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SUMMARY

Retinal ganglion cells (RGCs) in rats were retrogradely
labeled with the fluorescent tracer Fluorogold (FG) and
subjected to GAP-43 and c-JUN immunocytochemistry
to identify those RGCs that are capable of regenerating
an axon. After optic nerve section (ONS) and simulta-
neous application of FG to the nerve stump (group 1
experiments ), GAP-43 immunoreactive RGCs (between
2 and 21 days after ONS) always represented a subfrac-
tion of both FG-labeled (i.e., surviving) RGCs and RGCs
exhibiting c-JUN. GAP-43 immunoreactive RGCs repre-
sented 22% of RGCs normally present in rat retinae and
25% of surviving RGCs at 5 days after ONS but were
reduced to 2% and 1%, which is 6% and 5% of survivors at
14 and 21 days, respectively. In animals that received a
peripheral nerve (PN) graft after ONS (group 2 experi-
ments), RGCs with regenerating axons were identified
by FG application to the graft at 14 and 21 days. When

]

examined at 21 and 28 days, all FG-labeled RGCs exhib-
ited GAP-43 immunoreactivity, and FG/GAP-43-la-
beled RGCs were 3% and 2% of those present in normal
rat retinae. In relation to surviving RGCs GAP-43 immu-
noreactive RGCs represented 10% at both time points.
FG-/GAP-43-labeled RGCs also exhibited ¢-JUN, but
¢-JUN immunoreactive RGCs were at both time points
at least twice as numerous as FG-/GAP-43-labeled
RGCs. These data suggest that regenerating axons in PN
grafts derive specifically from GAP-43 reexpressing
RGCs. Appearance of GAP-43 immunoreactivity may
therefore identify those RGCs that are capable of axonal
regeneration or sprouting. © 1994 John Wiley & Sons, Inc.
Keywords: rat optic nerve lesion, peripheral nerve graft,
axonalregeneration, GAP-43 /c-JUN immunocytochem-
istry, retinal ganglion cell quantification

INTRODUCTION

Several observations suggest that not only environ-
mental factors but also intrinsic properties of neu-
rons may contribute to the success or failure of ax-
onal regeneration (Fawcett, 1992; Stuermer et al.,
1992).

Lesioned axons in the mammalian visual sys-
tem form regenerative sprouts that in the nonper-
missive extraneuronal central nervous system envi-
ronment, fail to elongate (Ramon y Cajal, 1968).
However, some retinal ganglion cells (RGCs) suc-
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ceed in regenerating long axons when they are of-
fered a peripheral nerve (PN) graft in place of the
optic nerve (Vidal-Sanz et al., 1987). The number
of RGCs that regenerate axons represents less than
5% of the entire population ( Villegas-Perez et al.,
1988). In fact, most RGCs in the mammalian ret-
ina die after axotomy ( Thanos et al., 1989; Ville-
gas-Perez et al., 1993). The regenerating cells, re-
ferred to here as “‘competent,” may possess specific
properties distinguishing them from other RGCs
(Stuermer et al., 1992).

How these competent neurons differ from
others is obviously a relevant question, especially
in attempts to increase the number of axon-regen-
erating neurons ( Thanos et al., 1989; Bihr et al.,
1992; Mey and Thanos, 1993). One way to iden-
tify competent neurons is to determine whether
they have the ability to up-regulate specific pro-
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teins thought to be required for axonal growth and
elongation. Two proteins known to be up-regu-
lated by rat RGCs on injury, even in the absence of
grafts, have been considered as potential markers
for competent RGCs: the growth-associated pro-
tein GAP-43 (Skene and Willard, 1981; Jacobson
et al., 1986) with a potential function for axon re-
growth and sprouting (Meiri et al., 1986; Skene,
1989; Doster et al., 1991; Aigner and Caroni,
1993) and ¢-JUN (Herdegen et al., 1993; Hiill and
Bihr, 1994), a transcription factor of the immedi-
ate early gene family (Ryseck et al., 1988). Up-reg-
ulation of these same two proteins also occurs in
RGC:s of fish (Benowitz and Lewis, 1983; Herde-
gen et al., 1993), which regenerate their injured
axons spontaneously and to full recovery of func-
tion. GAP-43 immunoreactivity appears in axons
in the retina on optic nerve section (ONS) (Beno-
witz and Lewis, 1983; Doster et al., 1991) and per-
sists (in some RGCs) over months. A quantifica-
tion of GAP-43 immunoreactive RGCs over time
after ONS has, to our knowledge, not been made.
Moreover, whether GAP-43 identifies competent
RGCs and whether regenerating axons in PN grafts
derive from GAP-43 expressing RGCs is still un-
known.

c-JUN is reexpressed by most RGCs after ONS
(Herdegen et al., 1993), but its expression is sus-
tained only in a subpopulation of RGCs. It was
suggested that long-lasting ¢c-JUN expression may
be indicative of axonal sprouting ( Herdegen et al.,
1993). Accordingly, since RGCs with axons in PN
grafts represented a high percentage of c-JUN ex-
pressing RGCs, it has been proposed that the regen-
erative state might correlate with long-lasting ex-
pression of c-JUN (Hiill and Bidhr, 1994).

