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Abstract: The transcription factors c-fos and c-jun have
been proposed to play a role in the initiation of pro-
grammed cell death in neurons. We have shown that
programmed cell death, with the morphology of apopto-
sis, occurs in dopamine neurons of the substantia nigra
(SN) during normal postnatal development and that this
death event can be induced by early striatal target injury.
We have investigated the relationship between c-fos and
c-jun protein expression and induced death in neurons of
the SN. Although c-fos is induced, it is unlikely to play a
role in cell death, because its expression is not well
correlated with apoptotic death either temporally or at a
cellular level. Expression of c-jun, however, is both tem-
porally and regionally correlated with induction of death,
and, at a cellular level, it colocalizes with apoptotic mor-
phology. The increased expression of c-jun is likely to be
functionally significant, because it is associated with in-
creased c-jun N-terminal kinase (JNK) and phosphory-
lated c-jun expression. JNK expression also colocalizes
with apoptotic morphology. We conclude that c-jun is
likely to play a role in the initiation of apoptotic cell death
in these neurons. Key Words: Programmed cell death—
Apoptosis—Dopamine neuron—Substantia nigra—Par-
kinson’s disease.
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shown that transfection with an expression vector for a
dominant negative mutant of jan protected neurons
from apoptotic death (Ham et al., 1995). Virdee et al.
(1997) have shown that nerve growth factor deprivation
causes an increase in c-jun N-terminal kinase (JNK)
activity in primary rat sympathetic neurons and that
suppression of this activity, at early postdeprivation
times, rescues neurons. However, they also showed that
the onset of c-jun expression and the timing of its phos-
phorylation did not correlate with death commitment and
that c-jun expression was not confined to apoptotic nu-
clei, so they concluded that c-jun expression was perhaps
necessary, but not sufficient, for cell death.

In an in vivo model of hypoxic—ischemic injury, Dra-
gunow and colleagues demonstrated c-jun expression in
neurons undergoing delayed death, probably due to pro-
grammed cell death (Dragunow et al., 1993, 1994; Dra-
gunow and Preston, 1995). Expression of c-jun has also
been observed by Ferrer et al. (1896n vivo in cere-
bellar neurons undergoing apoptotic death following ex-
posure to ionizing radiation. These investigators have
also shown that c-jun is expressed in apoptotic profiles
during natural developmental cell death in brain (Ferrer
et al., 1996).

We have previously shown that natural cell death
occurs in dopamine neurons of the substantia nigra (SN)
pars compacta (SNpc), with the morphology of apoptosis

There is substantial evidence from both in vivo and in
vitro studies that the transcription factors c-fos and c-jun
may play a role in regulating programmed cell death in
neurons. Expression of c-fos, for example, has been
shown to precede normal developmental programmed
cell death in several tissues and augmented apoptotic
neuron death in cerebellum in the mouse mute@aver
(Smeyne et al., 1993). In an in vitro model of apoptotic _ _ ,
death in sympathetic neurons induced by nerve growth Received June 29, 1998; revised manuscript September 16, 1998;

. . : . accepted September 17, 1998.
factor withdrawal, gun mRNA expression was in- . Address correspondence and reprint requests to Dr. R. E. Burke at
creased, and neurons were protected from death by in-Box 67, Department of Neurology, Columbia University College of
tracellular microinjection of neutralizing antibodies to Physicians and Surgeons, 710 West 168th Street, New York, NY
-C_jun -(EStus et al, 1994). In a similar model, Other 102%?5/%3@63 usedBSA, bovine serum albumin; JNK, c-jun N-
mvestlg_ators have. shown that ner\./e growt_h factor with- terminal kinase; PB, phosp’hate buffer; PBS, phospﬁate—bhffered saline;
drawal induced c-jun phosphorylation and increased lev- pnp, postnatal day; QA, quinolinic acid: SN, substantia nigra; SNpc,
els of c-jun protein (Ham et al., 1995). In addition, it was substantia nigra pars compacta; SNpr, substantia nigra pars reticulata.

