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The death of neurons and the limited ability to activate growth-associated genes prevent the resto-
ration of lesioned fiber tracts in the adult mammalian CNS. Here, we characterized the effects of the
survival-promoting neurotrophin brain-derived neurotrophic factor (BDNF) on mRNA expression of
GAP-43, L1, TAG-1, and SC-1 in axotomized and regenerating rat retinal ganglion cells (RGCs). BDNF
led to de novo upregulation of TAG-1 mRNA in axotomized RGCs and to a threefold increase in the
number of GAP-43 and L1 mRNA-expressing RGCs. SC-1 expression remained unchanged. However,
BDNF did not improve long-distance axon regeneration into a peripheral nerve graft. Surprisingly,
potentiating BDNF-mediated neuroprotection by simultaneous administration of a spin trap or a NOS
inhibitor counteracted the BDNF-induced growth-associated gene expression. This led us to hypoth-
esize that the BDNF effects on GAP-43, L1, and TAG-1 mRNA expression are mediated by a NO-
dependent mechanism. In summary, our data support the idea that survival and axon regeneration of
lesioned CNS neurons can be regulated independently. © 2001 Academic Press

INTRODUCTION

Neurons in the adult mammalian CNS show a very
limited capacity of regenerating an axon after injury
(Ramon y Cajal, 1928, 1991). This can be attributed to
both extrinsic conditions and neuron intrinsic proper-
ties. The glial environment of lesioned CNS fiber tracts
is growth inhibiting (Caroni and Schwab, 1988; Bovo-
lenta et al., 1993; Schwab et al., 1993; McKerracher et al.,
1994; Schachner, 1994; Hirsch and Bähr, 1999) and
many neurons die in response to axotomy (Aguayo et
al., 1991; Garcia-Valenzuela et al., 1994). Only some are
capable of upregulating the expression of genes which
are associated with axon growth during development

(Skene, 1989; Tetzlaff et al., 1991, 1994; Herdegen et al.,
1997; Jung et al., 1997).

In the adult rat, 85% of the retinal ganglion cells
(RGCs) die within 14 days after optic nerve (ON)
transection (Villegas-Perez et al., 1988, 1993). When
offered a growth-permissive environment such as a
peripheral nerve (PN) graft, 2–5% of the RGCs are able
to regrow an axon into the transplant and to even
functionally reconnect with their target area, the su-
perior colliculus (David and Aguayo, 1985; Aguayo et
al., 1991; Sauve et al., 1995). These axon-regenerating
RGCs seem to represent a subpopulation of those
RGCs that reexpress growth-associated proteins (Jung
et al., 1997; Lang et al., 1998). Among them is growth-
associated protein 43 (GAP-43) (Skene, 1989; Doster et
al., 1991; Schaden et al., 1994). GAP-43 is expressed in
RGCs normally only during embryonic and early
postnatal development, when the visual projection is
formed and refined (Reh et al., 1993; Kapfhammer et
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al., 1994), but it can be reinduced under lesion or
outgrowth conditions (Doster et al., 1991; Meyer et al.,
1994; Jo et al., 1999). Another growth-associated pro-
tein expressed by regenerating RGCs is the immun-
globulin superfamily cell adhesion molecule (IgSF-
CAM) L1 (Jung et al., 1997), for which in vitro studies
have proposed a role in intraretinal axon guidance
during development (Brittis and Silver, 1995). How-
ever, other IgSF-CAMs such as TAG-1 and SC-1 are
downregulated upon ON lesion (Jung et al., 1997). The
loss of these (and others) might contribute to the low
efficacy of RGC axon regeneration.

Brain-derived neurotrophic factor (BDNF) (Barde et
al., 1982; Leibrock et al., 1989), a member of the neu-
rotrophin gene family, is known to positively influ-
ence neuronal survival and differentiation during de-
velopment (for review see Lindsay et al., 1994; Lewin
and Barde, 1996). In the rat retina, BDNF promotes
survival of postnatal and adult RGCs in various ex-
perimental lesion models both in vitro and in vivo
(Johnson et al., 1986; Thanos et al., 1989; Mey and
Thanos, 1993; Mansour-Robaey et al., 1994; Cui and
Harvey, 1995; Meyer-Franke et al., 1995; Peinado
Ramon et al., 1996) which is in good agreement with
the finding that the vast majority of RGCs express the
BDNF receptor TrkB (Jelsma et al., 1993; Barbacid,
1994; Rickman and Brecha, 1995; Cellerino and Kohler,
1997). We have recently shown that BDNF exerts not
only neuroprotective effects, but also upregulates ni-
tric oxide synthase (NOS) activity, thereby limiting its
neuroprotective efficacy (Klöcker et al., 1998, 1999).
Thus, simultaneous administration of the free radical
scavenger N-tert-butyl-(2-sulfophenyl)-nitrone (S-PBN)
or the NOS inhibitor N-�-nitro-l-arginine-methylester
(l-NAME) significantly increases BDNF-mediated cell
rescue of axotomized rat RGCs.

