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Striatal dopamine D1 receptors (D1R) are coupled to adenylyl cyclase through Gaolf. Although this pathway is involved in important

brain functions, the consequences of quantitative alterations of its components are not known. We explored the biochemical and

behavioral responses to cocaine and D-amphetamine (D-amph) in mice with heterozygous mutations of genes encoding D1R and Gaolf
(Drd1a+ /� and Gnal+ /�), which express decreased levels of the corresponding proteins in the striatum. Dopamine-stimulated cAMP

production in vitro and phosphorylation of AMPA receptor GluR1 subunit in response to D-amph in vivo were decreased in Gnal+ /�, but

not Drd1a+ /� mice. Acute locomotor responses to D1 agonist SKF81259, D-amph and cocaine were altered in Gnal+ /� mice, and not

in Drd1a+ /� mice. This haploinsufficiency showed that Gaolf but not D1R protein levels are limiting for D1R-mediated biochemical and

behavioral responses. Gnal+ /� mice developed pronounced locomotor sensitization and conditioned locomotor responses after

repeated injections of D-amph (2mg/kg) or cocaine (20mg/kg). They also developed normal D-amph-conditioned place preference. The

D1R/cAMP pathway remained blunted in repeatedly treated Gnal+ /� mice. In contrast, D-amph-induced ERK activation was normal in

the striatum of these mice, possibly accounting for the normal development of long-lasting behavioral responses to psychostimulants.

Our results clearly dissociate biochemical mechanisms involved in acute and delayed behavioral effects of psychostimulants. They identify

striatal levels of Gaolf as a key factor for acute responses to psychostimulants and suggest that quantitative alterations of its expression

may alter specific responses to drugs of abuse, or possibly other behavioral responses linked to dopamine function.
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INTRODUCTION

Psychostimulant drugs, such as cocaine and D-amphetamine
(D-amph), are widely abused by humans. They produce
intense short-term psychomotor activation and long-term
behavioral alterations related to their powerful reinforcing
properties. Repeated exposure to these drugs leads to the
development of sensitized responses, conditioned positive
association with drug-related cues and compulsive drug
self-administration (Koob and Le Moal, 2001; Koob et al,
1998; Pierce and Kalivas, 1997; Robinson and Berridge,

2003; Vezina, 2004). In a low percentage of animals, this
leads to a state similar to addiction in humans (Deroche-
Gamonet et al, 2004). Interestingly, considerable variability
in the individual reactions to drugs is observed in rodents
as well as in humans, depending on both genetic and
environmental factors (Nestler, 2000; Piazza and Le Moal,
1998). Although little is known about the genetic factors
responsible for this variability, quantitative variation in
the levels of expression of specific genes is a plausible
mechanism for many pathological or phenotypical traits
(Knight, 2005). In the present study, we address this
question by exploring the functional consequences of
quantitative variations of two major components of the
signaling pathways that mediate the effects of drugs of
abuse.
Acute stimulant effects of cocaine and D-amph result

primarily from the enhancement of extracellular dopamine
levels in limbic regions (Di Chiara and Imperato, 1988;
Giros et al, 1996; Jones et al, 1998). This increase in
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extracellular dopamine is also essential for reinforcing
properties of psychostimulants (for a review see Berke and
Hyman (2000)). Dopamine acts on two types of G-protein-
coupled receptors, the D1-type receptors (D1 and D5) and
D2-type receptors (D2, D3, D4), which activate and inhibit
adenylyl cyclase (AC), respectively. Although dopamine D1
receptors (D1R) signaling was consistently reported to be
essential for acute responses to psychostimulants, its role in
delayed responses is more controversial since divergent
results were obtained in D1R antagonist-treated animals
and in D1R knockout mice (Crawford et al, 1997; Karper
et al, 2002; Xu et al, 2000). In the striatum D1R is coupled to
AC through a specific G protein alpha subunit, Gaolf,
whereas in other brain regions including the cerebral
cortex, it is coupled through Gas, the quasiubiquitous
isoform (Corvol et al, 2001; Zhuang et al, 2000). Complete
impairment of D1R signaling, resulting from homozygous
null mutations of genes encoding for D1R or Gaolf proteins,
Drd1a and Gnal genes respectively, has major consequences
on behavioral responses to psychostimulants in mice
(Corvol et al, 2001; Herve et al, 2001; Xu et al, 2000;
Zhuang et al, 2000). In the present study, we examined the
consequences of quantitative variations in D1R or Gaolf
protein levels using heterozygous knockout mice which
express reduced amounts of the corresponding protein in
the striatum, as compared to wild-type mice (Corvol et al,
2001; Drago et al, 1994). We investigated biochemical
and behavioral effects of acute and chronic administration
of psychostimulants in Drd1a and Gnal heterozygous
mice (Drd1a+ /� and Gnal+ /� mice, respectively). We
show that Gnal+ /� but not Drd1a+ /� mice displayed
decreased biochemical behavioral responses to acute
injections of psychostimulants, whereas long-term re-
sponses to repeated psychostimulant administrations were
preserved in Gnal+ /� mice.