(Janec and Burke, 1993; Oo and Burke, 1997). As for
many other developing neural systems (Clarke, 1985),
this natural cell death event can be augmented by a lesion
to the target of these neurons (Macaya et al., 1994). We
have shown that an axon-sparing lesion to the striatum
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made with the excitotoxin quinolinic acid (QA) results in  1994; Kelly and Burke, 1996). For that reason, in these studies
an eightfold increase in the number of apoptotic profiles We have used the SN contralateral to the side of the QA
in the SNpc, peaking at 24 h (Macaya et al., 1994). The injection as a control. The contralateral control is precisely
induced cell death is identical in its apopto:cic morpho- matched to the experimental side in all variables related to
logic features at the light microscope level to that ob- [SSUe processing, including degree of fixation, section thick-
served during natural cell death and is confirmed to be ness, tissue permeabilization, and chromogen reaction.
apoptotic by ultrastructural analysis and in situ DNA 3 Tissue preparation and immunohistochemistry
end-labeling (Macaya et al., 1994). A suppressed silver At varying postlesion times, pups were anesthetized by
staining technique demonstrates that induced cell deathMetofane inhalation and then perfused intracardially with 0.9%
in this model is exclusively apoptotic. We have sug- NaCl for 5 min by gravity, followed by 4% paraformaldehyde
gested that the SNpc shows augmented cell death in thisin 0-1M phosphate buffer (PB) for 10 min at room temperature.
model due to diminished developmental support pro- The brain was removed, and the SN and striatum were blocked.

. . . ; The SN was postfixed in 4% paraformaldehyde inM.B for
vided in retrograde fashion by the striatal target, as 3h at 4°C and then placed in 20% sucrose in\.BB for 24 h

envisioned by classic neurotrophic theory (Barde, 1989). jefore sectioning. Each SN was rapidly frozen by immersion in
The possibility that developing SNpc dopamine neurons isopentane on dry ice and then sectioned in a cryostat. For the
depend on interaction with their target, the striatum, for c-fos and c-jun staining, alternate ®n sections were saved
viability is supported by the observation that selective for each and collected in PBS. The striatal block was postfixed
lesion of their terminals within the striatum with the in 4% paraformaldehyde in 0.1 PB for 1 week and then
neurotoxin 6-hydroxydopamine, which spares intrinsic serially sectioned and thionin-stained to confirm lesion place-

striatal neurons, also leads to an induction of apoptotic ment. o o .
death (Marti et al., 1997). For c-fos and c-jun immunostaining, all sections were pro-

Little is known of the molecular basis for induced cessed free-floating. Sections were initially washed with PBS,

. - - followed by PBS containing 0.5% bovine serum albumin
apoptotic death in SN neurons in these models. The (BSA) andythen by PBS cgntaining 0.5% BSA with 0.1%

molecular events underlylng _programmed cell deat.h Can Tyiton for 15 min at 4°C. After an additional wash in PBS,
g%;gﬁ#gh;hg‘; :Saﬂcg#gcl:rt]gr Ighg]sfea%zazelsa:teaghlglst:aali rE':,)ections were incubated with antiserum to either c-fos (Ab-5;
) ) ncogene Science) at 1:1,000 in PBS containing 0.5% BSA or
which cells undergo the structural changes characteristic c-jun g(Ab-l; Oncog):]ene Science) at 1:20 for 918 h at 4°C.
of apoptosis (Goldstein, 1997). We have investigated Sections were then washed in PBS containing 0.5% BSA and
whether c-fos or c-jun plays a role in the initial signaling then incubated with biotinylated protein A, prepared in our
phase of induced apoptotic death among SN neurons. Tolaboratory, at 1:100 for 60 min at room temperature. After a
this end, we have studied the regional and temporal wash in PBS containing 0.5% BSA, sections were incubated in
correlations between expression of these transcription 2Vidin—biotin horseradish peroxidase complexes (ABC; Vector
factors and the occurrence of apoptotic death. In addi- :‘aborator'fes) at 1:600 for 60 min at room temperature, fol-
tion, we have examined at a cellular level the relationship owed by incubation in diaminobenzidine in the presence of

. ydrogen peroxide to generate a brown chromogen product.
between expression of these factors and the presence OEgtions were mounted to slides subbed in gelatin and then

apoptotic morphology. In relation to c-jun, we have also  thjonin-counterstained to identify cellular morphology and in-
examined the possible functional significance of in- tranuclear apoptotic chromatin clumps (Janec and Burke, 1993;
creased protein expression by examining its phosphory- Macaya et al., 1994). The Oncogene Science Ab-5 rabbit poly-

lation status and the expression of JNK. clonal serum was raised against residues 4—17 of human fos; it
does not cross-react with the 39,000-kDa jun protein. Ab-5 has
MATERIALS AND METHODS previously been demonstrated to be specific for c-fos protein in
immunohistochemical studies of rat brain (EImquist et al.,
Striatal QA lesion 1996). The Oncogene Science Ab-1 to c-jun is an affinity-

