
Absence of dopamine D2 receptors unmasks
an inhibitory control over the brain circuitries
activated by cocaine
Marc Welter*†, Daniela Vallone†‡, Tarek A. Samad†§, Hamid Meziane¶, Alessandro Usiello†�, and Emiliana Borrelli*†**

*Department of Psychiatry and Human Behavior, University of California, 3113 Gillespie Building, Irvine, CA 92697; †Institut de Génétique et de Biologie
Moléculaire et Cellulaire, 1 Rue Laurent Fries, BP 10142, 67404 Illkirch Cedex, France; and ¶Institut Clinique de la Souris, 1 Rue Laurent Fries, BP 10142,
67404 Illkirch Cedex, France

Edited by Solomon H. Snyder, Johns Hopkins University School of Medicine, Baltimore, MD, and approved March 1, 2007 (received for review
December 5, 2006)

Cocaine is a psychostimulant and a drug widely abused by humans.
Cocaine elicits its effects primarily by blocking the activity of the
dopamine (DA) transporter, leading to elevated levels of extracel-
lular DA in areas receiving dopaminergic innervation, with the
consequent activation of DA receptors. Cocaine, however, also
elevates other neurotransmitter levels, leading to a general acti-
vation of interconnected brain circuitries. Studies aimed at unrav-
eling the molecular mechanisms underlying the effects of cocaine
have shown a leading role of DA D1 receptors in the cascade of
cellular events elicited by this drug. In this study, we have analyzed
the acute response to cocaine in animals deleted for the expression
of DA D2 receptors (D2R), an inhibitor of DA signaling. Importantly,
we show that although D1 receptor-mediated functions are pre-
served and even enhanced in D2R�/� mutants, the behavioral
response to acute cocaine administration is severely altered. In
addition, c-fos response to acute cocaine administration, in con-
trast to wild-type mice, is absent in D2R�/� mutants. Our findings
show that the absence of D2R, very likely through a presynaptic
mechanism, uncovers an inhibitory signaling pathway normally
masked by the activity of this receptor on brain circuitries engaged
by abused drugs.
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Drugs of abuse share the common property of generating an
outstanding elevation of dopamine (DA) in brain areas of the

motor and limbic systems (1), which has been related to their
addictive properties (2–5). Thereby, activation of the dopaminergic
(DAergic) system is a leading step in the mechanisms underlying
behavioral, cellular, and molecular effects of drugs in the CNS.

The psychostimulant cocaine, a highly abused substance, primar-
ily acts by blocking the activity of the DA transporter, elevating
extracellular DA levels in the nucleus accumbens (Acb), dorsal
striatum, and frontal cortex (1, 6), leading to activation of DA
receptors in these areas. Among DA receptors, D1 and D2 recep-
tors (D1- and D2R) have a leading role in the behavioral, cellular,
and molecular response to DA signaling (7). With respect to
cocaine, pharmacological blockade of D1R (8, 9), as well as
genetically induced ablation of D1R-mediated signaling, has been
shown to strongly impair the behavioral and cellular response to this
drug (10, 11). Further studies have assessed the key role of D1R in
stimulating the cellular response to drugs by modulating down-
stream kinases and phosphatases (12).

The expression of immediate early genes (IEG) has been used as
a final readout of the cellular response to illicit drugs in the brain.
It is now well established that activation of c-fos and other IEGs in
the striatum (13–15) upon acute cocaine, as well as other drug,
treatments is dependent on activation of the DAergic and gluta-
matergic pathways (16, 17). Indeed, c-fos induction is lost in
D1R�/� mice challenged with cocaine (14, 18), and similarly,
blockade of glutamatergic signaling results in a blunted c-fos
cellular response (17, 19). Nonetheless, the role of inhibitory

signaling pathways in the modulation of the response to drugs
certainly participates in the behavioral and cellular outcome of drug
intake. In this study, we analyzed the behavioral and cellular effects
of the psychomotor stimulant cocaine in animals carrying the
deletion of the DA D2R.

