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Increased Expression of c-jun, junB, AP-1, and Preproenkephalin 
mRNA in Rat Striatum Following a Single Injection of Caffeine 
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The effect of a single injection of caffeine on the expres- 
sion of c-fos, c-jun, junB, and junD, on activator protein 1 
(AP-1) and on the levels of preproenkephalin mRNA in rat 
striatum was studied. Male rats were given caffeine (25 
mglkg, 50 mg/kg, or 100 mglkg, i.p.) and sacrificed at dif- 
ferent times (0.5, 1, 2, 4, or 8 hr) after administration. By 
using in situ hybridization of adjacent sections we found a 
rapid, transient, and dose-dependent increase of c-fos, c- 
jun, and junB by caffeine in striatum, especially in the lat- 
eral part. The induction peaked after 1 hr, but persisted for 
2 hr, and in the case of junB for 4 hr. No induction of junD 
was found. A strong induction of jun6, a weak induction of 
c-fos and c-jun, but not of junD, was seen in nucleus ac- 
cumbens. Furthermore, by using gel shift assay we found 
an induction of AP-1 by caffeine (100 mglkg) in striatum, 
which peaked 2 hr after administration and was clearly in- 
creased after 4 hr. c-Fos, c-Jun, and JunB proteins were 
components of the AP-1. There was also a dose-dependent 
induction of preproenkephalin mRNA, which was most pro- 
nounced in the lateral and caudal part of striatum; the level 
peaked 4 hr after injection and was still significantly in- 
creased after 8 hr. In a complementary study we could not 
find increased binding to the AP-l-like site in the 5’-flank- 
ing sequence of proenkephalin following caffeine treat- 
ment. 

The data show that a single dose of caffeine induces a 
temporally and spatially characteristic pattern of c-fos, 
c-jun, and junB induction, followed by changes in AP-1 and 
preproenkephalin mRNA. Thus, a single dose of caffeine 
causes changes in gene transcription in the brain that may 
be related to the adaptive changes that occur after caffeine 
administration. However, a direct causal link between the 
immediate early genes and enkephalin could not be prov- 
en. 

[Key words: caffeine, immediate early genes, AP-1, en- 
kephalin, gel shift assay, in situ hybridization] 

Caffeine is the most widely consumed psychomotor stimulant 
(Nehlig et al., 1992). The mechanism(s) underlying the central 
actions of caffeine are probably complex (for reviews, see Neh- 
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lig et al., 1992; Daly, 1993). An important role is apparently 
played by adenosine receptors which are inhibited by caffeine 
in concentrations similar to those encountered in humans after 
normal caffeine use (Fredholm, 1980). Only at higher concen- 
trations does caffeine inhibit CAMP phosphodiesterases or re- 
lease intracellular calcium. Of the four adenosine receptors that 
have been cloned, the adenosine A, and AZa receptors are the 
most likely sites of action of caffeine (see Fredholm et al., 1994). 
Adenosine A,, receptors are enriched in striatum (Parkinson and 
Fredholm, 1990) whereas adenosine A, receptors have a wide 
distribution in the CNS and are present in striatum (Fastbom et 
al., 1987). 

In order to examine the neuronal basis of caffeine action we 
have used the approach pioneered by Sagar and coworkers 
(1988), namely to map the induction of immediate early genes 
following drug treatment. Caffeine induces C--X in the lateral 
part of striatum, in both substance P- and enkephalin-containing 
GABAergic medium-sized spiny neurons (Johansson et al., 
1994). This is in contrast to c-fos induction by cocaine and am- 
phetamine which is restricted to substance P-containing neurons 
(Young et al., 1991; Beretta et al., 1992). 

c-fos is a member of a family of immediate early genes that 
also includes, for example, c-&n andjunB. Recently it was re- 
ported that junB was induced parallel with c-fos following co- 
caine administration, whereas c-&n was not altered (Moratalla 
et al., 1993). A different pattern of expression was found in the 
spinal cord after peripheral stimulation and in brain after sei- 
zures (Dragunow and Robertson, 1987; Morgan et al., 1987; 
Saffen et al., 1988; Sonnenberg et al., 1989b; Wisden et al., 
1990; Herdegen et al., 1991a,b; Uhl et al., 1991). These findings 
suggest the possibility that depending on the stimulus there is a 
characteristic pattern of expression of immediate early genes. 

The different members of the Fos/Jun family of immediate 
early genes combine to form homodimers and heterodimers that 
bind to the activator protein 1 (AP-I) consensus sequence (Nak- 
abeppu et al., 1988). The basal expression of AP-1 in rat striatum 
in viva is weak, but is inducible, for example, following am- 
phetamine administration (Nguyen et al., 1992; Wang et al., 
1992). 