Timed pregnant female rats were obtained from Charles purified rabbit polyclonal antibody raised against amino acids
River Laboratories (Wilmington, MA, U.S.A.). On postnatal 209-225 in the DNA binding domain in the C-terminal region
day (PND) 12 or 13, rat pups were anesthetized with methoxy- of v-jun. Prior investigators have shown that Ab-1 identifies a
flurane (Metofane) by inhalation and hypothermia. A burr hole single band of the appropriate molecular weight on western
was placed 3.0 mm lateral to bregma along the coronal suture, analysis of rat brain homogenates, and its regional distribution
and a 28-gauge cannula was inserted into the brain to a depthof immunostaining correlates with expression giin-mRNA
of 4.0 mm below the skull. QA (Sigma), at a concentration of (Harlan and Garcia, 1995).

480 nmolfd [in 0.1 M phosphate-buffered saline (PBS), pH For JNK immunostaining, primary antibody was diluted at
7.2] was infused by pump at a rate of uBmin. At the end of 1:50, and a procedure identical to that outlined above was
the infusion, the cannula was slowly withdrawn after an inter- followed, with the exception that sections were cut atuzn.

val of 2.0 min. Pups were maintained in a group under a heating The antibody used was an affinity-purified rabbit polyclonal
lamp until recovery from anesthesia and were then returned to antibody (JNK FL; catalogue no. 571; Santa Cruz) raised
the dam. This procedure has been approved by the Institutionalagainst recombinant full-length (amino acids 1-384) human
Animal Care and Use Committee of Columbia University. We JNK1 produced irEscherichia coliThis antibody recognizes a
have previously shown in this model that there is no difference single band at 46 kDa in rat brain homogenates (Ferrer et al.,
in number of apoptotic profiles between the SN on the side 1997).

contralateral to the QA injection and either the ipsilateral orthe ~ For phosphorylated c-jun, primary antibody was diluted
contralateral side of vehicle-injected animals (Macaya et al., 1:200, and 2Q+m sections were also used. The antibody was a
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FIG. 1. Immunoperoxidase stain,
with thionin counterstain, for c-
fos, c-jun, phosphorylated c-jun,
and JNK in the SN. A: Immuno-
staining for c-fos in SNpr at 4 h
post-striatal lesion. The c-fos
staining is demonstrated as a
brown reaction product; thionin
counterstain demonstrates neu-
ronal morphology. In this neuron,
immunoreactivity is restricted to
the nucleus. Similar observations
were made in SNpc. B: Staining
for c-jun in SNpc at 24 h postle-
sion. Brown peroxidase reaction
was most distinct within the nu-
cleus. Thionin counterstain dem-
onstrated that cells with c-jun-
positive nuclei were neurons. Be-
fore thionin counterstain, faint
c-jun positivity could be observed
in the cytoplasm and processes,
but this staining has now been
obscured by the counterstain. C: F
A c-jun-positive neuronal nucleus

is demonstrated in SNpr at 24 h

postlesion. In this particular profile, thionin counterstain identified a single, rounded, distinct chromatin clump within the nucleus (arrow).
Such rounded, intensely basophilic chromatin clumps are characteristic of apoptosis (Janec and Burke, 1993; Clarke and Oppenheim,
1995). D: Brown peroxidase reaction product demonstrates phosphorylated c-jun immunoreactivity in this neuron in SNpr at 24 h
postlesion. This profile demonstrates intense brown reaction product deposition within the nucleus and a faint brown product within the
proximal portion of a neuronal process (small black triangles). E: JNK immunoreactivity in a neuron in the SNpr at 24 h postlesion. As
for c-jun and phosphorylated c-jun, reactivity is most intense in the nucleus, but before thionin counterstain, faint reactivity was
observed in the cytoplasm and processes. F: In this JNK-positive profile in SNpr at 24 h, thionin counterstain demonstrates two distinct,
basophilic chromatin clumps (arrows), characteristic of apoptosis. Bar = 10 um.

