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ABSTRACT
The regional distribution of c-Jun expression and of the number
of apoptotic cells was compared in various brain areas after
methamphetamine administration to mice. Our results showed
that there was methamphetamine-induced overexpression of
c-Jun in the cortex and striatum but not in the cerebellar cortex.
There was an almost totally similar regional appearance of
methamphetamine-induced apoptotic cells in the mouse brain;
no apoptosis was present in the cerebellum. Additionally, in the
neocortical area, more positive signals for c-Jun immunoreac-
tivity were observed in the piriform cortex, an area that also
showed more positive terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) signals than the
frontal and parietal cortices. These observations suggested

that c-Jun might be involved in methamphetamine-induced
apoptosis. This idea was confirmed by using heterozygous
c-Jun knockout mice that showed much less apoptosis than
wild-type controls. In addition, we found that the majority of
TUNEL-positive cells were also positive for c-Jun–like immu-
noreactivity in both genotypes. Moreover, methamphetamine-
induced caspase-3 activity and PARP cleavage were also re-
duced in c-Jun heterozygous knockout mice. In contrast,
methamphetamine-induced hyperthermia was essentially iden-
tical in the two genotypes. When taken together, our data
support the hypothesis that c-Jun is involved in methamphet-
amine-induced apoptosis.

METH is a drug of abuse that causes degeneration of
monoaminergic nerve terminals and apoptosis (Cadet et al.,
1994, 1997; Hirata et al., 1996; Fumagalli et al., 1998; Deng
et al., 1999; Deng and Cadet, 2000; see Davidson et al., 2001
for review). METH is thought to cause terminal degeneration
via the induction of high body temperature (Bowyer et al.,
1992) and of free radicals (Cadet et al., 1994; Hirata et al.,
1996; Cadet and Brannock, 1998; LaVoie and Hastings, 1999;
Deng and Cadet, 2000). In contrast, the causes of METH-
induced cell death in rodent brain are only now beginning to
be studied (Stumm et al., 1999; Deng et al., 1999, 2001, 2002;
Jayanthi et al., 2001). Other experiments have suggested
that superoxide radicals are proapoptotic (Deng and Cadet,
2000), whereas c-Fos might be a protective factor (Deng et al.,
1999) in the model of METH-induced cell death. Recently,
other lines of evidence have implicated c-Jun in the manifes-
tation of METH-induced neurotoxicity. Specifically, DNA
binding experiments had shown some increases in markers of
AP-1 activation after METH administration (Sheng et al.,
1996). In addition, c-Jun itself and JNK3, which activates
c-Jun by phosphorylation at serine 63 and 73 (Kallunki et al.,
1996; Herdegen and Waetzig, 2001), are up-regulated in the
brain after METH treatment (Cadet et al., 2001; Jayanthi et

al., 2002). Putative downstream members of the JNK3-c-Jun
gene pathway that are involved in apoptosis, including p53
and Bax, are also increased after METH treatment (Hirata
and Cadet, 1997; Cadet et al., 2001; Jayanthi et al., 2001,
Deng et al., 2002).

C-Jun belongs to the family of AP-1 transcription factors,
which include Fos and Jun family members. The Jun mem-
bers can both homodimerize and heterodimerize with other
AP-1 members to modulate the expression of some pro-apop-
totic genes that contain AP-1 binding sites on their promoter
regions (Herdegen and Leah 1998; Shaulian and Karin 2001,
Whitfield et al., 2001). This is thought to explain why JNK3
KO mice are resistant to excitotoxicity-induced apoptosis
(Yang et al., 1997) and why c-Jun gene mutation (replace-
ment of endogenous Jun by a mutant Jun with serine 63 and
73 mutated to alanines) decreases the hippocampal sensitiv-
ity to kainate-induced seizures and neuronal apoptosis (Be-
hrens et al., 1999). Moreover, c-Jun gene KO cells are resis-
tant to apoptosis (Sanchez-Perez and Perona, 1999), whereas
transfection of sympathetic neurons with WT c-Jun was
shown to induce apoptosis even in the presence of NGF (Ham
et al., 1995). Furthermore, death of these cells was prevented
by transfecting them with a dominant-negative JNK1 (Eilers