AP-1 may be involved in the regulation of the neuropeptide 
enkephalin in vitro (Comb et al., 1988; Sonnenberg et al., 
1989a). However, it has recently been reported that AP-1 is not 
important for this regulation in vivo (Konradi et al., 1993). En- 
kephalin and preproenkephalin mRNA are found almost exclu- 
sively in GABAergic medium-sized spiny neurons projecting to 
the globus pallidus (Gerfen and Young, 1988). The level of pre- 
proenkephalin mRNA increases, in the lesioned side, in rats with 
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unilateral 6-hydroxydopamine lesions of the nigrostriatal dopa- 
mine pathway (Young et al., 1986; Gerfen et al., 1990, 1991) 
following acute or chronic treatment with dopamine DZ receptor 
antagonists (Tang et al., 1983; deceballos et al., 1986; Taylor et 
al., I99 I ; Angulo, 1992). Recently it has also been reported that 
chronic treatment with caffeine causes increased levels of pre- 
proenkephalin mRNA (Schiffmann and Vanderhaeghen, 1993a). 

Here we report that a single injection of caffeine causes not 
only the previously demonstrated induction of c+s, but also an 
induction of c-jun and junB, and also that the levels of the tran- 
scription factor AP-I and preproenkephalin mRNA are in- 
creased. We also present data indicating that the AP-l-like site 
in the proenkephalin enhancer does not bind AP-I. 

Materials and Methods 

Anirml.s artrl drug trrcrrment. Male Sprague-Dawley rats (ALAB, Stock- 
holm, Sweden) weighing 200-220 gm were injected intraperitoneally 
(i.p.) with saline or with caffeine (Sigma, Labkemi, Stockholm, Swe- 
den) 25 mglkg, 50 mglkg, or 100 mg/kg. Thirty minutes, I hr, 2 hr, 4 
hr, or 8 hr after injection rats were briefly anesthetized with CO? and 
killed immediately by decapitation. There is no difference in caffeine- 
induced ~~f0.s in rats briefly anesthetized with CO? before sacrifice and 
rats sacrificed without being CO,-anesthetized (P Svenningsson, B. Jo- 
hansson, and B. B. Fredholm, unpublished observations). The brain was 
rapidly dissected out, frozen on dry ice, and stored at -20°C for less 
than a week until sectioning (see below). 

In situ hyhridimtion. Coronal sections (14 pm) were made through 
striatum, thalamus, hippocampus, and cerebellum and thaw-mounted on 
poly-t-lysine (50 mg/ml)-coated slides. For cellular colocalization stud- 
ies consecutive 5 pm sections were made. 

Sections were thereafter hybridized in a cocktail containing 50% 
deionized formamide (Fluka, Buchs, Switzerland), 4X SSC (3 M NaCI, 
0.3 M trisodium citrate), IX Denhardt’s solution, 1% sarcosyl, 0.02 M 
NaPO, (pH 7.0) 10% dextran sulfate, 0.5 mg/ml yeast tRNA (Sigma, 
Labkemi, Stockholm, Sweden), 0.06 M dithiothreitol, 0. I mglml sheared 
salmon sperm DNA, and IO7 cpm/ml of probe. After hybridization for 
IS hr at 42°C the sections were washed four times, for 15 min each, 
in IX SSC at 55°C dipped briefly in water, 70%, 95%, and 99.5% 
ethanol and air dried; I4 pm sections were apposed to Hyperfilm-B,,,, 
(Amersham, Solna, Sweden) for 2-4 weeks. For the colocalization stud- 
ies consecutive 5 pm sections were incubated with different probes and 
dipped in NTB-3 emulsion (Kodak, Jlrfalla, Sweden) and exposed for 
4-7 weeks. After the emulsion had been developed, sections were light- 
ly counterstained in cresyl violet (0.5%). 

Films were analyzed with a Microcomputer Imaging Device (Imaging 
Research). Results are presented as relative optical density, and film 
background was subtracted from all measured values. Emulsion auto- 
radiograms were evaluated by inspection in a light microscope or by 
analyzing photographs. Cells that showed a grain density at least four 
times the background were considered to be labeled, the remaining cells 
unlabeled. To identify neuron-like cells in two consecutive sections, 
landmark structures (blood vessels, etc.) were identified in both sections 
and the two sections virtually superimposed using the image analysis 
system. 

