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c-Fos Facilitates the Acquisition and Extinction of
Cocaine-Induced Persistent Changes
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Development of drug addiction involves persistent neurobiological changes. The dopamine D1 receptor is involved in mediating cocaineinduced neuroadaptation, yet the underlying intracellular mechanisms remain unclear. We examined a potential role of the immediate
early gene Fos, which is robustly and rapidly induced by cocaine via D1 receptors, in mediating cocaine-induced persistent neurobiological changes by creating and analyzing a mouse in which Fos is primarily disrupted in D1 receptor-expressing neurons in the brain. We
show that the expression levels of several transcription factors, neurotransmitter receptors, and intracellular signaling molecules induced by repeated cocaine administration are altered in Fos-deficient brains. Dendritic remodeling of medium spiny neurons induced by
repeated exposure to cocaine is blunted in the mutant mice. The mutant mice exhibit attenuated behavioral sensitization after repeated
exposure to cocaine and more persistent memory of cocaine-induced conditioned place preference. Our findings indicate that c-Fos
produced in D1 receptor-expressing neurons integrates mechanisms to facilitate both the acquisition and extinction of cocaine-induced
persistent changes.
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Introduction
Drug addiction is a complex brain disease (Wise, 2000; Dackis
and O’Brien, 2005). A major feature of drug addiction is that,
when acquired, it is long lasting and difficult to extinct (Koob et
al., 1998; White and Kalivas, 1998; Hyman and Malenka, 2001;
Nestler, 2001; Hyman et al., 2006). The dopamine (DA) pathways
that originate in the midbrain ventral tegmental area (VTA) and
project to the nucleus accumbens (NAc), amygdala (AMG), hippocampus (HIP), and prefrontal cortex (PFC) contribute to neurobiological mechanisms underlying the long-lasting actions of
drugs of abuse (Koob, 1992). Abused drugs can increase synaptic
levels of DA that are critical in reward and reinforcement (Koob
et al., 1998; White and Kalivas, 1998; Hyman and Malenka, 2001;
Nestler, 2001; Everitt and Wolf, 2002; Laakso et al., 2002; Kelley,
2004; Hyman et al., 2006).
DA D1 receptors play a key role in mediating the neurobiological effects of cocaine. The D1 receptor is widely expressed in the
brain, including the NAc, caudate–putamen (CPu), AMG, HIP,
and PFC (Missale et al., 1998). Pharmacological studies have
shown that the D1 receptor mediates cocaine-induced locomotor
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responses, discriminative stimulus, reinforcing effects, and reinstatement (Cabib et al., 1991; Caine and Koob, 1994; Tella, 1994;
Cervo and Samanin, 1995; Self et al., 1996; Baker et al., 1998;
Tzschentke, 1998; Caine et al., 1999, 2000; Katz et al., 1999;
Khroyan et al., 2000; Anderson et al., 2003). Chronic exposure to
cocaine leads to persistent increases in D1 receptor-mediated inhibitory responses of NAc neurons (Henry and White, 1995;
White and Kalivas, 1998) and reorganization of brain circuits
involving D1 receptor-expressing neurons (Moratalla et al.,
1996a). Using D1 receptor mutant mice, we have shown that D1
receptors mediate both behavioral and neurophysiological effects
of cocaine (Xu et al., 1994a,b, 2000) (S. B. Caine, K. I. Gabriel, J. S.
Berkowitz, L. H. Gold, G. F. Koob, S. Tonegawa, J. Zhang, and M.
Xu, unpublished observations).
The enduring nature of drug addiction suggests that persistent
alterations occur in the brain after repeated exposure to abused
drugs (Koob et al., 1998; White and Kalivas, 1998; Hyman and
Malenka, 2001; Nestler, 2001; Hyman et al., 2006). Some of the
alterations are mediated by transcription factors ⌬FosB and the
cAMP-response element binding protein (CREB) via regulating
gene expression (Carlezon et al., 1998; Kelz et al., 1999; McClung
and Nestler, 2003). The complexity of neuroadaptation and the
multifaceted nature of behavioral changes induced by repeated
exposure to cocaine, however, are likely influenced by additional
transcription factors and their target genes (Greengard et al.,
1999). The most prominent cellular responses to D1 receptor
agonists and cocaine administration are a transient upregulation
of the immediate early gene (IEG) Fos in the NAc, CPu, AMG,
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and PFC (Graybiel et al., 1990; Nestler, 2001; McClung and Nestler, 2003; Kumar et al., 2005). A functional D1 receptor is required for the c-Fos induction by cocaine (Drago et al., 1996;
Moratalla et al., 1996b; Zhang et al., 2002a, 2004). The c-Fos
proteins heterodimerizes with Jun family proteins resulting in
activation protein-1 (AP-1) transcription complex formation
and regulation of target gene expression (Morgan and Curran,
1991). c-Fos may coordinate neurobiological responses to cocaine by regulating gene expression in D1 receptor-expressing
neurons (Zhang et al., 2005). To test this notion, we generated a
mouse in which Fos is selectively deleted in this group of neurons.
Our studies uncover a previously unknown role for c-Fos in
which it functions in D1 receptor-expressing neurons to facilitate
the acquisition and extinction of persistent changes induced by
repeated cocaine administration.

Methods and Methods
Generation of Drd1–Cre and f/f–Fos–D1–Cre mice. We cloned the mouse
D1 receptor gene promoter and made a Drd1 (dopamine receptor D1)–
Cre construct. Six independent lines of Drd1–Cre transgenic mice were
generated by pronuclear injection (Dracheva et al., 1999). The homozygous floxed Fos mice, which contain loxP sites flanking the third and
fourth exons of Fos that encode the DNA binding domain and the leucine
zipper domain that are important for heterodimerization with the Jun
family of proteins for transcriptional regulation, were made previously
(Zhang et al., 2002b). We used Southern blotting to genotype mice with
probes specific for the floxed Fos alleles and the Cre transgene (Zhang et
al., 2002b). The genetic background of the mice used was 129X1/SvJ/
C57BL6J. We used f/f–Fos–D1–Cre and their various control littermates
7–28 weeks of age for all of the analyses. Similar to described previously
(Zhang et al., 2002b), Drd1–Cre and homozygous floxed Fos mice exhibit
identical Fos induction, behavioral, neuroanatomical, and gene expression patterns compared with wild-type mice. Equal number of male and
female mice was used in the study.
Analysis of Cre activity using mice carrying a LacZ reporter gene. We
bred the ␤-actin–loxP–stop–loxP–LacZ indicator mouse provided by Dr.
