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Cocaine-induced c-fos Messenger RNA Is Inversely Related to 
Dynorphin Expression in Striatum 

Heinz Steiner and Charles R. Getfen 
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The effects of the indirect dopamine receptor agonist co- 
caine in the striatum on levels of mRNAs of the immediate- 
early gene c-fos and the neuropeptides dynorphin, sub- 
stance P, and enkephalin were analyzed with quantitative in 
situ hybridization histochemistry. Both single (acute) and 
repeated (twice a day for 4 d) systemic injections of cocaine 
(X75-30 mg/kg) to rats resulted in dose-dependent, region- 
ally specific elevations of mRNA expression in striatal neu- 
rons. A single drug treatment elevated c-fos mRNA expres- 
sion, whereas repeated treatments resulted in little c-fos 
expression but elevated dynorphin mRNA levels. Both the 
regional and temporal patterns of gene expression revealed 
an inverse relationship between dynorphin and c-fos ex- 
pression. This relationship was examined in a time course 
experiment in which cocaine (30 mg/kg) was administered 
for 1,2,3 or 4 d. Basal levels of dynorphin expression were 
relatively high in the ventral striatum, including the nucleus 
accumbens, a ventrolateral region, and an area along the 
medial bank of the striatum. A single injection of cocaine 
induced c-fos mRNA in striatal areas with low basal expres- 
sion of dynorphin. Thus, c-fos mRNA induction was highest 
in the dorsal central striatum, where basal dynorphin mRNA 
levels were lowest. In this region, dynorphin mRNA expres- 
sion increased on subsequent treatment days parallel to 
diminished c-fos mRNA induction. Changes in substance P 
mRNA levels appeared to match directly both the temporal 
and regional patterns of c-fos induction. Enkephalin mRNA 
expression was altered, but only slightly, by these cocaine 
treatments. 

Statistical analysis of the regional patterns of basal and 
altered mRNA levels shows a unique inverse relationship 
between basal dynorphin expression and c-fos induction by 
cocaine. Further evidence of this relationship is provided by 
the dose-dependent blockade of cocaine-induced c-fos ex- 
pression by spiradoline, a dynorphin agonist. Together, these 
results suggest that the restricted regional pattern of co- 
caine-induced c-fos expression is related, in part, to the 
basal level of dynorphin expression, and that cocaine treat- 
ment elevates dynorphin expression in striatal regions with 
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a strong c-fos response, thereby limiting subsequent c-fos 
induction by cocaine. These findings lead to the hypothesis 
that dynorphin acts to regulate the responsiveness of striatal 
neurons to dopamine stimulation. 

[Key words: c-fos, dynorphin, substance P, enkephalin, 
cocaine, striatum, dopamine, K-feceptOf] 

Experimental manipulations of dopamine neurotransmission 
alter gene regulation in connectionally and neurochemically de- 
fined populations of neurons in the striatum (Gerfen, 1992). 
The direct action of dopamine has opposite effects on gene 
regulation in neurons giving rise to the two major striatal output 
pathways. These neurons-medium spiny neurons, which make 
up 95% of the striatal neuron population (Kemp and Powell, 
197 I)-can be classified into two main subtypes based on their 
axonal projection targets (Kawaguchi et al., 1990). One subtype, 
striatopallidal neurons, projects to the globus pallidus. The other 
subtype, striatonigral neurons, provides a small axon collateral 
to the globus pallidus, and more extensive axon projections to 
the entopeduncular nucleus and/or the substantia nigra. Stria- 
topallidal and striatonigral neurons are approximately equal in 
number and are intermingled throughout the striatum (Beck- 
stead and Kersey, 1985; Gerfen and Young, 1988). Both types 
ofneurons use GABA as their transmitter (Kita and Kitai, 1988), 
but express different neuropeptides; most striatopallidal neurons 
express enkephalin, whereas most striatonigral neurons express 
both dynorphin and substance P (Brownstein et al., 1977; Vin- 
cent et al., 1982; Beckstead and Kersey, 1985; Gerfen and Young, 
1988). It has been shown that enkephalin mRNA and peptide 
levels in striatopallidal neurons are elevated by dopamine de- 
pletion or by neuroleptic treatment (Hong et al., 1978; Young 
et al., 1986; Voorn et al., 1987; Gerfen et al., 1990, 1991; Li et 
al., 1990). In contrast, substance P and dynorphin mRNA and 
peptide levels in striatonigral neurons are reduced by striatal 
dopamine depletion and elevated by dopamine agonist treat- 
ments (Young et al., 1986; Bannon et al., 1987; Hanson et al., 
1987, 1988; Voorn et al., 1987; Li et al., 1988, 1990; Gerfen et 
al., 1990, 199 1). These opposite effects of dopamine manipu- 
lations on peptide expression appear to be mediated by the 
selective expression of the D, and D, dopamine receptor sub- 
types in striatonigral and striatopallidal neurons, respectively 
(Gerfen et al., 1990; Le Moine et al., 1990). Thus, in the do- 
pamine-depleted striatum, D,-selective agonist treatment re- 
verses the elevated enkephalin mRNA levels in striatopallidal 
neurons (Get-fen et al., 1990). Conversely, D,-selective agonist 
treatment elevates peptide mRNA levels specifically in stria- 
tonigral neurons (Gerfen et al., 1990). Consistent with these 
results are studies demonstrating the induction of the imme- 
diate-early gene c-fos, which encodes the transcription factor 
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Fos, by acute pharmacological treatments. In rats with nigrostri- 
atal lesions, c-fos is induced selectively in striatonigral neurons 
by a single injection of the D,-selective agonist SK&38393 
(Robertson et al., 1990, 1992). Conversely, in unlesioned ani- 
mals, c-fos is induced selectively in striatopallidal neurons by a 
single treatment with the D, antagonist haloperidol (Dragunow 
et al., 1990; Robertson et al., 1992). Together, these studies 
suggest that dopamine exerts a direct and opposite effect on gene 
regulation in striatonigral and striatopallidal neurons through 
D, and D, receptors, respectively. 

Direct effects of dopamine on striatonigral and striatopallidal 
neurons are demonstrated in studies employing the model of 
the dopamine-deafferented striatum, where it is possible to an- 
alyze effects of activation of one dopamine receptor subtype. 
Experimental paradigms in which dopamine neurotransmission 
is altered in the presence of an intact nigrostriatal dopamine 
system provide additional information that is relevant to the 
normal functional organization of the striatum. Cocaine, which 
blocks dopamine reuptake (Heikkila et al., 1975; Taylor and 
Ho, 1978; Missale et al., 1985) and thereby prolongs its action, 
alters gene regulation in striatal neurons. Acute cocaine treat- 
ment induces c-fos in striatonigral neurons (Cenci et al., 1992), 
primarily through a D, receptor mechanism (Graybiel et al., 
1990; Young et al., 1991). Moreover, repeated treatment with 
cocaine elevates dynorphin and substance P (Sivam, 1989; Smi- 
ley et al., 1990; Hurd et al., 1992) in striatonigral neurons. One 
striking finding from these studies is the distinct regional pattern 
in neuronal gene regulation in response to cocaine treatment, 
with the most pronounced effects occurring in the dorsal stria- 
turn (Graybiel et al., 1990; Young et al., 1991). Additionally, 
whereas the c-fos response has been reported after acute treat- 
ment, the elevation of dynorphin has been demonstrated after 
repeated treatments. In order to analyze possible relationships 
between cocaine-induced changes in various neuronal gene 
products, the present study examined regional variations and 
the time course of changes in the expression of the immediate- 
early gene c-fos and the neuropeptides dynorphin, substance P, 
and enkephalin, which serve as markers for the distinct sets of 
striatal projection neurons. 

Materials and Methods 
Subjects anddrugs. Male Sprague-Dawley rats (200-300 gm) were used 
in these experiments. They were housed in groups of five under standard 
laboratory conditions. In experiments 1 and 2, rats were injected intra- 
peritoneally with one of the following five doses of cocaine (n = 5 each): 
0 (vehicle), 3.75, 7.5, 15, or 30 mg/kg (cocaine hydrochloride; Sigma; 
in 0.02% ascorbic acid, 1 ml/kg). Animals in experiment 1 (“acute 
cocaine”) received a single injection. Rats in experiment 2 (“chronic 
cocaine”) were injected twice daily (at 10 A.M. and 5 P.M.) for 3 d and 
received the final injection (same dose) on day 4 (20-22 hr after the last 
injection). In experiment 3 (“time course”), rats were injected with 
cocaine (30 mg/kg, i.p.) twice daily for O-3 d (n = 5 each) and received 
the final injection (30 mg/kg) on drug days 1 (1 d group), 2 (2 d group), 
3 (3 d group), or 4 (4 d group). A control group was injected with vehicle 
(0 d group). The number of injections was equalized with vehicle in- 
jections. That is, all groups received a total of seven injections over 4 
d. In experiment 4 (“dynorphin agonist”), rats received one of five doses 
of the K-receptor agonist spiradoline [U-62066, Research Biochemicals; 
0 (vehicle), 0.5, 1, 5, 10 me/h, in.: n = 4 or 51 15 min nrior to a sinale 
injection of 30 mg/kg cocaine: These animals had been habituated to 
the injection procedure by administration of six vehicle injections over 
the 2 d preceding the experiment. In all of these experiments, drug 
effects on behavior were assessed by observing the animals in their home 
cage. 

