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Following Optic Nerve Lesion Is Related

to Axonal Sprouting

Thomas Herdegen, ' * Martin Bastmeyer,? Mathias Béhr,® Claudia Stuermer,?

Rodrigo Bravo,? and Manfred Zimmermann

'Il. Physiologisches Institut, Universitat Heidelberg, im Neuenheimer Feld 326, 6900 Heidelberg,
Germany, ?TFachbereich fur Biologie, Universitat Konstanz, 7750 Konstanz, Germany, *Max-Planck-
Institut fur Entwicklungsbiologie and Neurologische Universitatsklinik, Hoppe-Seyler Strasse 3, 7400
Tubingen, Germany, and *Department of Molecular Biology, Bristol-Myers Squibb Pharmaceutical

Research Institute, Princeton, NJ, 08543-4000

SUMMARY

Goldfish and rat optic nerves were cut and crushed, re-
spectively, and the expression of the transcription factor
proteins ¢-JUN, JUN B, JUN D, ¢-FOS, FOS B,
KROX-24, and CREB was investigated in retinal gan-
glion cells (RGCs) by immunocytochemistry. Immunore-
activities (IRs) were followed up to 350 days in the gold-
fish and up to 22 days in the rat. In RGCs of untreated
goldfish and rats, all JUN, FOS, and KROX proteins
were absent whereas CREB was constitutively ex-
pressed. After optic nerve cut in goldfish, a JUN-like
immunoreactivity (JUN-IR) appeared in a small number
of RGCs of central retina after 24 h, reached a maximum
within 5 days, declined after 30 days, and was on a half-
maximal level after 50 days. Between 100 and 200 days,
JUN-IR was only visible in a few RGCs and was com-
pletely absent after 350 days. Specific antibodies against
¢-JUN, JUN B, and JUN D gave no distinct immunore-
active signal. Thus, we could not determine which
meimber of the JUN family contributed to the JUN-IR.
The expression of CREB declined after 5 days. The num-
ber of CREB-labeled RGCs was reduced (not signifi-

cant) and the intensity of labeling faded out. After 50
days, CREB-IR had returned to basal level. c-FOS, FOS
B, and KROX-24 could not be detected in goldfish RGCs
following optic nerve cut. After optic nerve crush in the
rat, c-JUN, JUN D, and KROX-24 appeared in a sub-
stantial number of RGCs after 24 h, had a maximal ex-
pression after 5 days, and strongly declined after 8 days.
¢-JUN and KROX-24 were completely absent after 22
days whereas JUN D was still present in a few rat RGCs.
The number of CREB-labeled RGCs decreased after 5
days and had declined by 50% after 22 days. Expression
of JUN B, ¢-FOS, FOS B could not be detected in rat
RGCs after optic nerve crush. Our data demonstrate that
the decrease of CREB and the increase of JUN and
KROX-24 transcription factors precedes and parallels
both the alteration of de novo protein synthesis and the
axonal sprouting, which are long lasting in goldfish and
transient in rat. © 1993 John Wiley & Sons, Inc.
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INTRODUCTION

Lesions of nerve fibers evoke complex changes in
the protein synthesis of damaged neurons (re-
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viewed by Grafstein, 1986; Skene, 1989; Fawcett,
1992). However, the transcriptional processes that
initiate and control the synthesis of regeneration-
associated effector proteins have yet to be eluci-
dated. Recently, the expression ot c-JUN (Ryseci(,
Hirai, Yaniv, and Bravo, 1988) and JUN D (Hirai,
Ryseck, Mechta, Bravo, and Yaniv, 1989) tran-
scription factors was observed in axotomized neu
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rons following lesions of peripheral nerve fibers
(Herdegen, Kummer, Fiallos, Leah, and Bravo,
1991b; Leah, Herdegen, Kovary, and Bravo, 1991;
Jenkins and Hunt, 1991; Herdegen, Fiallos,
Schmid, Bravo, and Zimmerman, 1992b). In ad-
dition, a decrease of expression of CREB transcrip-
tion factor (also termed CREBP-1; Gonzalez, Ya-
mamoto, Fischer, Karr, Menzel, Biggs, Vale, and
Montminy, 1989) was seen in axotomized moto-
neurons (Herdegen et al., 1992b). The CREB pro-
tein holds a superior position in the hierarchy of
transcriptional operations by controlling the ex-
pression of genes encoding for inducible transcrip-
tion factors such as c-jun and c-fos (Macgregor,
Abate, and Curran, 1990; Lamph, Dwarki, Ofir,
Montminy, and Verma, 1991; Sheng, McFadden,
and Greenberg, 1991).