MATERIALS AND METHODS

Animals

Heterozygous mice with a disrupted Drd1a gene had a
hybrid 129 and C57Bl/6 genetic background. They were
produced by Drago and coll. (Laboratory of mammalian
genes and development, NIH, Bethesda; Drago et al (1994))
and backcrossed in our laboratory for up to five generations
with C57BL/6J mice (purchased from Charles River France,
L’Arbresle, France) to obtain heterozygous mice (Drd1a+ /�
mice) and their control littermates (Drd1a+ / + mice).
Similarly, mice with a disrupted Gnal gene were produced
by Belluscio et coll. (Department of biochemistry and
molecular biophysics, Columbia University, New York;
Belluscio et al (1998)) and backcrossed in our laboratory
for up to eight generations with C57BL/6J mice to obtain
homozygous (Gnal�/�) and (Gnal+ /�) heterozygous mice
as well as their control littermates (Gnal+ / + ). For
comparing heterozygous mutant and wild-type mice, 8-
week-old male mice were used for biochemical experiments
while both male (2/3) and female (1/3) of 8-week-old mice
were used in behavioral experiments. As Gnal/- mice have
an increased mortality rate after weaning (Belluscio et al,
1998), Gnal�/�mice and their control littermates (Gnal+ /+
and Gnal+ /�) were used 4 weeks after birth. Animals were

kept in stable conditions of temperature (221C) and
humidity (60%) with a constant cycle of 12 h light and
12 h dark and had free access to food and water. All
experiments on animals were performed in accordance with
the guidelines of the French Agriculture and Forestry
Ministry for handling animals (decree 87849, license 01499).

Antibodies and Drugs

The following phosphospecific antibodies were used for
Western blotting: rabbit polyclonal antiphospho-GluR1
(Ser-845, 1 : 500, Upstate biotechnology, Mundolsheim,
France), mouse monoclonal antiphospho-ERK1/2
(Thr183–Tyr185, 1 : 1000 Promega, Charbonnière, France).
The following antibodies were used to detect the total
amount of proteins: rabbit polyclonal anti-GluR1 (1 : 500,
Upstate biotechnology, Mundolsheim, France), rabbit
polyclonal anti-ERK1/2 (1 : 2000, Upstate biotechnology,
Mundolsheim, France), mouse monoclonal anti-D1R
(1 : 500), produced as described (Luedtke et al, 1999),
rabbit polyclonal anti-adenylate cyclase V/VI (1 : 400, sc-590
(C-17), Santa Cruz Biotechnology, Heidelberg, Germany).
Specific anti-Gaolf antibodies were affinity purified rabbit
polyclonal antibodies directed against full-length Gaolf and
immunoadsorbed on full-length Gas as previously de-
scribed (Corvol et al, 2001). D-Amph, cocaine hydrochlo-
ride, SKF81259 and quinpirole were purchased from Sigma-
Aldrich, St Quentin Fallavier, France) and dissolved in 0.9%
NaCl. Animals received a 20ml/kg volume intraperitoneal
(i.p.) of the appropriate diluted drug or saline solution.