David Anderson (California Institute of Technology, Pasadena, CA)
(Tsien et al., 1996) with each of the six lines of Drd1–Cre transgenic mice.
The resulting offspring carrying both the reporter gene and the Drd1–Cre
transgene were identified by Southern blotting and were perfused at 3, 7,
18, or 28 weeks of ages, and their brains were sectioned at 20 m thickness. The brain sections covering different regions were incubated overnight in a humidified chamber at 30°C with 1 mg/ml 5-bromo-4-chloro3-indolyl-␤-D-galactopyranoside, 4 mM K4Fe(CN)6䡠 3H2O, 4 mM
K3Fe(CN)6, and 2 mg/ml MgCl2 in PBS. These sections were then counterstained with cresyl violet (Tsien et al., 1996). Neurons in five randomly
selected 132 ⫻132 m fields were counted for each brain region (Tsien et
al., 1996). The percentage of reporter gene activation was calculated from
the number of LacZ-positive blue neurons and the total number of neurons in each specific brain region (Tsien et al., 1996).
Immunohistochemistry. Mutant and wild-type mice were treated intraperitoneally with SKF81297 [(⫹/⫺)-6-chloro-7,8-dihydroxy-1phenyl2,3,4,5-tetrahydro-1 H-3-benzazepine] (5 mg/kg), cocaine (30
mg/kg), haloperidol (0.5 and 2 mg/kg), kainic acid (20 mg/kg), or saline.
Treated mice were perfused, brains were sectioned at 40 m, and immunostaining using an antibody against c-Fos (Santa Cruz Biotechnology,
Santa Cruz, CA) were performed (Zhang et al., 2004). For c-Fos and/or
dynorphin immunostaining, we incubated sections with a rabbit antileumorphin antibody (Serotec, Oxford, UK) and a goat anti-c-Fos antibody (Santa Cruz Biotechnology) either alone or sequentially and developed them in Ni-diaminobenzidine (DAB) (dark color) and DAB
(brown color), respectively (Zhang et al., 2004). We counted c-Fosand/or dynorphin-positive neurons (four brain sections per mouse for
the NAc, and eight to nine sections per mouse for the CPu and other
brain regions) using the MetaMorph computer program (Molecular Devices, Palo Alto, CA). This is followed by two-way ANOVA (Zhang et al.,
2004).
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Protein extract preparation and DNA-binding activity assay. We prepared nuclear extracts from the NAc and CPu and analyzed DNAbinding activities of the nuclear proteins using an electrophoretic mobility shift assay (Zhang et al., 2002b). Nuclear extracts were mixed with
annealed AP-1 oligonucleotides 5⬘-tcgacgtgactcagcgcgc-3⬘ that were end
labeled, and the mixtures were electrophoresed in a nondenaturing gel.
We scanned autoradiographs using a Molecular Dynamics scanner and
analyzed the results by ImageQuant software (GE Healthcare, Little
Chalfont, Buckinghamshire, UK). We performed super shifts as described previously (Zhang et al., 2002b). Polyclonal antibodies (Santa
Cruz Biotechnology) against c-Fos, FosB, Fra-1 (Fos-related antigen 1),
Fra-2, c-Jun, JunB, and JunD were used.
Cell transfection and protein extract preparation. U251 cells express
endogenous Grin1 (glutamate receptor, ionotropic, NMDA 1) Gria2
(glutamate receptor, ionotropic, AMPA 1) and Cdk5 (cyclin-dependent
kinase 5). NG cells express Grin1, Ctnnb [catenin (cadherin-associated
protein), ␤1, 88kDa] and Cdk5. PC12 cells express Ctnnb, Cdk5r1, and
Cdk5. We transfected these cells with 1– 4 g of cytomegalovirus–Fos that
contains a rat Fos cDNA by lipofection (Fugene6; Roche, Indianapolis,
IN) (Zhang et al., 2002b). Forty-eight hours after the transfection, we
harvested the cells and prepared protein extracts (Zhang et al., 2002b).
All transfections were performed in duplicates, and each experiment was
repeated at least three times.
Western blotting and data analyses. NAc and CPu extracts from individual mouse were prepared and Western blotting was performed
(Zhang et al., 2002a,b). Extracts from the NAc and CPu of a ⌬FosBexpressing mouse was used as a positive control for ⌬FosB expression
(Kelz et al., 1999; Zhang et al., 2002a). Results were visualized by enhanced chemiluminescence (GE Healthcare). Blocking peptides were
used to verify the specificity of all antibodies. For the anti-c-Fos antibody,
we also used a mutant mouse carrying a hippocampal Fos mutation and
Fos-transfected cells to control for its specificity (Zhang et al., 2002b). We
repeated each experiment at least three times. We quantified data by
densitometer scanning and analyzed the gene expression results using
two-way ANOVA.
Dendritic morphology and data analysis. One day after 28 consecutive
days of injection of cocaine or saline, we perfused all mice and processed
their brains for Golgi impregnation (Robinson and Kolb, 1999; Norrholm et al., 2003). The brains were cut into 200 m sections. Dendritic
branches were counted from camera lucida drawings of at least 10 neurons from each hemisphere from either the NAc shell or CPu of each
mouse. Dendritic spine density was analyzed from at least 30 dendrites
from different neurons of the NAc shell or CPu from each mouse (Robinson and Kolb, 1999; Norrholm et al., 2003). Statistical analysis was
performed using two-way ANOVA.
Behavioral analyses. For baseline motor activity and locomotor responses to D1 and D2 receptor agonist stimulation, mice were habituated
for 1 h before all injections. Mice were then given an intraperitoneal
injection of SKF81297 or quinpirole at two different doses or saline.
Their locomotor responses were recorded for another hour after the
injections. For behavioral sensitization measurement, mice were habituated for 1 h before all injections. All groups of mice were injected intraperitoneally in volumes of 1 ml/100 g once daily with saline for 2 d
followed by two different doses of cocaine for 7 d. On day 12, mice were
challenged with 10 or 20 mg/kg cocaine. Mice were placed singly in clear
acrylic chambers for the assessment of horizontal locomotor activity for
1 h. The chambers were contained within monitors (Omnitech Electronics, Columbus, OH) equipped with light-sensitive detectors, spaced 2.5
cm apart along two perpendicular walls. On the opposing walls and
directed at the detectors were infrared light sources. One horizontal activity count was registered each time the subject interrupted a light beam.