In the present study, we investigated the expres-
sion of c-JUN, JUN B, JUN D, ¢c-FOS, FOS B, and
KROX-24 (also termed NGFI-A, Egr-1, Zif/268)
and CREB proteins in retinal ganglion cells
(RGCs) of goldfish and rats following optic nerve
lesion. RGCs of rats and goldfish differ in their po-
tency for regeneration. In the goldfish, transection
of the optic nerve (ON) is followed by extensive
sprouting and functional reestablishment of the
neuron-target axis (Meyer, 1980; Schmidt, Ed-
wards, and Stuermer, 1983; Stuermer and Easter,
1984; Stuermer, Bastmeyer, Bihr, Strobel, and
Paschke, 1992). In contrast, axotomized rat RGCs
undergo degeneration and neuronal cell death after
a short sprouting response (Misantone, Gersh-
baum, and Murray, 1984; Barron, Dentinger, Kro-
hel, Easton, and Mankes, 1986; Villegas-Perez, Vi-
dal-Sanz, Bray, and Aguayo, 1988; Bihr, 1991).
The present study was designed to provide new in-
sights into the transcriptional mechanisms that
might underly the different regenerative responses
of rat and goldfish RGCs following optic nerve le-
sions. : :

METHODS

ON Lesions

The ONs of adult goldfish (8—10 cm long) were cut on
both sides under MS-222 anesthesia. After survival times
of 24, 36, and 48 h, 5, 10, 15, 30, 50, 100, 200, and 350
days (each n = 2), goldfish were reanesthetized and eyes
were dissected. In two goldfish, the ON was only unilater-
ally crushed and both the crushed and intact eyes were
dissected after 5 days. In female Lewis rats (200-330 g),
the left ON was intraorbitally crushed under deep anes-
thesia (chloral hydrate, 0.42 mg/kg, IP). After survival
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times of 24 and 48 h, 5, 8, 14, and 22 days (each n = 2),
rats were reanesthetized and transcardially perfused by
4% paraformaldehyde and eyes were removed. The reti-
nae of rats and goldfish were postfixed overnight in the
same fixative and cryoprotected in 30% sucrose for fur-
ther 48 h.

Immunocytochemistry

Twenty-micrometer cryostat sections of rat and goldfish
retinae were sagitally cut and processed for immunocyto-
chemistry and immunofluorescence on gelatine-coated
slides. Sections were preincubated with goat serum for |
h, incubated for 36 h with polyclonal anti-c-JUN (607/3
1:1000 and 636/3 1:8000), anti-JUN B (1:2000), anti-
JUN D (1:5000), anti-c-FOS (1:5000), anti-FOS B
(1:1000), anti-KROX-24 (1:5000), and anti-CREB
(1:2000) rabbit antisera and visualized by the avidin-
biotin complex method ( Vector Lab., Burlingame, CA). -
The specificity of these antibodies has been determined
in vitro (Boshart, Weih, Nichols, Schiitz, 1991; Kovary
and Bravo, 1991) and in vivo (Herdegen, Kovary, Leah,
and Bravo, 1991a; Herdegen et al., 1992b). The anti-
body against CREB was a generous gift of Dr. W. Schmid
(German Cancer Research Center, Heidelberg).

In some experiments, goldfish and rat retinae were
double labeled with the polyclonal anti-c-JUN anti-
serum (636/3) and a monoclonal antibody against neu-
rofilament (SMI-31, Sternberger and Meyer, Inc.) to
identify RGCs. Sections were first treated with methanol
(—20°C, 5 min), washed in phosphate-buffered saline,
and incubated with anti-c-JUN (1:1000) and SMI-31
(1:1000) simultaneously for 2 h. Primary antibodies
were visualized by FITC-coupled goat antirabbit and
rhodamine-coupled goat antimouse antibodies (1:200,
Dianova). Some sections were counterstained using
DAPI, a general marker of DNA.

Statistics

In each animal, immunoreactive RGCs were counted in
three sagittal sections of the retina that contained the
ON. The numbers were averaged and means (+SD) were
calculated for each protein and each time point. Signifi-
cances were calculated by Student’s t-test (p < 0.05).