ABBREVIATIONS: METH, methamphetamine; AP-1, activator protein 1; JNK, c-Jun N-terminal kinase; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling; WT, wild-type; PARP, poly(ADP-ribose) polymerase; KO, knockout; Ser63 c-Jun, serine 63
phosphorylated c-Jun; Ser73 c-Jun, serine 73 phosphorylated c-Jun.
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et al., 1998). When assessed together with our own cDNA
array and PCR data (Cadet et al., 2001; Jayanthi et al.,
2002), these findings led us to hypothesize that c-Jun might
be one of the triggers for METH-induced apoptosis. In the
present study, we used c-Jun immunohistochemistry,
TUNEL and double-labeling techniques to assess the rela-
tionship between cell death and induction of c-Jun in the
mouse brain after METH administration. Furthermore, we
contrasted the effects of METH on the brains of wild-type and
c-Jun�/� mice. Our results confirmed the idea of an involve-
ment of c-Jun in METH-induced apoptosis.

Materials and Methods
Animals and Drug Treatment

Male 10- to 16-week-old (mostly 12-week-old) heterozygous
c-Jun KO (c-Jun�/�) as well as C57BL/6J WT (c-Jun�/�)
mice, obtained from Jackson Laboratory (JAX MICE, Bar
Harbor, ME), were used in these experiments. Homozygous
c-Jun KO mice were not used because they die in utero
(Johnson et al., 1993). All animal use procedures were ac-
cording to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the local Animal Care Committee.

A single high dose of METH (40 mg/kg), which induces
extensive apoptosis in the mouse brain (Deng et al., 2001;
Jayanthi et al., 2001), was used in this investigation.

Comparison of c-Jun Expression and Apoptosis in
Several Brain Regions of the Mouse

C-Jun Immunohistochemistry. Animal sacrifice and section
preparation were performed according to previously reported meth-
ods (Deng et al., 1999). Briefly, at 30 min, 2, 4, 8, 16, and 24 h, and
3 days after METH administration, the animals were perfused tran-
scardially, under deep pentobarbital anesthesia with 4% paraformal-
dehyde. After removal of the brain, 30-�m coronal sections were cut
using a cryostat. Free-floating sections were used for c-Jun immu-
nostaining. Sections were first incubated with the c-Jun primary
antibody (Cell Signaling, Beverly, MA). Subsequent processing with
biotinylated secondary antibody and avidin-biotinylated enzyme
complex was performed according to the manufacturer’s procedures
described in the ABC kit (Vector Laboratories, Burlingame, CA). The
free-floating sections were then reacted with 3,3�-diaminobenzidine
and hydrogen peroxide to visualize the peroxidase reaction. At the
end of the reaction, the sections were mounted on microscope slides
for further visualization and analysis. After staining, the number of
positive cells were counted (4–5 mice � 10 sections � 2 fields of
vision/group) under high magnification (40� objective lens; Carl
Zeiss GmbH, Jena, Germany) for statistical analyses.

TUNEL Histochemistry. Another group of C57BL/6J WT mice
were used to check the distribution of apoptotic cells in mice brains.
Animals were sacrificed 3 days after METH administration. This
time point was chosen because our previous studies had shown that
there was evidence of increased neuronal apoptosis at this interval
after METH injections (Deng et al., 1999). A TUNEL procedure for
frozen tissue sections was performed as we described previously
(Deng et al., 2001). Briefly, slide-mounted sections from mouse brain
were rinsed in 0.5% Triton X-100 in 0.01 M phosphate-buffered
saline for 20 min at 80°C to increase permeabilization of the cells. To
label damaged nuclei, 50 �l of the TUNEL reaction mixture were
added onto each sample in a humidified chamber followed by a
60-min incubation at 37°C. Signal conversion was conducted by
adding 50 �l of Converter-POD, then sections were reacted with
3,3�-diaminobenzidine and hydrogen peroxide to visualize the perox-
idase reaction. Procedures for negative controls were carried out as

described in the manufacture’s manual and consisted of not adding
the label solution (terminal deoxynucleotidyl transferase) to the
TUNEL reaction mixture. No TUNEL-positive cells were observed in
the negative controls. For statistical analysis, TUNEL-positive cells
in the striatum were counted at each 1 mm2 using a Zeiss micro-
scope. At least five areas per mouse were measured. Five to seven
animals were used in each group for quantification.