Oligonucleotidr probes. The following oligonucleotide probes were 
used in this study: c+.s, 48 bases long, complementary to rat c-fos 
mRNA encoding amino acids 137-152 of the c-Fos protein (Curran et 
al., 1987); c-&n, 45 and 48 bases long, complementary to mouse c-&n 
mRNA encoding amino acids 123-137 and 2655280 of the c-Jun pro- 
tein (Lamph et ai., 1988);junB, 48 bases long, complementary to mouse 
iunB mRNA encoding amino acids 195-2 IO of the JunB orotein (Rvder 
“et al., 1988); junD, 4i bases long, complementary to &D mRNA en- 
coding amino acids 200-215 of the JunD protein (Hirai et al., 1989); 
preproenkephalin, 48 bases long, complementary to nucleotides 388- 
435 of rat preproenkephalin gene (Yoshikawa et al., 1984); preprota- 
chykinin, 48 bases long, complementary to nucleotides 124-l 7 I of the 
rat preprotachkinin A gene (Krause et al., 1987). All probes were syn- 
thesized by Scandinavian Gene Synthesis AB, Koping, Sweden. The 
specificity of each probe-has been tested earlier (Moratalla et al., 1993; 
Johansson et al., 1994; A. Dagerlind, personal communication). 

Oligodeoxyribonucleotides were radiolabeled using terminal deoxy- 
nucleotidyl transferase (Pharmacia LKB, Uppsala, Sweden) and a-??- 

dATP (Du Pont New England Nuclear, Stockholm, Sweden) to a spe- 
cific activity of about lo” cpm/gm. 

Gel shift assay. Striatum was immediately dissected from the brain 
and frozen at -sO’C. Each striatum was then manually ground in an 
Eouendorf tube. Thereafter the cells were lvsed with 50 ml of buffer 
[id mM HEPES-KOH (pH 7.9), 0.4 M NaC< 0.1 mM EDTA, 5% glyc- 
erol, I mM dithiothreitol, 2 mM phenylmethane sulfonylfluoride]. The 
samples were centrifuged at 10,000X g for I5 min, the supernatants 
were collected, aliquoted in small volumes, and frozen at - 135°C until 
used. The protein content was measured as described by Bradford 
(1976) and diluted to the same concentration. We used whole-cell ex- 
tracts in this experiment for two reasons. First, the association of Fos 
and Jun proteins occurs in the nucleus (Curran et al., 1990), so all of 
the measured AP-I is probably located to nucleus and can act as tran- 
scription factor. Second, the preparation of proteins from whole-cell 
extracts is rapid and the activity of proteases and phosphatases is lim- 
ited. 

The AP- I binding sites were double-stranded synthetic oligonucleo- 
tides, CCATGGTTGCTGACTAATTGAGATCT, deduced from the SV 
40 enhancer (Jones et al., 1988) and, AAGCATGAGTCAGACAC, 
from the collagenase enhancer (Lee et al., 1987). The ENKCRE-2 
binding site was a double-stranded synthetic oligonucleotide, 
GATCGGCCTGCGTCAGCTG, deduced from the proenkephalin en- 
hancer (Comb et al., 1988; Konradi et al., 1993). The NF-1 binding site 
was a double-stranded synthetic oligonucleotide, ATTTTGGCTTGA- 
AGCCAATATG, deduced from the adenovirus origin of replication 
(Chodosh et al., 1988). The oligos were end-labeled by using polynu- 
cleotide kinase and -Q’P-ATP (Amersham, Solna, Sweden). 

Twenty micrograms of protein extract was incubated on ice water in 
30 mM HEPES (oH 7.9). 6% Ficoll (400). 80 mM KCI. 0.015% NP 40. 
20 mM NaCI, Oyl mg/ml poly-dIdC‘ for’ IO min. Thereafter 0. I ng of 
labeled probe was added to a final volume of 20 ml. For competition 
experiments a IOO-fold excess of unlabeled probe was added to the 
binding reaction. The samples were incubated for I hr on ice-water. The 
resulting protein-DNA complexes were resolved on a preelectrop- 
horesed 5% nondenaturating polyacrylamide gel in a buffer containing 
25 mM Tris-borate, 0.5 mM EDTA, 0.02% NP 40. The gel was dried 
and autoradiographed on XAR film (Kodak, Jlrfalla, Sweden) for I d. 

Antibodies used in gel shift analysis. Specific antibodies to c-Fos, 
c-Jun, JunB, and JunD (Thierry et al., 1992, or those from Santa Cruz 
Biotechnology Inc., Santa Cruz, CA) were used. The antibodies were 
added I5 min after addition of the probe to the binding reaction. 