RESULTS

Identification of Retinal Ganglion Cells in
Goldfish and Rats

In the retina layer of goldfish and rats, the nuclei
labeled by JUN, KROX-24, and CREB could be
distinctly identified as RGCs. Staining of nuclei by
DAPI showed that the distribution of labeled
RGCs was congruent with the distribution of large-
diameter nuclei labeled by DAPI [Figs. 1{A-D)].
The morphologically characteristic distribution of
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labeled nuclei within the RGC layer showed a tan-
gential orientation typical for RGCs. Double label-
ing by ¢-JUN and neurofilament that selectively
marks RGCs in the retina ganglion cell layer gave a
perfect colocalization for both proteins (not
shown).

Expression in Goldfish Retinae

JUN. The JUN-like immunoreactivity (JUN-IR)
in goldfish RGCs was evoked by an anti-c-JUN
antibody (code 636/3) that recognized in vitro all
three JUN proteins (c-JUN, JUN B, and JUN D)
(Kovary and Bravo, 1991). Specific antibodies
against c-JUN, JUN B, and JUN D gave no dis-
tinct nuclear IR in goldfish RGCs. In the retinae of
untreated goldfish, no JUN immunoreactivity
could be detected. Twenty-four hours following
ON crush, JUN-IR appeared in RGC nuclei of the
central region of retina [ Figs. 2(A,B), 3]. After 48
h, JUN-IR became also visible in the peripheral
RGCs and reached a maximum after 5 days for

A

Figure 1 Double-labeling of c-JUN-IR (A, B) and DAPI (C, D) in retinae of goldfish (A, C)
and rats (B, D) 3 days following optic nerve lesions. c-JUN-IR is restricted to the RGC layer.
Comparison with DAPI demonstrates that c-JUN-IR is confined to large-diameter nuclei
(arrowheads) whereas c-JUN-IR is absent in small-diameter nuclei labeled by DAPI (arrows).
In rat RGCs (B, D), not all large-diameter cells are labeled by c-JUN because at 3 days
¢c-JUN-IR has not reached its maximal.expression. Magnification, 600X,

both the number of labeled RGC nuclei [301 + 48
¢/s (cells per section )] and the intensity of labeling
[Figs. 2(C,D) 3]. This maximal expression per-
sisted up to 20 days. After 30 days, the number of
JUN-labeled RGCs started to decline [Fig. 2(E)]
and after 50 days the labeled RGCs had decreased
by around 50% [Fig. 2(F)]. Between 100 and 200
days, only a few labeled RGCs could be found [ Fig.
2(G)]. At the end of the observation period, 350
days, JUN-IR was completely absent [Figs. 2(H)
and 3]. Double labeling with DAPI and ¢c-JUN
demonstrated that all large-diameter nuclei were
labeled by JUN-IR following ON cut [Figs.
1(A,C)].

c-FOS, FOS B, KROX-24. We could not detect a
nuclear labeling for ¢-FOS, FOS B, and KROX-24
in untreated goldfish and following ON lesion.

CREB. The CREB protein was constitutively ex-
pressed in RGCs, including those of peripheral ret-
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Figure 2 JUN-IR in goldfish RGCs following optic nerve cut. After 36 h, expression in
central {A) and absence in peripheral retina (B); after 5 days, maximal expression in central
(C) and peripheral retina (D) ; decline of JUN-IR after 35 days(E), 50 days(F), 100 days(G),
and 350 days (H). Arrowheads mark labeled nuclei in RGC layer. Magnification, S00X.

ina (329 + 61 c¢/s), and cells of the inner nuclear
layer (INL) [Fig. 3, 4(A,B)]. CREB-labeled RGCs
were homogenously distributed within the RGC
layer. Changes in CREB-IR were visible between

48 h and 30 days. During this period, the intensity
of labeling was diminished and the number of la-
beled RGCs was nonsignificantly reduced (234
+49 ¢/s) [Fig. 4(C-F)]. After 50 days, CREB-IR



532

Labelled RGC/20pm

L00

300: : CREB

200:

100: \
ot 6 1 15 2 5 15 30 50 100 200 350 ¥°

Figure 3 Time course of RGCs labeled by JUN (@) and CREB (O) in the goldfish following
optic nerve cut. The numbers give mean + SD from three sections, each of two goldfish.

of RGCs had recovered to the level of basal expres-
sion [Figs. 4(E,F)]. After 100 days, the number of
labeled RGCs but not the intensity of CREB-IR
decreased again and recovered to subbasal levels at
350 days [Figs. 3, 4(G,H)]. "
Immunoreactivities of JUN and CREB did not
change in RGCs of the contralateral untreated eye.