Loss of D2R in D2R�/� mice leads to a blunted response to the
rewarding (20) and reinforcing properties of morphine (21) and
alcohol (22). This phenotype is observed despite no changes in the
affinity or number of D1R in these mice (23). Similarly, D2R�/�
mice also present impaired responses to a cocaine discrimination
task (24) and an abnormal response to cocaine self-administration
(25). D2 but not D1R is crucial for the induction of morphological
changes in DAergic neurons by cocaine (26). Loss of D2R-
mediated signaling affects both presynaptic and postsynaptic
DAergic responses (27, 28). These are differentially mediated by the
two D2R isoforms, D2L and D2S. D2L has major postsynaptic
effects, whereas D2S has presynaptic autoreceptor functions (28).
Upon cocaine treatments, a massive DA release is observed in the
striatum of D2R�/� mice (27), and D2Rs modulate glutamate and
GABA release (29, 30) in GABAergic neurons.

Here we show that direct activation of D1R-mediated signaling
by D1 agonists in D2R�/� mice results in a dose-dependent
stimulation of locomotion and c-fos expression in the striatum and
cortex as it does in WT littermates. The cellular response in
D2R�/� mice to a D1 agonist is even increased with respect to WT
animals, as it would be expected by an unopposed stimulation of
D1R by D2-mediated signaling. On the contrary, cocaine treatment
of D2R�/� mice uncovered disruption of the expected D1R-
mediated effects both at the molecular and behavioral levels. These
results appear dependent on the loss of presynaptic D2S-mediated
effects, as shown by the analysis of D2L�/� mice in which cocaine
psychomotor properties are similar to WT mice. These results
strongly point to a key modulator role of D2R on striatal neurons
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activity in the full integration of the molecular and behavioral
responses to drugs of abuse.

Results
Induction of Forward Locomotion and Enhanced Activation of Striatal
and Cortical c-fos mRNA in D2R�/� Mice in Response to a D1R Agonist.
Striatal homogenates from D2R�/� mice present unaltered num-
ber and pharmacological properties of D1R sites in comparison to
WT animals (23). However, because striatal DA receptors sensi-
tivity is not correlated to their density (31), we tested the behavioral
and cellular response of D2R�/� mutants to stimulation by D1
agonists. Systemic administration of increasing concentrations of
the D1R-specific agonist SKF 82958 (0.03, 0.1, 0.3, 1, and 5 mg/kg
s.c.) resulted in a dose-dependent increase of forward locomotion
in D2R�/� mice as in WT littermates (Fig. 1A). Statistical analyses
showed no [genotype � treatment] interaction (F(5, 46) � 0.864, P �
0.512). In particular, the highest dose of SKF 82958 used (5 mg/kg)
resulted into a drop in forward locomotion in D2R�/� mice very
similar to that of WT animals because of the development of
stereotypies, and in particular of grooming behavior (32). These
results were supported by previous studies using SKF 81297 (28).

The comparable behavioral responses induced by SKF 82958
between genotypes were mirrored by the molecular and cellular
events produced downstream of the D1R signaling. The induc-
tion of IEGs, in particular c-fos, has been extensively used as a
readout of neuronal second messenger activation (33). In situ
hybridization experiments showed a comparable pattern of
D1R-induced c-fos expression in the striatum and cortex in both
genotypes (Fig. 1 B–K). Quantifications of c-fos mRNA expres-
sion showed a 2.2-fold stronger increase of this gene in the Acb
and caudate-putamen (CP) of D2R�/� mice at doses of 0.3 and
1 mg/kg in comparison to WT littermates.