For rearing and grooming activities, different groups of mice were given
an injection of either saline or 20 mg/kg cocaine, and behaviors were
scored for 3 s intervals every 5 min for 60 min after the injection. Rearing
is defined as rear feet on the chamber floor and both front feet simultaneously off the floor either against the wall or in the air. Grooming is
defined as rapid repetitive movements of forelegs, hindlegs, or licking of
body parts, directed at itself or a cage mate. At the cocaine doses used, we
did not observe obvious stereotyped behaviors such as head bobbing, nail
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Results
Generation and characterization of
mice carrying a Fos mutation in D1
receptor-expressing neurons
To investigate how c-Fos might function
to mediate cocaine-induced persistent
neurobiological changes, we used a Cre/
loxP-mediated DNA deletion strategy to
make mice with a selective Fos deletion in
D1 receptor-expressing neurons (Tsien et
al., 1996; Zhang et al., 2002b). We made
Cre transgenic mice in which Cre expression is driven by the 8 kb pair promoter of
the D1 receptor gene that has been shown
to be sufficient to drive normal D1 receptor expression in transgenic mice
(Dracheva et al., 1999) (Fig. 1 A). We identified six lines of founder mice by genomic
Southern blotting (Fig. 1 B, bottom). We
crossed each of the six Drd1–Cre mouse
lines with a mouse carrying a ␤-actin–
loxP–stop–loxP–LacZ transgene that relies
on active Cre for LacZ reporter gene actiFigure 1. Generation of f/f–Fos–D1–Cre mice. A, The Drd1–Cre transgenic construct. It contains an 8 kb mouse D1 receptor vation (Tsien et al., 1996). To examine the
gene promoter, the Cre gene, an intron, polyadenylation (pA), and protein nuclear localization sequence (NLS) for proper nuclear timing and extent of the Cre/loxPCre expression. The location of a Cre probe is indicated. B, Identification of the f/f–Fos–D1–Cre mice. Tail DNA were isolated from mediated DNA deletion, we counted
a family of mice produced by crossing the f/f--Fos mouse with the DC94 (120) Drd1–Cre transgenic mouse, digested by BglII, and LacZ-expressing neurons and total neuanalyzed by genomic Southern blotting using a 3⬘ probe for Fos (top) and Cre probe that detects an 8.5 kb band (bottom). rons using sections from multiple brain reWild-type represents the normal Fos allele (8.0 kb), and Floxed indicates the floxed Fos allele (5.2 kb). C, c-Fos induction is gions of the double-transgenic offspring
significantly reduced in the CPu and NAc in f/f–Fos–D1–Cre mice (⫺/⫺) compared with that in wild-type mice (⫹/⫹; n ⫽ 4
over a wide range of ages. Three lines of
each) 2 h after an acute D1 receptor agonist SKF81297 injection (5 mg/kg). Data were obtained from five brain sections per mouse.
mice, DCi94 (120), DCi101, and DCi94
Scale bar, 150 m. D–G, c-Fos induction is significantly reduced in dynorphin-positive neurons in the CPu and NAc in f/f–Fos–
D1–Cre mice (mutant; n ⫽ 6) 2 h after an acute cocaine injection at the 30 mg/kg dose compared with that in wild-type mice (n ⫽ (187), exhibited LacZ activity in neurons
17). Brain sections covering the CPu and NAc regions were incubated with anti-c-Fos (D), anti-leumorphin (Dyn) (F ), or sequen- in all major regions of normal D1 receptor
tially with anti-c-Fos and anti-leumorphin (Dyn) antibodies (G). Data were obtained from two to three brain sections per mouse. expression, including the shell and core of
Scale bars: D, 150; F, 30; G, 10 m. E, Quantification of c-Fos induction by SKF81297 and cocaine. Two-way ANOVA was per- the NAc, CPu, AMG, HIP, and PFC (Misformed. *p ⬍ 0.01 (F(1,30) ⫽ 3.25) compared with wild-type mice.
sale et al., 1998; Park et al., 2001), starting
at 3 weeks of age and reaching peak levels
at 7 weeks of age (supplemental Fig. 1, Table 1, available at www.jneurosci.org as supplemental material).
biting, taffy pulling, repetitive sniffing, and circling. Two-way repeatedImportantly, the reporter gene was poorly activated in these lines
measure ANOVA was used to analyze the effects of time, dose, and
genotype on locomotor activities.
of mice between 7 and 28 weeks of age in brain regions in which
We used a five-phase conditioned place preference (CPP) procedure
the D1 receptor gene is not highly expressed, such as the cerebelas described previously (Kreibich and Blendy, 2004) with modifications.
lum (supplemental Table 1, available at www.jneurosci.org as
During the preconditioning phase (days 1–2), mice were allowed to exsupplemental material).
plore the CPP boxes that included two compartments with different
We crossed the DC94 (120) Drd1–Cre transgenic mouse line
colors and floor textures flanking a middle compartment (Med Associwith a mouse carrying floxed Fos alleles ( f/f–Fos) (Zhang et al.,
ates, E. Fairfield, VT) for 20 min, and time spent on each side was re2002b) to obtain mice carrying homozygous floxed Fos and the
corded. The next 8 d were the conditioning phase (days 3–10). Beginning
on day 3, mice were paired for 8 d for 30 min/d, with the saline group
Cre transgene (Fig. 1 B, designated as f/f–Fos-D1–Cre). To verify
receiving injections on both sides of the boxes, and the drug-paired
the Fos mutation in D1 receptor-containing neurons, we pergroup receiving intraperitoneal cocaine (10 or 20 mg/kg) on the white
formed immunostaining for c-Fos. We found that the acute c-Fos
side and saline on the black side. During the testing phase on day 11, all
induction by a D1 receptor agonist SKF81297 was greatly reduced
mice were given a saline injection and were allowed to explore freely for
in the CPu and NAc of f/f–Fos–D1–Cre mice 7 weeks of age or
20 min and time spent on each side was recorded. The extinction training
older compared with that in wild-type mice (Fig. 1C,E, left), inphase lasted for 30 min/d for up to 22 d, and all mice were given saline
dicating that Fos is effectively deleted in D1 receptor-expressing
injections on both sides of the boxes. On extinction test days, all mice
were allowed to explore freely for 20 min, and the time spent on each side
neurons in these mice. The acute c-Fos induction by cocaine was
was recorded. On the reinstatement test day that followed the last extincalso greatly reduced in the CPu and NAc (Fig. 1 D, E, right) in
tion test day, all mice were injected with cocaine (10 mg/kg, i.p.) or saline
f/f–Fos–D1–Cre mice. To further verify the specificity of the Fos
immediately before being placed in the testing chamber as above for 20
mutation in D1 receptor-containing neurons, we performed comin. Time spent on each side was recorded. The data were analyzed and
immunostaining
for dynorphin, which colocalizes significantly
expressed as time spent on the saline-paired side subtracted from time
with the D1 receptor particularly in the dorsal striatum (Xu et al.,
spent on the drug-paired side. Two-way ANOVA followed by post hoc
1994a; Moratalla et al., 1996a,b; Zhang et al., 2004), and at the
Bonferroni–Dunn test were used to statistically evaluate the behavioral
same time with c-Fos, which is induced by cocaine in D1
results.