In Vivo Protein Phosphorylation: Analysis by
Immunoblotting

After having been habituated to injection by saline i.p.
administration during the 3 days preceding the experiment,
mutated heterozygous mice or their control littermates were
injected with saline or D-amph (10mg/kg). At 15min after
treatment, the animals were decapitated and their head was
immediately frozen in liquid nitrogen (12 s) (Pascoli et al,
2005). The frozen heads were then sliced with a cryostat
(210-mm-thick) and five microdisks (1.4-mm diameter)
were punched bilaterally from the dorsal striatum and
stored at �801C. Micropunchs were rapidly homogenized
by sonication in a 1% SDS (w/v) solution containing 1mM
sodium orthovanadate (preheated at 1001C) and placed at
1001C for 5min. Equal amounts of micropunch lysates
(100 mg) were separated by SDS–polyacrylamide gel electro-
phoresis (10%) before electrophoretic transfer onto nitro-
cellulose membrane (Hybond Pure, Amersham, Orsay,
France). Membranes were blocked 1 h at room temperature
in Tris buffered saline (TBS, 100mM NaCl, 10mM Tris, pH
7.5) + 0.05% Tween 20 (TBS–tween) or 5% skimmed milk.
Membranes were then incubated overnight at 41C with
phosphospecific primary antibodies, rinsed three times in
TBS–tween, blocked 30min at room temperature in TBS–
tween+ 5% skimmed milk and blotted with horseradish
peroxydase-conjugated anti-rabbit or anti-mouse secondary
antibodies (Amersham, diluted 1 : 4000). The immunoreac-
tive band was visualized by enhanced chemiluminescent
detection (ECL, Amersham). The corresponding nonpho-
sphorylated protein was detected after stripping in buffer
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containing 100mM glycine pH 2.5, 200mM NaCl, 0.1%
Tween 20 (v/v) and 0.1% (v/v) b-mercaptoethanol for
45min at room temperature, followed by extensive washing
in TBS before reblocking and reprobing.

D1R and Gaolf Immunoblotting and AC Assay

Animals were killed by decapitation and their brains were
rapidly dissected out, frozen in dry ice and sectioned into
500-mm coronal slices at �101C with a freezing microtome.
Tissue microdisks were punched out from the caudate-
putamen using a stainless steel cylinder (2.2-mm diameter)
and stored at �801C before homogenization. Western
blotting with antibodies recognizing specifically Gaolf or
D1R was performed as described above with the exception
that samples for D1R detection were not boiled before
loading, but incubated at 371C during 30min (Luedtke et al,
1999).
Mice of various genotypes were killed and their brains

were sectioned in 300 mm slices in ice cold Ca2+ -free
artificial cerebrospinal fluid (125mM NaCl, 2.4mM KCl,
1.9mM MgCl2, 0.5mM KH2PO4, 0.5mM Na2SO4) using a
refrigerated Vibroslice apparatus. Microdisks were punched
out from the caudate-putamen and homogenized in Tris-
maleate buffer (2mM, pH 7.2) containing 2mM EGTA and
300mM sucrose, in a Potter-Elvehjem homogenizer. AC
activity was measured at 301C by the conversion of a-32P-
ATP into cyclic 32P-cAMP for 7min as previously described
(Corvol et al, 2001), and normalized to the protein
concentration measured by the bicinchoninic acid method.
The same method was used for Mn2+ -stimulated AC
activity except for the Mg2+ -free incubation buffer which
was replaced by various concentrations of MnCl2. AC
activity was expressed as cAMP formed in pmol/min/mg
protein.

Locomotor Responses

Habituation. Locomotor responses were evaluated using a
circular corridor with four infrared beams placed at every
901 (Imetronic, Pessac, France). Locomotor activity was
counted when animals interrupted two successive beams
and, thus, had traveled 1/4 of the circular corridor. Mice
were individually placed in the corridor and locomotion
was recorded in a low luminosity environment avoiding
stress. Mice were first habituated to the test environment
and locomotor activity was measured during 45min for
three consecutive days (days �2, �1 and 0): in each session
the spontaneous activity was recorded for 15min, mice
received a saline injection and their activity was recorded
for an additional 30min period.