In the search for markers of RGCs that do regen-
erate their axons in mammals, we examined
whether GAP-43 or ¢-JUN immunoreactivity de-
lineates a specific group of RGCs. Based on find-
ings already cited, we would predict that regenerat-
ing axons (in the case of grafts) derive from them
exclusively.

In the first group of animals, we determined the
number of GAP-43 immunoreactive RGCs and
their relation to surviving and to c-JUN immunore-
active RGCs between 2 and 21 days after optic
nerve cut. In the second group, we examined
whether regenerating axons in animals with PN
grafts derive selectively from RGCs expressing
GAP-43, ¢c-JUN, or both.

As in the report by Hiill and Bahr (1994), we
used Fluorogold (FG; Fluorochrome, USA) to
identify RGCs by retrogradely labeling them
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through their axons in the optic nerve. Since FG
vanishes from RGCs with time and since more and
more microglial cells exhibit FG with time after
lesion (Hiill and Bidhr, 1994), we examined only
retinae between day 2 and day 28 after dye applica-
tion.

METHODS

Surgical Techniques and /n Vivo RGC
Labeling

The left optic nerves of adult female Wistar rats (200~
300 g body weight) were cut intraorbitally and 16 ani-
mals received a sciatic nerve graft according to the proce-
dure of Villegas-Perez et al., (1988). All surgery was per-
formed under deep chloral hydrate anesthesia (420
mg/kg body weight) and in compliance with animal
welfare legislation. Retinae were examined ophthalmo-
scopically through the lens immediately after surgery to-
ascertain that the blood supply was normal. Roughly | ul
of the retrograde tracer FG 5% in phosphate buffered
saline (PBS) was applied by holding a small piece of
surgical cotton soaked in FG solution for 5 min against
the eye-sided optic nerve stump at the time of ONS in
group | (n = 15) and group 3 (# = 8) animals. Group 3
animals received in addition a sciatic nerve transplant to
determine the influence of the graft on RGC survival at
postoperative days 21 and 28. Operations of and data
collection from group 3 animals were done in the course
of an earlier study that determined the influence of the
graft on RGC survival (Hiill and Bihr, 1994). Although
counts of FG-labeled RGCs at 21 days after surgery were
published earlier (Hiill and Bahr, 1994) those at 28 days
were not. Since RGCs tend to loose FG gradually over
time, RGCs at 28 days were more weakly labeled than
those at 21 days. Consequently, the RGC cell counts at
28 days may slightly underestimate the number of sur-
viving RGCs at this time point (see also Hiill and Bihr,
1994).

In group 2 animals (n = 8) FG was applied to the
sciatic nerve graft. An incision was made in the grafted
nerve, 8 mm behind its anastomosis to the optic nerve
stump at 14 and 21 days after grafting to apply FG (as
already described ) and to label those RGCs that had re-
generated an axon into the graft (Hiill and Bihr, 1994).
The dye is taken up by the injured axons and retro-
gradely transported to the RGCs.

The labeling efficiency of FG was previously com-
pared to that of other dyes (Hiill and Bihr, 1994) and
found to correspond to that of Dil after injection into the
superior colliculus. Moreover, numbers of FG-labeled
RGCs at 2 days after ONS of the present study corre-
sponded to those in Hiill and Bidhr (1994 ) and to counts
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of earlier studies that are discussed in detail in Hiill and
Bihr (1994).

The animals were perfused transcardially (4% para-
formaldehyde in PBS) under deep anesthesia. Those in
group 1 (three specimens at each time point) were sacri-
ficed 2, 5, 8, 14, and 21 days after axotomy. Those in
group 2 (four specimens each time point) were sacrificed
at 21 and 28 days to allow sufficient time (7 days) for
retrograde transport of FG.