Double-Labeling of c-Jun and Apoptosis in the Striatal
Cells of Both WT and Heterozygous c-Jun KO Mice

Because it has been reported that activation of c-Jun re-
quires its phosphorylation at serine-63 and -73 (Herdegen
and Leah, 1998), we carried out double-label experiments
using an antibody against c-Jun phosphorylated at Ser63 in
combination with TUNEL staining on sections obtained from
the striata of c-Jun�/� mice. We wanted to know the rela-
tionship, if any, between c-Jun expression and apoptosis in
these cells. Similar approaches have been reported (Garcia et
al., 2002). Briefly, 30-�m slide-mounted brain sections were
fixed with 4% paraformaldehyde, then incubated with anti-
Ser63 c-Jun primary antibody (Cell Signaling). Subsequently
they were incubated with biotinylated secondary antibody
and Texas Red Avidin DCS (both from Vector Laboratories,
Burlingame, CA). After immunostaining, the sections were
then processed for TUNEL histochemistry as described above
(see TUNEL Histochemistry for details).

Comparison of Caspase-3 Activation and PARP Cleavage
between WT and Heterozygous c-Jun KO Mice

Caspase-3 Activity Measurement. Caspase-3 enzyme activity
was measured in c-Jun�/� and WT mice as described previously
(Deng and Cadet, 2000). Briefly, striatal tissues from each group
(eight mice) were dissected, then sonicated with lysis buffer contain-
ing 25 mM HEPES, pH 7.5, 10 mM dithiothreitol, 10 �g/ml pepsta-
tin, 10 �g/ml leupeptin, and 1 �M phenylmethylsulfonyl fluoride.
The lysate was centrifuged for 20 min at 16,000g. The supernatant
was used for the ApoAlert caspase-3 colorimetric assay (BD Bio-
sciences Clontech Inc., Palo Alto, CA).

PARP Western Blot. Analyses of PARP and its cleavage in the
striata of WT and c-Jun�/� mice were performed by Western blot as
described previously (Deng and Cadet, 2000). Briefly, dissected tis-
sues were sonicated individually in a 62.5 mM Tris-HCl buffer, pH
6.8, 5 �l/mg tissue, containing 2% SDS and 5% �-mercaptoethanol,
then incubated at 90°C for 10 min. Homogenates were centrifuged at
13,000 rpm for 5 min. The supernatant fraction was subjected to
protein quantification and adjustment, then glycerol was added to
reach a final concentration of 15%. After SDS-polyacrylamide gel
electrophoresis (10%), proteins were electrophoretically transferred
to a polyvinylidene difluoride membrane, and nonspecific sites were
blocked in 5% nonfat dry milk. Membranes were then incubated in
the presence of a polyclonal antibody to PARP (Chemicon Inc., Palo
Alto, CA) in Tris-buffered saline. PARP antibody binding and chemi-
luminescence enhancement were performed by using ECL Western
blotting analysis system (Amersham Biosciences Inc., Piscataway,
NJ). Blots were then stripped for 2 � 30 min at 50°C (2% SDS, 100
mM �-mercaptoethanol, and 62.5 mM Tris, pH 6.8) and reprobed
with an antibody to �-tubulin (Sigma, 1:2000).