Tissue section preparation. All rats were decapitated 30 min after the 
last injection. The brains were quickly removed, frozen for 15 set in 

isopentane cooled on dry ice, and stored at -30°C until cryostat sec- 
tioning. Coronal sections (12 pm) were adhered to glass slides twice 
coated with gelatin, and then dried to the slide on a warm plate and 
stored at -20°C. For further processing, the slides were first warmed 
to room temperature, and then fixed in a 4% paraformaldehyde solution 
(in 0.9% saline) for 10 min and incubated in a fresh solution of 0.25% 
acetic anhydride in 0.1 M triethanolamine and 0.9Oh saline (pH 8.0) for 
10 min. The slide-mounted sections were then dehydrated in a series 
of ascending concentrations of ethanol, defatted for 2 x 5 min in chlo- 
roform, rehydrated, and air dried. The sections were stored at -80°C 
until hybridization. 

Oligonucleotide probes. Tails of ‘S-dAMP (average tail length, 20 
bases) were added to purified oligonucleotides (48-base cDNAs) com- 
plementary to the mRNAs for c-fis (experiments la), dynorphin (ex- 
periments l-3), substance P and enkephalin (experiment 3) (Young et 
al., 1986) in the following reaction: 1 ~1 of each probe (from a stock 
concentration of 5 PM) was reacted with ‘S-dATP (final concentration 
equal to 1 PM of 1350 Ci/mmol ‘S-dATP) and 80 U/4 pl of terminal 
deoxynucleotidyl transferase (TdT, Boehringer Mannheim, Indianap- 
olis, IN) for 5 min at 37°C. The reaction was terminated with the 
addition of 1 ~1 of tRNA (25 pg/pl) and 450 ~1 of 10 mM Tris HCl (pH 
7.5)/EDTA (TE), and the labeled Drobe was extracted with nhenol/ 
chlbroform/isoamyl alcohol followed by chloroform/isoamyl alcohol. 
To the extracted aqueous phase was added l/20 vol of 4 M NaCl and 
1 ml of ethanol, which was allowed to cool on dry ice for 20 min. The 
precipitate was pelleted at 14000 rpm for 12 min, washed with ice-cold 
ethanol, and resuspended in 50 ~1 of TE. 

Hybridization. Labeled probes were added to hybridization buffer 
(Young et al., 1986) to reach a concentration of 0.4-l x lo6 dpm per 
25 ~1 of buffer. Twenty-five microliters of hybridization buffer contain- 
ing labeled probe were added to each brain section. The sections were 
coverslipped with parafilm and incubated overnight at 37°C. After in- 
cubation, the coverslips were floated off in 1 x salinesodium citrate 
@SC) (1 x SSC contains 150 mM sodium chloride and 15 mM sodium 
citrate), and the slide-mounted sections were rinsed in four washes of 
1 x SSC. The slides were then washed 4 x 15 min in 2 x SSC/50% 
formamide at 41”C, followed by 2 x 30 min washes in 1 x SSC at room 
temperature and a brief water rinse, before the sections were air dried. 
The slides were then apposed to x-ray film (X-Omat, Kodak) for 2-5 
weeks. After the films were developed, the slides were dipped in NTB3 
autoradiography emulsion (Kodak) (diluted 1: 1 with water containing 
0.1% Dreft) and exposed for 8-l 2 weeks. After developing, they were 
counterstained with thionin, dehydrated, and coverslipped out ofxylene. 

Analysis of autoradiograms. Sections from four rostrocaudal levels 
were examined (Fig. 1): a frontal (about at 11.5 mm rostra1 to the 
interaural line; Paxinos and Watson, 1982), a rostra1 striatal(10.5 mm), 
a mid-striatal (9.5 mm), and a caudal striatal level (8.0 mm). In exper- 
iments 1 and 2, striatal mRNA levels were assessed in dorsomedial, 
dorsolateral, ventrolateral, and ventromedial quadrants or ventral parts 
(Fig. l&D, left side). These arbitrarv regions were sufficient for the 
purpose of these experiments, in which parameters of drug dose and 
delivery were determined. However, for the more detailed analysis per- 
formed in experiment 3, the striatum was subdivided on the basis of 
its more complex regional heterogeneity. Thus, the following striatal 
areas were chosen (Fig. lB-D, right side): a dorsomedial periventricular 
zone with high basal dynorphin expression; a dorsal central zone, which 
shows maximal c-fos induction by cocaine; an area with high basal 
expression of substance P, situated dorsolaterally on the rostra1 striatal 
section, laterally at the middle, and more ventrolaterally at the caudal 
striatal level; and a ventrolateral or ventral area also rich in basal dy- 
norphin mRNA. Additionally, the nucleus accumbens was dissected 
into a core and a shell region (Zaborszky et al., 1985), based on differ- 
ential basal expression of substance P in these regions. In the first three 
experiments, c-fos expression was also analyzed in the claustrum and 
the medial frontal cortex (frontal level), and in the cingulate cortex 
(rostra1 through caudal striatal levels) (Fig. 1). In experiment 4, c-fos 
expression was assessed in the dorsal central region of the striatum and 
in the cingulate cortex, at rostral, middle, and caudal levels. 

Labeling was measured from film with a Macintosh-based image 
analysis system (IMAGE, Wayne Rasband, NIMH). For each region, mean 
optical density (OD) values were assessed in both hemispheres and 
averaged. OD values given are corrected for background by subtraction 
of the OD value of the corpus callosum. For the analysis of regional 
differences in changes in neuropeptide expression (experiment 3), the 
maximal increase in mRNA levels (peak induction) was determined as 
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follows: for dynorphin and enkephalin, signal in the 2 d group divided 
by signal in the 0 d group; for substance P, signal in the 1 d group 
divided by that in the 0 d group; for C-$X, signal in the 1 d group minus 
that in the 0 d group (this measure was chosen for c-fos due to the very 
low basal levels of this mRNA). 

Statistics. Drug effects were determined with one-factor analysis of 
variance (ANOVA). In experiments 1,2, and 4, Dunnett’s test was used 
post hoc to assess the effects of individual doses of cocaine, or spira- 

shell 
doline, compared to vehicle, or cocaine controls, respectively. In ex- 
periment 3, the Tukey-Kramer test was applied to compare the different 
groups. In addition, the expression (basal expression and peak induction) 
of the four mRNAs in the 14 striatal regions was. compared by a cor- 
relation analysis (Pearson’s correlation). All p values presented are two 
tailed. 

Results 
Experiment 1: acute cocaine 
Behavior. Vehicle-injected rats did not exhibit much activity, 
but spent most of the postinjection period piled up in a comer 

Figure I. Schematic representation of the forebrain areas in which 
changes in gene expression were analyzed. OD values were measured 
in regions at a frontal (A), rostra1 (B), middle (C), and caudal striatal 
(0) level. The regions examined in the dose-response experiments (ex- 
periments 1 and 2) are shown on the left side of each diagram: dorso- 
medial (DM), dorsolateral (DL), ventrolateral (IX), and ventromedial 
(I’M) quadrants and ventral ( v) parts of the striatum, and medial frontal 
cortex (MF), claustrum (CL), and cingulate cortex (CG). The striatal 
regions depicted on the right side of the diagrams were designed for the 
time course experiment (experiment 3): dorsomedial (DM), ventrolat- 
era1 (IX) and ventral (I’) areas with high basal dynorphin expression, 
dorsal (0) central areas with high c-fos induction by cocaine, dorsolateral 
(OL) and lateral (L) regions with high basal substance P expression, and 
nucleus accumbens (NAG’) core and shell regions. 

of the cage. After the injection of the two lower doses of cocaine 
(3.75 and 7.5 mg/kg), rats were more activated, showing repet- 
itive sniffing, rearing, and some locomotor activity for several 
minutes. The higher doses (15 and 30 mg&g) produced more 
intense repetitive behavior, including sniffing, rearing, loco- 
motion, and some side-to-side head movements (head bobbing). 
These two doses mainly differed in the duration of activation. 
Whereas rats that received 15 mg/kg were relatively inactive by 
the time of decapitation (30 min after the injection), those in- 
jetted with the highest dose were still activated. 

c-fos mRhCA expression. Acute injection of cocaine resulted 
in a dose-dependent induction of c-fos mRNA in striatal neu- 

Table 1. Expression of c-j&~ and dynorphin mRNA in stiatal regions following a single (acute) or repeated (chronic) administration of various 
doses of cocaine 

c-fos expression Dynorphin expression 

Striatum 0 mg/kg 3.75 mg/kg 7.5 mg/kg 15 wdk 30 mg/kg 0 mp/kg 3.75 mg/kg 7.5 mg/kg 15 mg/kg 30 m&i 