Histological Procedures

The posterior eye cup of the isolated eye was separated
from the cornea and lens, postfixed for 12 h in the same
fixative used for perfusion, and cryoprotected by immer-
sion in 30% sucrose (w/v) in PBS overnight. Sagittal
cryostat sections, 10 pm, were collected on polylysine-
coated slides, permeabilized in methanol (5 min,
—20°C), rinsed in PBS and preincubated in 2% goat
serum (30 min). They were exposed to monoclonal anti-
body against GAP-43 (Schreyer and Skene, 1991; kindly
provided by P. Skene) overnight at 4°C (dilution
1:100.000), and after rinses in PBS incubated in polyclo-
nal anti-c-JUN antibodies (Herdegen et al., 1993; dilu-
tion [:1000) for 36 h at 4°C. The specificity of polyclo-
nal antibodies against c-JUN has been shown previously
by immunoprecipitation and in vivo preabsorption ex-
periments ( Herdegen, et al., 1991; Kovary and Bravo,
1991). Secondary antibodies were fluorescein isothio-
cyanate-coupled goat anti-rabbit and rhodamine isothio-
cyanate-coupled goat anti-mouse antibodies (1:200,
Dianova) applied for 2 h at room temperature. FG-la-
beled and ¢c-JUN and GAP-43 immunostained RGCs
were counted and photographed with 20X and 40%
lenses under epifluorescence in a Zeiss Axiophot
equipped with the appropriate filter sets.

RGC Counts and Statistical Analysis

Labeled RGCs were counted on every other section (# =
4) of serial sections through each retina. Only those sec-
tions that contained the optic nerve head as a standard
anatomical reference were used. Counts per retina were
averaged by dividing the number of RGC by the number
of sections examined.

The number of FG-labeled RGCs (FG-RGCs) at 2
days after axotomy was taken as 100% and FG-RGCs at
later times as well as GAP-43 and ¢c-JUN immunoreac-
tive RGCs were expressed as percentages (including
standard deviations) of those at 2 days. In addition,
GAP-43 and ¢-JUN immunoreactive RGCs were com-
pared with FG-labeled (surviving RGCs) at relevant time
points after ONS. Counts at different time points and of
group 1, 2, and 3 experiments were subjected to statisti-
cal analysis using the two-sided Student’s ¢ test.

RESULTS

Relationship of GAP-43 immunoreactive
to FG-Labeled and c-JUN
Immunoreactive RGCs after Optic Nerve
Cut

Application of FG to the optic nerve stump at the
time of ONS permitted identification of surviving
RGCs by their content of tracer in sections be-
tween 2 and 21 days after ONS (group 1 experi-
ments). Exposure of these sections to c-JUN and
GAP-43 antibodies revealed those FG-RGCs that
were reexpressing one or both proteins at selected
time points during this interval.

Although nearly all FG-RGCs exhibited c-JUN
immunoreactivity at 2 days after ONS, their num-
bers decreased with time (Hiill and Bahr, 1994).
GAP-43 immunoreactive RGCs always ‘repre-
sented a subpopulation of FG- and c-JUN-labeled
RGCs. In all sections examined, all GAP-43—-posi-
tive RGCs carried ¢-JUN immunoreactivity and
FG label. This is exemplified in Figure 1 by a sec-
tion of retina at 5 days after ONS. The relationship
of GAP-43 immunoreactive RGCs to ¢-JUN and
FG-labeled RGCs is demonstrated in Figure 2.

Consistent with a recent report { Hull and Bahr,
1994), the number of RGCs labeled with FG and
c-JUN decreased most dramatically between days
5and 8 after ONS [Fig. 2(a)]. FG-labeled RGCs at
2 days were taken as 100% because the number of
the labeled RGCs at this time was similar to that
given previously as the total number of RGCs in
rat retinae (Hill and Bahr, 1994). Compared to
FG-labeled RGCs at 2 days after ONS (100%),
FG-RGCs fell to 90% (+6%) at 5 days and 43%
(£5%) at 8 days. c-JUN immunoreactive RGCs
whose number at 2 days was close to that of FG-
RGCs fell to 64% (£4%) at S days and 20% (£4%)
at 8 days. FG-RGCs further decreased to 27%
(+4%) and 21% (£2%) at 14 and 21 days, respec-
tively, and at both time points to 5% (+2%) in the
case of c-JUN immunoreactive RGCs. The loss of
RGCs with time after optic nerve lesion seen here
1s in the range of that reported previously ( Barron
et al., 1986; Bray et al., 1987; Sievers et al., 1989;
Mey and Thanos, 1993; Villegas-Perez et al., 1993;
Hiill and Bahr, 1994). This also applies to the de-
crease of c-JUN immunoreactive RGCs (Hiill and
Bihr, 1994). c-JUN as well as GAP-43 (see later)
immunoreactive cells were related to FG label and
thus surviving RGCs are noted at the relevant time
points [Fig. 2(b)]. At 2 days c-:JUN immunoreac-
tive RGCs represented 93% (+15%) of surviving



Figure 1 Section through a rat retina, 5 days after ONS
and FG application, and exposed to antibodies against
GAP-43 and c-JUN. (a) FG-labeled RGCs and (b)
RGCs exhibiting c-JUN immunoreactivity. Arrowheads
in a, b, and ¢, mark those FG-RGC:s that exhibit in addi-
tion to c-JUN also GAP-43. (c) GAP-43 immunoreac-
tive RGCs represent a subfraction of FG and ¢c-JUN-po-
sitive cells. Calibration bar, 25 um.