In the present study, we investigated whether
BDNF, alone or in combination with the free radical
scavenger S-PBN, would affect the expression of the
growth-associated genes GAP-43, L1, TAG-1, and
SC-1 in axotomized and axon-regenerating RGCs. By
this, we addressed the question whether the regula-
tion of cell survival and the regulation of growth-
associated genes and axon regeneration are mutually
dependent or independent events.

METHODS

Animal surgery. Adult female Wistar rats (200–250
g; Charles River Wiga, Sulzfeld, Germany) were anes-
thetized by intraperitoneal injection of chloral hydrate

(0.42 g/kg body weight). The ON was transected as
described before (Klöcker et al., 1998). Briefly, the or-
bita was opened saving the supraorbital vein and the
lacrimal gland was subtotally resected. By means of a
small retractor, the extraocular muscles were spread
and the ON was exposed after longitudinal incision of
the eye retractor muscle and the dura. The ON was
transected 1–2 mm from the ocular bulb. To determine
RGC densities, cells were retrogradely labeled with
the fluorescent tracer Fast Blue (FB; Dr. Illing Chemie,
Gross-Umstadt, Germany). To this end, a small piece
of Gelfoam soaked in 2% aqueous FB was placed at the
ocular stump of the ON after transection. For the
autologous PN grafting procedure, the left common
peroneal nerve was exposed, and a segment approxi-
mately 2 cm long was removed. The proximal end was
apposed to the ocular stump of the transected ON and
secured with three 10-O sutures at the adjacent sclera.
The distal end of the graft was put on the dura of the
temporal cortex through a hole drilled into the skull.
For fluorescent labeling of regenerating RGCs, the PN
graft was prelabeled with a small piece of gel foam
soaked in 5% 1,1�-dioctadecyl-3,3,3�,3�-tetramethylin-
docarbocyanine perchlorate (DiI; Molecular Probes
Inc., Eugene, OR) in dimethylformamide approxi-
mately 7 mm from the proximal end. Using this tech-
nique, we avoided a second axotomy of the regener-
ating RGCs and its effects on RGC survival and gene
regulation. After surgery, preservation of the retinal
blood supply was checked fundoscopically.

Drug administration. Recombinant human BDNF
(Alomone Labs, Jerusalem, Israel) was dissolved in a
1% solution of bovine serum albumin (BSA) in PBS at
a concentration of 250 ng/�l. Under diethylether an-
esthesia, 2 �l BDNF (500 ng) in BSA/PBS or 2 �l
BSA/PBS without BDNF (vehicle) were injected into
the vitreous chamber of the eye by means of a glass
microelectrode with a tip diameter of 30 �m punctur-
ing the eye at the cornea–sclera junction. BDNF/vehi-
cle treatment consisted of either three intraocular in-
jections on days 4, 7, and 10 after ON transection only
or four intraocular injections on days 4, 8, 12, and 16
after ON transection and PN grafting. S-PBN (Sigma,
Deisenhofen, Germany) was dissolved in PBS at a
concentration of 100 mg/ml. S-PBN treatment con-
sisted of intraperitoneal injections of 1 ml/kg body
weight every 12 h starting 30 min after surgery. l-
NAME (Sigma) was dissolved in PBS at a concentra-
tion of 25 mg/ml (l-NAME 25). l-NAME treatment
followed the same regimen as described for S-PBN.

Preparation of retinal whole mounts and quantification of
axon-regenerating RGCs. Fourteen and 21 days after
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ON transection and 21 days after PN grafting, animals
were killed by an overdose of chloral hydrate, and the
eyes were removed and transferred to Hanks’ buff-
ered salt solution. The retinae were dissected, flat-
mounted on glass slides (for cell density determina-
tion), or attached by suction to a nylon filter (Hybond
N�, Amersham) with the photoreceptor layer down
(for in situ hybridization). The basal lamina overlying
the RGC layer was removed prior to fixing the retinae
in 4% paraformaldehyde (PFA) in PBS for 20 min or
overnight. For in situ hybridizations, the retinae were
washed in PBS and incubated in 100% methanol at
�20°C for at least 2 h. To determine the cell densities,
the retinae were examined under a fluorescence mi-
croscope (Zeiss Axiophot, Göttingen, Germany)
equipped with the appropriate filter sets. DiI-labeled
RGCs, i.e., RGCs which had regenerated an axon into
the prelabeled PN graft, were counted in 12 distinct
areas each of 62,500 �m2 (three areas per retinal quad-
rant at three different retinal eccentricities of one-
sixth, one-half, and five-sixths of the retinal radius).
Cell counts were done in duplicates and indepen-
dently by two investigators.