Western Blot Analyses of c-Jun, Ser63 c-Jun, Ser73 c-
Jun, JNK and Phosphoralated JNK in Mice Striata

We also sought to determine the levels of expression for
c-Jun, phosphorylated c-Jun, JNK, and phosphorylated JNK
in the two genotypes in response to METH treatments by
using Western blot analyses (see PARP Western Blot for
details). All antibodies were purchased from Cell Signaling.
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Temperature Measurement

Hyperthermia has been reported to correlate with dopami-
nergic neurotoxicity in mice (Bowyer et al., 1992; Flecken-
stein et al., 1997). To examine whether differences in hyper-
thermia might correlate with any differences in the
susceptibility of the two genotypes to METH administration,
rectal temperature was monitored in WT and c-Jun�/� mice
before and 1 h after METH injection (40 mg/kg) according to
reported (Fumagalli et al., 1998).

Statistical Analyses

All data are presented as means � S.E.M. The data were
analyzed by analysis of variance followed by Fisher’s pro-
tected least significant difference test using the program
StatView 4.02 (SAS Institute, Cary, NC). Criteria for signif-
icance were set at the 0.05 level.

Results
METH Causes Apoptosis and Induces c-Jun Overex-

pression in the Cortex and Striatum, but Not in the
Cerebellum of Mice. The regional expression of apoptotic
cells in the mouse brain is presented for animals sacrificed 3
days after METH administration (Figs. 1A-D; 2A-F and Fig.
3). Figure 1 shows TUNEL-positive cells in some c-Jun–
dense (striatum) and c-Jun–light brain (cerebellum) regions.

The regional expression of c-Jun immunoreactivity was
followed from 30 min to 3 days after METH application. In
general, in saline-injected mice, no signal was detectable in
the striatum or cerebellum of control mice (Fig. 1, E and F).
A few c-Jun–positive signals were found in the cortex (Fig. 2,
G, H, I). METH-induced c-Jun expression was observed as
early as 30 min after METH administration (data not shown
except for the 4-h and 3-day time points; see below). The
positive signals were found in the cerebral cortex and stria-
tum but not in the cerebellum. The densest signals were
observed at the 4-h time point (Figs. 1G and 2, J, K, L).
Subsequently, the signals began to fade away, but obvious
c-Jun–positive signals were still noticeable 3 days after
METH administration (Figs. 1I and 2, M, N, O). The immu-
nohistochemical data are consistent with data obtained from
cDNA array, PCR, and Western blot analyses (Cadet et al.,
2001; Jayanthi et al., 2002).

Figure 2 shows TUNEL-positive signals and c-Jun expres-
sion in different subregions of the cortex. More c-Jun– and
TUNEL-positive signals were found in the piriform cortex
than in the frontal and parietal cortex. Figure 3 shows the
quantitative data (3 days after METH administration) and
the statistics for c-Jun and TUNEL signals in some repre-
sentative brain regions. There was coordinate expression of
c-Jun– and TUNEL-positive cells in the striatum and the
cerebral and cerebellar cortices.

METH Causes Less Cell Death in c-Jun�/� Mice. The
coincidence of the regional distribution of c-Jun–positive sig-
nals and apoptotic cells in the mouse brain had suggested an
involvement for c-Jun in METH-induced apoptosis. To fur-
ther test this idea, we used double labeling of c-Jun and
TUNEL to find out whether cells that were TUNEL-positive
also showed increased expression of c-Jun phosphorylated at
serine 63, because phosphorylation is important to the activ-
ity of the protein. Figures 4 and 5 showed that the majority
of TUNEL-positive cells (78.0 � 4.9% in WT; 76.5 � 3.5% in

c-Jun�/� mice) were c-Jun positive (compare Fig. 4, I and H,
L and K). More importantly, there were many fewer TUNEL-
positive cells in c-Jun�/� than in WT mice (compare Fig. 4,
K and H). Figure 5 shows the quantitative rendering of these
observations.

C-Jun�/� Mice Showed Less METH-Induced PARP
Cleavage and Caspase-3 Activity than WT Animals.
PARP cleavage and caspase-3 activation have previously
been reported in METH-treated mice (Deng and Cadet,
2000). We thus measured two indices of apoptosis in both WT
and c-Jun�/� mice to contrast their responses to the drug.
Consistent with the TUNEL staining, caspase-3 activity
measurements and PARP Western blot analyses also showed
less changes in METH-treated c-Jun�/� mice (Fig. 6).