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receptor-expressing neurons (Moratalla et
al., 1996a; Zhang et al., 2002a, 2004). In the
NAc and CPu, dynorphin expression was
qualitatively unaffected by the Fos mutation (Fig. 1 F). In contrast, although
dynorphin and c-Fos were coexpressed in
striatal neurons in wild-type mice, little
c-Fos was induced by an acute cocaine injection in dynorphin-positive striatal neurons (Fig. 1G). These results indicate that
Fos expression is essentially eliminated in
D1 receptor-expressing neurons in f/f–
Fos–D1–Cre mice.
To examine whether the Fos mutation
is primarily limited to D1 receptorexpressing neurons, we treated both f/f–
Fos–D1–Cre and wild-type mice between 7 Figure 2. The c-Fos induction is primarily normal outside of D receptor-producing neurons. A, c-Fos is abundantly induced in
and 28 weeks of age with the D2 class re- response to haloperidol treatment in the CPu in f/f–Fos–D –Cre1 mice. Two hours after an acute haloperidol injection at the 2
1
ceptor antagonist haloperidol that can in- mg/kg dose, mice were perfused and coronal brain sections covering the CPu from the f/f–Fos–D1–Cre (mutant; n ⫽ 5 per dose)
duce robust Fos expression in the CPu and wild-type mice (n ⫽ 3 per dose) were incubated with an anti-c-Fos antibody. Scale bar, 150 m. The induction of c-Fos(Moratalla et al., 1996b). Both groups of positive nuclei in the CPu by haloperidol at the 0.5 and 2 mg/kg doses were counted on each brain section, and eight to nine brain
mice exhibited marked catalepsy (Mor- sections from each mouse were used. Data represent mean ⫾ SEM. *p ⬍ 0.01 (F(1,15) ⫽ 17.79) between genotypes. B, Similar
atalla et al., 1996b) after haloperidol injec- c-Fos induction by kainic acid in brain regions in which the D1 receptor is poorly expressed. Two hours after an acute kainic acid
tions, and no behavioral differences were injection at the 20 mg/kg dose, mice were perfused, and brain sections from the f/f–Fos–D1–Cre (mutant) and wild-type mice
found between wild-type and f/f–Fos–D1– (n ⫽ 2 mice each and 12–15 sections per mouse) were incubated with an anti-c-Fos antibody. Shown are c-Fos expression
Cre mice (data not shown). Importantly, patterns in the cingulate cortex (CG), entorhinal cortex (ENT), median eminence (ME), and VTA. Scale bar, 30 m. Data represent
mean ⫾ SEM.
Fos was induced abundantly by haloperidol in the CPu in both groups of mice, with
3-fold, respectively, in wild-type mice, whereas it was 30 and 65%
mutant mice exhibiting 8 and 9% reductions of c-Fos compared
lower, respectively, in the NAc and CPu in f/f–Fos–D1–Cre mice
with the wild-type mice at the 0.5 and 2 mg/kg doses (Fig. 2 A).
compared with that in wild-type mice (Fig. 4) ( p ⬍ 0.05). The
Kainic acid, which elicits widespread c-Fos expression in many
expression of other IEGs was comparable in the two groups of
brain regions (Zhang et al., 2002b), induced similar levels of
mice (supplemental Fig. 3, available at www.jneurosci.org as supc-Fos in brain regions in which the D1 receptor is poorly or not
plemental material) ( p ⬎ 0.05).
expressed, including the cingulate cortex, entorhinal cortex, mec-Fos regulates target gene expression via AP-1 transcription
dian eminence, and VTA in the two groups of mice (Fig. 2 B).
complexes (Morgan and Curran, 1991). The lack of Fos and the
Together, these results suggest that the Fos mutation is primarily
consequent changes in FosB and ⌬FosB expression may affect the
limited to the D1 receptor-expressing neurons in the age range we
level and composition of the AP-1 complexes in f/f–Fos–D1–Cre
used.
mice compared with those in wild-type mice before and after
f/f–Fos–D1–Cre mice appear healthy with no detectable abexposure to cocaine. Gel-shift analysis indicated that, although
normalities in the brain (supplemental Fig. 2, available at www.
baseline levels are similar, f/f–Fos–D1–Cre mice exhibit a 40%
jneurosci.org as supplemental material). Acute locomotor rereduction in the level of AP-1 transcription complexes compared
sponses induced by two doses of D1 or D2 receptor agonists were
with wild-type mice after acute cocaine injections (supplemental
similar between wild-type and mutant mice (Fig. 3).
Fig. 4, available at www.jneurosci.org as supplemental material).
Antibody super shift showed that, as judged by the ratio between
c-Fos regulates IEG expression and AP-1 transcription
the super shifts and regular shifts, there were less FosB/⌬FosB in
complex formation in the NAc and CPu after repeated
AP-1 complexes in the NAc and CPu in f/f–Fos–D1–Cre mice
cocaine injections
compared with that in wild-type mice after both acute (0.2:1 vs
c-Fos-regulated gene expression may mediate cocaine-induced
0.8:1) and repeated (1:1 vs 4:1) cocaine challenges (supplemental
neuroadaptation (Graybiel et al., 1990; Morgan and Curran,
Fig. 4, available at www.jneurosci.org as supplemental material).
1991; Moratalla et al., 1996b). To test this notion, we first invesThese results indicate that the lack of Fos in D1 receptortigated how c-Fos regulates the expression of other IEGs before
expressing neurons affects FosB and ⌬FosB expression and AP-1
and after cocaine injections. No baseline difference in IEG extranscription complexes in the NAc and CPu after cocaine
pression in the NAc and CPu was found in the two groups of mice
administration.