Production of cRNA as hybridization probes and in situ
hybridization. The following plasmids were used:
pBKSII(�) containing a 1.6-kb insert of TAG-1 (kindly
provided by A. J. W. Furley); pGEM-3 containing a
750-bp insert of GAP-43 (kindly provided by J. H. P.
Skene); pBKSII(�) containing a 3.5-kb insert of SC-1
(kindly provided by T. M. Jessel); and pBKSII M 13
containing a 5.2-kb insert of NILE (kindly provided by
W. Stallcup), the rat homolog of L1, and henceforth
termed L1 (Bock et al., 1985; Prince et al., 1992). A total
of 1.3 kb from the 5� terminal region of L1 was sub-
cloned in pBSKII(�) using the unique sites of BamHI/
XhoI. The plasmids were linearized with the appropri-
ate restriction enzymes, treated with proteinase K
(Boehringer Mannheim), extracted with phenol/chlo-
roform, precipitated and labeled by in vitro transcrip-
tion with a digoxigenin-(DIG) RNA labeling kit
(Boehringer Mannheim) using T3, T7, or SP6 RNA
polymerases. The riboprobe of SC-1 was reduced to a
mean size of 200 bp by limited alkaline hydrolysis
according to Wilkinson (1992).

In situ hybridization was carried out on retina
whole mounts essentially as described elsewhere
(Breitschopf et al., 1992; Westerfield, 1994; Jung et al.,
1997). Retina whole mounts prepared as described above
were divided into eight pie-shaped segments. Prior to
in situ hybridization, the retinae were rehydrated at
room temperature (RT), fixed with 4% PFA in PBS,
treated with proteinase K (10 �g/ml, RT, 10 min). and

fixed again in 4% PFA in PBS. The sections and whole
mounts were then prehybridized at 55°C for 2 h prior
to overnight hybridization (at 55°C) in 500 �l hybrid-
ization buffer (50% formamide, 2� SSCT, 10% dextran
sulfate, and 1 mg/ml t-RNA) containing the probe at
concentrations ranging from 50 to 150 ng per milliliter
of hybridization buffer. The next day, the tissue was
washed at 55°C in 50% formamide, 2� SSCT, and
subsequently in 0.2� SSCT. After a blocking step
(PBST, 2% sheep serum (Sigma), 2% goat serum (Vec-
tor Laboratories), 2 mg/ml bovine serum albumin
(Sigma)), the tissue was incubated with anti-DIG-an-
tibodies (1:2000 in PBST) for 2 h at RT and thoroughly
washed in PBST prior to the signal detection with BM
purple alkaline phosphatase (AP) substrate (Boeh-
ringer Mannheim). For double in situ hybridizations,
the hybridization solution contained both a DIG- and
a fluorescein-labeled riboprobe (150 ng/ml each). First
the DIG-labeled probe was detected using the anti-
DIG-AP developed with BM purple as described
above. After washing steps in PBST the AP was inac-
tivated by heat (80°C, 20 min). The fluorescein-labeled
riboprobe was then detected by incubation with an
antibody against fluorescein-AP (1:2000), which was
developed after washing steps in 0.1 M Tris–HCl/
0.1% Tween with Fast Red (Boehringer Mannheim)
according to the manufacturer’s instructions. Whole
mounts were embedded in Mowiol. All in situ hybrid-
izations were made as doublets with the antisense and
sense probes as control. Signals were found only with
antisense probes. Labeled cells in retina whole mounts
were counted in 40 distinct areas of 1 mm2 (10 areas
per retinal quadrant at five different retinal eccentric-
ities of one-sixth, two-sixths, three-sixths, four-sixths,
and five-sixths of the retinal radius). Data were statis-
tically analyzed using the Kolmogoroff–Smirnow test
and are given as means � SD.

RESULTS

To determine whether BDNF and S-PBN influence
the expression of growth-associated genes in axoto-
mized and axon-regenerating rat RGCs, two sets of
experiments were performed. In the first, BDNF was
administered either alone or in combination with S-
PBN and the expression of GAP-43, L1, TAG-1, and
SC-1 mRNAs was examined by in situ hybridization
on retinal whole mounts. The mRNA-expressing
RGCs were counted at 14 days after ON transection
and compared with the survival rate of RGCs after the
respective treatments (Klöcker et al., 1998). In the sec-
ond set of experiments, mRNA-expressing RGCs were

105



quantified 21 days after ON lesion and additional
transplantation of a PN graft. This time point was
chosen because it allows a subpopulation of RGCs to
regenerate their axons into the graft and still assures
retinal integrity after multiple injections of BDNF.
These RGCs were identified by retrograde labeling
using the fluorescent tracer DiI. In parallel, animals
subjected to ON transection and BDNF treatment
were analyzed 21 days after injury to serve as controls
for the grafted rats.