Expression in the Rat Retina

¢-JUN. In the rat, c-JUN-IR was detected by the
specific anti-c-JUN antibody (607 /3 ) and the non-
specific anti-c-JUN antibody (636/3), which
evoked a congruent pattern of immunoreactivity.
In the retinae of untreated rats, c-JUN was not de-
tectable. Within 24 h following ON cut, c-JUN was
expressed in RGCs but expression of ¢c-JUN was
not visible in the peripheral part of the retina [ Figs.
5(A,B) and 6(A)]. After 5 days, ¢c-JUN had a
maximum for intensity of labeling and number of
labeled RGCs in the entire retina (254 + 38 c¢/s)
[Fig. 5(C)]. After 8 days, the number of RGCs
labeled by ¢c-JUN was significantly reduced and
was completely absent in rat RGCs after 22 days
[Figs. 5(D) and 6(A)]. Double labeling with
DAPI showed that c-JUN-immunoreactive nuclei
were large-diameter nuclei, but not all large-diame-
ter nuclei were labeled by ¢-JUN [Figs. 1(B,D)].

JUN D. JUN D was detectable only in few RGCs
of untreated rats [Figs. 6(A) and 8(A)]. Expres-
sion of JUN D increased within 24 h, reached its
maximum after 5 days (219 + 34 ¢/s), and de-
clined after 8 days [Figs. 8(B,C)]. After 22 days,
JUN D was still present in numerous cells [ Figs.
6(B)and 8(D)]. JUN D-IR was also visible in the
INL. The pattern of JUN D-IR differed from that
of ¢-JUN-IR: JUN D-IR, but not c-JUN, was de-
tected in RGCs of untreated rats and after 22 days
following ON crush; further, JUN D-IR was visible
in INL.

KROX-24. Crush of the ON also induced the ex-
pression of KROX-24 in a small number of rat
RGCs [Fig. 9(A)]. KROX-24 appeared after48 h,
had a maximum after 5 days (15 +9¢/s), and was
no longer visible after. 14 days [Figs. 6(B),
9(A,B)].

JUN B, ¢-FOS, and FOS B. We could not detect
expression of JUN B, ¢-FOS, and FOS B in RGCs
of untreated rats and following ON cut.

CREB. CREB was constitutively expressed in
RGCs of untreated rats (281 £ 52 ¢/s) [Figs. 6(A),
7(A)]. CREB-IR declined after 2 days. After 8 and
22 days, the number of labeled RGCs decreased by
44 and 56%, respectively [Figs. 7(B-D)].



Figure 4 CREB-IR in the goldfish. Constitutive expression of CREB in central (A) and
peripheral (B) retinae of untreated goldfish. Five days following optic nerve cut, CREB-IR is
decreased in central (C) and peripheral (D) retinae; after 50 days, CREB-IR had returned to
basal levels in central (E) and peripheral (F) retinae; CREB-IR after 100 days (G) and 350
days (H) in central retinae. Arrowheads mark labeled nuclei in RGC layer; arrows mark the
INL. Magnification, S00X.
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Figure 5 c-JUN-IR in rat RGCs following optic nerve crush. After 24 h, c-JUN is visible in
central (A) but not in peripheral (B) retinae. Maximal c-JUN-IR after 5 days (C). Decreased
c-JUN-IR after 8 days (D). Arrowheads mark labeled nuclei in RGC layer. Magnification,
600X.

The immunoreactivities of ¢-JUN, JUN D, and
CREB did not change in RGCs of the contralateral
untreated eye.

DISCUSSION

In two animal species with different potentials for
axon growth, the goldfish and rat, the expression of
transcription factor proteins ¢-JUN, JUN B, JUN
D, ¢-FOS, FOS B, KROX-24, and CREB was in-
vestigated in RGCs following ON lesions. We have
reported a long-lasting JUN-IR in goldfish RGCs
and a transient expression of ¢c-JUN, JUN D, and
KROX-24 in rat RGCs. In contrast to the immedi-
ate-early gene-encoded proteins, CREB was ba-
sally expressed and decreased following ON le-
sions. JUN B, ¢-FOS, and FOS B were not detect-
able. The labeled cells could be identified as RGCs.