mouse monoclonal antibody (catalogue no. 822; Santa Cruz) averaged among all of the individual sections scanned within a
raised against a peptide corresponding to amino acids 56—69 ofspecific plane to obtain an overall value for that plane; these
c-jun of human origin. This antibody reacts with c-jun phos- values were then added to obtain a measure of the number of
phorylated on S&F but does not react with c-jun that is not  profiles for each region on each side of each brain. No attempt
phosphorylated at S& For immunostaining with this mouse  was made to correct for double-counting error or to determine
monoclonal antibody, sections were washed in PBS and thenthe absolute number of positive neurons per brain. For this
incubated with the primary antibody in PBS containing 10% reason, the counts are referred to as positive “profiles” (Cog-
horse serum for 24 h at 4°C. Following a wash in PBS, sections geshall and Lekan, 1996). It should be pointed out that, in
were incubated with biotinylated horse anti-mouse antibody at general, there were very few positive profiles for any of these
1:50 (Vector Laboratories) for 24 h at 4°C. Sections were then proteins on the control side, so the main purpose of the profile
incubated in avidin—biotin horseradish peroxidase complexes counts was to delineate the time course of expression on the
(ABC; Vector Laboratories) at 1:600 for 60 min at room experimental side. For that purpose, relative profile counts
temperature, followed by incubation in diaminobenzidine as serve as well as absolute counts.

described above. Sections stained for either INK or phosphor-  Each selected section was also scanned for the presence of
ylated c-jun were mounted onto gelatin-subbed sections and apoptotic profiles. A profile was counted if it contained one or
thionin-counterstained to identify cellular morphology and ap- more intensely basophilic, distinct, and rounded chromatin

optotic chromatin clumps. clumps contained within a nucleus, as previously described
o . . (Janec and Burke, 1993; Macaya et al., 1994). We have previ-
Quantitative morphological analysis ously shown in this model that profiles identified in this way at

For each brain, immunostained sections (with thionin coun- e |ight microscope level are confirmed to be apoptotic at the
terstain) were classified according to location within the SNpc, itrastructural level and by’2nd-labeling. Chromatin clumps
based on planes comparable to plane 4.2, 3.7, or 3.2 in the adult,ot enclosed within a nucleus were not counted.
rat brain atlas of Paxinos and Watson (1982). One or two
sections within each of these planes were selected, and the SN
in its entirety was scanned visually on both the noninjected RESULTS
(control) side and on the QA-injected (experimental) sides at Expression of c-fos

X600. Thus, three to six sections per animal were scanned. E . f o tei ind d in the SN
Both the SNpc and the SN pars reticulata (SNpr) were scanned Xpression or c-1os proteéin was induced In the

and positive profiles within each region were counted sepa- following developmental striatal excitotoxic injury. In

rately. A profile was counted as positive if it contained brown both the SNpc and SNpr, positive immunostaining was
chromogen nuclear staining well above background levels (as demonstrated exclusively in neurons, and it was re-
shown in Fig. 1). The values for number of profiles were stricted to the nucleus (Fig. 1A). In SNpc, c-fos-positive
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FIG. 2. Time course of c-fos expression in SN following striatal
excitotoxic lesion at PND 12. A: In SNpc. PND 12 animals
underwent striatal QA lesion as described in Materials and Meth-
ods and were processed for c-fos immunostaining. A total of 27
animals was studied (n = 4-6 at each time point). As described
in Materials and Methods, one or two sections representative of
each of the planes 4.2, 3.7, and 3.2 in the atlas of Paxinos and
Watson (1982) were examined, and profiles were counted at
X600. Counts within each plane were averaged, and the aver-
ages of each plane were added to provide an index of the
number of profiles per region. Each section was thionin-coun-
terstained to identify apoptotic chromatin clumps, and the num-
ber of apoptotic profiles was also determined. Because the
number of apoptotic profiles due to natural cell death varies
during this interval (Janec and Burke, 1993), we have expressed
the number of induced profiles as the number on the experimen-
tal (E or EXP) side minus the number on the control (C or CON)
side. The number of c-fos-positive profiles peaked at 4 h, before
an induction of apoptotic profiles. By 24 h, the c-fos response
had abated. B: In SNpr. As in SNpc, c-fos expression peaked at
4 h, before an induction of apoptotic death, and largely abated
by 24 h.

profiles first appeared @ h postlesion (Fig. 2A). At that

peaked, the c-fos response had largely abated, and by
48 h no c-fos profiles were observed. At 4 h, when c-fos
expression peaked, 14 2.2% of neuronal profiles in
SNpc were positive, based on an assessment of 1,290
neuronal profiles in five animals.