Effects of BDNF and S-PBN on the Number
of mRNA-Expressing RGCS after ON Lesion

BDNF leads to de novo synthesis of TAG-1 mRNA and
increases the number of GAP-43- and L1-mRNA-express-
ing RGCs. Fourteen days after ON transection, a sub-
population of RGCs in untreated control retinae ex-
pressed the mRNAs of GAP-43 (151 � 43 cells/mm2),
of L1 (415 � 78 cells/mm2), and of SC-1 (25 � 25
cells/mm2). TAG-1 mRNA, however, was not de-
tected which is consistent with earlier findings (Jung et
al., 1997) showing a decrease of TAG-1 mRNA below
detection level in response to ON lesion (Figs. 1a–1d
and 2a). Vehicle-injected controls did not show any
significant difference in the number of RGCs express-
ing these mRNAs compared to untreated controls.
Three intraocular injections of BDNF, however, led to
an increase of TAG-1 mRNA expression in RGCs
(76 � 48 cells/mm2) resulting in a dense in situ hy-
bridization signal throughout the RGCs somata. More-
over, there was an approximately threefold increase in
the number of RGCs expressing GAP-43 mRNA
(539 � 129 cells/mm2) and L1 mRNA (1199 � 232
cells/mm2). No change in the number of SC-1 mRNA
containing cells was observed (Figs. 1e–1h and 2a).
Comparison of the RGC numbers expressing the re-
spective mRNAs with the survival rates in untreated
and BDNF-treated retinae demonstrates that all sur-
viving RGCs express L1 mRNA independent of the
treatment (Jung et al., 1997), but only 42% of the sur-
viving RGCs without further treatment express
GAP-43 mRNA (Table 1). This percentage is increased
to 57% by intraocular BDNF injections.

The free radical scavenger S-PBN attenuates the effects of
BDNF on GAP-43, L1, and TAG-1 mRNA expression.
Combined treatment with BDNF and S-PBN after ON
lesion leads to a significant increase in cell survival
compared with single BDNF treatment (Klöcker et al.,
1998). However, the number of RGCs expressing
mRNAs of GAP-43 (289 � 119 cells/mm2), L1 (890 �
177 cells/mm2), and TAG-1 (50 � 22 cells/mm2) de-

clined and fell even below the levels obtained with
BDNF alone (Fig. 2a). The number of SC-1 mRNA
expressing RGCs did not change under combined
treatment with BDNF and S-PBN. Treatment with S-
PBN alone, while having no effect on RGC survival
(Klöcker et al., 1998), led to a significant decrease in the
number of GAP-43- (68 � 7 cells/mm2; P � 0.01) and
L1- (57 � 3 cells/mm2; P � 0.01) mRNA-expressing
RGCs compared with the untreated control group.
SC-1 and TAG-1 mRNAs were not detected under
S-PBN treatment (Fig. 2b).

The NOS inhibitor l-NAME mimicks the effects of S-
PBN. Systemic treatment with l-NAME after ON
transection also significantly reduced the number of
RGCs expressing the mRNAs of GAP-43 (99 � 6 cells/
mm2; P � 0.01) and L1 (86 � 4 cells/mm2; P � 0.01)
compared to untreated controls. Very few cells ex-
pressed TAG-1 mRNA (2 � 0 cells/mm2), whereas
SC-1 mRNA expression was not detected (Fig. 2b).

Effects of BDNF and S-PBN on the Number
of GAP-43-, L1-, TAG-1-, and SC-1-mRNA-
Expressing RGCs in Grafted Retinae