Statistics. The differences between means + SEM were analyzed by 
single-factor analysis of variance (ANOVA) followed by pairwise group 
comparisons by the Tukey-Kramer method (SYSTAT). 

Results 

I!#ect of a single injection qf’ cufeine on the expression of 
c-jun, junB, c-fos, and junD in striatum 
In situ hybridization against the four different oncogenes was 
done in adjacent sections from each animal. There was a clear- 
cut induction of c-jun following administration of caffeine (100 
mg/kg), which was most pronounced in the lateral part of cau- 
date-putamen (Figs. I, 2, 3~). The expression of c-jun was de- 
tected by two different probes, one identical with the probe used 
by Moratalla and coworkers (1993). The two probes showed 
identical results. No induction was found in rats treated with the 
lower doses of caffeine (50 mg/kg and 25 mg/kg). The c-jun 
level was highest at one hour after treatment and gradually re- 
turned towards control, which was reached at 8 hr after caffeine 
administration. No induction of c-jun was observed in nucleus 
accumbens following administration of caffeine (100 mg/kg) 
(Figs. 1, 4a). 

The expression of junB following caffeine administration was 
more marked and long-lasting than that of c-fos and c-jun. Thus, 
there was a rapid and prominent induction both throughout the 
caudate-putamen and in the nucleus accumbens following treat- 
ment with caffeine (100 mg/kg) (Figs. 1, 2, 3b, 46). In both 
areas the highest levels of induction were observed I hr after 
administration. The junB in caudate-putamen was significantly 
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Figure 1. In situ hybridization autoradiograms showing the distribution of c-jun, junB, and c&s expression in coronal sections through the rostra1 
part of striatum of rats treated with caffeine (100 mg/kg) and sacrificed after 30 min, 1 hr, 2 hr, 4 hr, or 8 hr. 

elevated at 4 hr after caffeine administration, but the induction 
in the nucleus accumbens was less persistent. There was a ten- 
dency to induction ofjunB in rats treated with 50 mg of caffeine 
per kilogram and sacrificed 1 or 2 hr after administration, but 
no induction was seen in rats treated with the lowest dose of 
caffeine (25 mg/kg). 

In agreement with previous studies (Nakajima et al., 1989; 
Johansson et al., 1994) there was a rapid and prominent induc- 
tion of c-fos in striatum following administration of caffeine 
(100 mg/kg), which was most pronounced in the lateral part of 
caudate-putamen (Figs. 1, 2, 3~). The c-fos signal was strongest 

at 1 hr after treatment and remained elevated for 2 hr. There was 
a tendency to a weak induction in rats treated with 50 mg of 
caffeine per kilogram and sacrificed 1 hr after administration, 
whereas the c-fos signal in rats treated with the lowest dose of 
caffeine (25 mg/kg) was indistinguishable from control. There 
was only a weak and statistically insignificant induction of C--OS 
in nucleus accumbens 1 hr after administration of caffeine (100 
mg/kg) (Figs. 1, 4~). 

At the cellular level in the lateral part of rostra1 caudate-pu- 
tamen, more neuron-like cells were labeled against junB and 
c-fos than against c-&n (Fig. 5). No obviously glial-like cells 
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Figure 2. In situ hybridization autoradiograms showing the distribu- 
tion of c-jun, junB, and c-fos expression in coronal sections through the 
caudal part of striatum of rats treated with saline (left hemisphere) or 
caffeine (100 mgkg) (right hemisphere) and sacrificed I hr after ad- 
ministration. 

were labeled with any of the probes. Only some 25% of the cells 
in the study illustrated in Figure 5c showed labeling with c-jun. 
The degree of labeling was somewhat higher (40%) in a separate 
experiment. By contrast, the junB and c-fos probes were detected 
in a much larger percentage of cells 80% (84%) and 67% (77%), 
respectively. The difference in the degree of labeling could not 
be attributed to a difference in the population of cells labeled. 
Instead all three probes labeled both preproenkephalin (ENK) 
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Figure 3. Histograms showing the time-course of c-jun (a.),junB (b.), 
and c-fos (c.) expression in the lateral part of rostra1 caudate-putamen 
following treatment with saline (O), caffeine 25 mg/kg (m), caffeine 
50 mgkg (o), or caffeine 100 mg/kg (W). The results are given as the 
mean + SEM, from three individuals in each group. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001; each versus corresponding saline treated. 

and preprotachykinin A (SP) expressing cells. Thus, c-jun was 
found in 27% of the ENK positive cells, 22% of the ENK neg- 
ative cells, 27% of the SP positive cells, and 21% of the SP 
negative cells. For junB the corresponding figures were 80, 70, 
84, and 86%, and for c-fos they were 79, 65, 68, and 64% (20- 
88 cells were counted in each category-the largest numbers in 
case of c-jun). 