RGCs, and 72% (£5%), 52% (*+12%), 20%
(£7%), and 28% (£9%) at the subsequent time
points.

In contrast to c-JUN, which at 2 days was seen
in almost all FG-labeled RGCs, GAP-43 immuno-
reactive RGCs were infrequent (1% +0.5%) at 2
days after ONS [Fig. 2(a,b)]. The number of
RGCs reexpressing GAP-43, however, increased
significantly at 5 days, a time at which RGC axons
form sprouts (Campbell et al., 1992). In relation to
FG-RGCs at 2 days [Fig. 2(a)] they represented
22% (5% ) and were 25% (+6%) of RGCs surviv-
ing at 5 days [Fig. 2(b)]. The number of GAP-43
immunoreactive RGCs, expressed as ratio of FG-
RGCs at 2 days [Fig. 2(a)] decreased to 11%
(+£3%) at 8 days, and fell further to 2% (+0.5%)
and 1% (x0.5%) at 14 and 21 days, respectively.
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This correlates with the loss of sprouts (Campbell
etal., 1992). Compared to FG-RGCs at each of the
8, 14, and 21 day time points after ONS [Fig.
2(a)], GAP-43 immunoreactive RGCs represent a
fraction of 30% (+8%), 6% (+1.5%), and 5%
(£1.5%) of the surviving RGCs [Fig. 2(b)]. Since
all or almost all GAP-43-positive RGCs were FG
labeled and c-JUN immunoreactive (Fig. 1),
RGCs reexpressing GAP-43 represent a subfrac-
tion of c-JUN-positive and FG labeled (i.e., sur-
viving) RGCs. The decline in absolute numbers of
RGCs with GAP-43 between 5 and 21 days after
ONS [Fig. 2(a)] may indicate either that GAP-43
positive RGCs died or that they down-regulated
GAP-43 protein expression. Since GAP-43-posi-
tive RGCs always also exhibited c-JUN, but not all
c-JUN-positive RGCs had GAP-43, it is possible
that c-JUN is necessary for GAP-43 reexpression.
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Figure 2 Graph demonstrating in (a) the number
[n(RGC)] of FG-labeled, c-JUN immunoreactive and
GAP-43-positive RGCs between 2 and 21 days after
ONS. (b) GAP-43 and ¢c-JUN immunoreactive RGCs
are expressed as percent of FG-labeled RGCs at the
corresponding time points. Bars represent standard de-
viation.
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Expression of ¢-JUN and GAP-43 during
RGC Axonal Regeneration

To determine which RGCs sprout or regenerate an
axon into a peripheral nerve graft, FG was applied
to the graft at 14 and 21 days after surgery (group 2
animals) and FG-labeled RGCs were counted at 21
and 28 days. In group 2 animals FG-labeled RGCs
in sections of the corresponding retinae were there-
fore those that had grown an axon into the graft.
All or almost all of the RGCs that were backlabeled
from the graft by FG (i.e., those with regenerating
axons) were GAP-43 immunoreactive [Fig.
3(a,b)] and accordingly the number of FG- and
GAP-43-positive RGCs was nearly identical [ Fig.
4(a)]. Compared to 1% (£0.5%) of GAP-43 im-
munopositive RGCs at 21 days in rats of group |

Figure 3 Section through a rat retina, 21 days after
ONS and PN grafting, and 7 days after FG application to
the graft. (a) All FG-labeled RGCs exhibit GAP-43 (b)
and ¢c-JUN (¢) immunoreactivity (arrowheads), but the
number of ¢-JUN immunopositive RGCs exceeds that
of FG and GAP-43-labeled RGCs. The arrows in a indi-
cate a regenerating FG-labeled axon expressing GAP-43
(b). Calibration bar, 25 um.

L a FG
168 3 e-JUN
L N GAP-43
14 -
12+
10 L

n(RGC) per section
[
T

21 days

28 b —1 e-JUN
el mmm GAP—43
24F I

22f

20k
18-
18-
14F
12f
10F

% GAP—43/c—JUN-labeled RGCs

[V ]
T

21 days 28 days

Figure 4 (a) Graphic representation of the relationship
of FG-labeled and GAP-43 and c-JUN immunoreactive
RGCsat 21 and 28 days after ONS and PN grafting and 7
days after application of FG to the graft [n(RGC), num-
ber of RGC]. Note that GAP-43 immunoreactive and
FG-labeled RGCs are equal in number. The graph in b
demonstrates the percentage of GAP-43 immunoreac-
tive/c-JUN-positive RGCs or surviving RGCs at 21 and
28 days *surviving RGCs were determined by FG appli-
cation to the optic nerve stump at the time of ONS and
PN grafting in group 3 animals). Bars represent standard
deviation.

experiments [Fig. 2(a)], there were significantly (p
=0.05) more GAP-43—positive RGCs at 21 daysin
animals with regenerating axons in PN grafts. They
were 3% (x£1%) at 21 days and 2% (+0.2%) at 28
days. Despite the graft, however, the number of
RGCs labeled with GAP-43 and FG at 28 days de-
creased significantly (p = 0.01)to 66.6% of those at
21 days. This indicates that RGCs with axons in
the graft are not prevented from dying (Villegas-
Perez et al., 1988; Hill and Béhr, 1994).