JUN, FOS, and KROX-24 proteins belong to
the group of IEG-encoded nuclear transcription
factors (reviewed by Bravo, 1991). These proteins
are selectively and/or commonly activated by
transmembrane stimuli and are expressed in an in-
dividual temporospatial order (Almendral, Som-
mer, MacDonald-Bravo, Burckhard, Perera, and

Bravo, 1988; Bartel, Sheng, Lau, and Greenberg,
1989; Sonnenberg, Macgregor-Leon, Curran, and
Morgan, 1989a; Gass, Herdegen, Kiessling, and
Bravo, 1992; Herdegen et al., 1991a; Herdegen,
Leah, Manisali, Bravo, and Zimmerman, 1991c;
Kovary and Bravo, 1991). IEG-encoded nuclear
transcription factors are supposed to translate the
extracellular stimulation into an adaptive alter-
ation of cellular protein synthesis. JUN and FOS
proteins have been shown in vitro to be involved
in the transcription control of the NGF gene,
proenkephalin, and prodynophin (Sonnenberg,
Rauscher III, Morgan, and Curran, 1989b; Hen-
gerer, Lindholm, Heumann, Riither, Wagner, and
Thoenen, 1990; Naranjo, Mellstrom, Achaval, and
Sassone-Corsi, 1991). CREB represents a constitu-
tively expressed transcription factor that is acti-
vated by phosphorylation (Gonzalez et al., 1989)
and controls the transcription of both IEGs and
effector genes (Goodman, 1990; Lamph et al,,
1990; Sheng et al., 1990).

Transcription Factors in Goldfish RGCs

Antibodies that in vitro specifically react with indi-
vidual JUN proteins (¢-JUN, JUN B, or JUN D)
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Figure 6 Time course of rat RGCs labeled by c-JUN (@) and CREB (O) (A) and by JUN D
(®) and KROX-24 (O) (B) following optic nerve crush. The numbers gives mean + SD from

three sections, each of two rats.

gave no immunoreactive signal in goldfish retinae.
JUN-IR was evoked by an antibody (code 636/3)
that in vitro cross-reacts with all three JUN pro-
teins (Kovary and Bravo, 1991). In many investi-
gations of rat nervous tissue, we have found that

this antibody (code 636/3) and a specific c-JUN
antibody (code 607/3) evoked a similar pattern of
immunoreactivity (Herdegen et al., 1991¢; Gass et
al., 1992). Because of its relatively low affinity, the
specific anti-c-JUN antibody may not react with
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Figure 7 CREB-IR in the rat RGC layer. In untreated rats (A), after 5 days (B), 8 days (C),
and 22 days (D) following optic nerve crush. Arrowheads mark labeled nuclei in RGC layer;
arrows mark labeled nuclei in INL. Magnification, 600X.

the goldfish c-JUN antigen. No data are available
about the structure of JUN proteins in fish and
which may not be completely homologous to
mammalian JUN proteins.

In untreated goldfish, JUN-IR was absent in
RGCs of central and, interestingly, peripheral reti-
nae. Peripheral RGCs are ontogenetically young
and form new optic nerve axons in the ongoing
growing retina (Johns and Easter, 1977). Twenty-
four hours following ON cut, JUN-IR appeared in
RGCs of central but not peripheral retinae. This
could be due to the shorter ON stump of central
RGCs compared to that of peripheral RGCs with
subsequent shorter latency of axonal signal transfer
after ON lesion. On the other hand, the short ON
stump of central RGCs may provide only a re-
stricted amount of trophic factors compared to the
longer ON stump of peripheral RGCs, which could
result in a faster and more intense cell body re-
sponse with an enhanced expression of JUN. Simi-
larly, ventral rhizotomy of the rat sciatic nerve
evokes a much more intense c-JUN expression in
axotomized motoneurons compared to peripheral
sciatic nerve transection (Leah et al., 1991). The
early appearance of transcription factors such as
JUN proteins could contribute to the more rapid

axonal regeneration of the ontogenetically older
RGCs of central retina compared to the young
RGCs of peripheral retina (Lowenger and Levine,
1988). In fish, peripheral RGCs are sensitive to
axotomy, similar to young mammalian neurons
(Lieberman, 1974; Allcut, Berry, and Sievers,
1984), e.g., ON lesion causes a cessation of mitotic
activity at the retinal margin for several days in the
goldfish (Keefe, 1973) and axotomized RGCs of
juvenile zebrafish do not regenerate their axons
(Kuschel and Stuermer, 1988). These findings
may contribute to and are reflected by the delayed
JUN expression in peripheral RGCs. Unlesioned
peripheral RGCs could become coupled to axoto-
mized RGCs, e.g., by activated glial cells (Bihr and
Schlosshauer, 1989), with subsequent expression
of JUN.