Expression of c-fos in SNpr followed a temporal pat-
tern similar to that observed in SNpc. Expression was
first induced &4 h postlesion, before induction of apo-
ptotic profiles (Fig. 2B). As in SNpc, induction persisted
at 12 h, when, in SNpr, the number of apoptotic profiles
peaked. At 12 h, we did not observe colocalization of
c-fos staining and apoptotic chromatin clumps. In abso-
lute terms, there were 10-fold more c-fos-positive pro-
files in SNpr than SNpc. At 4 h, 546 4.4% of neuronal
profiles in SNpr were c-fos-positive, based on an assess-
ment of 465 profiles.

Expression of c-jun

Expression of c-jun protein was induced in both SNpc
and SNpr following striatal injury (Fig. 1B). As for c-fos,
staining was exclusively neuronal. At a cellular level,
staining was predominantly nuclear, but faint homoge-
neous staining was observed in the cytoplasm of the cell
soma and in processes. In SNpc, the first significant
induction of c-jun-positive profiles occurred at 24 h
(ANOVA, p < 0.001), at the peak of apoptotic cell death
(Fig. 3A). Although there was a trend for an increase in
number of profiles at 12 h, this did not achieve signifi-
cance. At 24 h, some c-jun-positive profiles did colocal-
ize with apoptotic chromatin clumps (Fig. 1C), but they
were <5% of all c-jun-positive profiles. In absolute
terms, at the time of maximal expression, there were
about eightfold more c-jun-positive profiles in SNpc than
there were c-fos-positive profiles at its maximum at 4 h.
These comparisons were made in the same animals, with
alternate sections stained for c-fos and c-jun. At 24 h, 42
+ 5.0% profiles in the SNpc were c-jun-positive (in
1,677 profiles among six animals). By 48 h after striatal
injury, the c-jun response in SNpc had abated, as had the
apoptotic response.

Expression of c-jun in SNpr peaked at 12 h, at a time
when the apoptotic response also peaked. Thus, in both
SNpc and SNpr, there was a correspondence in time
between maximal c-jun expression and the apoptotic
response. In SNpr, the number of c-jun-positive profiles
continued to be increased at 24 h. In SNpr, as in SNpc,
there was occasional colocalization of c-jun expression

time, few apoptotic profiles were observed. Levels were and chromatin clumps, in<5% of the c-jun-positive
comparable to those identified on the nonlesioned side profiles. In absolute terms, the number of c-jun-positive
(Fig. 2A) and as previously observed in normal animals profiles at maximum (12 h) in SNpr (1879 78) was
at this postnatal age (Janec and Burke, 1993). By 12 h,comparable to their peak number in SNpc at maximum
there was a clear induction of the number of apoptotic (165 = 59 at 24 h). At 24 h, the percentage of c-jun-

profiles on the side of striatal injury (Fig. 2A) as previ-

positive profiles was 41.3 3.7% (in 484 profiles), quite

ously reported (Macaya et al., 1994). At that time, the similar to the number observed in the SNpc at that time.

number of c-fos-positive profiles was comparable to the

To investigate the functional significance of the induc-

number observed at 4 h. At a cellular level, at 12 h, we tion of c-jun protein expression at 24 h postlesion, we
did not observe colocalization of c-fos positivity with examined its phosphorylation status. Phosphorylation of
apoptotic chromatin clumps, defined by thionin counter- Sef?® induces increased transcriptional activity (Davis,
stain. By 24 h, when induction of apoptotic profiles 1994). We performed immunohistochemistry with a

J. Neurochem., Vol. 72, No. 2, 1999
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FIG. 3. Time course of c-jun expression in SN following striatal
excitotoxic lesion at PND 12. A: In SNpc. The same animals
analyzed for c-fos expression, shown in Fig. 2, had alternate
sections processed for ¢-jun immunostaining. Expression of c-
jun peaked at 24 h, coincident with the peak of apoptotic cell
death. The response had abated by 48 h. B: In SNpr. Maximal
expression of c-jun in SNpr occurred earlier than in SNpc, at
12 h, but like in SNpc, there was a correspondence between this
peak of c-jun expression and the time of maximal induction of
apoptotic death. E or EXP, experimental; C or CON, control.