Acute Locomotor Response

The acute locomotor effects of cocaine (0, 10, 20 and 30mg/
kg), D-amph (2mg/kg), SKF81259 (2mg/kg) or quinpirole
(2mg/kg) were evaluated at day 1 as follows: spontaneous
activity during 15min, locomotor activity after admini-
stration of saline or drug during 30 (cocaine) or 60
(D-amph)min. Locomotor activity was measured at 5min
intervals and cumulative counts during the first 30min after
drug were taken for data analysis.

Context-dependent sensitization and conditioned loco-
motor response. For context-dependent sensitization to
cocaine or D-amph sensitization, mice were treated with
cocaine (20mg/kg, i.p.), D-amph (2mg/kg) or saline once
daily for 5 consecutive days in the apparatus used for
measuring locomotor activity (day 1 to day 5). Animals
were left in the apparatus during 60 and 30min for D-amph
and cocaine, respectively, and cumulative counts during the
first 30min after drug were taken for data analysis.
Association between context and drug effect was evaluated
by the drug conditioned locomotor activity: 1 day after the
end of cocaine, D-amph or saline treatments (day 6), all the
mice received a saline injection in the drug-associated
environment (actimeter) and the locomotor activity was
registered at 5min intervals. Cumulative counts during the
first 30min after saline were taken for data analysis.
Persistence of sensitization in repeatedly cocaine- or D-
amph-treated mice was evaluated by measuring their
locomotor responses to a challenge injection of cocaine
(20mg/kg) or D-amph (2mg/kg) after 9 days of withdrawal
(day 14). Locomotor activity was recorded and analyzed as
described above.
Groups of mice treated with saline or D-amph during 5

days were killed 7 days after the last injection and were used
for measuring the levels of Gaolf or the AC activity in
response to D1R activation in the striatum. Seven days after
the last injection, other groups of similarly pretreated mice
were injected with saline or D-amph (10mg/kg) and killed
15min later. The phosphorylation of GluR1 at Ser-845 was
measured in their striatum as described above.

Conditioned Place Preference

The place preference apparatus consisted of two different
compartments that were distinguished by different patterns
on floors and walls separated by a central neutral area. The
place preference protocol was performed in three different
phases.

Preconditioning (habituation). Mice were placed in the
middle of the neutral central area and allowed to explore
both compartments (day 1). The time spent in each
compartment was measured during 18min. The various
groups of mice did not display any significant preference
for one compartment (unbiased procedure).

Conditioning.Mice were treated for 6 consecutive days with
alternate injections of drugs (D-amph, 2mg/kg) or saline in
order to pair one compartment with drug administration
and the other one with saline during conditioning phase.
After injection, mice were confined to a given compartment
for a period of 25min. D-Amph was administrated on days
2, 4 and 6 and vehicle on days 3, 5 and 7. Control mice
received saline every day.

Postconditioning (test). This phase was conducted the
following day (day 8) exactly as the preconditioning phase,
that is, with free access to both compartments. The time
spent in each compartment was measured during 18min. A
score value was measured for each mouse as the difference
between the times spent in the drug paired compartment
during the postconditioning and preconditioning phases.
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Statistical Analyses

For immunoblots, the relevant immunoreactive bands were
quantified with laser scanning densitometry using Scion
Image software (Frederick, Maryland). To allow comparison
between different autoradiographic films, the density of
bands was expressed as a percentage of the average of
controls (saline treated or wild-type littermates). Statistical
analysis was performed with the Student’s t-test when two
groups were compared. For most biochemical and beha-
vioral experiments, two-way ANOVA analysis followed by
paired Bonferroni’s multiple comparison post-test. Statis-
tical analyses were performed using Prism 3.02 software
(GraphPad Software, San Diego, USA).