(Fig. 4) (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material) ( p ⬎ 0.05), suggesting that the Fos muc-Fos coordinates additional target gene expression in the
tation did not lead to obvious baseline compensatory changes by
NAc and CPu after repeated cocaine administration
other Fos family proteins in D1 receptor-expressing neurons. An
acute cocaine injection increased FosB and Fra-2 expression by
The changed dynamic regulation of AP-1 transcription comtwofold and fivefold, respectively, in the NAc and CPu in wildplexes attributable to the Fos deficiency may alter target gene
type mice, whereas such induction was attenuated in f/f–Fos–D1–
expression in the NAc and CPu before and after exposure to
Cre mice (Fig. 4) (supplemental Fig. 3, available at www.jneurococaine. We analyzed the expression of two classes of genes that
sci.org as supplemental material) ( p ⬍ 0.05). After 7 d of cocaine
contain AP-1 binding sites in their promoter regions to test this
injections, FosB and ⌬FosB expression was increased by 1.5- and
notion. One class encodes the glutamate receptors (GluRs) that
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Figure 4. c-Fos regulates cocaine-induced FosB and ⌬FosB expression. We isolated nuclear
extracts from the NAc and CPu together from individual wild-type (⫹/⫹) and f/f–Fos–D1–Cre
(⫺/⫺) mouse (n ⫽ 4 –7 mice for each time point) after saline (0h) and 2 h (2h; 30 mg/kg) or
7 d (7d; 20 mg/kg) after cocaine injections. A, Western blotting for FosB and ⌬FosB using
extracts from each mouse. B, Quantification of FosB and ⌬FosB levels with saline-treated wild
type as 100% controls. Filled columns and open columns represent data from wild-type and
mutant mice, respectively. Data show mean ⫾ SEM. *p ⬍ 0.05 (F(1,33) ⫽ 7.32) between
genotypes.
Figure 3. f/f–Fos–D1–Cre and wild-type mice exhibit similar locomotor responses after
acute D1 and D2 receptor agonists injections. A, B, Mice were habituated for 1 h before saline, D1
receptor agonist (A, SKF81297) or D2 receptor agonist (B, quinpirole) injections (intraperitoneal). Locomotor activities were recorded for 1 h immediately after injections. A, n ⫽ 7 mice
each in the wild-type group, n ⫽ 8 each mice in the mutant group (⫺/⫺). p ⬎ 0.05 (F(1,44) ⫽
1.988) between genotypes; *p ⬍ 0.05 (F(2,44) ⫽ 21.672) between different doses. B, Saline
wild-type group, n ⫽ 10; saline mutant group, n ⫽ 14; 0.1 mg/kg wild-type group, n ⫽ 10; 0.1
mg/kg mutant group, n ⫽ 14; 0.2 mg/kg wild-type group, n ⫽ 7; 0.2 mg/kg mutant group,
n ⫽ 7. p ⬎ 0.05 (F(1,61) ⫽ 0.54) between genotypes; *p ⬍ 0.05 (F(2,61) ⫽ 9.061) between
different doses. There is no statistical difference between wild-type and mutant mice at any
dose.

mediate excitatory neural transmission. Blockade of the NMDA
receptor 1 subunit (NR1) can attenuate stimulant-induced behavioral sensitization (Wolf, 1998; White and Kalivas, 1998). Persistent ⌬FosB expression or repeated cocaine injections can induce the AMPA receptor subunit 2 (GluR2) expression in the
NAc (Kelz et al., 1999), and extinction of cocaine selfadministration can upregulate GluR2 and reduce cocaineseeking behaviors (Sutton et al., 2003). Western blotting indicated that 7 or 28 consecutive days of repeated cocaine injections
led to a 1.3- to 1.5-fold increase in NR1 and GluR2 expression in
both the NAc and CPu of wild-type mice, yet such induction was
attenuated in the f/f–Fos–D1–Cre mice (Fig. 5 A, B) ( p ⬍ 0.05).
Basal expression of the two genes was identical in the two groups
of mice (Fig. 5 A, B) ( p ⬎ 0.05). The expression of NR2A, NR2B,
and GluR1 was not different in the two groups of mice before and
after cocaine injections (data not shown).
A second gene class encodes signaling molecules ␤-catenin,
Cdk5, and p35. ␤-Catenin functions in intercellular junctions
and in the Wnt (wingless-type MMTV integration site family)
signaling pathway, and it is induced via D1 receptors in the NAc
and CPu by cocaine (Zhang et al., 2002a). Cdk5 mediates neurite
outgrowth and modulates cocaine-induced behavior and increase in dendritic spine density in the NAc (Bibb et al., 2001).
Cdk5 activity is tightly regulated by p35 (Dhavan and Tsai, 2001).
We found that repeated cocaine injections increased the expres-

sion of ␤-catenin and p35 by 1.3- to 1.7-fold in both the NAc and
the CPu of wild-type mice, whereas such increases were attenuated in f/f–Fos–D1–Cre mice (Fig. 5 A, B) ( p ⬍ 0.05). Cdk5 expression was different by 1.3-fold in the two groups of mice after
28 d but not 7 d of cocaine injections (Fig. 5 A, B). Basal expression of the three genes was also identical in the two groups of mice
(Fig. 5 A, B) ( p ⬎ 0.05).
To examine further whether Fos regulates Grin1 (NR1), Gria2
(GluR2), Ctnnb (␤-catenin), Cdk5r1 ( p35), and Cdk5 expression,
we transfected three cell lines with Fos and measured the endogenous expression of these genes. Consistent with those observed
in vivo, an increasing level of c-Fos increased the expression of
Grin1, Gria2, Ctnnb, and Cdk5r1 in vitro (Fig. 5C). Together,
these results indicate that c-Fos regulates the expression of these
target genes both in vivo and in vitro.
c-Fos mediates changes in medium spiny neuron dendritic
morphology induced by repeated exposure to cocaine
Repeated cocaine exposure alters the number of dendrites and
the density of dendritic spines of neurons in the NAc and cortex
(Robinson and Kolb, 1999; Norrholm et al., 2003). This dendritic
remodeling may reflect neuronal circuit reorganization and
contribute to the persistence of cocaine-induced behaviors. To
investigate whether Fos mediates baseline and cocaine-induced
persistent neuronal morphological changes, we treated both f/f–
Fos–D1–Cre and wild-type mice with saline or cocaine for 28
consecutive days and performed dendritic morphological analysis. Repeated cocaine injections led to an increase in dendritic
branching on medium spiny neurons in the NAc shell (Fig.