Acute cocaine 
Ros- DM 4.1 (0.8) 4.0 (0.2) 9.9 (0.8) 19.5 (1.7)** 26.8 (2.4)** 26.2 (1.4) 25.8 (1.1) 28.7 (2.5) 26.7 (1.5) 28.1 (1.3) 

tral DL 2.8 (0.9) 1.8 (0.5) 6.6 (1.5) 16.5 (1.3)** 20.4 (2.5)** 25.3 (1.2) 25.4 (0.8) 27.7 (1.5) 25.3 (1.5) 27.7 (1.1) 
V 3.6 (0.7) 2.0 (0.4) 3.0 (2.1) 5.7 (0.7) 8.6 (0.8)** 40.7 (1.0) 38.0 (1.6) 42.4 (1.4) 39.6 (1.6) 42.5 (1.9) 

Mid- DM 3.8 (1.2) 5.0 (0.9) 9.5 (2.5) 20.3 (1.5)** 23.5 (2.5)** 22.6 (0.7) 21.3 (0.6) 25.6 (0.9) 23.6 (1.0) 24.1 (0.6) 
dle DL 1.9(1.0) 2.3 (0.7) 5.6 (2.1) 14.6 (1.8)** 19.3 (1.9)** 18.5(0.5) 17.2(0.9) 22.1 (1.4) 19.1 (1.0) 19.7 (0.8) 

VL 3.3 (1.9) 1.3 (0.6) 5.3 (2.4) 9.3 (0.9)* 14.5 (1.9)** 30.6 (0.4) 28.0 (1.3) 33.3 (2.2) 29.3 (0.7) 30.1 (0.8) 
VM 2.0 (1.5) 3.5 (0.6) 7.2 (2.9)* 10.2 (0.6)** 14.4 (0.7)** 25.7(0.7) 25.1 (1.2) 30.0(1.2) 26.1 (1.4) 27.2 (0.6) 

C&t- DM 6.6 (1.0) 8.2 (1.3) 9.9 (1.3) 24.2 (l.l)** 22.5 (1.2)** 24.9 (1.0) 26.0 (0.6) 28.2 (1.1) 27.6 (0.9) 28.6 (l.O)* 
da1 DL 2.1 (1.0) 1.8 (1.4) 2.6 (0.9) 14.1 (l.o)** 16.0 (1.6)** 20.1 (1.2) 19.9 (1.2) 22.4 (0.6) 20.9 (0.6) 21.5 (1.4) 

V 1.3 (1.5) -0.4 (1.3) -1.4 (0.5) 3.2 (0.5) 3.1 (0.6) 27.1 (1.4) 29.0(1.2) 29.5(0.5) 29.2(1.1) 30.1 (1.8) 

Chronic cocaine 
Ros- DM 2.3 (0.7) 1.1 (0.4) 4.2 (0.4) 3.9 (1.3) 2.3 (0.7) 42.3 (1.2) 40.1 (1.7) 40.8 (1.9) 46.3 (1.6) 43.9 (1.7) 

tral DL 1.3 (0.6) -1.3 (0.6) 1.6 (0.6) 1.8 (1.1) 2.1 (0.7) 47.1 (0.7) 45.6 (2.1) 43.0 (1.7) 46.9 (2.3) 50.2 (1.5) 
V 0.5 (1.4) -2.6 (1.5) -0.4 (2.3) 1.8 (0.7) -1.4 (1.2) 66.4 (1.8) 66.2 (2.5) 61.1 (3.9) 66.2 (1.4) 65.2 (2.5) 

Mid- DM 4.9 (0.9) 5.1 (1.1) 5.9 (0.6) 8.7 (1.9) 9.7 (0.8)* 29.9 (1.0) 32.7 (0.7) 34.4 (1.0) 38.5 (2.4)** 44.6 (1.7)** 
dle DL 3.4(1.1) 4.2 (1.2) 2.6 (0.4) 3.6 (1.1) 6.6 (0.4)* 28.1 (0.6) 28.3 (0.6) 30.2 (0.7) 29.5 (0.8) 36.5 (1.6)** 

VL 4.2 (1.3) 3.9 (2.0) 3.6 (0.8) 3.2 (0.8) 4.5 (1.5) 51.8 (1.6) 48.3 (1.4) 49.7 (2.5) 47.3 (1.6) 51.1 (3.7) 
VM 5.3 (1.2) 4.1 (2.0) 5.7 (1.2) 5.9 (1.0) 5.5 (2.1) 42.5 (1.3) 44.8 (1.8) 43.5 (2.1) 44.1 (1.1) 45.5 (1.9) 

Cau- DM 5.0 (0.8) 4.9 (0.7) 4.8 (1.0) 7.5 (1.3) 6.1 (0.8) 43.8 (1.5) 42.7 (2.0) 47.6 (1.8) 54.2 (4.0)* 53.7 (3.0)* 
da1 DL 4.5 (0.6) 3.0 (1.0) 2.5 (1.5) 4.3 (1.3) 4.9 (1.6) 35.0(1.4) 32.6 (2.1) 33.8 (1.8) 37.3 (2.5) 41.0 (3.0) 

V 1.6 (0.6) -1.3 (1.1) -0.8 (2.8) 0.6 (1.8) - 1.7 (1.9) 54.9 (2.5) 49.8 (3.0) 45.4 (2.3) 48.7 (1.3) 48.8 (2.3) 

Animals were killed 30 min after the single injection, or 30 min after the last injection of the 4 d chronic treatment. Data represent mean @EM) OD values measured 
in dorsomedial @I@, dorsolateral (DL), ventrolateral (VL), or ventromedial (VM) quadrants, or ventral parts (v), at rostral, middle, and caudal striatal levels. Data 
were analyzed with ANOVA and Dunnett’s tests: **, p < 0.01; *, p < 0.05; compared to vehicle (0 mg&) groups. 
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rons, with distinct regional variations in amount (Table 1, Fig. 
2). The two higher (15 and 30 mg/kg), but not the two lower, 
doses produced a significant increase in c-fi.s labeling (compared 
to vehicle controls) in dorsomedial and dorsolateral quadrants 
at all three striatal levels. In contrast, in ventral striatal parts, 
the C&S response was generally weaker and less uniform. No 
influence of cocaine on c-fos expression was seen in the cortical 
areas examined (Fig. 3). 

Dynorphin mRNA expression. Thirty minutes after the acute 
cocaine injection, there was minimal influence on striatal dy- 
norphin expression (Table 1, Fig. 2). 

Experiment 2: chronic cocaine 

Behavior. After the first drug injection, the rats displayed be- 
havioral patterns similar to those described above. The lower 

Figure 2. Dose-dependent changes in 
striatal c&s and dynorphin mRNA ex- 
pression -following acute and chronic 
cocaine treatments. OD values (mean 
+ SEM) in dorsomedial (DM), dorso- 
lateral (DL), ventrolateral (VL), and 
ventromedial (V&I) quadrants at the 
middle striatal level are given for ani- 
mals killed 30 min after the single in- 
jection (acute cocaine, left), or 30 min 
after the last injection of the 4 d re- 
peated treatment (chronic cocaine, right) 
with O-30 mg/kg of cocaine. Acute co- 
caine produces a dose-dependent in- 
crease in c-fos expression (top), whereas 
the C-$X? response is much reduced or 
absent following the chronic treatment. 
In contrast to c-&s expression, repeated 
cocaine treatment results in a dose-de- 
pendent increase in dynorphin expres- 
sion (bottom) in areas that show a rel- 
atively low basal expression of 
dynorphin and a strong c-fos response 
to acute cocaine. **, p < 0.01; *, p < 
0.05; compared to vehicle (0 mg/kg) 
groups (ANOVA, Dunnett’s test). 

doses induced some sniffing and rearing, with little locomotion, 
for 5-l 5 min. The higher doses produced, in addition to more 
intense sniffing and rearing, more locomotor activity and some 
head bobbing. Repeated cocaine administration seemed to pro- 
duce more activation. However, especially with 30 mg/kg, a 
shift in behavioral patterns was observed, rather than simply 
an increase in intensity or duration. For example, such rats 
exhibited more intense head bobbing, sometimes accompanied 
by highly repetitive scanning of restricted parts of the wall. In 
such situations, locomotion decreased considerably. 

c-fos mRNA expression. In contrast to the effects seen after a 
single cocaine injection, repeated cocaine treatment did not pro- 
duce a comparable C-$X response in any of the striatal regions 
(Table 1, Fig. 2). Only in the dorsal quadrants of the middle 
striatum after a 30 mg/kg injection was there an increase in c-fos 

cortical c--us expression 

acute cocaine Cl Omgn<p chronic cocaine 
I-J 3.75 

20 7.5 20 
15 

q 30 

3 8 10 

0 0 
CL MF II/cc M/CG c/m CL MF WCG M/CG C/CG 

Figure 3. Influence of acute and chronic cocaine treatments on c-fos expression in cortical areas. OD values (mean + SEM) in claustrum (CL), 
medial frontal cortex (MF’), and cingulate cortex at rostra1 (R/CG), middle (MXG), and caudal (C/CC) striatal levels are depicted for animals 
killed 30 min after the single injection (acute cocaine, left), or 30 min after the last injection of the 4 d repeated treatment (chronic cocaine, right) 
with O-30 mgIkg of cocaine. No statistically significant effects of either treatment are seen in these cortical areas. 
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labeling. Also, repeated cocaine did not induce changes in c-fos 
expression in cortical areas (Fig. 3). However, in these cortical 
regions, the basal levels of c-fos expression (0 mg/kg) appeared 
to be lower after repeated injections than in the acute experi- 
ment, while basal levels in striatum were similar in these two 
conditions. There are several possible reasons for this difference, 
some of which may be related to differences in the handling 
procedures. 