Fig. 1. METH caused apoptosis and increased c-Jun expression in the
striatum, but not in the cerebellar cortex of mice. C57BL/6J mice were
injected with saline (A, B, E, F) or 40 mg/kg METH (C, D, G, H, I, J) and
sacrificed after 4 h (G and H) or 3 days (C, D, I, J). No TUNEL-positive
signals were observed in saline-injected mice (A, B). No c-Jun–positive
signals were found in the striatum and cerebellum of saline-injected mice
(E, F). METH injection caused apoptosis in the striatum (C) but not in the
cerebellum (D). In addition, METH administration caused marked in-
creases in the expression of c-Jun in the striatum (G, I) but not in the
cerebellar cortex (H, J) of mice sacrificed 4 h and 3 days after METH.
Moreover, more c-Jun–positive signals appeared at 4 h than 3 days.
Arrows point to TUNEL-positive cells. Arrowheads point to c-Jun–posi-
tive signals. Scale bar, 150 �m.
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C-Jun�/� Mice Showed Less Induction of c-Jun and
of c-Jun Phosphorylated at Ser63 and Ser73, but Sim-
ilar JNK Induction Compared with WT Mice. The ex-
pression of c-Jun, phosphorylated c-Jun, JNK and phosphor-
ylated JNK were also measured and compared between
c-Jun�/� and WT mice to contrast the expression of these

proteins in the two groups of mice. As shown in Fig. 7,
Western blots showed results consistent with those obtained
in the immunohistochemical studies. Briefly, METH caused
significant increases in both c-Jun and phosphorylated c-Jun.
These changes subsequently tapered back toward control
levels. In general, the expression of c-Jun in c-Jun�/� mice

Fig. 2. METH caused a greater number of apoptotic cells and greater c-Jun expression in the piriform than in the frontal and parietal cortex. Sections
used for TUNEL staining were obtained 3 days after METH treatment, whereas those for c-Jun staining were obtained in mice sacrificed at 4 h and
3 days after METH administration. No TUNEL-positive signals were demonstrated in cortices of saline-injected mice (A, B, C). Scarce c-Jun–positive
signals were found in all cortical areas of saline-injected mice (G, H, I). There were greater changes in c-Jun and TUNEL-positivity in the piriform
(F, L, O) than in the frontal (D, J, M) and parietal (E, K, N) cortices after METH treatment. Arrows point to TUNEL-positive cells. Arrowheads point
to c-Jun–positive signals. Scale bar, 150 �m. See Fig. 3 for statistical analyses.
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was reduced compared with the WT mice at all time points
examined. There were no significant differences in JNK and
phosphorylated JNK between these two genotypes (Fig. 7).
The quantitative results are provided in Fig. 8.

Temperature Fluctuation. Temperature regulation is
thought to be important to the manifestations of METH
neurotoxicity (Bowyer et al., 1992). Thus, it was possible to
suggest that the observed protective effects against METH-
induced apoptosis might be because of a lack of hyperthermic
responses in these mice. However, we found no differences
between the two genotypes in their basal core temperatures
(36.9 � 0.10 and 36.7 � 0.12 in WT and c-Jun�/�, respec-
tively, n � 7). In addition, one h after the injection of 40
mg/kg METH, body temperatures rose to 39.3 � 0.37 and
39.0 � 0.44 in WT and c-Jun�/�, respectively (Fig. 9). Thus,
it is unlikely that a lack of thermic responses is the cause of
the resistance of c-Jun�/� mice to METH-induced apoptosis.