6 A, D) (14.0 ⫾ 0.89 vs 10.3 ⫾ 0.95; #p ⬍ 0.05) and CPu (Fig.
6 B, D) (16.2 ⫾ 0.79 vs 11.6 ⫾ 0.25; #p ⬍ 0.05) compared with
saline injections in control mice yet failed to do so in f/f–Fos–D1–
Cre mice (Fig. 6 A, B,D) (NAc, 10.3 ⫾ 0.95 vs 11.0 ⫾ 0.65; CPu,
12.0 ⫾ 0.85 vs 11.8 ⫾ 0.31; p ⬎ 0.05). Repeated cocaine injections
also induced an increase in dendritic spine density on medium
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spiny neurons in the NAc shell (Fig. 6C,D)
(14.8 ⫾ 0.17 vs 10.6 ⫾ 0.39; #p ⬍ 0.05) and
CPu (Fig. 6C,D) (16.0 ⫾ 0.52 vs 10.3 ⫾
0.34; #p ⬍ 0.05) compared with saline injections in wild-type mice but not in f/f–
Fos–D1–Cre mice (Fig. 6C,D) (NAc,
10.0 ⫾ 0.80 vs 9.9 ⫾ 0.77; CPu, 11.2 ⫾ 0.65
vs 10.4 ⫾ 0.33; p ⬎ 0.05). Although there
was no baseline difference, both the number of dendrites and density of dendritic
spines of neurons in the NAc shell and
CPu were significantly different between
the two groups of mice after repeated cocaine injections (Fig. 6 A–D) ( p ⬍ 0.05).
These results indicate that, unlike in wildtype mice, f/f–Fos–D1–Cre mice no longer
exhibit increased dendritic branching and
dendritic spine density in response to repeated cocaine administration.
c-Fos contributes to cocaine-induced
behavioral sensitization
Persistent changes in gene expression and
dendritic morphology induced by repeated cocaine administration may contribute to long-lasting behavioral changes
such as behavioral sensitization (Kalivas et
al., 1998; Robinson and Berridge, 2000).
We investigated the potential contribution
of c-Fos in this process by treating f/f–Fos–
D1–Cre and wild-type mice either acutely
or once daily with two different doses of
cocaine for 7 consecutive days and again
after 72 h (Fig. 7). Although there were no
differences in baseline activity after saline
injections between mutant mice and wildtype mice, acute cocaine treatment at the
20 mg/kg dose induced significant locomotion compared with saline injections,
and repeated cocaine injections at both the
10 and 20 mg/kg doses induced behavioral
sensitization in wild-type but not in f/f–
Fos–D1–Cre mice (Fig. 7). Repeated saline
treatment did not induce appreciable
changes in locomotor activity in wild-type Figure 5. A, B, c-Fos coordinates target gene expression. We isolated whole-cell extracts from the NAc (A) and CPu (B) of
and f/f–Fos–D1–Cre mice (n ⫽ 8 mice wild-type (⫹/⫹) and f/f–Fos–D1–Cre (⫺/⫺) mouse after saline (0h; n ⫽ 4 mice each), 7 (7d; n ⫽ 7 mice each), or 28
each; data not shown). This result suggests consecutive days (28d; n ⫽ 5 ⫹/⫹ and 7 ⫺/⫺ mice) of cocaine injections at the 20 mg/kg dose. We performed Western
that c-Fos contributes to both the acute blotting for the indicated proteins and quantified gene expression levels with saline-treated wild type as 100% controls. Data
locomotor response to 20 mg/kg cocaine represent mean ⫾ SEM. *p ⬍ 0.05 (for NAc and CPu, F(1,33) ⫽ 34.26 and 24.68 for NR1; F(1,33) ⫽ 37.71 and 48.19 for GluR2;
treatment as well as the development of F(1,33) ⫽ 11.06 and 27.52 for ␤-catenin; F(1,33) ⫽ 23.23 and 34.67 for p35; F(1,33) ⫽ 12.10 and 38.20 for Cdk5) between
behavioral sensitization to cocaine at both genotypes. C, Increasing amounts of Fos (1 and 2) were transfected into various cells in duplicates with mock-transfected cells (M)
the 10 and 20 mg/kg doses in the injection as controls. Whole-cell extracts were used for Western blotting.
paradigms we used.
Wild-type and f/f–Fos–D1–Cre mice
(chronic vs acute cocaine, 1.3 ⫾ 0.20 vs 1.3 ⫾ 0.20; p ⬍ 0.05) mice
did not show basal differences in rearing (1.0 ⫾ 0.0 vs 0.7 ⫾ 0.20;
developed sensitized rearing compared with that after the first
p ⬎ 0.05) and grooming (1.1 ⫾ 0.15 vs 1.0 ⫾ 0.0; p ⬎ 0.05). Acute
cocaine injection. Both wild-type (chronic vs acute cocaine, 2.4 ⫾
cocaine treatment at the 20 mg/kg dose induced rearing in both
0.27 vs 1.4 ⫾ 0.27) and f/f–Fos–D1–Cre (chronic vs acute cocaine,
groups of mice ( p ⬍ 0.05), with wild-type mice exhibiting more
2.4 ⫾ 0.21 vs 1.4 ⫾ 0.21) mice developed sensitized grooming
rearing than f/f–Fos–D1–Cre mice ( p ⬍ 0.05). In contrast,
behaviors ( p ⬍ 0.05), and there was no difference between the
grooming behavior was not induced by acute cocaine injections
two groups of mice ( p ⬎ 0.05). At the cocaine dose used, we did
in either group of mice ( p ⬎ 0.05). After repeated cocaine injecnot observe obvious stereotyped behaviors such as headtions at the 20 mg/kg dose, wild-type (chronic vs acute cocaine,
bobbing, nail biting, taffy pulling, repetitive sniffing, and circling.
4.4 ⫾ 0.27 vs 2.6 ⫾ 0.27; p ⬍ 0.05) but not f/f–Fos–D1–Cre
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Figure 6. c-Fos mediates increased dendritic branching and dendritic spine density on medium spiny neurons induced by
repeated cocaine administration. We treated f/f–Fos–D1–Cre (mutant, ⫺/⫺) and wild-type (⫹/⫹) mice with either cocaine
(n ⫽ 5 mice each at the 20 mg/kg dose) or saline (n ⫽ 3 mice each) intraperitoneally for 28 consecutive days. A, B, Representative
dendritic branching drawings and images of medium spiny neurons for the NAc shell (A) and CPu (B) are shown. At least 20
neurons for each brain region per mouse were quantified. Scale bars, 50 m. C, Representative dendritic spine images of medium
spiny neurons from the NAc shell and CPu. At least 30 dendrites for each brain region per mouse were analyzed. Scale bars, 10 m.