BDNF increases the number of GAP-43- and L1-express-
ing RGCs in grafted retinae. Under BDNF treatment,
the number of GAP-43-mRNA-expressing RGCs in
grafted retinae significantly increased (178 � 10 cells/
mm2; P � 0.01) compared to the grafted control group
with vehicle treatment (47 � 17 cells/mm2) (Figs. 3a,
3b, and 4). All GAP-43-mRNA-expressing cells also
exhibited L1 mRNA expression (Fig. 3d). This is dem-
onstrated by the presence of double labeled cells with
Fast Red staining indicative of GAP-43 mRNA and
BM-purple indicative of L1 mRNA expression (see
Methods). However, TAG-1 mRNA was not detected
in RGCs of grafted retinae, neither in the vehicle-
injected control group nor in the verum-treated group.
This is shown in Fig. 3c by the presence of Fast Red-
labeled RGCs (GAP-43 mRNA) and by the absence of
BM-purple labeled cells (TAG-1 mRNA). The same
was true for SC-1 mRNA which could not be detected
at all (data not shown). The absence of TAG-1 in situ
hybridization signals from RGCs in grafted retinae
contrasts to RGCs in axotomized, nongrafted retinae
at 21 days after surgery, in which BDNF had led to an
elevation of TAG-1 mRNA expression in a subset of
RGCs (93 � 4 cells/mm2) (Fig. 5). S-PBN in combina-
tion with BDNF again counteracted the BDNF effect
on mRNA expression. The number of GAP-43 and L1
mRNA expressing RGCs fell to control levels (71 � 10
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cells/mm2) (Fig. 4). TAG-1 and SC-1 mRNAs were not
detected.

BDNF does not increase the number of RGCs regenerat-
ing an axon into the PN graft. Since BDNF had pro-
found effects on the expression of growth-associated
genes, we investigated whether BDNF would improve
axon regeneration of RGCs into the PN transplant.
Within 21 days, 43 � 12 RGCs/mm2 had elongated

their axons into the transplant in the untreated control
group. Intraocular BDNF injections did not result in a
significant increase in the number of axon-regenerat-
ing RGCs (47 � 4 cells/mm2). Likewise, systemic ad-
ministration of the free radical scavenger S-PBN did
not affect RGC regeneration (42 � 3 cells/mm2). Table
2 shows the retinal distribution of RGCs having re-
generated an axon into a PN transplant without any

FIG. 1. BDNF upregulates the expression of GAP-43, L1, and TAG-1 mRNAs in RGCs 14 days after ON transection. Representative
photographs of flat-mounted retinae at corresponding areas showing the expression of GAP-43 (a), L1 (b), and SC-1 (c) mRNAs in RGCs as
detected by in situ hybridization. No signal was observed for TAG-1 mRNA (d). Intraocular injections of BDNF led to an increase in the number
of RGCs expressing GAP-43 (e) and L1 (f) and to the detection of TAG-1 mRNA (h). The number of RGCs expressing SC-1 mRNA did not
change (g). Bar, 60 �m.
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additional treatment and after vehicle, BDNF, and
S-PBN treatment.

DISCUSSION

Besides its known survival promoting activity,
BDNF positively influences the transcription of the

growth-associated genes GAP-43, L1, and TAG-1 in
lesioned RGCs. This is shown here by an increase in
the number of GAP-43- and L1-mRNA-expressing
RGCs and by the appearance of TAG-1 mRNA in
RGCs which in the absence of BDNF do not exhibit
any detectable TAG-1 in situ hybridization signal.
While the BDNF-mediated effect on mRNA synthesis
might enlarge the population of RGCs with an intrin-
sic competence for axon elongation, it is, however, not
sufficient for successful axon regeneration into the PN
graft. The number of axon-regenerating RGCs re-
mained unchanged independent of BDNF or vehicle
treatment. Simultaneous administration of the free
radical scavenger S-PBN or the NOS-inhibitor
l-NAME, which on the one hand both improve BDNF
neuroprotection of axotomized RGCs, reduce on the
other hand the expression of the examined growth-
associated genes suggesting a role for NOS activity in
the BDNF effect on gene transcription. From these
results we conclude that RGC survival and regenera-
tion of RGC axons are two distinct conditions which
can be regulated independently.

BDNF treatment led to a threefold increase in RGCs
expressing GAP-43 and L1 mRNAs. This increase in
cell number could either reflect the survival-promot-
ing action of BDNF or an influence on gene transcrip-
tion. In the first case, the number of RGCs expressing
GAP-43 and L1 should represent a fixed percentage of
all surviving RGCs which would be held constant by
some other parameter, independent of the factor lead-
ing to cell survival. We found only a small increase in
the percentage of GAP-43 mRNA expressing RGCs
from 42 to 57%, which cannot clarify this question
unequivocally because lacking statistical significance.
However, the BDNF induced upregulation of TAG-1
mRNA which is not detectable in axotomized but
otherwise untreated or vehicle-treated RGCs, and the
observation that the absolute number of RGCs ex-
pressing SC-1 mRNA remained constant under BDNF
treatment favor the idea that BDNF acts as a regulator
of gene transcription in RGCs. In addition, the finding
by Fournier and co-workers that BDNF can upregulate
GAP-43 transcription in axotomized RGCs on the sin-
gle-cell level employing radioactively labeled in situ
probes (Fournier et al., 1997) argues against a mere
survival-promoting action of BDNF.

