-growth inhibitors within the
optic nerve, these findings extend our previous work (Shewan
et al., 1993), and further implicate nonmyelin components as
major CNS inhibitory ligands, recognized by late embryonic and
mature neurons. Furthermore, the comparable magnitude of this
inhibition on both types of optic nerve, over an identical time
course, is strongly indicative of a common inhibitory ligand(s),
which seems more likely, therefore, to be located on optic nerve
axons or astrocytes, rather than on oligodendrocytes. While
Schwab and colleagues have identified proteins in CNS myelin
that inhibit axon regeneration, and shown that antibodies raised
against these molecules allow some regeneration in the injured
CNS (Caroni and Schwab, 1988a,b; Schnell and Schwab, 1990),
further evidence suggests the existence of other, astrocyte-derived, growth-inhibitory
molecules, particularly since regeneration also fails in the injured unmyelinated grey matter of the
CNS (Reier and Houle, 1988; Maxwell et al., 1990; Fawcett,
1992). Candidates include tenascin (Bartsch et al., 1992) and
proteoglycans (Rudge and Silver, 1990; McKeon et al., 1991;
Lander, 1993), the latter being able to repel neurites in vitro in
the presence of outgrowth-promoting
laminin (Snow et al.,
1991). The expression of such molecules may contribute to the
switch from a growth-permissive
to an inhibitory environment
during development, as suggested by Pindzola et al. (1993) for
cytotactin and chondroitin 6-sulphate proteoglycans in the central portion of the dorsal root entry zone. Conversely, there is
evidence that the expression of neurite growth-promoting
molecules, such as laminin (Cohen et al., 1987) and heparan sulphate proteoglycan (Hantaz-Ambroise et al., 1987), are downregulated in the optic nerve in development (Liesi and Silver,
1988; McLoon et al., 1988; Halfter,
1993). Moreover,
laminin-binding cr6pl-integrin receptors are lost from RGC as
they mature (Cohen et al., 1987, 1989; decurtis et al., 1991),
which may explain the loss of response to laminin, but not merosin, in development (Cohen et al., 1986; Cohen and Johnson,
1991). The demonstration in the present study of a marked agedependent decline in the ability of DRG neurons to regenerate
in vitro on CNS tissue suggests that changes also occur in this
class of mammalian neurons during embryonic development that
influence their ability to regenerate within the CNS. These
changes may not only involve the downregulation of receptors
for growth promoting ligands, as in the case of RGC, but may
also involve the acquisition of receptors for putative inhibitory
CNS molecules.
An age-dependent decline in neurite outgrowth, most prominent on unmyelinated optic nerve, was also displayed by RGC,
whose axons, unlike those of DRG neurons, project exclusively
within the CNS. The fact that the earliest embryonic RGC tested
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did not display such a robust neurite outgrowth response on
myelinated optic nerve suggests that they acquire receptors for
these inhibitor(s) at an earlier age. This difference between the
outgrowth responses of RGC and DRG neurons is not surprising,
however, since distinct classes of neurons have previously been
shown to have different axon-growth requirements. Thus, for
example, neonatal RGC do not respond to the abundant growthpromoting molecules in cryosections of lesioned sciatic nerve
that support DRG neurite outgrowth in vitro (Shewan et al.,
1993). Moreover, axons regenerating from motor and sensory
neurons appear to respond differentially to molecules expressed
in their peripheral distal pathways (Martini et al., 1992).
Our in vitro data, and the in vivo transplantation studies of
Wictorin et al. (1990, 1992), are consistent with the hypothesis
that early embryonic neurons that are actively extending axons
in vivo do not recognize molecules within the CNS that block
axon regeneration by older neurons. The timing of this change
suggests that the acquisition by neurons of receptors for such
molecules, and the progressive restriction of growth by regenerating axons in the injured CNS, may occur only after these
axons contact their normal targets in vivo (Fitzgerald and Fulton,
1992). The nature of these receptors remain to be determined,
but the findings of the present study may offer an experimental
approach by directing attention to differences between early embryonic and older neurons in the repertoire of membrane receptors for identified axon-growth inhibitory molecules.
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