Discussion
Our results showed that the regional distribution of

METH-induced c-Jun expression and apoptosis are coinci-
dent in the mouse brain. For example, extensive c-Jun pro-
tein expression and apoptosis were found in the neocortex
and striatum. However, in the cerebellar cortex, neither c-
Jun immunoreactivity nor apoptosis was detected after
METH administration. These results provide strong correla-
tive evidence that c-Jun may be involved in METH-induced
apoptosis. This hypothesis was further confirmed by our use
of c-Jun�/� mice, which showed less c-Jun induction, apo-
ptotic cells, caspase-3 activity, and PARP cleavage after
METH injection. Moreover, double-labeling experiments
showed that about 80% of TUNEL-positive cells showed in-
creased c-Jun expression in both genotypes, indicating that,
even in the partial c-Jun deficiency state, c-Jun still played a
role in the death of the smaller number of neurons that were
killed by METH. In general, our present observations are
consistent with those of other investigators who have re-
cently documented an important role for c-Jun in neuronal

death caused by various stimuli (Behrens et al., 1999; Whit-
field et al., 2001; Garcia et al., 2002). In what follows, we
discuss possible scenarios via which c-Jun might participate
in METH-induced cell death.

Multiple Pathways Are Involved in METH-Induced
Apoptosis in the Mouse Brain. Although METH-induced
cell death has been reported by a few laboratories (Schmued

Fig. 3. Quantitative representation of METH effects on the number of
TUNEL- and c-Jun–positive cells 3 days after METH treatment. c-Jun
expression and TUNEL positive signals were counted in the brain regions
listed. The magnitude of METH-induced c-Jun expression is according to
the following order: piriform cortex � frontal cortex � parietal cortex �
striatum � cerebellar cortex. The order for TUNEL-positive signals in
mouse brain is: piriform cortex � frontal cortex � parietal cortex �
striatum � cerebellar cortex. *, p � 0.001 in comparison to the similar
signals in other cortical areas.

Fig. 4. METH caused less induction of c-Jun and of apoptosis in c-Jun�/�
mice. No Ser63 c-Jun–positive (A, D) or TUNEL-positive (B, E) signals were
observed in the striatum of control mice. At 3 days after METH administra-
tion, both c-Jun–positive (G, J) and TUNEL-positive (H, K) cells were found
in the striata of both genotypes. However, fewer positive signals were ob-
served in c-Jun�/� mice compared with WT animals (compare J to G, K to
H, L to I). Moreover, double-labeling experiments showed that the majority
of TUNEL-positive cells (green) displayed overexpression of c-Jun signals (I,
L). Arrowheads point to c-Jun–positive signals (red). Stars represent
TUNEL-positive cells. Arrows point to colabeling signals (yellow). TUNEL
signals, c-Jun signals, and colabeled signals were counted in a 1-mm2 stri-
atal area (between Bregma 1.34 to �0.10 mm) respectively. Three sections �
three mice were used for the quantitative analyses. The statistical analyses
are given in Fig. 5. Scale bar, 150 �m.

Fig. 5. Quantification of METH-induced changes in Ser63 c-Jun, TUNEL
signals and colocalization in the striata of WT and c-Jun�/� mice sacri-
ficed at 3 days after METH treatment. Significantly less positive signals
were found in c-Jun�/� than WT mice. Keys to statistics: *, p � 0.01 for
WT compared with their respective controls; #, p � 0.01 for c-Jun�/�
compared with their respective controls; !, p � 0.01 for comparison be-
tween the two genotypes.
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and Bowyer, 1997; Eisch et al., 1998; Stumm et al., 1999), the
mechanisms for its degenerative effects remain to be clari-
fied. Previous investigations have identified several factors,
including high body temperature (Ali et al., 1994), free rad-
icals (Cadet et al., 1995; Cadet and Brannock, 1998), p53
(Hirata and Cadet, 1997), Bcl-2 family proteins (Cadet et al.,
1997; Stumm et al., 1999; Jayanthi et al., 2001), and caspase
activation (Deng et al., 2002) as possible culprits in METH-
induced neurotoxicity. Thus, when taken together with our
present observations of an involvement of c-Jun, the accumu-
lated evidence supports the idea that METH-induced apopto-
sis may result from activation of multiple apoptotic path-
ways. These pathways may interact with each other to
exacerbate METH-induced neurodegeneration. For example,