GAP-43 is probably the best characterized growth-
associated gene (Skene, 1989; Benowitz and Routten-
berg, 1997). Graft regeneration experiments and stud-
ies on GAP-43-overexpressing mice strongly suggest
that GAP-43 lowers the threshold for nerve sprouting
and potentiates its vigor (Aigner et al., 1995; Caroni,

FIG. 2. (a) The effect of BDNF on the mRNA expression of GAP-
43, L1, and TAG-1 in axotomized RGCs is reduced by S-PBN.
Quantification of RGCs expressing the respective mRNAs 14 days
after ON transection without treatment (axo w/o) and treated with
intraocular injections of vehicle or BDNF or with combined admin-
istration of BDNF and S-PBN. (b) Both S-PBN and l-NAME down-
regulate the expression of GAP-43, L1, TAG-1, and SC-1. Quantifi-
cation of RGCs expressing the respective mRNAs 14 days after ON
transection without treatment (axo w/o) and with systemic S-PBN
or l-NAME treatment. Data are given as mean RGC densities � SD
(n � 4 for each experimental group).
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1997). Our results support this hypothesis. The in-
crease in GAP-43-expressing RGCs upon BDNF appli-
cation correlates well with the BDNF induced increase
in intraretinal axonal branch length of RGCs as docu-
mented by Sawai et al. (1996). However, GAP-43 is
apparently not sufficient for long distance axon elon-
gation (Doster et al., 1991; Strittmatter et al., 1995;
Vaudano et al., 1995). GAP-43 expression in axoto-
mized RGCs occurs in the absence of a PN graft and
thus in the absence of effective axonal regeneration.
Moreover, while BDNF increased the number of

RGCs-expressing GAP-43 and L1, it did not increase
the number of RGCs growing an axon into the graft.
This observation is in good agreement with an earlier
study by Mansour-Robaey and co-workers (1994),
who studied axon regeneration of RGCs 6 weeks after
PN grafting and a single high-dose injection of BDNF.
However, these authors performed a second axotomy
to label axon-regenerating RGCs which could have
affected cell survival. Yet, by using prelabeled PN
grafts, which made a second lesion of regenerating
RGC axons unnecessary, we also found no rise in the

TABLE 1

Effects of BDNF on RGC Survival 14 Days after Optic Nerve Transection in the Adult Rat

One-sixth retinal radius Three-sixths retinal radius Five-sixths retinal radius Average

Axotomy only 403 � 33 394 � 86 292 � 101 363 � 43 (n � 3)
Vehicle 553 � 94 321 � 74 185 � 45 353 � 70 (n � 3)
BDNF 500 1307 � 104 1002 � 30 507 � 44 939 � 43* (n � 4)
BDNF 500 � S-PBN 100 1988 � 175 1624 � 167 868 � 74 1493 � 123* (n � 9)

Note. Data are given as mean RGC densities (cells/mm2) � SEM at one-sixth, one-half, and five-sixths of the retinal radius and averaged over
the radius. BDNF 500, intraocular injections of BDNF at a dose of 500 ng/injection on days 4, 7, and 10 after axotomy. Systemic administration
of the free radical scavenger S-PBN (100 mg/ml) potentiates BDNF mediated neuroprotection (Klöcker et al., 1998). For statistical analysis,
one-way ANOVA with Duncan’s post hoc test was used (*P � 0.05 compared to axotomy alone).

FIG. 3. BDNF upregulates the expression of GAP-43 and L1 mRNAs in RGCs 21 days after PN grafting. Representative photographs of
flat-mounted retinae at corresponding areas showing the expression of GAP-43 mRNA after vehicle treatment (a) and BDNF treatment (b) as
detected by in situ hybridization. GAP-43 mRNA expression (Fast Red) colocalized with L1 mRNA expression (BM-purple) (d), but neither with
TAG-1 (BM-purple) (c) nor with SC-1 mRNA expression (data not shown). Bar, 30 �m.
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number of axon regenerating RGCs in BDNF treated
versus untreated animals. This leaves the question
open which parameters account for axon regeneration
in the few RGCs that do it.

L1 is a cell adhesion molecule of the IgSF whose
expression in the CNS is restricted to postmitotic neu-
rons and temporally correlated with neuronal matu-
ration, migration and neurite extension (Daniloff et al.,
1986; Linnemann et al., 1988). In our previous study,
we found that L1 mRNA expression persists in a sub-
population of RGCs also in the adult rat retina (Jung et
al., 1997). Fourteen days after ON transection the ab-
solute number of L1-expressing RGCs had declined
and was now identical with the population of surviv-
ing RGCs. Here we show that all RGCs which are
protected by BDNF after axotomy contained L1
mRNA. This suggests that L1 may be a survival
marker of axotomized RGCs. However, the free radi-
cal scavenger S-PBN, as discussed below, downregu-
lated its expression while at the same time BDNF-
mediated cell survival is increased (Klöcker et al.,
1998).