D, Quantification of dendritic branching and dendritic spine density in the two groups of mice. Data represent mean ⫾ SEM. #p ⬍
0.05 within and *p ⬍ 0.05 between (for dendritic branching, F(1,15) ⫽ 10.86 for NAc and F(1,15) ⫽ 36.37 for CPu; for spine density,
F(1,15) ⫽ 54.33 for NAc and F(1,15) ⫽ 116.1 for CPu) genotypes, respectively. COC, Cocaine; SAL, saline.

the persistence and extinction of the reinforcing effects of cocaine remains unknown. We investigated this issue by performing a CPP study (Tzschentke, 1998).
Neither f/f–Fos–D1–Cre nor wild-type
mice showed bias in exploring the two
compartments (Fig. 8 A) ( p ⬎ 0.05). After
8 d of alternating cocaine and saline injections, both f/f–Fos–D1–Cre and wild-type
mice exhibited CPP behaviors at both cocaine doses compared with saline groups
(Fig. 8 A) ( p ⬍ 0.05), and there was no
difference in the induction of the CPP behavior between wild-type and f/f–Fos–D1–
Cre mice ( p ⬎ 0.05). Wild-type mice
showed extinction of CPP behaviors after
12 (and 16) d of extinction training (Fig.
8 B) ( p ⬎ 0.05). In contrast, f/f–Fos–D1–
Cre mice did not show extinction of CPP
behaviors until after 22 d of training (Fig.
8 B) ( p ⬎ 0.05). After 16 d of extinction
training, wild-type exhibited cocainereinstated CPP behaviors, and, after 22 d
of extinction training, both wild-type and
f/f–Fos–D1–Cre mice exhibited cocaineinduced (Fig. 8C) ( p ⬍ 0.05) but not
saline-induced (data not shown) reinstatement of CPP behaviors. These results suggest that f/f–Fos–D1–Cre mice exhibit
more persistent memory for the reinforcing effects of cocaine than wild-type control mice.

Discussion
Repeated exposure to cocaine can induce persistent changes in
behavior and neuronal circuits via DA D1 receptors that are difficult to extinct. Although c-Fos is a transcription factor that is
robustly induced above basal levels by D1 receptor agonists and
cocaine in D1 receptor-expressing neurons, whether such induction plays a major role in modulating any neuronal responses to
D1 receptor activation is unknown. To investigate this issue, we
engineered and analyzed a mouse in which Fos is primarily mutated in D1 receptor-expressing neurons. Our findings suggest
that Fos regulates cocaine-induced reorganization of neuronal
circuits, alteration in gene expression, the development and manifestation of behavioral sensitization, and to the extinction of
cocaine-induced reinforcing effects.

Figure 7. c-Fos contributes to cocaine-induced behavioral sensitization. We recorded locomotor activity of f/f–Fos–D1–Cre (⫺/⫺; n ⫽ 9 and 8 for 10 and 20 mg/kg of cocaine) and
wild-type (⫹/⫹; n ⫽ 10 and 8 for 10 and 20 mg/kg of cocaine) mice on days 1–9 and on day
12 for 60 min before and after the injections. *p ⬍ 0.05 compared with same dose wild-type
mice; #p ⬍ 0.05 compared with day 3. The F values from day 1 through day 9 and day 12 are as
follows: F(1,33) ⫽ 2.537, F(1,33) ⫽ 0.639, F(1,33) ⫽ 4.73, F(1,33) ⫽ 4.939, F(1,33) ⫽ 7.003,
F(1,33) ⫽ 10.151, F(1,33) ⫽ 9.874, F(1,33) ⫽ 16.259, F(1,33) ⫽ 13.909, and F(1,33) ⫽ 10,875.

c-Fos facilitates the extinction of cocaine-induced CPP
Cocaine produces powerful reinforcing effects that are difficult to
extinct (Wise, 2000; Dackis and O’Brien, 2005). D1 receptors
have been implicated in mediating such behavioral effects, yet
whether Fos-mediated intracellular mechanisms contribute to

The D1 receptor neuron-specific Fos mutant mouse model
We made a mouse carrying a Fos mutation in D1 receptorexpressing neurons using Cre/loxP-mediated DNA deletion. We
found that SKF81297- and cocaine-induced c-Fos expression is
significantly reduced in the CPu and NAc in f/f–Fos–D1–Cre mice
compared with that in wild-type mice. Although dynorphin expression is qualitatively unaffected, cocaine-induced Fos expression is significantly reduced in dynorphin-positive neurons in the
CPu and NAc in f/f–Fos–D1–Cre mice compared with those in
wild-type mice. Importantly, haloperidol induced abundant
c-Fos expression in the CPu in f/f–Fos–D1–Cre and wild-type
mice. The 8 –9% reduction in Fos expression in f/f–Fos–D1–Cre
mice is possibly attributable to Fos mutation in D1 receptorexpressing neurons that also coexpress D2 receptors. Kainic acidinduced Fos expression is similar in the two groups of mice in
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mutation did not noticeably affect the development of the DA
system in f/f–Fos–D1–Cre mice.

Figure 8. c-Fos facilitates the extinction of cocaine-induced CPP. A, Induction of CPP behaviors. Mice (n ⫽ 8 per group) were allowed to explore in CPP boxes and were then given 8 d of
training at the indicated drug doses before being tested for the induction of CPP behaviors on
day 11. B, Extinction of CPP behaviors. Extinction (Ext) training was conducted for 16 d for the 20
mg/kg and 22 d for the 10 mg/kg cocaine groups, respectively, and behaviors were tested after
12, 16, or 22 d of training. C, Reinstatement of CPP behaviors. Mice were given a 10 mg/kg
intraperitoneal injection of cocaine and were allowed to explore CPP boxes after either 16 d
(Rei1) or 22 d (Rei2) of extinction training. Data show mean ⫾ SEM time spent in the drugpaired side minus the saline-paired side. *p ⬍ 0.05 (F(2,47) ⫽ 21.12 on day 11; F(2,47) ⫽ 5.92 on
extinction day 12; F(2,47) ⫽ 4.26 on extinction day 16; F(2,47) ⫽ 5.86 on reinstatements day 1;
F(2,47) ⫽ 21.22 on reinstatements day 2) drug-paired groups compared with saline-paired
groups. #p ⬍ 0.05 (F(2,47) ⫽ 7.57 on extinction day 12 and F(2,47) ⫽ 9.97 on extinction day 16)
compared with wild-type mice for the same drug dose and day. ⫹p ⬍ 0.05 (F(2,47) ⫽ 2.40 on
reinstatements day 1 and F(1,31) ⫽ 0.098 on reinstatements day 2) compared with the same
group of mice and drug dose after 16 or 22 d of extinction training, respectively.