To compare the number of GAP-43 immunore-
active RGCs with regenerating axons in PN grafts



to the number of surviving RGCs at 21 and 28
days, the latter were determined in a separate set of
animals (group 3). Group 3 animals received ap-
plication of FG to the optic nerve stump at the time
of PN grafting. In their retinae FG-labeled RGCs
amounted to 59 (£6) and 38 (£5) at 21 and 28
days, respectively. Consistent with earlier findings
(Villegas-Perez et al., 1988; Hiill and Béhr, 1994)
the presence of the graft has led to an increase in
the number of surviving RGCs, which was in the
present study 1.4-fold at 21 days [compared to
group |, Fig. 2(a)]. GAP-43 immunoreactive
RGCs, which according to the foregoing results
were those RGCs that had regenerated axons in the
graft, represented 10% (£2%) at 21 days and 10%
(+1%) at 28 days of surviving RGCs at the respec-
tive time points [Fig. 4(b)].

All FG-labeled, GAP-43—positive RGCs of
group 2 animals [ Fig. 3(a,b)] also exhibited ¢-JUN
[Fig. 3(c)], but at least twice as many cells [ statis-
tically significant, p = 0.05 (14 days); p = 0.025
(21 days)] showed c-JUN immunoreactivity
alone, as there were FG-labeled RGCs and RGCs
showing immunoreactivity to GAP-43 [Fig. 4(a)].
That ¢-JUN immunoreactive cells seen here in-
deed represent RGCs is derived from group 1 re-
sults (Fig. 1), where c-JUN immunoreactivity was
exclusive to RGCs (also Hiill and Bahr, 1994), and
the latter had been identified by their FG label. The
number of ¢c-JUN-positive RGCs in grafted ani-
mals at 21 days (6.5% of RGCs at 2 days), how-
ever, was not significantly greater than c-JUN ex-
pressing RGCs in group | animals at 21 days (5%)
[Fig. 2(a)]. Compared to surviving RGCs at 21
and 28 days (group 3 animals), c-JUN positive
RGCs represented 22% (+4%) and 26% (+3%),
respectively [Fig. 4(b)], a difference that was sta-
tistically insignificant.

From these data, it appears that expression of
GAP-43 may be causally related to successful ax-
onal regeneration. Sustained c-JUN expression
may also be relevant bu* this alone does not appear
to be sufficient.

DISCUSSION

The foregoing experiments addressed the question
whether RGCs in adult rats that are capable of ax-
onal regeneration can be identified by specific
changes in their metabolic state and thus be distin-
guished from those that lack this capacity.

The proteins c-JUN and GAP-43 were consid-
ered to be markers for such RGCs because both are
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reexpressed on injury even when neurons are left in
their natural nonpermissive environment (Doster
etal., 1991; Herdegen et al., 1993) where they form
sprouts but fail to produce long axons. This study
demonstrates that RGCs that had extended axons
into PN grafts and that were backlabeled from the
graft by FG were identical to RGCs exhibiting
GAP-43 reexpression. At both time points exam-
ined, that is at 21 and 28 days after ONS and PN
grafting, FG-RGCs backlabeled from the graft
were the only RGCsexhibiting GAP-43 immunore-
activity. This finding indicates that GAP-43 reex-
pression and the neuron’s ability to regenerate an
axon are causally linked (Skene, 1989).

In animals with PN grafts as well as in those with
optic nerve lesion alone, GAP-43 immunoreactive
RGCs represented a subpopulation of the RGCs
that exhibited c-JUN immunoreactivity. RGCs ex-
hibiting c-JUN but no GAP-43 immunoreactivity
were not backlabeled by FG-application to the
graft, that is, they did not have long axons in the
graft. This suggests that sustained c-JUN reexpres-
sion alone (Hiill and Bihr, 1994) is not sufficient
to identify competent neurons.