Altered Motor Response to Acute Cocaine Challenge in D2R�/� Mice.
Next, we analyzed the acute response of D2R�/� mice to a wide
range of cocaine doses starting from 2.5 to 40 mg/kg. The lowest
cocaine doses were used to assess whether the higher sensitivity of
D2R�/� animals revealed by direct D1R stimulation might be
obscured by restricting the analyses only to high concentrations of
the drug. The effect of cocaine on motor behavior was assessed
during the first hour after the injection. Behavioral observations,
followed by statistical analyses, indicated that although WT animals
increase their forward locomotion in a cocaine dose-dependent
manner, the motor stimulant effects of cocaine were dramatically

reduced in the absence of D2R at all doses tested (Fig. 2A).
Two-way ANOVA analyses, using genotype and treatment as main
factors, pointed to a significant [genotype � treatment] interaction
(F(4, 114) � 19.34, P � 0.0001). The response to cocaine in D2R�/�
reached a plateau at 10 mg/kg and did not increase further at 20 and
40 mg/kg. The time-course profile of forward locomotion in animals
of both genotypes showed that the reduced forward locomotion in
D2R�/� mice (Fig. 2A) was due to a severe quantitative and
qualitative alteration of the response to cocaine effects (Fig. 2 B and
C) rather than a simple attenuation of the amplitude of this
response over time. A three-way ANOVA with repeated measures
over time confirmed this observation, indicating a significant
[time � treatment � genotype] interaction (F(44, 331) � 2.39, P �
0.0001).

Analysis of stereotyped behaviors (34) showed a downward trend
in cocaine-induced rearing behavior (Fig. 2D, [genotype � treat-
ment] interaction: F(4, 106) � 2.17, P � 0.0773) in D2R mutants while
indicating a highly exacerbated cocaine-induced grooming fre-
quency in D2R�/� mice compared with WT (Fig. 2E, significant
[genotype � treatment] interaction: F(4, 131) � 3.37, P � 0.0116). In
D2R�/� mice, high cocaine doses also induced characteristic
intense grooming episodes which very likely traded off forward
locomotion. This might participate in the dramatic reduction in the
cocaine-induced horizontal activity in these mutants. These results
also suggest that although D1R-dependent signaling appears highly
stimulated in the absence of D2R (Fig. 1), stimulation by cocaine
cannot be converted into a normal motor output in the absence of
D2R-mediated events.

Reduced Sensitivity to Cocaine-Induced Conditioned Place Preference
(CPP) in D2R�/� Mice. We then extended our analysis to the
rewarding properties of cocaine in these mutants. For this,
D2R�/� and WT littermates were tested in the CPP paradigm
(35). Experiments were performed by using three different doses of
cocaine (2.5, 5, and 10 mg/kg). Cocaine induced CPP in animals of
both genotypes, as shown by the increase in the time spent in the
drug-associated compartment during the postconditioning test
(Fig. 3A). However, statistical analyses using the score (defined as
the difference in the time spent during post- versus preconditioning
phases in the drug-paired compartment) showed a difference in the
dose-response effect in D2R�/� versus WT mice (Fig. 3B). Post
hoc comparison in D2R�/� mice showed a decreased CPP to
cocaine, reaching statistical significance (P � 0.05) compared with
the saline group only at the highest dose tested (10 mg/kg). On the

Fig. 1. Behavioral and cellular effects of D1R activation in D2R�/� mice. (A) Increase of motor activity by the D1 agonist SKF 82958 in D2R�/� (■ ) and WT
littermates (E). A significant treatment effect for both WT and D2R�/� mice was observed over 1 h. Induction of c-fos mRNA expression 1 h after saline (B and
G) and 0.01 mg/kg (C and H), 0.1 mg/kg (D and I), 0.3 mg/kg (E and J), and 1 mg/kg (F and K) SKF 82958 injections in WT (B–F) and D2R�/� mice (G–K) is shown.
Treatment effect compared with its control: *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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contrary, WT littermates showed a robust CPP response at all
doses, statistically significant already at 2.5 mg/kg (Fig. 3B). These
results show decreased sensitivity to the rewarding properties of
cocaine in D2R�/� mice. Significant CPP response, only at the
highest cocaine dose, in D2R�/� mice might suggest the involve-
ment of other neuromodulator systems in cocaine addiction (36).