The exception was a rat from the 15 mg/kg group that de- 
veloped seizures after the last cocaine injection, and whose data 
were excluded from the statistical analysis. This rat showed an 
increased c-fos signal in many brain areas, including the cortical 
areas examined and all parts of the striatum. Under these con- 
ditions, the c-fos value in, for example, the rostra1 ventral part 
was about 20-30 times higher than that in similarly treated 
animals without seizures or in vehicle controls. 

Dynorphin mRNA expression. Repeated cocaine treatment 
affected dynorphin expression in dorsal parts of the striatum at 
middle and caudal levels (Table 1, Fig. 2). In the dorsomedial 
quadrant of the middle striatal level, injections of both 15 and 
30 mg/kg cocaine increased the dynorphin signal, whereas in 
the dorsolateral quadrant only the latter dose did. A drug effect 
was also seen in the dorsomedial part at the caudal level, with 
both higher doses increasing dynorphin labeling. The striatal 
dynorphin mRNA levels of the rat that developed seizures were 
in the range of the values of the other animals in that group. 

Experiment 3: time course 
Behavior. The final cocaine injection induced the most loco- 
motor activity in 2 d rats. Three rats of the 1 d group were 
activated by the drug, but to a lesser degree, showing sniffing, 
rearing, and some locomotion. Two animals of this group were 
not activated by the injection and were excluded from the study, 
based on our experience that rats lacking a behavioral response 
to such cocaine doses fail to show effects on gene regulation. 
Rats of the 3 and 4 d groups, in contrast, exhibited less loco- 
motor activity than the 2 d group, but more intense head bob- 
bing, in addition to sniffing and rearing. Some of these animals 
stayed for longer periods in a given sector of the cage, showing 
only sniffing and the highly repetitive side-to-side head move- 
ments. The 0 d group, by comparison, spent most of the survival 
period relatively inactive in a comer of the cage. 

Basal expression of striatal c- fos, dynorphin, substance P, and 
enkephalin mRNA. In contrast to the first two experiments in 
which the striatum was divided into quadrants, in experiment 
3 mRNA levels were examined in regions defined on the basis 
of basal dynorphin and substance P expression, as well as c-fos 
induction by cocaine. Regional differences in basal expression 
of the four mRNAs in the 0 d group are reported in Tables 2 
and 3. At all three striatal levels, basal c-fos expression was 
generally very low and did not differ between the regions ex- 
amined. Dynorphin was expressed in all striatal regions, but 
mRNA levels varied considerably between areas (Table 3; Figs. 
4A, 5). The area with the highest level of basal dynorphin ex- 
pression was the ventrolateral region throughout the rostrocau- 
da1 extent of the striatum (Table 3). The nucleus accumbens 
displayed the next highest level, with no difference between core 
and shell regions (Fig. 6), followed by the dorsomedial zone 
bordering the lateral ventricle. The areas with the lowest levels 
of basal dynorphin expression were the dorsal central and lateral 
regions. In these areas, patches displayed greater dynorphin ex- 
pression than matrix (Gerfen et al., 1991) (see Fig. 4A). Basal 

substance P expression displayed a distinct medial-to-lateral 
gradient, with highest expression laterally (Table 3, Fig. 7A). 
Along the rostral-to-caudal axis, the center of highest labeling 
shifted from dorsolateral (rostra1 level) to more ventrolateral. 
Comparing levels of dynorphin and substance P expression shows 
that in most sections the zones with the highest substance P 
mRNA levels displayed the lowest dynorphin mRNA levels, 
and vice versa. The nucleus accumbens displayed varying levels 
of substance P mRNA in shell and core (Fig. 6). Striatal en- 
kephalin expression was, overall, more evenly distributed than 
the expression of the other neuropeptides (Table 2). However, 
there was more enkephalin expression in the ventrolateral re- 
gion, which also contained the highest dynorphin mRNA levels. 

Cocaine-induced c-fos mRNA expression. Similar to the re- 
sults of the acute experiment, c-fos mRNA induction in the 1 
d group was greatest in dorsal central and dorsolateral regions 
(Table 2, Figs. 4C, 5, 6, 8). The 2 d group showed an increase 
similar to that of the 1 d group. In contrast, in the 3 and 4 d 
groups, c-fos expression was not or only minimally enhanced 
over that of vehicle controls. Statistical analysis of regional dif- 
ferences in the maximal induction of c-fos expression by cocaine 
shows that c-fos induction was significantly higher in the dorsal 
central zone than in all other zones, at all three striatal levels 
(Table 3). Rostrally, the increase in c-fos labeling was also sig- 
nificantly higher in the dorsolateral, substance P mRNA-rich 
area than in the medial or ventral areas, and higher in the 
ventrolateral zone than in the nucleus accumbens regions. 

Cocaine-induced dynorphin mRNA expression. The influence 
of cocaine treatment on striatal dynorphin expression was 
strongest in dorsal central and dorsolateral parts at all three 
striatal levels (Table 2, Figs. 4B, 6,8). The increase in dynorphin 
labeling was maximal in the 2 d group, and could also be seen 
in both the 3 and 4 d groups, but was absent in the 1 d group. 
In almost all regions affected by the treatment, dynorphin mRNA 
levels were significantly higher in the 2 d group than after the 
first drug treatment. The regional analysis confirms that the peak 
induction of dynorphin during chronic cocaine treatment was 
significantly greater in dorsal central and dorsolateral areas than 
in the other striatal areas examined (Table 3). 

Cocaine-induced substance P mRNA expression. Cocaine af- 
fected the levels of substance P mRNA in dorsal and lateral 
parts of the striatum (Table 2, Figs. 6, 7B, 8). In contrast to 
dynorphin, the time course of changes in substance P expression 
matched that of changes in c-fos expression. That is, the increase 
in substance P expression also peaked on drug day 1 and was 
reduced thereafter, resulting in no or only a slight increase on 
days 3 and 4. The regional analysis of peak induction showed 
significantly greater substance P responses in dorsal central and 
dorsomedial zones than in ventral parts, especially at mid- and 
caudal striatal levels (Table 3). 

Cocaine-induced enkephalin mRNA expression. Changes in 
striatal enkephalin mRNA levels due to chronic cocaine treat- 
ment followed, overall, a time course similar to that of dynor- 
phin expression, with increased enkephalin labeling in 2 and 3 
d groups, again mainly in dorsal central and dorsolateral parts 
of the striatum (Table 2, Figs. 6, 8). However, these changes 
were of a smaller magnitude than those in expression of the 
other neuropeptides. 

Regional correlations between the expression of c- fos, dynor- 
phin, substance P, and enkephalin. Basal expression and peak 
induction by cocaine of these mRNAs in different striatal areas 
were also compared with correlation analysis (Table 4, Fig. 9). 
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Table 2. Expression of c-fos, dynorpbin (DYN), substance P (SP) and enkephalin (ENK) mRNA in 
striatal regions during chronic cocaine treatment 

Od Id 2d 3d 4d 

c-fos 
Rostra1 DM 

D 
DL 
VL 

Middle DM 
D 
L 
VL 

Caudal DM 
D 
L 
V 

SP 
Rostra1 DM 

D 
DL 
VL 

Middle DM 
D 
L 
VL 

Caudal DM 
D 
L 
V 

DYN 
Rostra1 DM 

D 
DL 
VL 

Middle DM 
D 
L 
VL 

Caudal DM 
D 
L 
V 

ENK 
Rostra1 DM 

D 
DL 
VL 

Middle DM 
D 
L 
VL 

Caudal DM 
D 
L 
V 

9.7 (1.1) 16.8 (1.5) 
9.4 (0.7) 51.9 (1.8)** 
7.2 (0.3) 29.6 (2.0)** 
9.1 (1.0) 19.7 (l.l)** 
8.9 (0.8) 20.0 (2.4)** 
6.8 (1.3) 49.7 (0.5)** 
6.6 (1.2) 20.0 (2.2)** 
7.5 (0.7) 18.0 (2.2)** 
5.9 (1.1) 22.9 (4.3)** 
7.4 (1.5) 57.5 (2.3)** 
4.2 (0.9) 19.6 (2.4)** 
5.1 (0.9) 6.3 (1.8) 

39.6 (2.5) 
65.2 (4.0) 
83.7 (3.2) 
58.2 (6.1) 
26.3 (1.9) 
58.7 (1.1) 
86.1 (3.8) 
38.9 (2.2) 
23.7 (3.3) 
40.8 (2.4) 
78.0 (4.9) 
44.1 (2.0) 