In animals with or without grafts, all
GAP-43-positive RGCs were always also c-JUN
immunoreactive. Whether c-JUN, a transcription
factor, is required for induction and maintenance
of GAP-43 expression is, however, not known. If
¢-JUN is required for the activation of genes re-
quired for axonal regeneration, this transcription
factor most likely subserves additional functions.
This is because c-JUN expression is found in many
more than just those RGCs with regenerating
axons in grafts and elevated GAP-43 levels. On the
other hand, c-JUN is not seen in all surviving
RGCs at the time points considered here (Hiill and
Bihr, 1994); the number of surviving RGCs ex-
ceeded that of c-JUN-positive RGCs in both sets
of experiments. Therefore, c-JUN may not be nec-
essary for the mere survival of cells. RGCs in axot-
omized retinae are known to form dendritic
sprouts (Thanos, 1988; Mansour-Robaey et al.,
1994), and these RGC responses may require sus-
tained c-JUN expression. Whatever the function of
c-JUN, its limited expression in the population of
axotomized RGCs is a further indication of an in-
homogeneity of the metabolic states of surviving
RGCs whose functional significance remains un-
clear.

Our findings are based on immunocytochemi-
cal techniques for the detection of the c-JUN and
GAP-43 proteins. As with all studies of this kind,
results and interpretations rely on the sensitivity of



1576

the relevant antibodies. Proteins that remain below
the detection level of these antibodies unavoidably
escape observation. Both antibodies, however,
have been used earlier for examinations of lesion-
induced neuronal responses ( Schreyer and Skene,
1991; Herdegen et al., 1993). From earlier studies,
it was known that GAP-43 (Doster et al., 1991)
and long-lasting ¢c-JUN expression ( Herdegen et
al., 1993) are confined to subpopulations of axoto-
mized mammalian RGCs. However, a direct com-
parison between RGCs that regenerate axons into
grafts and those reexpressing GAP-43 and ¢c-JUN
was not made in the other reports. Our present re-
sults extend the outcome of earlier studies ( Doster
et al., 1991) in that we have used the retrograde
tracer FG to identify GAP-43 immunoreactive
RGCs as those that had grown axons in the grafts.

Although GAP-43 was detected in all RGCs that
had grown axons into the graft, we cannot con-
clude that all RGCs that reexpress GAP-43 will in
fact regenerate an axon. As shown by the first
group of experiments (animals without grafts), the
number of RGCs reexpressing GAP-43 peaked
around 5 days after ONS at 22% of all RGCs that
the retina originally contained and at 25% of sur-
viving RGCs. When grafted animals were exam-
ined at 21 days, they had only 3% GAP-43-positive
RGCs, which represented 10% of those suriving at
this time. Thus, the number of RGCs that reex-
pressed GAP-43 at 5 days was higher than the num-
ber of RGCs with axons in grafts at 21 days. This
leaves open the possibility that the grafts may have
contained more axons at an earlier time or that
they had sprouts that were abortive (Campbell et
al., 1992) or that some sprouts did not gain access
to the graft. In fact, GAP-43 has been implicated in
RGC axonal sprouting (Doster et al., 1991). A re-
cent report has demonstrated that not all regenera-
tive sprouts transform into long axons when the
environment is improved (Schnell et al., 1994). In
this context our results could mean that more than
20% of RGCs may have sent axons or sprouts into
the graft but most of them subsequently lost their
GAP-43 reexpression and perhaps died. Alterna-
tively, not all sprouts may have succeeded in gain-
ing access to the graft and perhaps were subse-
quently lost. Moreover, neither the present or pre-
vious studies have shown directly that RGC axons
regenerating into grafts are recruited from the pop-
ulation of RGCs that spontaneously up-regulate
GAP-43 on ONS in the absence of a graft. In other
words it is not clear whether GAP-43 expression
preceeds axonal regeneration. Although unlikely,
this leaves open the possibility that axons having

entered the graft contribute to the up-regulation of
GAP-43 in their parent RGCs. If this were so, the
hypothesis that only GAP-43-positive RGCs are
competent of regeneration of an axon is inade-
quate.

Even RGCs in grafted animals that did express
GAP-43 and regenerated an axon often die, as has
been shown ( Villegas-Perez et al., 1988; Hiill and
Bihr, 1994) and is confirmed here. The number of
RGCs that can be backlabeled from the graft di-
minishes significantly between day 21 and day 28,
indicating that the graft is not capable of stabilizing
all RGC:s for longer time periods. This observation
1s consistent with earlier studies that have provided
evidence that axon-regenerating RGCs only stabi-
lize when axons are given the opportunity to estab-
lish contacts with a target (see review by Aguayo et
al.,, 1991). '

PN grafts have been shown to increase the num-
ber of surviving RGCs (Villegas-Perez et al., 1988;
Hill and Bihr, 1994), which is confirmed here and
of RGCs exhibiting long-lasting reexpression of c-
JUN (Hiill and Bidhr, 1994). Our data show a sig-
nificant increase of GAP-43—positive RGCs at 21
days in grafted animals over controls, although no
significant increase in the number of c-JUN-posi-
tive RGCs was noted. This is surprising because
one might have expected an increase of c-JUN-
positive RGCs along with an .increase of
GAP-43-positive RGCs.