Absence of D2R Signaling Uncovers a Divergent Postsynaptic Activa-
tion of IEGs. The mRNA of c-fos and zif268 (also named Egr-1/
NGFI-A/Krox-24/TIS8/ZENK) is strongly induced by acute
cocaine treatments (37) through a D1R-mediated mechanism
(13, 14, 18, 31).

Dose-response in situ hybridization analyses were performed to
evaluate the c-fos mRNA induction pattern 1 h after acute cocaine
treatment (2.5, 5, 10, 20, and 40 mg/kg) in the home cage (Fig. 5 A

and B). As previously reported (14, 37), a dose-dependent increase
in c-fos positive cells was observed in the frontal cortex, CP, and
Acb. Strikingly, induction of c-fos expression by cocaine in ventral
and dorsal striatum, as well as in all of the major cortico-limbic
targets of DAergic projections, was completely abolished in
D2R�/� animals (Fig. 5 A and B). Loss of c-fos induction in
D2R�/� mice was observed also in the orbito-frontal cortex, the
most sensitive brain region in WT siblings. A thorough quantifica-
tion of the number of c-fos positive cells in D2R mutants vs. WT
littermates confirmed the absence of any cocaine-induced c-fos-
positive cells in the mutants (F(1, 84) � 0.26, P � 0.6129). These
results were further confirmed at the protein level by Western blot
and gel shift analyses comparing striatal extracts from WT and
D2R�/� mice (data not shown).

Similarly, analyses of the pattern of induction of substance P (SP)
(Fig. 4 A and B) and dynorphin (Dyn) (Fig. 4 C and D) 2 h after
cocaine treatment showed that these genes failed to be induced in
D2R�/� striata either at 10 or 20 mg/kg cocaine. However, in WT
striata, both genes were induced 2 h after cocaine injections
(20 mg/kg).

c-fos expression in striatal neurons has been reported to require
the simultaneous activation of D1R and NMDA receptors (3, 16).
Our data show that the D1R pathway is greatly stimulated in
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Fig. 2. Altered motor response to acute cocaine challenge in D2R�/� mice.
(A) Horizontal locomotion over 1 h after cocaine injection in WT (■ ) and
D2R�/� (E). Statistics showed significant genotype and treatment effects and
[genotype � treatment] interaction. (B and C) Time course of horizontal
locomotion (5 min bins) after cocaine injections in WT (B) and D2R�/� (C). Post
hoc analyses revealed absent [time � treatment] interaction (F(44, 147) � 0.99,
P � 0.4926) only in D2R�/� mice. (D) Rearing behavior upon cocaine injections
in WT (filled bars) and D2R�/� (open bars). Statistics showed significant
genotype and treatment effects and a trend for a [genotype � treatment]
interaction [F(4, 106) � 2.17, P � 0.0773]. (E) Grooming behavior upon cocaine
in WT (filled bars) and D2R�/� (open bars) mice. Results showed significant
genotype and treatment effects and [genotype � treatment] interaction.
Treatment effect compared with its control: *, P � 0.05; **, P � 0.001; ***, P �
0.0001. Genotype difference for the same treatment: #, P � 0.05; ##, P � 0.001;
###, P � 0.0001.
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D2R�/� mice, thus suggesting that activation of the NMDA
glutamatergic pathway might be impaired in D2R�/� mice. To
assess this possibility, we analyzed the behavioral effect of a
glutamatergic antagonist in D2R�/� and WT littermates. Admin-
istration of phencyclidine induces hyperlocomotion through block-
ade of cortical NMDA receptors (30). Interestingly, we found that
although both genotypes respond to phencyclidine with an in-
creased motor behavior, the response of D2R�/� mice to 7.5
mg/kg phencyclidine is greatly attenuated [supporting information
(SI) Fig. 7]. Thus, loss of c-fos induction by cocaine might only
partially depend on a diminished glutamatergic signaling in D2R
mutants, suggesting the implication of an inhibitory signal, un-
masked in the absence of D2R, on the expression of this IEG.