51.7 (3.5)* 
112.8 (7.2)** 
119.0 (9.0)** 
74.8 (7.3) 
49.6 (l.l)** 

109.0 (2.8)** 
120.2 (2.8)** 
37.5 (2.5) 
40.9 (2.7)** 
93.7 (S.l)** 

114.8 (9.9) 
29.5 (3.4) 

5 1.2 (3.6) 
41.2 (1.6) 
40.9 (1.7) 
78.1 (2.3) 
51.2 (1.9) 
28.9 (0.9) 
34.5 (1.6) 
65.8 (2.7) 
61.5 (2.1) 
33.7 (1.6) 
40.2(1.9) 
91.7 (3.5) 

57.8 (1.4) 
45.3 (0.7) 
45.5 (2.0) 
78.1 (0.3) 
57.3 (2.9) 
28.5 (0.4) 
34.4 (0.5) 
62.5 (2.2) 
74.2 (4.8) 
37.7 (0.5) 
42.1 (4.4) 
93.3 (4.4) 

24.2 (2.2) 
38.3 (2.1) 
35.2 (2.9) 
47.3 (2.5) 
29.5 (1.5) 
34.8 (0.9) 
34.5 (2.0) 
51.7 (1.7) 
40.3 (1.8) 
38.1 (2.1) 
38.7 (1.8) 
60.0 (3.4) 

29.4 (1.8) 
45.9 (0.8) 
38.1 (2.7) 
42.5 (1.0) 
33.6 (3.7) 
38.6 (1.1) 
34.9 (1.2) 
55.3 (6.3) 
39.4 (0.9) 
39.8 (3.5) 
33.9 (1.3) 
56.5 (1.6) 

15.9 (2.3) 
40.5 (4.9)** 
30.2 (3.3)** 
17.2 (l.l)** 

15.0 (1.9)* 
47.4 (2.3)** 
24.6 (1.4)** 
11.5 (1.1)’ 
17.6 (1.6)** 
53.3 (4.3)** 
21.1 (2.5)** 

6.6 (1.2) 

52.9 (2.4)** 
98.6 (4.8)** 

110.8 (9.3)* 
68.3 (4.0) 
37.2 (1.5)*J 
92.2 (5.5)** 

115.5 (5.6)** 
41.0 (2.4) 
27.4 (2.2)’ 
74.1 (7.0)** 

102.5 (12.5) 
46.4 (4.3) 

57.6 (1.9) 
63.3 (4.3)**J’ 
64.2 (4.6)**J’ 
88.8 (2.1) 
59.1 (2.2) 
50.5 (5.9)**.” 
50.9 (5.4)**.’ 
75.1 (2.9) 
77.7 (2.9)** 
68.8 (7.4)**.” 
52.1 (3.0) 

107.7 (3.2)**J 

26.3 (1.5) 
49.1 (1.7)** 
46.8 (2.1)** 
5 1.6 (2.0) 
34.9 (1.0) 
46.3 (3.3)** 
40.6 (3.3) 
58.7 (2.2) 
46.8 (2.0) 
48.5 (3.9) 
40.3 (1.8) 
65.1 (4.0) 

9.3 (0.9)2 
13.4 (0.7)22 
8.4 (0.8)** 

10.6 (l.3)22 
10.8 (0.8)” 
19.9 (1.4)**.2* 
6.6 (0.6)** 
9.2 (1.3)” 

10.5 (1.5)” 
18.8 (l.S)** 
5.5 (1.2)22 
5.4 (1.2) 

50.1 (2.4)* 
77.2 (2.2)“J 
85.0 (3.2)2 
60.6 (2.8) 
37.2 (3.6)* 
70.7 (3.3)“J 
92.9 (2.4)* 
43.5 (1.9) 
25.8 (3.2) 
58.1 (4.9)” 
80.8 (4.5) 
50.8 (1.7)’ 

54.8 (0.9) 
54.9 (2.8)* 
57.1 (1.9)** 
86.3 (3.3) 
58.4 (1.5) 
47.4 (3.4)** 
44.1 (2.6) 
69.5 (3.0) 
75.9 (1.7)* 
67.9 (2.2)** 
44.7 (3.1) 
99.9 (2.0) 

25.6 (1.0) 
49.3 (1.8)** 
43.4 (1.8) 
50.2 (0.6) 
36.7 (2.5) 
47.3 (1.5)** 
38.4 (1.4) 
56.8 (1.2) 
48.0 (3.3) 
53.2 (1.6)** 
40.5 (1.4) 
65.6 (4.5) 

9.7 (1.4) 
14.4 (1.8) 
9.6 (0.5) 

10.3 (0.8) 
ll.l(O.9) 
16.7 (3.7)* 
6.6 (1.3) 
6.8 (0.9) 

12.7 (1.3) 
24.1 (4.0)** 

5.6 (1.1) 
6.8 (0.5) 

45.9 (2.1) 
80.2 (5.1) 
94.9 (3.1) 
58.3 (5.6) 
40.4 (2.4)** 
74.0 (9.2) 
99.5 (7.0) 
39.2 (5.5) 
33.2 (2.0) 
66.3 (5.9)* 

101.4 (7.4) 
44.7 (5.9) 

57.0 (1.7) 
53.1 (1.3)* 
54.8 (2.5): 
85.2 (3.4) 
60.7 (3.1) 
43.2 (1.3)* 
43.5 (1.6) 
68.8 (3.1) 
72.3 (3.3) 
57.9 (3.2)** 
43.9 (2.0) 
88.5 (1.6)** 

25.4 (0.7) 
42.3 (1.3) 
36.6 (1.4)* 
47.7 (2.3) 
31.9 (1.5) 
38.1 (1.6)’ 
31.7 (2.2) 
50.9 (1.2) 
47.0 (2.0) 
48.0 (2.9) 
33.1 (1.9)’ 
56.8 (2.8) 

Animals were injected with vehicle (0 d group), or with cocaine (30 m&g, i.p.) once (1 d group) or twice daily for 2, 
3, or 4 d, and were killed 30 min after the last injection. Data represent mean (SEM) OD values measured in dorsomedial 
(DM), dorsal (D), dorsolateral (DL), lateral (L), ventrolateral (VL), and ventral (V) regions at rostral, middle, and caudal 
striatal levels. Data were analyzed with ANOVA followed by Tukey-Kramer tests. Indicated are all significant differences 
between cocaine-treated groups and vehicle controls, and in most cases, significant differences between consecutive 
cocaine treatment days only. *, versus 0 d group; 1, versus 1 d group; 2, versus 2 d group; 3, versus 3 d group. **,11JzJ3, 
p < 0.01; *,I=, p < 0.05. 
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Table 3. Regional variations in basal expression of substance P (SP) and dynorphin (DYN) mRNA 
and in peak induction by cocaine of c-fos, dynorphin, and substance P mRNA in striatum 

Rostral 
SP (basal) 

DYN (basal) 0 

c-fos (peak) 

DYN (peak) 

sp (peak) 

Middle 
SP (basal) 

DYN (basal) (1 

c-fos (peak) 

DYN (peak) 

SP (peak) 

Caudal 
SP (basal) 

DYN (basal) ~1 

c-fos (peak) 

DnV (peak) 

SP WJO 

DL 
83.7 

DL 
40.9 

D 
42.5 

DL 
1.57 

D 
1.73 

L 
86.1 

D 
28.9 

D 
42.9 

D 
1.75 

DM 
1.89 

L 
78.0 

D 
33.7 

D 
50.1 

D 
2.04 

D 
2 3” 

> 

= 

>> 

= 

= 

>> 

= 

>> 

= 

= 

>> 

= 

2, 

>> 

= 

D 
65.2 

D 
41.2 

DL 
22.4 

D 
I s4 

DL 
1.42 

D 
58.7 

L 
34.5 

L 
13.4 

L 
1.47 

D 
1.86 

V 
44.1 

L 
40.2 

DM 
17.0 

L 
I .3n 

DM 
1.73 

= 

< 

>> 

> 

= 

>> 

<< 

= 

= 

>> 

= 

<< 

= 

= 

= 

VL 
58.2 

DM 
51.2 

VL 
10.6 

VL 
1.14 

DM 
I31 

VL 
38.9 

DM 
51.2 

CM 
11.0 

EM 
1.15 

L 
I .4o 

D 
40.8 

DM 
61.5 

L 
15.4 

ml 
1.26 

L 
I .47 

> 

<< 

= 

= 

= 

> 

<< 

= 

= 

>> 

> 

<< 

> 

= 

> 

ml 
39.6 

VL 
78.1 

ml 
7.1 

lx4 
1.13 

VL 
1.29 

Lx4 
26.3 

VL 
65.8 

VL 
10.4 

VL 
1.14 

VL 
0.96 

ml 
23.7 

V 
91.7 

V 
1.2 

V 
I.17 

V 
0.67 

Basal expression (basal) was determined in animals that had received repeated vehicle injections. Peak induction (peak) 
was defined as follows: for dynorphin, as expression in the 2 d group divided by basal expression; for substance P, as 
expression in the 1 d group divided by basal expression; for c-fos, as expression in the I d group minus basal expression 
(see Materials and Methods). Data represent (basal expression), or are based on (peak induction), mean OD values 
measured in dorsomedial (DM), dorsal (D), dorsolateml (DL), lateral (L), ventrolateml (VL), and ventral (V) striatal 
areas, at rostral, middle and caudal levels. Data were analyzed with ANOVA followed by Tukey-Kramer tests. B, p 
< 0.01; >, p < 0.05; =, not significantly different. 
o Note the inverse rank order for dynorphin basal expression. 