METH-induced free radicals may kill neurons directly (Cadet
et al., 1995; Cadet and Brannock, 1998). Free radicals may
also do so by increasing the expression of p53 (Ye et al., 1999;
Wang et al., 2000), Bax (Kang et al., 1998), or c-Jun (Richter-
Landsberg and Vollgraf, 1998; Shukla et al., 2001) via tran-
scription regulation or protein accumulation. Excitatory
amino acids released during METH administration (Wallace
et al., 2001) may also kill neurons via stimulation of calcium-
dependent pathways (Zipfel et al., 2000), c-Jun–dependent
mechanisms (Ferrer et al., 1997a,b; Yang et al., 1997), or
through activation of mitochondrial death pathway (Montal,
1998; Deng et al., 2002). The effects of the various pathways
may also be compounded by METH-induced high body tem-
perature (LaVoie and Hastings, 1999; Fleckenstein et al.,
1997). However, temperature regulation does not seem to
play a role in the partial protection afforded by the c-Jun�/�
genotype because no significant differences in METH-in-
duced hyperthermia were found between WT and c-Jun KO
mice. Similarly, the exacerbation of METH-induced apopto-
sis in c-Fos�/� was not dependent on thermoregulation
(Deng et al., 1999). The argument about the existence of
multiple triggers for METH-induced cell death might ex-
plain, in part, our observations that about 20% of TUNEL-
positive cells showed no c-Jun induction in either the WT or
c-Jun�/� KO mice (see Fig. 4).

The Mode of Action of c-Jun and METH-Induced
Cell Death. Homozygous c-Jun KO mice die at mid-ges-
tation (Johnson et al., 1993). This suggests that c-Jun
plays important survival roles in utero. In the adult brain,
c-Jun is expressed at very low levels; some regions, such as
the cerebral cortex or the hippocampus, show higher ex-
pression in normal brains (current study; Herdegen and
Waetzig, 2001). Environmental stresses of various origins
can cause widespread and long-lasting c-Jun overexpres-
sion in many brain regions (Ferrer et al., 1997a,b; Garcia
et al., 2002). In many cases, this overexpression seems to
be linked to cell death (Herdegen and Waetzig, 2001; Gar-
cia et al., 2002). Specifically, JNK3 KO mice are resistant
to excitotoxicity-induced apoptosis (Yang et al., 1997),
whereas c-Jun gene mutation decreases hippocampal sen-

Fig. 6. METH-induced caspase-3 activity (A) and PARP cleavage (B, C)
are attenuated in c-Jun�/� mice. Caspase-3 activity measurement and
PARP cleavage were conducted according to Materials and Methods. A,
marked increases in caspase-3 activity were observed after METH injec-
tion. *, p � 0.01 in comparison with saline-injected mice of similar
genotype. There was less increase of caspase-3 activity in c-Jun�/� than
in WT mice. !, p � 0.01 compared with METH-injected WT mice. B, less
PARP cleavage was found in c-Jun�/� mice than in WT mice after
METH administration (compare the size of the 85-kDa fragments in lane
3 and lane 4 after METH treatment). C, quantitative representation of
PARP cleavage. *, p � 0.01 for WT compared with their respective
controls; #, p � 0.01 for c-Jun�/� compared with their respective con-
trols; !, p � 0.01 for comparison between the two genotypes.