RESULTS

Dopamine-Stimulated AC Activity is Decreased in
Gnal+ /� but not in Drd1a+ /� Heterozygous Mice

Dopamine-stimulated AC activity requires both D1R and
Gaolf as indicated by its complete absence in D1R (Fried-
man et al, 1997) and Gaolf knockout mice (Corvol et al,
2001). To investigate the consequences of quantitative
changes in D1R and Gaolf protein levels on D1R signaling,
we used Gnal+ /� and Drd1a+ /� mice. D1R protein levels
were measured by immunoblotting of striatal extracts with
an anti-D1R antibody (Luedtke et al, 1999) (Figure 1a and
b). D1R protein levels remained unchanged in Gnal+ /�
(Figure 1a) in agreement with previous findings using
autoradiographic ligand binding assays (Corvol et al, 2001;
Drago et al, 1994). In the striatum of Drd1a+ /� mice the
D1R immunoreactive band was markedly decreased
(Figure 1b). This large decrease in total protein immuno-
reactivity may not reflect the number of functional receptor
at the membrane, but was in agreement with previous
quantitative ligand binding experiments showing a 60%
decrease of Bmax (Drago et al, 1994). In addition no
immunoreactive protein was observed in samples from
Drd1a�/� mice, confirming the specificity of the D1R
antibody (Figure 1b).
Gaolf protein levels were diminished in the striatum of

Gnal+ /� mice by 60% compared to their wild-type
littermates (Figure 1c, for a review see Corvol et al
(2001)) while they increased by 15% in the striatum of
Drd1a+ /� mice (Figure 1d). This slight increase in Gaolf
levels in the striatum of Drd1a+ /� mice is in agreement
with Gaolf levels regulation by D1R receptor usage (Herve
et al, 2001). As previously reported (Corvol et al, 2001),
both basal and dopamine-stimulated AC activities were
decreased by 4475 and 3879%, respectively, in the
striatum of Gaolf + /� mice, although the reduction in
basal activity did not reach statistical significance in these
experiments (Figure 1e). The dopamine-stimulated cAMP
production was significantly decreased by 3077% (delta,
Figure 1e). However, because of the decrease in basal
activity, the dopamine-stimulated/basal ratio was similar
in Gnal+ /� and Gnal+ / + mice (2.570.1 vs 2.870.1
respectively, p40.05, Student’s t-test). By contrast, basal
and dopamine-stimulated AC activities were not signifi-
cantly changed in the striatum of Drd1a+ /� mice despite
the decrease of D1R concentration (Figure 1f).

To determine whether the deficit in basal AC activity in
Gnal+ /� mice was due to a change in intrinsic AC activity,
we measured the Mn2+ -stimulated AC activity, a classical
index of total cyclase activity (Limbird and MacMillan,
1981). The Mn2+ -stimulated AC activity was slightly
decreased in Gnal+ /� (�30%, Figure 1g and h). To assess
whether this was indicative of an alteration of the
expression of AC protein, we used immunoblotting with
antibodies recognizing type 5 AC, the major isoform
expressed in the striatum. The AC levels were identical in
wild-type and Gnal+ /� mice (Figure 1i). Altogether these
results show that the mutation of Gaolf did not alter the
levels of AC5 and that the decreased basal and Mn2+ -
sensitive cyclase activity reflect the decrease in stimulatory
G protein, as even the Mn2+ -stimulated AC remains
sensitive to the presence of G protein (Bender and Neer,
1983; Scholich et al, 1997).

D-Amph-Induced GluR1 Phosphorylation is Decreased
in Gaolf but not D1R Heterozygous Mice