Basal levels of dynorphin, substance P, and enkephalin expres- 
sion were not correlated in the striatal regions examined. The 
peak induction of c-fos was negatively correlated with the basal 
expression of dynorphin, but was unrelated to the basal ex- 
pression of substance P or enkephalin. That is, the higher the 
basal dynorphin expression in a given area, the smaller the c-fos 
response to the first drug application in that area. Similar neg- 
ative correlations were seen between basal dynorphin expression 
and peak induction of substance P and dynorphin. On the other 
hand, a highly significant positive correlation existed between 
the peak induction of c-fos and the peak induction of dynorphin, 
indicating that a region with a large increase in c-fos expression 
on drug day 1 showed a large increase in dynorphin expression 
on drug day 2. A positive correlation was also seen between the 
peak induction of c-fos and that of substance P, indicating a 

first cocaine injection, as well as between the peak induction of 
c-fos and that of enkephalin. 

Experiment 4: blockade of c-fos induction by dynorphin 
agonist 
Cocaine-induced c-fos mRNA expression. In the three experi- 
ments presented above, we found an inverse relationship be- 
tween striatal dynorphin and c-fos expression induced by co- 
caine, based on correlative analyses. The fourth experiment 
reported here describes the first test of a possible causal rela- 
tionship between dynorphin and c-fos expression. We examined 
the influence of a dynorphin agonist on c-fos induction by a 
single cocaine injection in the region with the strongest c-fos 
response, the dorsal central striatal region, and the cingulate 
cortex. Figure 10 depicts pooled data from rostra& middle, and 

regional covariation in c-fos and substance P response to the caudal striatal levels. The dynorphin agonist spiradoline, a spe- 
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Figure 4. Basal and cocaine-induced dynorphin and c-j& mRNA expression. Dark-field photomicrographs (labeling seen as white dots) of mid- 
striatal sections show basal dynorphin (DYIV) expression (day 1; note that dynorphin expression in 1 d group corresponds to basal expression; see 
Results) (A), dynorphin peak expression (after 30 mgkg cocaine on drug day 2) (B), and C&S peak expression [after the first injection of 30 msl 
kg cocaine (day l)] (C). Comparison ofbasal dynorphin (A) and C-$X mRNA labeling after cocaine (C) on adjacent sections reveals the complementary 
patterns in the distribution of these two mRNAs (arrows indicate the edge of the lateral ventricle). In D, high-power dark-field photomicrograph 
of a region in the dorsal central striatum (from the section in C) shows silver grains (white dots) over c-fos-labeled cells (arrows). 
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A rostral 

C caudal 

B middle 

m dynorphin mRNA 

m c-fos mRNA 

overlap 

Figure 5. Regional patterns of basal dynorphin mRNA expression (blue) and C-$X mRNA induction by cocaine (red) in striatum. Areas of overlap 
are pink. The illustration is a composite of adjacent sections at the rostra1 (A), middle (B), and caudal striatal level (C), from a rat killed 30 min 
after a single injection of 30 mgIkg cocaine (1 d group; note that dynorphin mRNA levels at this time point reflect basal expression; sec. Results). 
The composite image was constructed by thresholding the separate images of dynorphin and C-$X labeling at an 8096 level, and then combining 
them. &anterior commissure. 
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Figure 6. Influence ofcocaine treatment on c-fos, dynorphin, substance 
P, and enkephalin mRNA expression in nucleus accumbens (NAC). OD 
values (mean + SEM) in nucleus accumhens shell and core regions are 
given for animals injected with vehicle (0 d group) or with cocaine (30 
mg/kg, i.p.) either once (1 d group) or twice daily for 2-4 d, and killed 
30 min after the last injection. 

cific K-reCeptOr agonist, blocked cocaine-induced c-fos expres- 
sion in a dose-dependent manner. Administration of 5 and 10 
mg/kg, but not the two lower doses, of spiradoline 15 min before 
the cocaine injection (30 mg/kg) significantly reduced striatal 
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c-fos induction. In the cingulate cortex, c-fos labeling was re- 
duced by l-1 0 mg/kg of spiradoline. Spiradoline, in doses that 
blocked cocaine-induced C-$X expression in striatum (5-l 0 mg/ 
kg), also prevented the behavioral activation (locomotion, rear- 
ing, sniffing) produced by the dopamine agonist. While such 
animals typically maintained a flat body position when left un- 
disturbed, especially with the highest dose, they did orient to 
sensory stimuli. 

In the present experiments, the regulation by dopamine of stri- 
atal output pathways was analyzed in terms of the effects of the 
indirect dopamine receptor agonist cocaine on gene expression 
of c-fos, which serves as a marker of neuronal activation, and 
the neuropeptides dynorphin, substance P, and enkephalin, which 
serve as markers for striatonigral and striatopallidal neurons. 
The most important results are the following. (1) Cocaine pro- 
duces a dose-dependent induction of c-fos following acute treat- 
ment, and elevation of dynorphin expression following repeated 
treatment. These changes display distinct regional patterns with- 
in the striatum. (2) An inverse relationship exists between dy- 
norphin and cocaine-induced c-fos expression, as indicated by 
(i) the complementary regional patterns of basal dynorphin ex- 
pression and c-fos induction after the first cocaine injection (i.e., 
striatal regions with low basal dynorphin expression show high 
levels of c-fos induction, and vice versa); (ii) the inverse time 
course of changes in expression of these two mRNAs during 
subsequent cocaine treatments (i.e., in areas of maximal initial 
c-fos induction, dynorphin expression increases in parallel to 
decreasing c-fos induction); and (iii) the ability of the dynorphin 
agonist spiradoline to block, in a dose-dependent manner, acute 
cocaine-induced c-fos expression. (3) Cocaine treatment also 

Figure 7. Basal and cocaine-induced substance P mRNA expression. Dark-field photomicrographs (labeling seen as white dots) of mid-striatal 
sections depict basal substance P (SP) expression (day 0) (A) and substance P peak expression [after the first injection of 30 mgfltg cocaine (day 
1)l (B). 
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Figure 8. Time course of changes in striatal C-$X, dynorphin, substance P, and enkephalin mRNA expression during repeated cocaine treatment. 
OD values (mean + SEM) in dorsomedial (DM), dorsal (D), lateral (L), and ventrolateral (IZ) striatal regions at the middle level are shown for 
animals injected with cocaine (30 mg/kg, i.p.) either once (1 d group) or twice daily for 2-4 d, or repeatedly with vehicle (0 d group), and killed 
30 min after the last injection. Indicated are all significant differences between cocaine-treated groups and vehicle controls, and, in most cases, 
significant differences between consecutive cocaine treatment days only. Changes in expression of both c-&s and substance P mRNA display similar 
regional and temporal patterns: a maximal induction in the dorsal central region following the first drug application and significantly reduced 
induction from treatment days 2 or 3 on. In contrast, changes in dynorphin expression follow an inverse time course. That is, the expression is 
maximally increased on treatment day 2 and remains elevated through day 4 in the region with the strongest response (i.e., in the dorsal central 
region). The increase in dynorphin expression is limited to the areas with relatively low basal dynorphin expression and the strongest c-fos response 
on treatment day 1. The enkephalin expression displays a minor and transient increase in the dorsal central region. **, p < 0.01; *, p < 0.05 
(ANOVA, Tukey-Kramer test). 
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produces a marked increase in striatal substance P expression 
that, in both its regional patterns and time course of induction, 
is very similar to that of c-fos induction. Minor, but statistically 
significant, increases in enkephalin mRNA levels are also seen, 
which are similar regionally, but not temporally, to the c-fos 
response. The specific inverse relationship between dynorphin 
and c-fos expression in response to cocaine treatment suggests 
that dynorphin may be involved in regulating the response of 
striatonigral neurons to dopamine receptor stimulation. 