In contrast, the expression of zif268, which has a similar pattern
and induction properties as c-fos, was strongly stimulated by cocaine
in D2R�/� mice (Fig. 5 C and D). We detected and quantified a
higher sensitivity of D2R�/� mice in the induction level of this
gene. The dose–response curve of zif268 expression was left-
shifted, showing a statistical significant response at 2.5 and 5 mg/kg
cocaine in the Acb of D2R�/� mice, whereas in WT animals there
was no increase of zif268 mRNA at these doses (Fig. 5D). Also in
the CP we observed a similar profile, although in this brain area a
significant stimulation by cocaine in D2R�/� mice was observed
at 5 mg/kg cocaine, whereas zif268 expression in WT littermates
becomes evident only at 10 mg/kg (Fig. 5C). We also observed a
stronger zif268 response in the Acb of D2R�/� vs. WT mice as
compared with the CP, where the dose–response profile and
maximal level of expression were comparable in the two genotypes
(Fig. 5 C and D). These experiments reveal a dissociation in the
cocaine-induced c-fos and zif268 expression in the absence of
D2R-mediated signaling. zif268 induction might be less dependent
on alteration of other neurotransmitters, such as glutamate, than
c-fos. However, zif268 induction by cocaine was completely blocked
by pretreatment of WT and D2R mutants with the NMDA
antagonist MK801 (SI Fig. 8). These results suggest that absence of
c-fos induction could not result from altered glutamate signaling in
D2R mutants. c-fos and zif268 expression is partly regulated by
different signaling molecules (38), possibly suggesting a lack of
D2R-mediated activation of specific pathways, leading to c-fos
induction in D2R mutants. Alternatively, these results might sug-
gest the presence of an inhibitory signal, unmasked in the absence

of D2R, which counteracts the activation by cocaine of specific
signaling molecules.

Pre- Versus Postsynaptic D2R-Mediated Effects of Cocaine. D2Rs exist
in vivo in two isoforms, D2L and D2S. We have previously shown
that D2S has major presynaptic autoreceptor functions, because in
D2L�/� mice (28) regulation of DA release is maintained (27)
despite loss of postsynaptic D2-mediated effects (12, 28). Thus, we
assessed whether behavioral alterations to cocaine in D2R�/�
mice are dependent on pre- or postsynaptic D2-mediated effects.
Motor behavior of WT and D2L�/� littermates was analyzed in
response to acute increasing doses of cocaine. Interestingly, these
experiments showed that both genotypes similarly ([genotype �
treatment] [F(4, 60) � 1.07, P � 0.3792]) increase their forward
locomotion in a cocaine dose-dependent manner (Fig. 6A). Statis-
tical analyses also revealed a genotype effect (F(4, 60) � 5.86, P �
0.0186) on motor behavior, which has been already observed in
response to mixed DAergic agonists in D2L�/� mice (28).

By difference with D2R�/� mice, grooming behavior after acute
cocaine (Fig. 6B) similarly increased in WT and D2L�/� mice in
a dose-dependent manner.