None of the treatments in this experiment caused induction of 
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junD. The probe did, however, reveal a clear expression of junD 
in hippocampus (not shown) and cerebellum (Fig. 6), but this 
was not different from that seen in saline-treated animals. 

Effect of a single injection of caffeine on expression of c-jun 
in ventral part of thalarnus, junB in cerebral cortex, and c-fos 
in globus pallidus 

An increased level of c-jun in the ventral part of thalamus, es- 
pecially in ventral posteromedial and ventral posterolateral tha- 
lamic nucleus, was observed following treatment with caffeine 
(100 mg/kg) (Fig. 7), but no similar induction was found for the 
other oncogenes examined. An increased level of junB and c-fos, 
but not of c-jun, in the cerebral cortex was seen following ad- 
ministration of caffeine (100 mg/kg) (Fig. 2). The junB and c-fos 
increase was more clearcut in posterior parts of the cortex (not 
shown). Interestingly, c-fos tended to increase in globus pallidus 
following treatment with caffeine (100 mg/kg) (Fig. 2), but no 
increase in the other immediate early gene products was ob- 
served in this structure. 

EfSect of a single injection of caffeine on expression of AP-I 
in striatum 
Caffeine (100 mg/kg) administration caused an induction of AP- 
1, which was clearly detectable already after 1 hr, peaked after 
2 hr, and was well maintained 4 hr after administration (Figs. 
Sa, 9). By contrast, caffeine did not affect binding to CRE-2 at 
any of these time-points (Fig. Sd, results from rats treated 4 hr 
not shown). The experiment was repeated five times with new 
extracts from different rats each time and the results were iden- 
tical. Furthermore, identical results were obtained with two dif- 
ferent probes against the AP-1 binding site. The results were not 
due to unspecific DNA-binding, since an excess of cold NF-1 
(Fig. SC) or CRE-2 (not shown) did not alter the AP-1 binding 
following caffeine treatment. Using super-shift assay it was dem- 
onstrated that at least some of the AP-1 complexes after 2 hr 
contained JunB, c-Jun and c-Fos (Fig. Sb). The presence of JunD 
in AP-1 was also suggested. The same results were found in 
striatal extracts from four different rats injected with caffeine 
(100 mg/kg) and sacrificed 2 hr after administration. The AP- 1 
complex obtained from animals 4 hr after caffeine was shifted 
by antibodies against Jun B and c-Fos (Fig. 86). 

Effect of a single injection of caffeine on preproenkephalin 
mRNA 

In agreement with previous results (Schiffmann et al., 1991) 
preproenkephalin mRNA was expressed throughout the caudate 
putamen and the nucleus accumbens (Fig. 10d). There was a 
clear-cut increase of preproenkephalin mRNA in the lateral part 
of caudate-putamen following administration of caffeine (100 
mg/kg) (Figs. 10, 11, 12a). A small induction was seen already 
after 1 hr, but it peaked after 4 hr, and remained significantly 
increased even after 8 hr. The expression of preproenkephalin 
mRNA in rats treated with a lower dose of caffeine (50 mg/kg) 
and sacrificed after 4 hr also tended to be higher than that of 
control animals. Irrespective of dose and duration of treatment, 
no induction was seen in nucleus accumbens following caffeine 
administration (Figs. 10, 12b). 

Discussion 
Effects of caffeine on immediate early genes in caudate- 
putamen 
The present study shows that a single injection of caffeine (100 
mg/kg) is able to increase the expression of the immediate early 
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Figure 4. Histograms showing the time-course of c-&n (a.),junB (b.), 
and c-fos (c.) expression in nucleus accumbens following treatment with 
saline (U), caffeine 25 mg/kg (@l), caffeine 50 mg/kg (m), or caffeine 
100 mgfl<g (m). The results are given as the mean t SEM, from three 
individuals in each group. *, P < 0.05; ***, P < 0.001; each versus 
corresponding saline treated. 