It also remains open why some RGCs were still
immunoreactive to GAP-43 at 14 and 21 days and
possibly even later, whereas others that had con-
tained GAP-43 at 5 days either stopped GAP-43
reexpression or were lost through cell death. At
present, questions as to why some RGCs die and
why a proportion survives, remain unanswered,
and likewise it is not known why a number of the
survivors are capable of maintaining long-lasting
expression of c-JUN and GAP-43 (Doster et al.,
1991). With the previously mentioned alternate
view in mind, the present data are consistent with
the idea that GAP-43 reexpression identifies those
RGCs that possess the potential of axonal regener-
ation.

In fish, there is a massive up-regulation of GAP-
48 in regenerating optic nerves (Benowitz and
Lewis, 1983) and reexpression of growth-asso-
ciated cell surface molecules by all axotomized
RGCs (reviewed by Stuermeret al., 1992). A com-
parison between the situation in fish and rats raises
the possibility that up-regulation of proteins
known in fish may also occur in rat RGCs (Scha-
den et al., 1993) and may correlate with GAP-43



reexpression, an idea that is currently being pur-
sued.

The authors thank Pate Skene and Thomas Herdegen
for providing the antibodies against GAP-43 and ¢-JUN.
We also thank Ulrike Binkle for technical assistance, and
Mary Anne Cabhill for correcting the manuscript. This
work was made possible through grants of the Interna-
tional Spinal Research Trust and the Deutsche Stiftung
Querschnittslahmung.

REFERENCES

AGUAYO, A.J., RASMINSKY, M., BRAY, G. M., CARBON-
ETTO, S., MCKERRACHER, L., VILLEGAS-PEREZ,
M. P.,and VIDAL-SANZ, M. (1991). Degenerative and
regenerative responses of injured neurons in the cen-
tral nervous system of adult mammals. Phif. Trans. R.
Soc. Lond. B. 331:337-343.

AIGNER, L., and CARONI, P. (1993). Depletion of 43-kD
growth-associated protein in primary sensory neurons
leads to diminished formation and spreading of
growth cones. J. Cell Biol. 123:417-429.

BARRON, K. D., DENTINGER, M. P., KROHEL, G., EAs-
TON, S. K., and MANKES, R. (1986). Qualitative and
quantitative ultrastructural observations on retinal
ganglion cell layer of rat after intraorbital nerve crush.
J. Neurocytol. 15:345-362.

BAHR, M., ESCHWEILER, G. W., and WOLBURG, H.
(1992). Precrushed sciatic nerve grafts enhance the
survival and axonal regrowth of retinal ganglion cells
in adult rats. Exp. Neurol. 116:13-22.

BENowiTz, L. 1., and LEwis, E. R. (1983). Increased
transport of 44,000 to 49.000 dalton acidic proteins
during regeneration of the goldfish optic nerve: a.two
dimensional gel analysis. J. Neurosci. 3:2153-2163.

BrAY, G. M., VILLEGAS-PEREZ, M. P., VIDAL-SANZ, M.,
and AGUAYO, A. J. (1987). The use of peripheral
nerve grafts to enhance neuronal survival, promote
growth and permit terminal reconnections in the cen-
tral nervous system of adult rats. J. Exp. Biol. 132:5-
19.

CAMPBELL, G., LIEBERMAN, A. R., ANDERSON, P. N,
and TURMAINE, M. (1992). Regeneration of adult rat
CNSaxonsinto peripheral nerve autografts: ultrastruc-
tural studies of the early stages of axonal sprouting and
regenerative axonal growth. J. Neurocviol 21:755-
787.

DOSTER, S. K., LozANO, A. M., AGUAYO, A. J., and
WILLARD, M. B. (1991). Expression of the growth-as-
sociated protein GAP-43 in adult rat retina ganglion
cells following axon injury. Neuron 6:635-647.

FAWCETT, J. W. (1992). Intrinsic neuronal determi-
nants of regeneration. Trends Neurosci. 15:5-8.

HERDEGEN, T., Kovary, K., LEaH, J., BRAvVO, R., and
ZIMMERMANN, M. (1991). Specific temporal and spa-
tial distribution of JUN, FOS and KROX-24 proteins
in spinal neurons following noxious transsynaptic
stimulation. J. Comp. Neurol. 313:178-191.

1577

HERDEGEN, T., BASTMEYER, M., BAHR, M., STUERMER,
C. A. O., BRavo, R, and ZIMMERMANN, M. (1993).
Expression of JUN, KROX and CREB transcription
factors in goldfish and rat retinal ganglion cells follow-
ing optic nerve lesions is related to axonal sprouting,. .J.
Neurobiol. 24:528-543.

HULL, M. and BAHR, M. (1994). Regulation of immedi-
ate-early gene expression in rat retinal ganglion cells
after axotomy and during regeneration through a pe-
ripheral nerve graft. J. Neurobiol. 25:92-105.