As for L1, the expression of the axonal glycoprotein
TAG-1 reaches a maximum during neurite outgrowth
in early development (Yamamoto et al., 1986; Dodd
and Jessell, 1988; Furley et al., 1990). In rat RGCs, its

expression persists into adulthood but is downregu-
lated directly after axonal lesion (Jung et al., 1997). It
has been suggested that CNS neurons, in contrast to
the PNS, are not capable of reexpressing TAG-1 (Kara-
gogeos et al., 1991). Our results show that BDNF treat-
ment can upregulate TAG-1 mRNA expression in le-
sioned CNS neurons in vivo. TAG-1 protein is attached
to the axonal membrane via a glycosyl phosphatidyl-
inositol linkage and can be released into the extracel-
lular space. It can there function as a substrate adhe-
sion molecule interacting either homophilically or het-
erophilically with L1 (Felsenfeld et al., 1994; Malhotra
et al., 1998). Thus, RGCs which upregulate TAG-1 after
BDNF treatment might get engaged in a broader range
of interactions which in turn may improve the condi-
tions for axon regeneration. Surprisingly, however,
the BDNF effect on TAG-1 mRNA expression was not
observed when RGCs were offered a PN graft. One
could speculate that some factor originating from
within the PN graft downregulates TAG-1 expression
and makes it dispensible. Alternatively, the down-
regulation of TAG-1 expression in grafted retinae oc-
curs in exchange with upregulation of another CAM
as a mechanism by which RGCs adapt to a changing
environment, from CNS tissue within the retina to
PNS tissue in the graft. Commissural axons in the
developing spinal cord, for instance, switch from
TAG-1 to L1 expression as they cross the floor plate
(Dodd and Jessell, 1988).

FIG. 5. Upregulation of TAG-1 mRNA expression by BDNF per-
sists up to 21 days after ON transection. Quantification of RGCs
expressing TAG-1 and SC-1 mRNAs without treatment (axo w/o)
or with BDNF treatment 14 and 21 days after axotomy. Data are
given as mean RGC densities � SD (n � 4 for each experimental
group).

FIG. 4. Quantification of RGCs expressing GAP-43, L1,
TAG-1, and SC-1 mRNAs 21 days after PN grafting treated with
vehicle, BDNF, or with a combination of BDNF and S-PBN. BDNF
led to a threefold increase in the number of GAP-43 and L1 mRNA-
expressing RGCs, whereas simultaneous administration of S-PBN
attenuated this effect to control levels. TAG-1 and SC-1 mRNA
expression was not observed independent of the treatment. Data are
given as mean RGC densities � SD (n � 4 for each experimental
group).
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Systemic application of the free radical scavenger
S-PBN potentiated BDNF-mediated neuroprotection
on axotomized RGCs in our previous study (Klöcker et
al., 1998). Intriguingly, this combined treatment did
not enlarge but diminished the number of RGCs ex-
pressing GAP-43 and L1. Moreover, TAG-1 and SC-1
mRNAs could not be detected at all. As a single treat-
ment, S-PBN does not affect cell survival at all
(Klöcker et al., 1998), but suppressed GAP-43 and L1
expression when compared to the axotomized but
otherwise untreated controls. Nitrone-based spin trap
molecules such as S-PBN have proved to be neuropro-
tective in animal models of excitotoxic CNS lesions
(Schulz and Beal, 1995; Schulz et al., 1995; Kuroda et
al., 1996). Their precise mode of action has not yet been
elucidated. Growing evidence suggests that, in addi-
tion to scavenging free radicals, nitrones can regulate
gene transcription (Hensley et al., 1997). However,
since the specific NOS inhibitor l-NAME mimicked
the suppressive effects of S-PBN, we assume that S-
PBN does not directly reduce the expression of the
examined mRNAs, but that a reduction of free NO in
the retina achieved by S-PBN or l-NAME might ac-
count for this effect. Our previous study has shown
that both ON transection alone and to an even greater
extent additional intraocular injection of BDNF in-
crease retinal NOS activity (Klöcker et al., 1999). In the
present study, we demonstrate that NOS inhibition
downregulates growth-associated gene transcription
in axotomized but otherwise untreated or BDNF-
treated RGCs. This offers the hypothesis that NO
could mediate the effects of axotomy and BDNF on
gene transcription in RGCs. Such view is consistent
with studies that implicate NO in the transcriptional
control of immediate early gene expression in various
cell types (Nathan and Xie, 1994).