genes c-jun and junB, but not junD, and of the transcription 
factor AP-1 and preproenkephalin mRNA in striatum. We also 
confirm previous studies (Nakajima et al., 1989; Johansson et 
al., 1994) that show an induction of c-fos in striatum following 
caffeine administration. It is known that the basal levels of the 
fos and jun oncogenes differ between areas of the brain (Mell- 
striim et al., 1991). After drug treatment the fos and jun onco- 
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Figure 5. Emulsion autoradiograms from the lateral part of rostra1 
caudate-putamen of a caffeine-treated rat (100 mg/kg), sacrificed 1 hr 
after treatment, showing neuron-like cells labeled in thin, consecutive 
sections against preproenkephalin mRNA (ENK, fop leff) or preprota- 
chykinin A mRNA (SP, fop right) and, for comparison, with probes for 
c-jun (panel a, bottom two parts), junB (panel b, bottom two parts) and 
c-fos (panel c, bottom two parfs). Arrows indicate cells that coexpress 
mRNA for the respective peptides and immediate early genes. Of the 
neuron-like cells examined 52% were positive for ENK, 53% for SR 
25% for c-jun, 80% for junB, and 67% c-jos. Between 119 and 282 
cells were counted to obtain each percentage value. 

genes are preferentially induced in some areas; this could pro- 
vide an indicator of the neural systems that are activated. 

In agreement with previous findings (Nakajima et al., 1989; 
Johansson et al., 1994) the induction of C--OS was seen only after 
rather high doses of caffeine. These doses of caffeine are much 
(more than lo-fold) higher than those that cause initial activation 
of motor behavior (see Daly, 1993). In fact, the doses required 
to induce a clearcut induction of the immediate early genes if 

Figure 6. In situ hybridization autoradiograms showing the expression 
of junD in coronal sections from the rostra1 part of striatum (upper 
panel) and cerebellum (lower panel) of a caffeine-treated rat (100 
mg/kg), sacrificed 1 hr after treatment. 

anything cause a motor depression. This could mean that our 
results are not immediately relevant for an understanding of the 
neuronal basis of the excitatory actions of caffeine. Also other 
drugs, for example, cocaine and amphetamine, are behaviorally 
active in much lower doses than those required to stimulate im- 
mediate early gene expression (e.g., Moratalla et al., 1992, 
1993). 

Whereas information about changes in gene expression after 
caffeine treatment is limited, the ability of addictive compounds 
such as cocaine, amphetamine, and opiates to alter gene expres- 
sion has been extensively studied (see Nestler et al., 1993). Since 
caffeine shares at least some behavioral characteristics with am- 

Figure 7. In situ hybridization autoradiograms showing the expression 
of c-jun in the ventral part of thalamus of rats treated with saline (left 
hemisphere) or caffeine (100 mglkg) (right hemisphere) and sacrificed 
after 1 hr. 
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Figure 8. a, Gel-shift assay showing 
the expression of AP-1 in striatum of 
rats treated with saline or caffeine (100 
mg/kg). The AP-I binding site was de- 
duced from the collagenase enhancer. 
To every second lane, a lOO-fold ex- 
cess of unlabeled AP-1 binding site 
was added. The lowermost part of the 
gel shows free probe. b, Gel-shift assay 
showing the expression of AP-1 in 
striatum of rats treated with caffeine 
(100 mg/kg) and sacrificed after 2 
(lanes 1-6) or 4 (lanes 7-12) hr. An- 
tibodies against JunB, JunD, cJun, or 

qlJbLI)r -1 c-Fos proteins were added to the indi- 
cated lanes. c, Control experiment 
showing the effect of increasing 
amounts of unlabeled NF-I binding 
sites, unlabeled AP- 1 (derived from SV 
40 promotor or from the collagenase 
promotor) on the binding of labeled 
AP-I from collagenase. d, Gel-shift as- 
say showing the binding to ENKCRE-2 
of extracts prepared from striatum of 
rats treated with saline or caffeine (100 
mg/kg). The extracts from caffeine- 
treated rats were known to include AP- 
1; this was shown by a parallel exper- 
iment where we used AP-I site from 
the collagenase enhancer. Competition 
with unlabeled NF-1 and ENKCRE-2 
were made with extracts from rats 
treated with caffeine for I hr. 

phetamine and cocaine (Daly, 1993) it may be of interest to as neither amphetamine nor cocaine induces c-&n (Moratalla et 
compare their actions on immediate early gene expression. There al., 1990, 1993). This qualitative difference between cocaine and 
are some similarities, for example, in that c-fis is induced in the caffeine may be related to the quantitative difference between 
caudate-putamen (Nakajima et al., 1989), but also important dif- the ability of the substances to induce C--OS. It is known that 
ferences. For example, we show, using two different oligonu- cocaine induces c-fos almost exclusively in dopamine D, recep- 
cleotide probes, that caffeine is a potent inducer of c-jun, where- tor and substance P-expressing medium-sized spiny neurons 
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Figure 9. Histogram showing the time course of AP-1 expression in 
striatum following saline (0) or caffeine (m) treatment (100 mg/kg). 
The AP-1 expression was quantitated using image analysis. The findings 
were replicated twice using the same probe (derived from SV 40 prom- 
otor) and twice with a different probe (derived from the collagenase 
promotor) with qualitatively identical results. 