Similar results were also obtained in the CPP test. Cocaine
conditioning (1.25, 2.5, and 5 mg/kg) produced robust CPP in both
WT and D2L�/� mice (Fig. 6C). Two-way ANOVA using the
score as the dependent variable showed significant treatment effect
(F(3, 58) � 11.78, P � 0.0001) and no genotype effect (F(1, 58) � 1.84,
P � 0.17) or [treatment � genotype] interaction (F(3, 58) � 0.35, P �
0.78). Post hoc comparison between saline and cocaine-treated
mice revealed a significant effect of cocaine in CPP at 1.25 mg/kg
in D2L�/� but not in WT mice (Fig. 6D). Comparison of results
obtained in D2R�/� versus D2L�/� mice reveal an important
role of presynaptic D2S-dependent signaling in the behavioral
response to psychostimulants.
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Fig. 6. Cocaineeffects inD2L�/�mice. (A)Horizontal locomotionover1hafter
cocaine injection in WT (filled squares) and D2L�/� (open circles). Statistics
showed significant genotype and treatment effects but no [genotype � treat-
ment] interaction. (B) Grooming behavior upon cocaine injection in WT (filled
bars) and D2L�/� mice (open bars). There were significant treatment and geno-
type effects but no [genotype � treatment] interaction. (C) Time spent in the
cocaine-paired compartment during pre- (hatched bars) and postconditioning
(gray bars) phases in WT and D2L�/� littermates. (D) Score (s) of WT (filled bars)
and D2L�/� (open bars) mice after cocaine CPP test showing similar responses in
WT and D2L�/� mice except at 1.25 mg/kg. Treatment effect compared with its
control: *, P � 0.05; **, P � 0.001; ***, P � 0.0001.
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Discussion
Genetic and pharmacological studies on the molecular mechanisms
underlying the response to drugs of abuse converge toward the
conclusion that D1R-mediated signaling is an absolute requirement
in the events that modulate the motor and limbic pathways (18, 39,
40). In addition, a clear involvement of the glutamatergic system has
also been shown (3, 17). Blockade of either D1R or of the glutamate
signaling strongly impairs the effect of cocaine and other drugs.
Nevertheless, inhibitors of both the DAergic and glutamatergic
signaling also have to be considered in the final physiological output
generated by the use of illicit drugs.

Pharmacological studies have previously addressed the role of
D2R in the motor effect of cocaine in mice (9, 39). D2R-specific
antagonists were shown to dose-dependently block the psychomo-
tor effects of cocaine. However, the interpretation of pharmaco-
logical results is confounded by the motor inhibitory effects of high
doses of D2-antagonists on locomotion, even in the absence of
cocaine. Furthermore, not all D2R antagonists were able to block
cocaine effects (9). Our studies, thereby, adds to previous analyses
by elucidating the role of D2R in genetically altered mice in which
the pharmacological caveats can be eliminated. In support of
pharmacological analyses, D2R�/� mice present a reduction of
motor behavior under basal conditions (23) but are still able to
move. Loss of D2R does not significantly alter the expression of
other DA receptors (23, 41), including D1R. Indeed, D2R�/� mice
respond to apomorphine, a mixed D1-D2 agonist, by an increase of
motor activity (28). In addition, like the full D1 agonist SKF 81297
(28), SKF 82958 (42, 43) elicits a similar dose-response increase in
forward locomotion in D2R�/� and WT littermates (Fig. 1).

In the absence of D2R, cocaine treatments result in an exagger-
ated striatal increase of extracellular DA levels, due to loss of
D2R-mediated presynaptic autoreceptor functions (27). This might
lead to D1R overstimulation in D2R�/� mice as indicated by the
reduction of forward locomotion in favor of stereotypies in these
mutants. This argument appears supported by the observations that
the onset and intensity of stereotypies in D2R�/� mice are already
at a maximal level at 10 mg/kg cocaine, whereas they become
significant only at the dose of 40 mg/kg in WT littermates. Alter-
natively, the flat motor response to doses of cocaine higher than 10
mg/kg might suggest the involvement of additional inhibitory mech-
anisms revealed in the absence of D2R-mediated signaling.

The hedonic properties of cocaine are substantially preserved in
D2R�/� mice, although attenuated, in agreement with previous
reports (24). Similarly, in the CPP analysis, whereas WT mice show
a clear CPP at 2.5 mg/kg cocaine, D2R�/� mice showed a statistical
significant response only at 10 mg/kg. D2R�/� mice self-
administer cocaine at higher rates than WT littermates (25),
suggesting missing mechanisms, in these mutants, that normally
limit rates of high-dose cocaine self-administration. This might also
indicate the involvement of other neuromodulators in the induction
of CPP and self-administration by cocaine in D2R mutants. Indeed,
the rewarding (44) and reinforcing properties (36) of cocaine are
preserved in mice lacking the DA transporter, a primary target of
this drug.