It is noteworthy that NO can activate two major
pathways of BDNF signal transduction, the phos-
phatidylinositol-3�-kinase (PI-3-K)/protein kinase B

(PKB) and the Ras/mitogen-activated protein kinase
(MAPK) pathway, the latter leading eventually to
gene transcription (Lander et al., 1995; Deora et al.,
1998). Thus, BDNF might amplify its signaling in a
feed forward loop by increasing retinal NOS activity.
Though we cannot completely exclude that the reduc-
tion in the number of mRNA-expressing RGCs under
S-PBN or l-NAME treatment simply adds to the ef-
fects of ON transection or BDNF treatment, it is tempt-
ing to speculate that these agents functionally antag-
onize gene expression elicited by axonal lesion or
BDNF treatment via inhibiting the synthesis of NO.

Our results do not only suggest a molecular mech-
anism underlying BDNF-induced transcriptional reg-
ulation of growth-associated genes, but also demon-
strate that in lesioned CNS neurons, survival and their
competence to regenerate an axon are two distinct
conditions. The reduction of NOS activity significantly
potentiates BDNF-mediated survival of axotomized
RGCs (Klöcker et al., 1998, 1999), but at the same time
it downregulates the transcription of growth-associ-
ated genes as shown in the present study. This has
profound consequences for the development of phar-
macological treatment strategies in CNS lesions. Al-
though preventing secondary neuronal cell loss is
doubtless a prerequisite for promoting axonal regen-
eration, our data demonstrate that these two therapeu-
tic goals are not equivalent. Dissection of the signal
transduction pathways which lead to either response
will be necessary to design combinatory treatment
regimens that promote neuronal survival and stimu-
late axon regrowth at the same time.
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TABLE 2

BDNF Does Not Improve Long-Distance Axon Regeneration of Axotomized RGC 21 Days after PN Grafting

One-sixths retinal radius Three-sixths retinal radius Five-sixths retinal radius Average

Graft only 56 � 15 40 � 6 33 � 8 43 � 9 (n � 3)
Vehicle 59 � 7 42 � 5 25 � 3 42 � 4 (n � 3)
BDNF 500 56 � 1 47 � 3 39 � 7 47 � 3 (n � 4)
S-PBN 100 57 � 5 40 � 3 30 � 4 42 � 3 (n � 3)

Note. Data are given as mean densities (cells/mm2) � SEM of retrogradely labeled RGCs at one-sixth, one-half, and five-sixths of the retinal
radius and averaged over the radius. BDNF 500, intraocular injections of BDNF at a dose of 500 ng/injection on days 4, 8, 12, and 16 after
axotomy and grafting. S-PBN 100, systemic administration of S-PBN (100 mg/ml) twice daily.
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Hirsch, S., & Bähr, M. (1999) Immunocytochemical characterization
of reactive optic nerve astrocytes and meningeal cells. Glia 26,
36–46.

Jelsma, T. N., Friedman, H. H., Berkelaar, M., Bray, G. M., &
Aguayo, A. J. (1993) Different forms of the neurotrophin receptor
trkB mRNA predominate in rat retina and optic nerve. J. Neuro-
biol. 24, 1207–1214.

Jo, S. A., Wang, E., & Benowitz, L. I. (1999) Ciliary neurotrophic
factor is an axogenesis factor for retinal ganglion cells. Neuro-
science 89, 579–591.

Johnson, J. E., Barde, Y. A., Schwab, M., & Thoenen, H. (1986)
Brain-derived neurotrophic factor supports the survival of cul-
tured rat retinal ganglion cells. J. Neurosci. 6, 3031–3038.

Jung, M., Petrausch, B., & Stuermer, C. A. (1997) Axon-regenerating
retinal ganglion cells in adult rats synthesize the cell adhesion
molecule L1 but not TAG-1 or SC-1. Mol. Cell. Neurosci. 9, 116–131.

Kapfhammer, J. P., Christ, F., & Schwab, M. E. (1994) The expression
of GAP-43 and synaptophysin in the developing rat retina. Brain.
Res. Dev. Brain. Res. 80, 251–260.

Karagogeos, D., Morton, S. B., Casano, F., Dodd, J., & Jessell, T. M.
(1991) Developmental expression of the axonal glycoprotein
TAG-1: Differential regulation by central and peripheral neurons
in vitro. Development 112, 51–67.
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Klöcker, N., Kermer, P., Gleichmann, M., Weller, M., & Bähr, M.
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