(Graybiel et al., 1990; Young et al., 1991; Beretta et al., 1992; 
Cole et al., 1992), whereas caffeine induces c-fos also in neurons 
that express met-enkephalin (Johansson et al., 1994). Approxi- 
mately half of the medium-sized spiny neurons in striatum be- 
long to the class that express large amounts of dopamine D, 
receptor mRNA, whereas the other half of the cells predomi- 
nantly express dopamine D, receptor and preproenkephalin 
mRNA (Gerfen et al., 1990). The present results show that both 
c-f& and junB increase in considerably more than half the cells 
of the caudate-putamen, and not only in the subpopulation of 
cells expressing abundant dopamine D, receptor mRNA but also 
in the other, equally large, subpopulation of cells. c-jun was also 
induced in both the subpopulations of cells, albeit to a much 
more limited extent. 

The finding that the examined immediate early genes show 
somewhat different spatiotemporal characteristics might also be 
related to in vitro studies that have shown that fos and jun on- 
cogenes are differently regulated (e.g., Bartel et al., 1989; Gubits 
et al., 1990; Worley et al., 1990). For example, the 5’-flanking 
sequences of c-fos and junB genes possess elements responsive 
to CAMP and protein kinase A, whereas that of c-jun lacks these 
elements (Angel et al., 1988; Lamph et al., 1988; Sassone-Corsi 
et al., 1988; Chiu et al., 1989; de Groot et al., 1991). It has been 
proposed that the coordinate expression of c-fos and junB fol- 
lowing cocaine administration could be the result of an activa- 
tion of a calcium- and CAMP response element secondary to the 
activation of dopamine D, receptors (Graybiel et al., 1990; Mor- 
atalla et al., 1993). The lack of effect of cocaine on c-jun ex- 
pression was suggested perhaps to be due to active repression 
by CAMP or by junB (Moratalla et al., 1993). Since caffeine 
could induce c-jun, c-fos, and junB in the same types of cells, 
it could perhaps be concluded that the caffeine effect is unrelated 
to CAMP Indeed, despite the fact that caffeine is inter alia an 
inhibitor of CAMP breakdown, its effects on C--OS induction can- 
not be mimicked by selective phosphodiesterase inhibitors 
(Svenningsson, Johansson, and Fredholm, unpublished obser- 
vations). 

Ctrl 

2 hrs 

.  

4hrs 

8hrs 

Figure 10. In situ hybridization autoradiograms showing the distri- 
bution of preproenkephalin mRNA expression in coronal sections 
through the rostra1 part of striatum of rats treated with saline and sac- 
rificed after 2 hr (Ctrl) or treated with caffeine (100 mg/kg) and sac- 
rificed after 2, 4, or 8 hr. 

Effects of caffeine on immediate early genes in brain areas 
related to caudate-putamen 

Nucleus accumbens receives an important dopaminergic inner- 
vation from the ventral tegmental area, which is proposed to 
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Figure II. In situ hybridization autoradiograrns showing the distri- 
bution of preproenkephalin mRNA expression from coronal sections 
through the caudal part of striatum of rats treated with caffeine (100 
mg/kg) (upper panel) or saline (lower panel) and sacrificed after 4 hr. 

play key role in the development of drug abuse (Koob, 1992). 
We previously found that caffeine, in contrast to cocaine and 
amphetamine, gives little or no induction of c-j& in this nucleus 
(Johansson et al., 1994). Acute cocaine was found to cause a 
marked increase in i.a. junB and c-jun in nucleus accumbens as 
judged by Northern blotting (Hope et al., 1992), whereas the 
induction as judged by in situ hybridization was modest in mag- 
nitude or absent (Moratalla et al., 1993). The present finding that 
administration of caffeine (100 mg/kg) caused a clearcut in- 
crease of junB in at least part of nucleus accumbens indicates 
that this region is affected by caffeine. Actions in the nucleus 
accumbens may be of significance since caffeine has been de- 
scribed as a weak reinforcing drug (Griffiths and Woodson, 
1988; Holtzman and Finn, 1988). 