We investigated the cAMP-controlled signal transduction
pathway in vivo in the striatum of Drd1a+ /� and Gnal+ /�
mice. As the increased cAMP levels resulting from D1R
stimulation activate cAMP-dependent protein kinase (PKA),
we measured the phosphorylation state of one of its major
substrates in striatal neurons. The GluR1 subunit of AMPA-
type glutamate receptors is an important substrate for PKA,
which phosphorylates Ser-845 and increases thereby the
AMPA receptor conductance (Roche et al, 1996). Acute
injection of psychostimulants induces GluR1 phosphoryla-
tion at Ser-845 in the striatum in vivo via D1R activation
(Snyder et al, 2000; Valjent et al, 2005). GluR1 protein
expression measured in Western blots was not significantly
different form wild-type mice in the striatum of Gnal+ /�
and Drd1a+ /� mice (Gnal+ /� mice: 10375%, n¼ 15;
Drd1a+ /� mice: 9875%, n¼ 10; % of wild-type mice7
SEM). We studied the phosphorylation of GluR1 at Ser-845
as an index of the activation of the PKA pathway in vivo,
using a rapid brain freezing method to avoid protein
dephosphorylation. As previously reported (Snyder et al,
2000; Valjent et al, 2005), GluR1 phosphorylation was
dramatically increased in the striatum, 15min after an
injection of D-amph (10mg/kg) (Figures 2a and b). The
increase in GluR1 phosphorylation was dependent on D1R
coupling to AC since it was abolished in D1R or Gaolf
knockout mice as well as in mice pretreated with the D1R
antagonist, SCH 23390 (Valjent et al, 2005), and data not
shown. In the striatum of Gnal+ /� mice, the D-amph-
induced GluR1 phosphorylation was dramatically decreased
(Figure 2a). In contrast, in the striatum of Drd1a+ /� mice,
D-amph-induced GluR1 phosphorylation was not signifi-
cantly altered (Figure 2b). These results strongly suggest
that the cAMP signaling linked to D1R is deficient in vivo in
the striatum of Gnal+ /� mice, whereas it remains largely
unaffected in Drd1a+ /� mice.

Acute Locomotor Responses to D1 Agonist, D-Amph and
Cocaine are Markedly Decreased in Gnal+ /� but not in
Drd1a+ /� Mice

Given the different effects of Gnal and Drd1a heterozygosis
on acute biochemical responses to psychostimulants, we
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investigated their consequences on behavioral responses
involving D1R signaling. In contrast with D1R or Gaolf
knockout mice that display severe phenotypes including

decreased weight, postnatal mortality after birth or weaning,
and spontaneous hyperlocomotor activity (Belluscio et al,
1998; Drago et al, 1994; Zhuang et al, 2000), Drd1a and Gnal
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Figure 1 D1R, Gaolf levels and AC activity in the striatum of Gnal+ /� and Drd1a+ /� mice. (a–d) D1R (a, b) and Gaolf (c, d) protein levels were
measured by immunoblotting in striatal extracts of Gnal+ /� (n¼ 5, a, c) and Drd1a+ /� (n¼ 6, b, d) mice and expressed as percentages of the levels found
in the striatum of their wild-type littermates (n¼ 5–6). Student’s t-test: *po0.05, ***po0.001. (e, f) AC activity was measured in striatal membranes of Gnal+ /�
(e) and Drd1a+ /� (f) mice and their wild-type littermates in basal condition and with 100 mM dopamine (n¼ 5–6 per group). Two-way ANOVA: Gnal
mice, interaction between genotype and treatment F(1, 16)¼ 1.9, NS; genotype F(1, 16)¼ 15.4, p¼ 0.001; treatment F(1, 16)¼ 47.5, po0.001; Drd1a mice,
interaction between genotype and treatment F(3, 20)¼ 0.4, NS; genotype F(1, 20)¼ 4.1, NS; treatment F(3, 20)¼ 202.0, po0.001). Bonferroni post-test:
**po0.01, ***po0.001 as compared to saline, 11po0.01 as compared to wild type. Difference between cAMP formed in basal condition and in the
presence of 100 mM dopamine (delta) was calculated (right panel); Student’s t-test: *po0.05. (g, h) AC activity was measured in striatal membranes from
Gnal+ /� and Gnal+ /+ mice with increasing concentrations of Mn2+ . A representative dose–response curve is presented for each genotype (g) as well as
comparison of basal activity and maximal response to Mn2+ (h). Two-way ANOVA with matched values by row: interaction between genotype and
treatment, F(1, 2)¼ 170.7, po0.01, effect of genotype, F(1, 2)¼ 188.3, po0.01, effect of treatment, F(1, 2)¼ 39.2, po0.05. Bonferroni post-test: 11po0.01 as
compared to wild type. (i) AC protein levels were measured by immunoblotting in striatal extracts from Gnal+ /� (n¼ 6) and Gnal+ /+ mice (n¼ 8);
Student’s t-test: p40.05. Data are means7SEM.
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heterozygous mice were apparently similar to wild-type
mice. Both Drd1a+ /� and Gnal+ /� mice grew normally,
had a normal body weight (Table 1) and were fertile (data
not shown). They displayed normal spontaneous activity as
well as habituation in locomotor activity boxes (Table 1).
However, the hyperlocomotion induced by the selective
D1R agonist SKF81259 (2mg/kg) was dramatically de-
creased in Gnal+ /� mice (Figure 3a) and only slightly
reduced in Drd1a+ /� mice (Figure 3b). These changes in
the behavioral responses to D1R agonist were consistent
with those observed in AC activity in the striatum. In
contrast, the blockade of locomotion induced by a D2R-
specific agonist, quinpirole (2mg/kg), was normal in both
genotypes (Figure 3a and b), in agreement with normal D2R
binding found in the striatum of Gnal+ /� (Herve et al,
2001) and D1R knockout mice (Smith et al, 1998).
We then investigated the acute responses to psychosti-