Fig. 7. METH caused no differential JNK expression in WT and
c-Jun�/� mice. C-Jun, JNK, and their phophorylated products were
analyzed by Western blots in the mice striata. Less c-Jun and phosphor-
ylated c-Jun immunoreactivity was detected in c-Jun�/� mice compared
with WT mice. However, no differences in JNK and phosphorylated-JNK
were found between the two genotypes. �-Tubulin was also shown and
revealed similar loading for all groups. See Fig. 8 for statistic analyses.
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sitivity to kainate-induced seizures and neuronal apopto-
sis (Behrens et al., 1999). Although the pathway that links
c-Jun to cell death is not fully understood, the presence of
AP-1 binding sites in some proapoptotic proteins, such as
cyclin D1, p53, p21, p19, and p16, suggests that c-Jun
might have its effects through the regulation of these
downstream targets (Herdegen and Waetzig, 2001;
Shaulian and Karin, 2001). This suggestion is consistent
with the report of METH-induced increases of p53 expres-
sion in the striatum (Hirata and Cedet, 1997). P53, in turn,
can cause increases in bax and decreases in Bcl-2 (Chia-
rugi and Ruggiero, 1996; Basu and Haldar, 1998), which
may contribute to apoptosis. Increases in Bax and de-
creases in Bcl-2 have indeed been reported after METH

administration, which causes apoptosis in the brain (Jay-
anthi et al., 2001).

It is interesting at this point to contrast the present obser-
vations with those in our previous article (Deng et al., 1999),
in which we reported that c-Fos KO mice were more sensitive
to METH-induced apoptosis. When taken together, all these
findings provide further evidence for differential functions
for c-Fos and c-Jun (Herdegen and Leah, 1998; Herdegen and
Waetzig, 2001). It is also interesting to note that the pheno-
types of c-Fos and c-Jun KO mice are also quite different
(Johnson et al., 1992, 1993). c-Fos–deficient mice showed
growth retardation; homozygous mice survived beyond the
perinatal period (Johnson et al., 1992), but the homozygous
c-Jun KO mice died in utero (Johnson et al., 1993). Thus,
c-Jun, but not c-Fos, is essential for life during fetal devel-
opment. Almost the reverse seems to be true in the case of
apoptotic cell death in adulthood because the absence of c-Fos
exacerbates (Deng et al., 1999), whereas that of c-Jun pro-
tects against apoptosis (present study; see also Behrens et
al., 1999; Whitfield et al., 2001; Garcia et al., 2002). These
differences might be related to different target genes that, in
the case of c-Fos/Jun complexes, might be prosurvival,
whereas genes targeted by Jun/Jun complexes might be
prodeath during adult life.

Conclusion
In summary, by using c-Jun immunohistochemistry and

TUNEL histochemistry, we have reported a substantial
degree of coregistration in the regional distribution of c-
Jun and apoptosis in the cortex and striatum. Our double-
label experiments showed that the majority of TUNEL-
positive cells showed increased c-Jun labeling. The
observations are similar to those of other investigators
(Garcia et al., 2002). It is also important to point out that
the percentages of TUNEL-positive cells, in which c-Jun
was also induced, are similar between the two genotypes
even though less TUNEL-positive signaling, caspase-3 ac-
tivity, and PARP cleavage were found in c-Jun�/� versus
c-Jun�/� mice treated with METH. Taken together, these
observations support the idea that c-Jun–induced mecha-
nisms are involved in METH-induced apoptosis. More
studies are needed to further identify the c-Jun down-
stream targets that participate in the manifestations of

Fig. 9. METH caused similar increases in core temperature in c-Jun�/�
and WT mice. WT and c-Jun�/� mice were injected with saline or METH;
1 h later, rectal temperatures were recorded. Marked increases in tem-
peratures were observed after METH treatment. *, p � 0.01 for compar-
ison of saline-injected mice of similar genotype.

Fig. 8. Quantitative representation of METH-induced effects on c-Jun,
JNK, and their phosphorylated proteins. The results are means � S.E.M.
obtained from three experiments (four to six mice of each group). A-F
represent JNK, phosphorylated JNK, c-Jun, Ser63 c-Jun, Ser73 c-Jun,
and tubulin, respectively. *, p � 0.01 for METH-treated animals com-
pared with their respective controls; #, p � 0.01 for METH-treated
c-Jun�/� compared with their respective controls; !, p � 0.01 for be-
tween-genotype comparison at a given time point.
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the neurodegenerative effects of this illicit drug. These
studies are ongoing in our laboratory.
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