Altered striatal gene regulation in response to cocaine 
Pharmacologic treatment with dopamine agonists provides in- 
formation about dopamine receptor-mediated regulation of the 
two main populations of striatal projection neurons, striatoni- 
gral and striatopallidal neurons, by the specific effects on levels 

of mRNAs they express. For the most part, striatonigral neurons 
contain dynorphin, substance P and the D, dopamine receptor, 
whereas striatopallidal neurons contain enkephalin and the D, 
dopamine receptor. In the 6-hydroxydopamine-lesioned stria- 
turn, dynorphin and substance P (Gerfen et al., 1990), and c-fos 
(Robertson et al., 1990) are regulated in striatonigral neurons 
by D, agonist treatment, whereas enkephalin is regulated by D, 
agonist treatment (Gerfen et al., 1990). The patterns of altered 
gene expression observed in the present study are consistent 
with a predominant effect of cocaine on striatonigral neurons 
through a D, receptor-mediated process. First, as reported here 
and elsewhere (Sivam, 1989; Smiley et al., 1990; Hurd et al., 
1992), cocaine produces an elevation of both dynorphin and 
substance P, which are contained in striatonigral neurons. Sec- 
ond, previous studies have demonstrated that cocaine admin- 
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Figure 9. Regional correlations between basal expression and peak induction by cocaine of c-fir, dynorphin, and substance P mRNA in striatum. 
Scatter plots depict correlations (or lack of) between basal substance P (SP) and basal dynorphin (DYIV) expression (A), and between c-fos peak 
induction and basal dynorphin expression (B), dynorphin peak induction (C), basal substance P expression (D), and substance P peak induction 
(E) in the following 14 striatal areas. Rostra1 level: dorsomedial (I), dorsal central (2), dorsolateral (3), ventrolateral(4), nucleus accumbens shell 
(5) and core (6). Middle level: dorsomedial(7), dorsal central (8), lateral (9), ventrolateral(10). Caudal level: dorsomedial (II), dorsal central (12) 
lateral (13), ventral (14). Data represent, for basal expression, mean OD values from vehicle-treated animals (0 d group), and for peak induction, 
expression on day 1 minus basal expression (c-fos), expression on day 2 divided by basal expression (dynorphin), or expression on day 1 divided 
by basal expression (substance P). Values are indicated by the position of the area’s number on the scatter plot. This analysis shows the negative 
correlation between basal dynorphin expression and c-fos peak induction, the positive correlations between c-fos peak induction and dynorphin 
peak induction, and substance P peak induction, as well as no regional correlation between basal substance P expression and basal dynorphin 
expression, and C-$X peak induction. r, Pearson’s correlation coefficient. **, p < 0.01; *, p < 0.05 (t test). 

Table 4. Correlations between basal expression and peak induction by cocaine of c-jiw, dynorphin, 
substance P, and enkephalin mRNA in the 14 striatal regions 

Basal Peak 

Dynorphin Substance P Enkephalin c-fos Dynorphin Substance P Enkephalin 

Basal 
Dynorphin - 
Substance P -0.42 - 
Enkephalin 0.53 -0.03 - 

Peak 
c-fos -0.70* 0.20 -0.03 - 
Dynorphin -0.72* 0.32 -0.07 0.91** - 
Substance P -0.73* -0.04 -0.33 og1** 0.72* - 
Enkephalin -0.64 0.19 -0.15 0.77: 0.77* 0.60 - 

The correlation analysis was performed between basal expression of each neuropeptide (basal) and peak induction of 
these neuropeptides (peak) in each of the 14 striatal regions examined. Basal expression was defined as expression in 
vehicle controls. Peak induction was defined as follows: for dynorphin, as expression in the 2 d group divided by basal 
expression; for substance P, as expression in the 1 d group divided by basal expression; for C-$X as expression in the 1 
d group minus basal expression. Values are presented as r, Pearson’s correlation coefficient. **, p < 0.01; *, p < 0.05 (t 
test). 
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Figure 10. Dose-dependent blockade of cocaine-induced c&s mRNA 
expression by the dynorphin agonist spiradoline. OD values (mean + 
SEM) in the dorsal central striatum and in the cingulate cortex are 
depicted for groups of rats that had received an injection of O-10 mg/ 
kg of spiradoline (U-62066) 15 min prior to cocaine administration (30 
mg/kg). The values presented are means from rostral, middle, and caudal 
striatal sections. The injection of the two higher doses (5 and 10 mg/ 
kg) of spiradoline blocks completely the behavioral activation induced 
by cocaine (locomotion, sniffing, rearing) and reduces significantly stri- 
atal C-$X induction by this drug. The C-&X signal in the cingulate cortex 
is also decreased by the dynorphin agonist. **, p < 0.01, compared to 
controls [0 mg/kg (vehicle) + cocaine] (ANOVA, Dunnett’s test). 

&ration induces Fos protein principally in striatal neurons ret- 
rogradely labeled from the substantia nigra (Cenci et al., 1992). 
Third, several studies have shown that C-$X expression pro- 
duced by cocaine or other dopamine reuptake inhibitors is 
blocked by D, antagonist treatment (Graybiel et al., 1990; Young 
et al., 199 1; Morelli et al., 1992). Finally, in the present study, 
the time course and regional patterns of c-fis induction parallel 
those of altered substance P mRNA expression. While these 
data all point to a predominant effect of cocaine on gene reg- 
ulation in striatonigral neurons, the small, yet significant, ele- 
vation of enkephalin expression reported here suggests some 
influence on striatopallidal neurons as well. As pointed out, the 
changes in gene regulation after cocaine treatment are consistent 
with a principal action of this drug on dopamine transmission 
(see also Sivam, 1989). However, cocaine also affects reuptake 
of other monoamines, and it is therefore possible that a non- 
dopaminergic effect contributes to the changes in gene expres- 
sion observed here. 

As discussed, it is reasonable to conclude that cocaine treat- 
ment activates D, dopamine receptors on striatonigral neurons 
to elevate C-$X. substance P, and dynorphin mRNA levels in 
these neurons. However, the present data suggest that these 
genes are differentially regulated. For example, distinct regional 
patterns in the basal expression of substance P and dynorphin 
exist. In addition, whereas both C-$X and substance P mRNA 
levels are elevated within 30 min after a single injection of 
cocaine, the elevation of dynorphin mRNA levels is delayed. 
Such a dissociation is also observed at later time points during 
repeated cocaine treatment, in that C-$X and substance P mRNA 
levels parallel one another in declining, while dynorphin mRNA 
levels remain elevated. Thus, in individual striatonigral neurons 
the two neuropeptide genes encoding substance P and dynorphin 
appear to be under different regulatory control. 

Inverse relationship between cocaine-induced c- fos and 
dynorphin expression 

In the present study, the regional patterns of c-fos induction are 
shown to be inversely related to basal levels of dynorphin mRNA 
expression. Rank ordering striatal regions by their basal dy- 
norphin expression shows that ventrolateral and dorsomedial 
regions express significantly higher levels of dynorphin mRNA 
than dorsal central and lateral regions. This pattern is comple- 
mentary to the rank ordering of levels of C-$X induction in 
response to a single cocaine treatment. Thus, c-fos induction is 
greatest in dorsal and dorsolateral regions and significantly lower 
in the ventrolateral and dorsomedial striatum. Mapping the 
distribution of the striatal regions showing the highest basal 
levels of dynorphin expression with the regions in which c-fos 
is induced by a single cocaine injection illustrates these com- 
plementary patterns (Fig. 5). The specificity of this relationship 
is provided by the lack of a similar relationship between basal 
substance P mRNA levels and c-fos induction patterns. Further 
evidence for the inverse relationship between c-fos induction 
and dynorphin expression is provided by the temporal patterns 
of changes in these mRNAs following repeated injections of 
cocaine. Thus, with successive daily injections of this drug, dy- 
norphin mRNA levels increase, and c-fos mRNA levels decrease 
in the dorsal and lateral striatal regions, regions in which basal 
dynorphin expression is lowest and c-fos induction is highest 
after a single cocaine treatment. On the other hand, levels of 
substance P mRNA appear to parallel both regionally and tem- 
porally the initial increase and subsequent decrease in c-fos 
induction. 

These data suggest that dynorphin acts to control the response 
of striatal neurons, as indicated by the induction of c-fos mRNA, 
to dopamine stimulation. According to such a hypothesis, neu- 
rons in regions with high basal expression of dynorphin would 
show a limited response to dopamine stimulation. Neurons in 
regions with relatively low basal dynorphin expression would 
show a greater response. This greater response would trigger 
increased expression and release of dynorphin, which, in turn, 
would downregulate the response to future dopamine stimula- 
tion. Presently, it is not certain that chronic cocaine treatment 
produces changes in striatal dynorphin release. However, it has 
been shown that increased dynorphin mRNA levels are accom- 
panied by increased dynorphin peptide levels in striatum after 
treatment with cocaine or other dopamine agonists (Hanson et 
al., 1988; Li et al., 1988; Sivam, 1989; Gerfen et al., 1991). In 
addition, our finding of a blockade of cocaine-induced c-fos 
expression by systemic application of the dynorphin agonist 
spiradoline-while inconclusive in terms of site of action-is 
consistent with this proposed role of dynorphin. Moreover, re- 
cent results by Engber et al. (1991), which showed that spira- 
doline inhibits D, (but not DJ agonist-induced rotational be- 
havior after a nigrostriatal lesion, further support this hypothesis. 