A possible explanation for the ability of caffeine to produce 
a quantitatively and qualitatively different increase in immediate 
early genes than does cocaine might be that cocaine acts directly 
in striatum, whereas caffeine activates it largely indirectly. Un- 
published data indicate that the induction of c-fos is altered when 
rats are pretreated with glutamate receptor antagonists (Sven- 
ningsson, Johansson, and Fredholm, unpublished data). One 
probable explanation is that a component of the effects of caf- 
feine is due to actions on glutamatergic afferent pathways from 
striatum. In this study we report an increase of c-jun in the 
ventral part of thalamus and of junB in cerebral cortex by caf- 
feine; both these areas interact intimately with striatum (for re- 
views, see Albin et al., 1989; Gerfen et al., 1992). The ventral 
part of thalamus provides an important striatal output and pro- 
vides input to cerebral cortex. The mechanism is probably re- 
lated to the inhibition, by caffeine, of adenosine A, receptors 
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Figure 12. Histograms showing preproenkephalin (WE) mRNA ex- 
pression in the lateral part of rostra1 caudate-putamen (a) and the nu- 
cleus accumbens (b) following treatment with saline (Cl), caffeine 25 
mg/kg (LZl), caffeine 50 mg/kg (8). or caffeine 100 mg/kg (W). The 
results are given as the mean f. SEM from three individuals in each 
group. *, P < 0.05, each versus corresponding saline treated. 

that decrease the release of glutamate (Fredholm and Dunwiddie, 
1988). 

Caffeine induces c-Fos-, c-Jun-, and JunB-containing AP-1 
and preproenkephalin mRNA 

The products of the immediate early genes of thefosljun family 
are known to associate in a variety of dimers that bind to the 
AP-1 site known to regulate the expression of many genes. Spe- 
cifically, it has been shown that induction of c-fos, c-jun, junB 
mRNA precedes induction of proenkephalin mRNA in hippo- 
campus (Sonnenberg et al., 1989a). These authors also showed 
that synthetic c-Fos/c-Jun and c-Fos/JunB complexes bind to the 
AP-l-like site called ENKCRE-2 in the 5’-flanking sequence of 
the preproenkephalin gene. In another paper from the same 
group (Sonnenberg et al., 1989b) it was shown that AP-1 bind- 
ing activity was induced, and it was suggested that the compo- 
sition of the transcription factor may vary with time. Given this 
background, which was available to us at the start of our study, 
the data presented in the present study imply that c-fos, c-jun, 

and junB, via formation of AP-1, contribute to the regulation of 
enkephalin expression in the caudate putamen following caffeine 
exposure. Thus, AP-1 binding activity was detected somewhat 
after the first induction of the immediate early gene mRNA. It 
was also shown, by super-shift assay, that at least part of the 
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AP-1 binding activity was composed of JunB, c-Fos, and c-Jun. 
Finally, and with a still greater time lag, there was an increased 
expression of preproenkephalin mRNA. However, in a careful 
study, Fos-containing AP-1 was found to play little or no role 
in the induction of proenkephalin by haloperidol treatment (Kon- 
radi et al., 1993). Instead, the study provided evidence that 
CREB binds and regulates via phosphorylation of the ENK- 
CRE-2 site. We similarly found that caffeine did not alter bind- 
ing to ENKCRE-2, using the same sequence as that used by 
Konradi et al. (1993). Therefore the causal link between the 
induction of AP-1 and the induction of preproenkephalin mRNA 
is highly uncertain. In the case of two other neuropeptides, neu- 
rotensin and substance P, the role of Fos and AP- 1 may be bigger 
(Merchant and Miller, 1994). These two peptides are also af- 
fected by caffeine (Schiffmann and Vanderhaegen 1993b; P 
Svenningsson, U. Aden, and B. B. Fredholm, unpublished data). 
Interestingly, in the 5’-flanking sequence of substance P, one 
detects an AP-1 binding site identical to the AP-1 site in the 
collegenase enhancer, which we used in this experiment (Carter 
and Krause, 1990). 

The present data thus show that a single dose of caffeine can 
induce marked changes not only in immediate early gene ex- 
pression but also in the expression of genes that respond to the 
transcription factors that these genes elaborate. It is tempting to 
speculate that such changes may underlie the well-known adap- 
tive changes that occur in brain following caffeine treatment. 
For example, in naive subjects a dose of caffeine activates the 
sympathoadrenal system resulting, for example, in increases in 
blood pressure. However, subsequent doses produce progres- 
sively smaller effects and within a few days no effect is ob- 
served (Robertson et al., 1981). Furthermore, there is evidence 
for behavioral tolerance (see Holtzman and Finn, 1988) and a 
few days of caffeine treatment in rodents significantly alters their 
susceptibility to drug-induced seizures (Georgiev et al., 1993) 
and to damage following global or regional ischemia (Rudolphi 
et al., 1989). 
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