JacoBsoN, R. D., VIRAG, L., and SKENE, J. H. P. (1986).
A protein associated with axon growth, GAP-43, is
widely distributed and developmentally regulated in
rat CNS. J. Neurosci. 6:1843-1855.

Kovary, K. and BRavo, R. (1991). Expression of dif-
ferent JUN and FOS proteins during the GO and G1
transition in mouse fibroblasts: in vitro and in vivo
association. Mol. Cell. Biol. 11:2451-2459.

MANSOUR-ROBAEY, S., CLARKE, D. B., WANG, Y.-C.,
BrAY, G. M., and AGUAYO, A. J. (1994). Effects of
ocular injury and administration of brain-derived
neurotrophic factor on survival and regrowth of axo-
tomized retinal ganglion cells. Proc. Natl. Acad. Sci.
USA91:1632-1636.

MEIRI, F., PFENNINGER, K. H., and WILLARD, M. B.
(1986). Growth-associated protein, GAP-43, a poly-
peptide that is induced when neurons extend axons, is
a component of growth cones and corresponds to
pp46, a major polypeptide of a subcellular fraction
enriched in growth cones. Proc. Natl. Acad. Sci. USA
83:3537-3541.

MEY, J. and THANOS, S. (1993). Intravitreal injections
of neurotrophic factors support the survival of axoto-
mized retinal ganglion cells in adult ratsin vivo. Brain
Res. 602:304-317.

RAMON Y CaJaL, S. (1968). Traumatic degeneration
and regeneration in the optic nerve and retina. In: De-
generation and Regeneration of the Nervous System.
R. M. May, Translator. Hafner, New York, pp. 583-
596.

RYSECK, P., Hiral, D., YaNIV, M., and Bravo, R.
(1988). Transcriptional activation of c-jun during the
GO0/G1 transition in mouse fibroblasts. Nature
334:535-537.

SCHADEN, H., STECHER, B., BAHR, M., and STUERMER,
C.A.0.(1993). Test for the re-expression of develop-
mentally regulated proteins by regenerating rat reti-
nal axons in vitro. Soc. Neurosci. Abs. 19:6717.

SCHNELL, L., SCHNEIDER, R., KOLBECK, R., BARDE,
Y.-A., and SchnwaB, M. E. {1994). Neurotrophin-3
enhances sprouting of corticospinal tract during devel-
opment and after adult spinal cord lesion. Nature
367:170-173.

SCHREYER, D. J. and SKENE, J. H. P. (1991). Fate of
GAP-43 in ascending spinal axons of DRG neurons
after peripheral nerve injury: delayed accumulation
and correlation with regenerative potential. J. Neuro-
sci. 11:3738-3751.



1578

SIEVERS, J., HAUsMANN, B., and BERRY, M. (1989).
Fetal brain grafts rescue adult retinal ganglion cells
from axotomy-induced cell death. J. Comp. Neurol.
281:467-478.

SKENE, J. H. P. (1989). Axonal growth-associated pro-
teins. Annu. Rev. Neurosci. 12:127-156.

SKENE, J. H. P.and WiLLARD, M. B. (1981). Changes in
axonally transported protein during axon regenera-
tion in toad retinal ganglion cells. J. Cell Biol. 89:86-
95.

STUERMER, C. A. O., BASTMEYER, M., BAHR, M., STRO-
BEL, G., and PASCHKE, K. (1992). Trying to under-
stand axonal regeneration in the CNS of fish. J. Newu-
robiol. 23:547-550.

THaNos, S. (1988). Alterations in the morphology of
ganglion cell dendrites in the adult retina after optic
nerve transection and grafting of peripheral nerve seg-
ments. Cell Tissue Res. 259:599-609.

THANOS, S., BAHR, M., BARDE, Y.-A., and VANSELOW,
J.(1989). Survival and axonal elongation of adult rat
retinal ganglion cells. Eur. J. Neurosci. 1:19-26.

VIDAL-SANZ, M., BRAY, G. M., VILLEGAS-PEREZ, M. P.,
THANOS, S., and AGUAYO, A. J. (1987). Axonal re-
generation and synapse formation in the superior col-
liculus by retinal ganglion cells in the adult rat. J.
Neurosci. 7:2894-2909.

VILLEGAS-PEREZ, M. P., VIDAL-SANZ, M., BRAY, G. M.,
and AGUAYO, A. J. (1988). Influences of peripheral
nerve grafts on the survival and regrowth of axoto-
mized retinal ganglion cells in adult rats. J. Neurosci.
8:265-280.

VILLEGAS-PEREZ, M. P., VIDAL-SANZ, M., RASMINSKY,
M., BRAY, G. M., and AGUAYO, A. ). (1993). Rapid
and protracted phases of retinal ganglion cell loss fol-
low axotomy in the optic nerve of adult rats. J. Neuro-
biol. 24:23-36.