At the gene expression level, as expected (13), D1R-mediated
induction of IEGs such as c-fos by SKF 82958 is conserved in
D2R�/� mice. SKF 82958 elicits a stronger c-fos induction in the
cortex and striatum of D2R�/� as compared with WT mice,
suggesting that D1R-mediated postsynaptic functions are not de-
fective in D2R�/� mice after direct agonist challenge. The en-
hanced molecular response to D1 stimulation in D2R�/� is what
would be expected by the removal of the D2R-mediated inhibitory
signaling.

However, D1R activation by cocaine in D2R mutants is trans-
lated into a differential activation of zif268 and c-fos. zif268
expression, activated by cocaine through similar mechanisms than
c-fos (15, 18), is normally induced in D2R�/� mice. Interestingly,

we report an increased sensitivity of zif268 expression to very low
cocaine doses in D2R�/� mice compared to WT siblings. The
mechanism underlying the higher sensitivity of zif268 to cocaine in
D2R�/� mice is presently unclear. It might correlate with the
increased stimulation of D1R due to the massive DA release in
D2R�/� mice (27). But it might also depend on the activation of
this gene by different neuromodulators uncovered only in the
absence of D2R.

On the contrary, by difference with WT, we report absence of
induction of c-fos, Dyn, and SP in D2R�/� mice. It is classically
assumed that D1R and D2R are segregated in different striatal
neurons, which belong to the striato-nigral and striato-pallidal
pathways, respectively (13). Striatal neurons are further organized
in striosomes and matrix compartments (37). Our results are at odds
with the reported linearity between stimulation of the D1R-
mediated signaling and expression of zif268, c-fos, Dyn, and SP in
striato-nigral neurons (10, 40) comprising the striosomes, which do
not express D2R (13, 37). Because c-fos is not induced in any striatal
neurons, and because we have not assessed whether zif268 induc-
tion is observed in striato-nigral or D2R-expressing striato-pallidal
neurons, we cannot exclude the possibility that zif268 expression
might be induced in different neurons than striato-nigral. In
addition, although c-fos and zif268 have usually been reported to
follow common induction pathways, recent studies have shown a
similar differential activation of IEGs by cocaine in animals lacking
the expression of the mitogen- and stress-activated protein kinase-1
(38) as in D2R�/� mice. This might suggest a possible link between
D2R-mediated signaling and this kinase; however, in MSK1-KO
mice, c-fos expression can be rescued at high cocaine concentra-
tions, by difference with what we report in D2R�/� mice at any
dose tested. Several hypotheses can be drawn to explain lack of c-fos
induction in D2R�/� mice. First, D1R overstimulation might lead
to increased c-fos induction, which then blocks c-fos expression by
an autoregulatory mechanism (33, 45). However, the time course of
c-fos autoregulation (�2 h) does not match the blunted c-fos
expression in D2R�/� mice observed 1 h after cocaine. Further-
more, results obtained by direct stimulation of D1R using D1-
specific ligands (Fig. 1) in D2R mutants argue against this possi-
bility. Second, glutamatergic stimulation of striatal medium spiny
neurons in D2R mutants required for a full induction of this gene
(16) is also altered. However, we show that the response to
phencyclidine in D2R mutants is present although attenuated, thus
possibly contributing but not explaining the cause of loss of cocaine
effects on c-fos expression. In addition, zif268 expression, which
also requires glutamate stimulation, is unaffected in D2R mutants
and pretreatment of D2R�/� mice with MK801 before cocaine
eliminates zif268 induction in WT and D2R mutants. This definitely
rules out a major glutamatergic effect on loss of c-fos induction.
Importantly, electrophysiological studies have shown that cocaine
depresses striatal GABAergic synaptic transmission through D2R-
mediated effects (29). In D2R mutants, a presynaptic D2-mediated
modulation of the GABAergic response to cocaine is lost, resulting
in a stronger inhibitory control of striatal neurons by this neuro-
transmitter. This might counteract the cellular and psychomotor
response to cocaine in D2R�/� mice.