The onset of JUN-IR preceded and paralleled
the observed changes of RNA and protein synthe-
sis due to axotomy. Increase of RNA synthesis, in-
corporation of [3H]uridine, and enlargement of
nucleolar mass have been discriminated at the
third day (Murray, 1973; Murray and Grafstein,
1969; Dokas, Kohsaka, Burrell, and Agranoff,
1981; McQuarrie and Grafstein, 1982b). Also, the
significant increase in amino acid incorporation
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Figure 8 JUN D-IR in the rat RGC layer. In untreated rats (A), increase after 48 h (B),
maximal expression after 5 days (C), and decrease after 22 days (D) following optic nerve
crush. Arrowheads mark labeled nuclei in RGC layer; arrows mark labeled nuclel in INL.

Magnification, 600X.

into proteins and increase in protein synthesis do
not start before 3—-4 days (Murray and Grafstein,
1969; Whitnall and Grafstein, 1983; Barron,
McGuiness, Misantone, Zanakis, Grafstein, and
Murray, 1985). Within 5 days following ON le-
sion, JUN-IR has reached its maximum with re-
gard to both the number of labeled RGCs and the
intensity of labeling in individual RGCs. The peak
of JUN-IR also precedes and parallels the peak of

protein synthesis, which is between 14 and 20 days.
JUN-IR declines after 30 days at parallel to the
decrease of protein synthesis (Murray and Graf-
stein, 1969; McQuarrie and Grafstein, 1982a;
Grafstein et al., 1987; Larrivee and Grafstein,
1989) and total amount of axonally transported
proteins ( Heacock and Agranoff, 1982; Perry, Bur-
meister, and Grafstein, 1987; Perry, Burmeister,
and Grafstein, 1990). In the fifth week postaxot-

crush. Arrowheads mark labeled nuclei in RGC layer. Magnification, 600X.
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omy, the regenerating axons have extended over
the whole of the optic tectum with development of
synaptic effectiveness (Meyer, 1980; Schmidt et
al.,, 1983; Stuermer and Easter, 1984; Stuermer,
1988). During this time, the number of JUN-posi-
tive RGCs had declined by around 30%, and the
amount of proteins of slow axonal transport was
also reduced (Larrivee and Grafstein, 1989). JUN-
IR was still visible in some scattered cells after 100
days, when the metabolic and functional changes
have been reverted to normal (Burmeister and
Grafstein, 1985) apart from some defined events
such as fine remodeling of synaptogenesis
(Stuermer and Easter, 1984 ) and elevated expres-
sion of N-CAM protein (Bastmeyer et al., 1990).

The CREB transcription factor was present in
apparently all RGCs and neurons of INL in un-
treated goldfish. Following ON lesion, the number
of RGCs labeled by CREB and the intensity of la-
beling were reduced between 5 and 30 days. This
decrease of CREB expression paralleled the period
of maximal cell body response and maximal JUN-
IR. The constitutive expression and the decrease of
CREB expression due to axotomy has also been
observed in rat neurons (Gonzalez et al., 1989;
Herdegen et al., 1992b). Following unilateral ON
cut, JUN-IR remained absent and CREB-IR re-
mained unchanged in RGCs of the intact eye,
where the protein synthesis is not affected
(McQuarrie and Grafstein, 1982).

Transcription Factors in Axotomized Rat
RGCs

Specific anti-c-JUN (code 607/3) and anti-JUN D
antibodies gave distinct and different nuclear sig-
nals in rat RGCs. JUN D-IR was visible in RGCs
of untreated rats and in RGCs of the late postaxot-
omy period, as well as in nuclei of the inner nuclear
layer, whereas c-JUN-IR was absent in RGCs of
untreated rats and in the late postaxotomy period.
The pattern of CREB-IR in the rat retina was simi-
lar to that of the goldfish retina. In both species,
CREB was constitutively expressed in RGCs and
INL. Following ON lesion, JUN proteins were
faster expressed in rat RGCs compared to goldfish
RGCs. This rapid onset could be related to rapid
reactive glial responses that precede and possibly
mediate the RGC responses to axotomy (Béhr and
Schlosshauer, 1989; Bihr, 1991; Carmignoto, Co-
melli, Candeo, Cavicchioli, Yan, Merighi, and
Maffei, 1991). ON crush also induced KROX-24
in rat RGCs with a delayed onset compared to c-