mouse monoclonal antibody that reacts specifically with
c-jun p39 phosphorylated on $&r(catalogue no. SC-

822; Santa Cruz). This reagent identified positive phos-

phorylated jun staining in both SNpc and SNpr (Fig. 1D).
As with c-jun, staining was strictly neuronal and pre-
dominantly nuclear, but some faint staining was also
observed in the cytoplasm of the cell soma and in pro-

cesses. In both SNpc and SNpr, there was an induction of
expression on the experimental side in comparison with

values on the control side (Fig. 4). We did not attempt to

make a direct, absolute comparison between the numbers

of c-jun-positive and phosphorylated jun-positive pro-

files, because separate animals and immunostaining pro-
tocols were used. However, we noted that although num-
bers of c-jun profiles were comparable between SNpc

and SNpr, there were approximately fourfold more phos-
phorylated profiles in SNpr. This may suggest that an
active, phosphorylated status is more likely to be
achieved in SNpr.

Expression of JNK
Phosphorylation of c-jun at S¥ris mediated by JNK

561

FIG. 4. Quantitative morphologic
analysis of phosphorylated c-jun
expression in SN at 24 h following
developmental striatal excitotoxic
lesion. A total of five animals un-
derwent PND 12 striatal lesion
and were processed for phos-
phorylated c-jun immunostaining
at 24 h postlesion. One section
from each of the planes 4.2, 3.7, SNpc  SNpr

and 3.2 in the atlas of Paxinos and Watson (1982) was examined,
as described in Materials and Methods. At 24 h, both SNpc and
SNpr show an induction of c-jun immunoreactivity (Fig. 3). At this
time, both regions show an increase in the number of phosphor-
ylated c-jun-reactive profiles. CON, control; EXP, experimental.

T ¢coN
EXP

PROFILES/REGION

demonstrated increase in the number of neurons express-
ing phosphorylated c-jun. JINK expression was observed
in SNpc and SNpr following striatal lesion. As for c-jun
and phosphorylated c-jun, expression was strictly in neu-
rons and predominantly in the nucleus (Fig. 1E). In both
SNpc and SNpr, the time course of expression paralleled
that observed for c-jun and the number of apoptotic
profiles. Levels were minimal at 4 h, maximal at 24 h,
and diminished by 48 h (Fig. 5). Although it is difficult

to make direct absolute comparisons between the number
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FIG. 5. Time course of JNK expression in SN following striatal
excitotoxic lesion. A total of 17 animals underwent striatal lesion
and were processed for JNK immunostaining at the postlesion
times indicated (n = 5-7 at each time point). A: In SNpc. Similar
to observations made for c-jun (Fig. 3), the expression of JNK
was minimal at 4 h and peaked at 24 h. B: In SNpr. JNK
expression in SNpr paralleled that in SNpc. In absolute terms,