There are several possible ways by which dynorphin could 
control the responsiveness of striatal neurons. (1) Dynorphin 
may exert an inhibitory effect on dopamine release through 
presynaptic mechanisms. Dynorphin is a K-opioid receptor ag- 
onist (Chavkin et al., 1982; Corbett et al., 1982), and K-receptor 

binding is present throughout the striatum (Mansouret al., 1987; 
Tempel and Zukin, 1987). In viva and in vitro studies have 
reported dynorphin- or K-agonist-induced reduction of dopa- 
mine release within the striatum, suggesting a presynaptic lo- 
calization Of K-receptors On nigosttiatal afferent terminals 
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(Mulder et al., 1984; Broderick, 1987; Di Chiara and Imperato, 
1988; Werling et al., 1988). However, the minimal reduction 
of striatal K-receptor binding that occurs after destruction of 
nigrostriatal dopamine terminals (Eghbali et al., 1987) argues 
against such presynaptic receptor localization. (2) Gauchy et al. 
(199 1) have reported that dynorphin and K-agonists inhibit ACh- 
mediated dopamine release within the striatum, which raises 
the possibility of cholinergic involvement. (3) Another presyn- 
aptic mechanism might involve striatal dynorphin acting to 
reduce corticostriatal input. Findings from studies of the hip- 
pocampus indicate that dynorphin may be released by dentate 
granule cells to presynaptically reduce glutamate input from the 
cortex to the dentate gyrus (Wagner et al., 1992). A similar role 
for dynorphin in the striatum is conceivable. Since striatal neu- 
rons are driven by cortical input (and dopamine is thought to 
modulate this input), presynaptic inhibition of cortical input 
would provide a very powerful mechanism to control striatal 
excitability. However, such an interaction remains to be dem- 
onstrated. (4) Alternatively, dynorphin could influence the re- 
sponse of striatal neurons by postsynaptic mechanisms, such as 
the control of ion channels and/or adenylate cyclase activity. 
Opioid receptors are coupled through G-proteins to second mes- 
senger systems and ion channels (West and Miller, 1983; Chil- 
ders, 1991). Dynorphin and K-agonists have been shown to in- 
hibit Ca2+ influx (e.g., Gross and Macdonald, 1987; Attali et 
al., 1989a) and reduce adenylate cyclase activity in various neu- 
ronal tissues including striatal neurons (Gentleman et al., 1983; 
Attali et al., 1989b; Eriksson et al., 1990; but see Schoffelmeer 
et al., 1988). Since Ca2+ and CAMP levels are involved in the 
regulation of, for example, c-fos induction (see below), activa- 
tion of postsynaptic K-receptors could thus also provide a direct 
mechanism for dynorphin to control gene expression. 

Therefore, there are several potential mechanisms by which 
dynorphin could downregulate the responsiveness of striatal 
neurons. Consistent with this hypothesis, chronic amphetamine 
treatment, which also produces increased striatal dynorphin ex- 
pression (Hanson et al., 1987, 1988; Li et al., 1988) has been 
found to render striatal neurons subsensitive to dopaminergic 
input (Kamata and Rebec, 1985). 

Functional SigniJicance 

Studies of altered gene regulation in striatonigral neurons fol- 
lowing a variety of pharmacologic manipulations have consis- 
tently shown that stimulation of D, receptors on these neurons 
increases levels of mRNAs encoding Fos and the neuropeptides 
dynorphin and substance P. In order to relate these changes to 
function, it is necessary to consider what these specific altera- 
tions in mRNA levels reflect in the context of the pharmacologic 
manipulations employed. 

The induction of C-$X and other immediate-early genes in 
neurons is thought to reflect increased neuronal activity. This 
is based on findings that a number of experimental manipula- 
tions that activate neuronal systems, including drug application, 
electrical stimulation, and sensory stimulation, lead to a rapid 
and transient induction of c-fos, as well as on findings that 
depolarization and elevated intracellular levels of CAMP and 
Ca2+ increase c-fos expression in many brain systems (for re- 
views, see Morgan and Curran, 1989, 1991; Sheng and Green- 
berg, 1990). Therefore, it has been suggested that c-fos mRNA 
or the Fos protein could serve as a marker for mapping neuronal 
activity and tracing functional pathways (Sagar et al., 1988; 
Dragunow and Faull, 1989). 

In the dopamine-depleted striatum, D, receptor activation 
produces c-fos induction in striatonigral neurons (Robertson et 
al., 1990, 1992). In contrast, c-fos induction in striatopallidal 
neurons results from D, receptor bfockade in the normally in- 
nervated striatum (Dragunow et al., 1990; Robertson et al., 
1992), probably due to release from the presumed tonic inhi- 
bition dopamine exerts through the D, receptor on these neu- 
rons. Thus, the induction of c-fos appears to reflect an excitatory 
response of striatal neurons. After a single high dose of cocaine, 
the temporal pattern of striatal c-fos mRNA induction parallels 
closely the increased extracellular dopamine levels in the stria- 
turn (e.g., Kuczenski and Segal, 1992) as well as behavioral 
activation (e.g., Kalivas and Duly, 1993) with c-fos mRNA, 
dopamine levels, and behavioral activation reaching peak levels 
by 20-40 min and returning to basal levels by 90 min to 2 hr 
after the injection (H. Steiner and C. R. Gerfen, unpublished 
observations). Since c-fos levels are very low in the normal 
striatum, the induction of c-fos by cocaine treatment therefore 
presumably reflects the increase in dopamine activation of D, 
receptors on striatonigral neurons. 

On the other hand, the present results demonstrate that other 
mRNAs, specifically dynorphin, display a temporal pattern of 
elevation that is not tightly correlated with c-fos mRNA levels 
and therefore not with the level of activation of striatonigral 
neurons. It is suggested that such changes in gene regulation, 
that appear with a delay and persist beyond the period of direct 
drug action, reflect a compensatory response-in the case of 
dynorphin in striatonigral neurons, to regulate the responsive- 
ness of those neurons to subsequent dopamine stimulation. This 
is supported by the reduction in cocaine-induced c-fos as dy- 
norphin levels increase over days and by the ability of the dy- 
norphin agonist to block acute cocaine-induced c-fos expression. 

The regional variations in the basal and drug-induced levels 
of mRNAs expressed by striatal neurons provide further infor- 
mation about the functional organization of the striatum. First, 
as shown here, there are significant differences between striatal 
regions in the basal levels of dynorphin and substance P ex- 
pression. Since the levels of dynorphin and substance P mRNA 
are regulated, at least in part, by D, dopamine receptor-medi- 
ated mechanisms (Gerfen et al., 1990), regional differences in 
basal levels may reflect normal differences in dopamine neu- 
rotransmission and/or interactions with other transmitter sys- 
tems. 

Second, the present results-by demonstrating different basal 
levels of dynorphin mRNA and a differential influence of co- 
caine treatment on gene regulation-especially suggest func- 
tional differences between dorsal and ventral striatal regions. 
The hypothesis presented here, that dynorphin levels reflect a 
compensatory mechanism to limit the response of neurons to 
dopamine neurotransmission, might lead to the prediction of 
greater basal dopamine release in areas with higher basal dy- 
norphin expression. While this might be the case in some striatal 
regions (e.g., patch vs. matrix in the dorsal striatum), the situ- 
ation is more complex with respect to dorsal-ventral differences. 
In fact, a comparison of extracellular dopamine levels between 
the dorsal central striatum, which displays low basal dynorphin 
expression, and the ventral striatum/nucleus accumbens, with 
high basal dynorphin expression, shows results opposite to the 
prediction: higher basal dopamine levels in the dorsal striatum 
than in the nucleus accumbens (Kuczenski and Segal, 1992). 
However, these regions also differ in the distribution of the 
dopamine transporter, which functions to remove dopamine 
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from the extracellular space. Recent studies have shown that 
the density of the dopamine transporter is higher in the dorsal 
than in the ventral striatum (Richfield, 199 1; Boja et al., 1992). 
Thus, although there may be more dopamine released in the 
dorsal striatum, the dopamine transporter could conceivably 
limit its action in this region, whereas in the ventral striatum, 
lower levels of dopamine release could have a greater (pro- 
longed) action, owing to the relatively lower levels of the trans- 
porter. This could result in higher levels of basal dynorphin 
expression in the ventral striatum. Cocaine is thought to block 
the dopamine transporter (Heikkila et al., 1975; Taylor and Ho, 
1978; Missale et al., 1985) and the dorsally restricted c-fos 
induction after cocaine treatment may reflect, in part, the dis- 
tribution pattern of the transporter. However, cocaine is not 
without effect on dopamine levels in the ventral striatum. In 
fact, the relative increase in dopamine levels produced by co- 
caine is even greater in the ventral striatum (Di Chiara and 
Imperato, 1988; Kuczenski and Segal, 1992) due to the lower 
basal level in this region (Kuczenski and Segal, 1992). Based on 
the present data, it would be suggested that the higher basal 
dynorphin levels in the ventral striatum blunt the neuronal re- 
sponse to cocaine in this region, which would lead to a reduced 
effect on gene regulation. 

Conclusions 
Previous analysis of pharmacologically altered gene regulation 
has shown that the induction of c-fos or the elevation of neu- 
ropeptide mRNA levels in striatonigral neurons occurs through 
the activation of D, dopamine receptors expressed by these 
neurons. The present results suggest that changes in the ex- 
pression of c-fos and substance P are an immediate response to 
receptor-mediated activation, and that changes in dynorphin 
expression are a compensatory response that regulates the re- 
sponsiveness to dopamine in striatonigral neurons. 
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