JUN expression. Recently, a delayed expression of
KROX-24 was also observed in axotomized neu-
rons following transection of rat central nerve fiber
tracts (Herdegen, Brecht, Bravo, and Zimmerman,
1992a). In contrast, peripheral nerve transection
does not induce KROX-24 (Herdegen et al.,
1992b). The maximal expression of JUN and
KROX-24 proteins was seen after 5 days, followed
by a rapid decline. Expression of JUN and KROX-
24 proteins preceded the changes in protein synthe-
sis and RNA turnover in rat RGCs such as increase
of GAP-43 (Doster, Lozano, Aguayo, and Willard,
1991), decrease of mRNA (Barron et al., 1985),
and selective decrease of the proteins of the slow
axonal transport (McKerracher, Vidal-Sanz, Essa-
gian, and Aguayo, 1990; McKerracher and Hirsch-
eimer, 1992). The temporal pattern of transient
expression of JUN and KROX-24 proteins fairly
corresponds to the abortion of initial sprouting re-
sponse of injured ON axons after 5 days (Bidhr et
al., 1988; Bahr and Bunge, 1990; Bihr, 1991). The
abortion of axonal sprouting is followed by death
of RGCs starting after 1 week (Richardson, Issa,
and Shemie, 1982; Barron et al., 1986; Villegas-
Perez et al., 1988). However, the strong decrease of
¢-JUN, JUN D, and KROX-24 expression is not
merely the consequence of the RGC death because
the CREB-IR in the RGC layer indicates the viabil-
ity of many RGCs. Similar to goldfish, CREB-IR
was also reduced in rat RGCs following ON lesion.
We have not investigated to what extent this de-
crease of CREB is an intrinsic reaction to axotomy
and/or due to RGC death.

Molecular Genetic Effects of
Transcription Factor Expression

Axotomy evokes a selective expression of JUN
proteins whereas FOS proteins are not expressed
(Sharp, Griffith, Gonzalez, and Sagar, 1989; Leah
etal., 1991; Herdegen et al., 1992b). This observa-
tion raises the question of how JUN proteins exert
their function in the absence of FOS proteins be-
cause FOS proteins strongly increase the DNA
binding activities of JUN proteins (Hirai et al.,
1989; Zerial, Toschi, Ryseck, Schuermann,
Miiller, and Bravo, 1989; Ryseck and Bravo,
1991). c-JUN can form transcriptional complexes
not only with JUN and FOS proteins but also with
CREB-related proteins such as CRE-BP1 (Ben-
brook and Jones, 1990; Macgregor et al., 1990)
and with helix-loop-helix proteins such as MyoD
(Bengal, Ransone, Scharfmann, Dwarki, Tapscott,