(Davis, _1994)- V\_/e e_xamined Whe_ther incr_ea_sed PrOtein there were approximately twofold more JNK profiles than were
expression of this kinase occurs in association with the observed in SNpc. CON, control; EXP, experimental.
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of profiles observed for c-jun and JNK, because of dif- nuclei. However, several days later, as a prelude to
ferences across experiments and reagents, the percentagempending cell death, c-fos expression was distributed
of INK-positive profiles in SNpc (21.8& 4.9% in 1,273 throughout the cell. We did not observe this pattern of
profiles among five animals) was approximately one-half immunostaining. We therefore conclude that the early
that for c-jun-positive profiles (42%), suggesting that not expression of c-fos in neuronal nuclei within the SN after
all cells in SNpc with increased c-jun expression also striatal QA injection is more likely to be related to the
express JNK. At a cellular levek:5% of JNK-positive acute effects of excitotoxin injection than to the later
profiles contained apoptotic chromatin clumps (Fig. 1F). apoptotic cell death process.
In contrast to c-fos, c-jun expression showed a close
DISCUSSION temporal relationship to the occurrence of induced apo-
ptotic cell death in both SNpc and SNpr. In both struc-
This analysis demonstrates that c-fos expression at thetures, at a regional level, maximal expression of c-jun
protein level is increased in the SN following develop- correlated with maximal levels of induced apoptotic
mental striatal excitotoxic injury. Expression occurs ex- death. In addition, at a cellular level, c-jun expression
clusively in the nucleus of neurons, in both SNpc and was identified in some apoptotic profiles, demonstrated
SNpr, where we have previously (Macaya et al., 1994), by the presence of intensely basophilic, distinct, rounded
and in the current study, shown that an induced apoptotic chromatin clumps. The presence of rounded chromatin
cell death event takes place. However, we have found clumps, revealed by basophilic dyes, has been confirmed
that there was not a close correspondence in time be-at an ultrastructural level by many investigators to be
tween induction of c-fos expression and induction of associated with apoptotic morphology (Cunningham et
apoptotic death. In addition, we did not observe at a al., 1982; Ferrer et al., 1990; Ferrer, 1992; Sloviter et al.,
cellular level any colocalization of c-fos staining and 1993; Clarke and Oppenheim, 1995), and we have con-
apoptotic morphology. There are two principal interpre- firmed that such is the case in this model (Macaya et al.,
tations of these results. The first is that c-fos may be an 1994). Therefore, the presence of such clumps in these
early initiator of apoptotic cell death in SNpc and SNpr, c-jun-positive profiles can be interpreted as specific mor-
but by the time individual cells develop an apoptotic phologic evidence of apoptotic cell death. Another fea-
morphology, they no longer express c-fos. Alternatively, ture of the immunostaining that suggests a role for c-jun
c-fos expression may relate to another cellular responsein cell death is that its expression was not confined to the
and not to cell death. For example, intrastriatal injection nucleus, but was observed in the cytoplasm as well. As
of QA would be expected to result initially in augmented previously mentioned, this distribution of c-fos was ob-
firing rates in striatal efferent neurons. The SNpc and served before cell death (Smeyne et al., 1993). Similarly,
especially the SNpr receive important afferent projec- Ferrer et al. (1996 have reported c-jun expression in
tions from the striatum (Gerfen et al., 1987); their c-fos the cytoplasm in the setting of apoptotic death in brain.
expression may relate to this augmentation in afferent However, unlike some other in vivo models in which
input (Dragunow and Faull, 1989). c-jun expression has been associated with apoptotic mor-
We favor the interpretation that c-fos expression in phology at a cellular level, this model induced this as-
this model is not likely to play a role in the apoptotic cell sociation only rarely. At the time of maximal c-jun
death response. The time required for an individual cell expression<5% of positive profiles exhibited apoptotic
to undergo apoptotic death is brief, generally a few hours morphology. In contrast, Ferrer et al. (1%)@&oted that
(Oppenheim, 1991; Pittman et al., 1993), whereas the during natural developmental cell death in rat brain, the
induction of cell death in this model extends over a majority of cells with strong c-jun immunoreactivity
12-48-h period. Therefore, at the time of maximal death appeared apoptotic. When cell death was induced by
in this model, e.g., 24 h in SNpc, it would be expected irradiation of the brain, c-jun expression was restricted to
that there would be a spectrum of cells in the different apoptotic cells (Ferrer et al., 1996 This difference in
phases of apoptosis: some at the early initiation phasethe prevalence of apoptotic morphology in c-jun-positive
and some at later stages characterized by apoptotic mor-profiles is likely to be due to either the differences in the
phology. However, at 24 h in SNpc there was virtually paradigms used to examine apoptotic death or the age of
no induction of c-fos, and at no time did we observe c-fos the animals studied. Ferrer et al. (189@onfined their
immunoreactivity at a cellular level in association with studies to less mature animals. This difference suggests
apoptotic morphology. Another reason for doubting a that, in the model we have studied, c-jun expression is
relationship between c-fos expression and cell death in not exclusively related to an induced death response. In
this model is that there were 10-fold more c-fos-positive the SNpc, for example, at 24 h postlesion, 42% of neu-
profiles in SNpr than in SNpc, and yet the levels of ronal profiles were c-jun-positive. It is unlikely that this
induced death in SNpr were only twofold greater. An number of neurons will go on to die in this model. We
additional reason for questioning a role for c-fos expres- have previously analyzed in detail quantitative aspects of
sion in the death process is that we observed expressionrSNpc dopamine neuron loss in this model and have
consistently confined to the nucleus. Smeyne et al. found that on average-20% of these neurons are lost
(1993) noted that within a few hours after kainate injec- (Burke et al., 1992; Macaya and Burke, 1992). It seems
tion, c-fos immunoreactivity was confined to neuronal likely that at least some of the c-jun expression in this
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