brain areas that express D1 receptors poorly. These results indicate that the Fos mutation is primarily limited to D1 receptorexpressing neurons in f/f–Fos–D1–Cre mice within the 7–28 week
age range.
Unlike D1 receptor mutant mice (Xu et al., 1994a,b), f/f–Fos–
D1–Cre mice exhibit apparent normal development with baseline
motor activity, similar acute locomotor responses to SKF81297,
quinpirole and haloperidol treatment, and similar baseline dendritic structures and dendritic spine density compared with wildtype mice. There are no detectable abnormalities in the brains of
f/f–Fos–D1–Cre mice. Basal IEG expression levels and basal and
cocaine-induced expression of dynorphin are also similar in f/f–
Fos–D1–Cre and wild-type mice. These results suggest that Fos

c-Fos mediates cocaine-induced dendritic
morphological changes
Drug-induced dendritic remodeling may reflect changes in neuronal circuits including synaptic strength and connections (Robinson and Kolb, 1999). Both D1 and D2 receptor-expressing neurons exhibit changed dendritic morphology after chronic
exposure to cocaine, although the dendritic spine formation is
only stable and long lasting in D1 receptor-expressing neurons
(Lee et al., 2006). We found that the Fos deficiency in D1 receptorexpressing neurons results in attenuation in chronic cocaineinduced increases in dendritic branching and dendritic spine
density in the NAc and CPu in f/f–Fos–D1–Cre mice without
affecting basal dendritic morphology. This result suggests that it
is the repeated transient upregulation of c-Fos by cocaine rather
than basal c-Fos that is involved in dendritic remodeling. Noticeably, the lack of obvious dendritic remodeling in f/f–Fos–D1–Cre
mice resembles that of the D1 receptor mutant mice after repeated cocaine administration (Z. Ren and Xu, unpublished observation), suggesting that these molecules may be in the same
pathway in mediating cocaine-induced dendritic remodeling. Inhibiting Cdk5 activity attenuates cocaine-induced increase in
dendritic spine density (Norrholm et al., 2003). We found that
c-Fos can upregulate p35 and Cdk5 expression in the NAc and
CPu after 28 d of cocaine treatment, and the time course for such
regulation correlates with dendritic remodeling. Although Cdk5
levels are not directly affected by changes in the levels of c-Fos
after 7 d of cocaine injections, the changed p35 levels may lead to
changes in Cdk5 activity. Together, our findings suggest that,
during repeated exposure to cocaine, c-Fos functions in D1
receptor-expressing neurons to mediate signaling events, leading
to dendritic reorganization that may contribute to the persistence
of drug addiction.
c-Fos contributes to the acquisition and extinction of
cocaine-induced behavioral changes
We previously demonstrated that the D1 receptor is necessary for
the induction of behavioral sensitization by cocaine (Xu et al.,
2000). In the current study, we found that f/f–Fos–D1–Cre mice
exhibit attenuated cocaine-induced behavioral sensitization
compared with wild-type mice. Moreover, f/f–Fos–D1–Cre mice
exhibit less sensitized responses in rearing and comparable
grooming compared with wild-type mice after repeated cocaine
injections. These results suggest that c-Fos in D1 receptorexpressing neurons is likely required for the development of persistent behavioral changes induced by repeated exposure to
cocaine.
The D1 receptor mediates the reinforcing effects of cocaine
(Caine and Koob, 1994; Tella, 1994; Cervo and Samanin, 1995;
Self et al., 1996; Baker et al., 1998; Tzschentke, 1998; Caine et al.,
1999, 2000; Katz et al., 1999; Anderson et al., 2003) (Caine, Gabriel, Berkowitz, Gold, Koob, Tonegawa, Zhang, and Xu, unpublished results). Much less is known regarding the intracellular
mechanism that mediates the induction and particularly the extinction of such reinforcing effects. We found that, although normal in induction and reinstatement, f/f–Fos–D1–Cre mice exhibit
delayed extinction of cocaine-induced CPP behaviors compared
with wild-type mice. These results suggest that a c-Fos-regulated
molecular mechanism in D1 receptor-bearing neurons is involved in the memory of the reinforcing effects of cocaine. Extinction of cocaine self-administration can upregulate GluR2 ex-
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pression and reduce cocaine-seeking behaviors (Sutton et al.,
2003). Significantly, we found that, in the absence of Fos, GluR2
expression is reduced in the NAc and CPu after repeated cocaine
injections. Although we have not directly compared GluR2 expression in the two groups of mice in the context of CPP, an
inability to upregulate the expression of GluR2 in the mutant
mice during extinction training may contribute to a delayed extinction of cocaine-induced CPP behavior compared with wildtype mice.
We noted that the lack of c-Fos in D1 receptor-expressing
neurons markedly attenuated the development of cocaineinduced behavioral sensitization yet did not obviously affect the
induction or reinstatement of CPP by cocaine. It is possible that,
whereas the D1 receptor is important for mediating both the
locomotor stimulating and reinforcing effects of cocaine, multiple intracellular mechanisms may be differentially responsible for
mediating cocaine-induced diverse behavioral effects (BramiCherrier et al., 2005).

J. Neurosci., December 20, 2006 • 26(51):13287–13296 • 13295

motor stimulating and positive reinforcing effects of cocaine (Xu
et al., 1994a,b, 2000) (Caine, Gabriel, Berkowitz, Gold, Koob,
Tonegawa, Zhang, and Xu, unpublished results). Moreover, both
D1 receptors and c-Fos mediate dendritic remodeling and regulate gene expression induced by cocaine (McClung and Nestler,
2003; Zhang et al., 2004, 2005). Furthermore, a functional D1
receptor is required for c-Fos induction by cocaine, and some of
cocaine-regulated genes that are mediated by D1 receptors are
also subject to c-Fos regulation (Drago et al., 1996; Moratalla et
al., 1996b; Zhang et al., 2002a, 2004, 2005). These findings support a molecular model in which repeated exposure to cocaine
results in repeated transient upregulation of c-Fos expression via
D1 receptors. Elevated c-Fos, in turn, integrates mechanisms
within D1 receptor-expressing neurons to mediate chronic
cocaine-induced expression of cellular genes, reorganization of
neuronal circuits, and both the development and the extinction
of behavioral responses.
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