D2R is composed of two isoforms, D2L and D2S, yet with
different functions in vivo. Behavioral and neurochemical analyses
of mice lacking D2L have shown that in D2L�/� mice, the
presynaptic D2-mediated responses are intact (15, 27, 28), identi-
fying D2S as the isoform implicated in presynaptic functions (15, 27,
28). In line with a major contribution of loss of presynaptic D2S
receptors, in the aberrant response to cocaine of D2R�/� mice,
D2L�/� mutants respond to this drug quite similar to WT mice.

In conclusion, the analysis of D2R�/� mice in response to
cocaine reveals the relevance of the inhibitory control exerted by
presynaptic D2-mediated signaling, very likely D2S-dependent, on
the molecular mechanisms activated by this drug. Absence of
presynaptic D2-mediated effects impinges on DAergic as well as
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cortical and striatal neurons physiology. This, together with the
wide range of cocaine effects in the brain, makes the identification
of a possible inhibitory system unmasked by absence of D2Rs quite
complex. Nonetheless, based on these and previous studies, we
would like to speculate that the absence of presynaptic D2R-
mediated functions by profoundly modifying GABAergic signaling
lead to altered integrated responses to psychostimulants.

Materials and Methods
Animals. Mice were housed under standard conditions (12 h light/
dark cycle). D2R�/� (23), D2L�/� (28), and their WT littermates
(25% 129/Sv and 75% C57BL/6J) were obtained from heterozy-
gotes breeding; age-matched males were used for experiments.

Treatments. SKF 82958 (Sigma-RBI) in saline at 0.03, 0.1, 0.3, 1, or
5 mg/kg or saline was administered s.c. (n � 5 WT and n � 5
D2R�/� mice per group).

For acute treatments, saline or cocaine (cocaine hydrochloride;
Sigma, St. Louis, MO) in saline were injected i.p. at the following
doses: 2.5, 5, 10, 20, or 40 mg/kg in WT and D2R�/� (n � 8–21
per dose) and 5, 10, 20, or 30 mg/kg in WT and D2L�/� (n � 7–8
per dose).

SKF82958 and cocaine were tested in habituated mice (i.e.,
individually placed in testing cages 2 h before treatment).

For CPP experiments, WT and D2R�/� were injected with
saline (WT: n � 11; D2R�/�: n � 8) or cocaine at 2.5 mg/kg (n �
10 per genotype), 5 mg/kg (WT: n � 11; D2R�/�: n � 9), or 10
mg/kg (WT: n � 9; D2R�/�: n � 10). WT and D2L�/� were
injected with saline (WT: n � 12; D2L�/�: n � 9) or cocaine at
1.25 mg/kg (WT: n � 8; D2L�/�: n � 7), 2.5 mg/kg (n � 8 per
genotype), or 5 mg/kg (n � 7 per genotype).

Behavioral Analyses. Motor activity was evaluated in the home cage
(20 � 30 cm) for 1 h by using a VIDEOTRACK system (Viewpoint,
Lyon, France). Cocaine-induced stereotypies were visually scored
as described (46).

CPP apparatus consists of two squared compartments (height
30 � 15 � 15 cm) with circled or hatched visual motif, separated
by a guillotine door. Each compartment contained visual and tactile
cues (three identical cylinders, spaced by 0.5 cm, diameter of 2 cm,
height 1 cm), positioned either horizontally or vertically. The time
spent in each compartment during pre- and postconditioning tests
(15 min) was measured (47).

In Situ mRNA Hybridization and Quantification. Brain coronal cryo-
stat sections (10 �m) were hybridized (23) with [35S]CTP sense or
antisense riboprobes specific for murine c-fos (48), zif268 (49),
proDyn, and SP (23). Autoradiographic films and photographic
emulsions of in situ experiments were used to quantify gene
expression (50) by using ImageJ software (National Institutes of
Health, Bethesda, MD). (Observations used to quantify expression/
gene/condition: c-fos, n � 8; zif268, n � 24; SP, n � 12; Dyn,
n � 12–44.)

Statistical Analysis. Results were analyzed by ANOVA followed by
the appropriate post hoc comparisons (P � 0.05 was considered
statistically significant).
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