Weintraub, and Verma, 1992). JUN D can form
heterodimers with JUN proteins (Hirai et al,,
1989; Ryseck and Bravo, 1991) and CREB forms
dimers with members of the ATF/CREB family
(reviewed by Ziff, 1990). ¢-JUN, JUN D, and
CREB bind to AP-1 and/or CRE consensus se-
quences of both regulator and effector genes (Mac-
gregor et al., 1990; Ryseck and Bravo, 1991).
Thus, the expression of c-JUN, JUN D, and CREB
enables axotomized neurons to perform variable
transcriptional operations. The KROX-24 tran-
scription factor belongs to the family of “zinc
finger” proteins (Milbrandt, 1987; Chavrier, Zer-
1al, Lemaire, Almendral, Bravo, and Charnay,
1988; Chnisty, Lau, and Nathans, 1988; Lemaire,
Relevant, Bravo, and Charnay, 1988; Sukhatme,
Cao, Chang, Tsai-Morris, Stamenkovich, Ferreira,
Cohen, Edwards, Shows, Curran, LeBeau, and
Adamson, 1988). In vitro and in vivo experiments
have demonstrated that expression of KROX-24 is
coregulated with ¢-FOS following transynaptic
stimulation (Sukhatme et al., 1988; Herdegen et
al., 1991a; Gass et al., 1992). The expression of
KROX-24 in the absence of FOS also indicates a
selective activation of potent pathways for gene ex-
pression in axotomized neurons that differ from
those activated by transynaptic stimulation.
Which are the possible target genes and cellular
processes controlled by JUN and KROX-24 pro-
teins in axotomized neurons? In the goldfish, ap-
pearance of JUN-IR precedes and outlasts the in-
crease in de novo synthesis evoked by ON lesions
(Murray and Grafstein, 1969). However, the rela-
tion to changes of total protein synthesis has to be
interpreted with precautions because changes in
protein synthesis comprise both induction and
suppression. The pool of proteins induced by axot-
omy of goldfish RGCs includes numerous sub-
stances such as «- and @-tubulin (Giulian, Des
Ruisseaux, and Cowburn, 1980; Neumann, Scher-
son, Ginzburg, Littauer, and Schwartz, 1983), ac-
tin (Quitschke and Schechter, 1983 ), microtubule-
associated proteins (Neumann et al, 1983),
growth-associated cell surface proteins such as N-
CAM (Coughlin and Elam, 1989; Bastmeyer et al.,
1990; Vielmetter, Lottspeich, and Stuermer, 1991;
Paschke, Lottspeich, and Stuermer, 1992), and
growth-associate proteins such as GAP-43 (Doster
et al., 1991). Whereas cytoskeleton- and growth-
associated proteins return to control values be-
tween 50 and 80 days, synthesis of N-CAM protein
persists on elevated levels up to 250 days. Thus, the
time course of JUN-IR parallels that of most effec-
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tor proteins and can be generally related to the
changes of protein synthesis. As for the absence of
¢c-JUN after 200 days, the antibody used may not
detect possibly existing low levels of JUN pro-
tein(s). For the evaluation of the target genes con-
trolled by JUN protein(s), it is of particular inter-
est that ON lesion increases all those axonally trans-
ported proteins that are already present in
untreated goldfish and that the increase in protein
synthesis is a general event rather than a specific
reaction (Grafstein, Burmeister, McGuiness,
Perry, and Sparrow, 1987; Perry et al., 1987; Faw-
cett, 1991). This observation might attribute to
JUN protein(s) a role of a general enhancer of gene
transcription. Further, it remains to be elucidated
whether the decrease of €CREB protein could be
responsible for the increase of expression of JUN
protein(s) or vice versa. '

In contrast to goldfish, sprouting rat RGCs do
not pass through the extracellular environment
formed by oligodendrocyte and CNS myelin-asso-
ciated proteins ( Villegas-Perez et al., 1988; Bahr
and Bunge, 1990; Bihr, 1991). Following intraor-
bital crush, RGCs show a transient axonal sprout-
ing that is blocked by extraorbital nonpermissive
substrates. In goldfish and rat RGCs, JUN proteins
are expressed due to axotomy irrespective of the
fate of axonal sprouting. These findings corre-
spond to the expression of regeneration-associated
proteins, which is equal during the initial cell body
response of regenerating and nonregenerating neu-
rons ( Tetzlaff et al., 1991).

CONCLUSIONS

The extraneuronal matrix of neurons plays a deci-
sive role for the successful sprouting of lesioned
neurons (David and Aguayo, 1981; Vidal-Sanz,
Bray, Villegas-Perez, Thanos, and Aguayo, 1989;
Schnell and Schwab, 1990; Bastmeyer, Beckmann,
Schwab, and Stuermer, 1991; David, Bouchard,
Tsatas, and Giftochristos, 1991). However, neu-
rons also differ in their intrinsic potencies for
sprouting (reviewed by Fawcett, 1992). The ex-
pression of JUN proteins seems to be a general prin-
ciple following axotomy whereas the persistence of
JUN, expression is differentially regulated in le-
sioned neurons ( Herdegen et al., 1991b, 1992a,b,
1993). We suggest that this differential presence
reflects the short- or long-lasting intrinsic potency
for axonal sprouting.

Together with previously reported data, our
present results provide evidence that the expres-
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sion of ¢-JUN, JUN D, and KROX-24 and the
decrease of CREB protein are involved in the sig-
nal-transcription coupling between nerve lesion
and the regeneration-associated protein synthesis.
The presence of JUN and KROX transcription
factors may underly the molecular genetic readi-
ness for regeneration and the regenerative potency.
However, the question remains to be solved
whether the increase of JUN and KROX-24 pro-
teins are prerequisites for axonal sprouting or a co-
incident event with yet unknown functions.

The visualisation of transcription factor expres-
sion presents a novel approach to provide insight
into the link between expression of individual
genes and the control of axon growth (Herdegen et
al.,, 1993).
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