mulant drugs in the two lines of heterozygous mice.
Gnal+ /� mice displayed decreased acute hyperlocomotor
responses to D-amph (Figure 3c) as previously reported
(Herve et al, 2001), whereas these responses were normal in
Drd1a+ /� mice (Figure 3d). Acute locomotor responses to
cocaine were also decreased in Gnal+ /� mice (Figure 3e).
At 10 and 20mg/kg, cocaine induced virtually no hyper-
locomotion in Gnal+ /� mice, whereas at 30mg/kg the
response was decreased by about half. In contrast, the
locomotor effects of cocaine were similar in Drd1a+ /� and
wild-type mice (Figure 3f), as previously reported (Drago
et al, 1996). These results demonstrate that the decrease in
Gaolf levels has dramatic consequences on the locomotor

effects of cocaine, whereas a similar decrease in D1R has no
detectable consequence.

A Strong Locomotor Sensitization to Psychostimulants
is Present in Gnal+ /� Mice

As acute locomotor responses to psychostimulants were
dramatically altered in Gnal+ /� mice, it was interesting to
determine whether these decreased responses could still
undergo a sensitization following repeated treatments. We
used a protocol in which the drug was repeatedly
administered in the actimeter during 5 consecutive days
(day 1–5) and a challenge was performed after 9 days
withdrawal (Day 14, see Materials and methods). Using this
procedure, administration of 2mg/kg D-amph or 20mg/kg
cocaine led to a persistent sensitization of locomotor
responses in wild-type mice (Figure 4a and b). In Gnal+ /�
mice a steady and progressive increase in locomotor
responses to D-amph was observed and the locomotion scores
were similar in the mutant mice and wild-type controls at day
5, and remained so after at day 14 (Figure 4a). In Gnal+ /�
mice which received five injections of cocaine, a progressive
increase in the locomotor responses was also observed, but
these responses remained significantly lower than in wild-
type mice (Figure 4b). Remarkably, however, when mice were
tested after 9 days of abstinence, the difference between wild-
type and Gnal+ /� mice disappeared (Figure 4b). If one takes
into account the ratio between the acute (day 1) and
sensitized responses (day 14), the sensitization of locomotor
response to D-amph and cocaine was much more pronounced
in Gnal+ /� mice than in their wild-type controls (Figure 4c
and d). Altogether, these results show that Gnal+ /� mice
displayed sensitized responses to D-amph and cocaine despite
marked decreased acute responses to these drugs.
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Figure 2 In vivo D-amph-induced GluR1 phosphorylation in the striatum
of Gnal+ /� and Drd1a+ /� mice. At 15min after injection of saline (0) or
D-amph (10mg/kg), phosphorylation of GluR1 at Ser-845 was quantified in
the striatum by immunoblotting of striatal extracts of Gnal+ /� mice (a)
and Drd1a+ /� mice (b) and their respective wild-type littermates. A
representative immunoblot is shown (upper panel). Data, expressed as a
percentage of the corresponding wild-type mice treated with saline, are
means7SEM (n¼ 7–10 per group). Two-way ANOVA: Gnal mice,
interaction between treatment and genotype F(1, 29)¼ 8.9 po0.01, effect
of genotype F(1, 29)¼ 12.2 p¼ 0.001, effect of treatment F(1, 29)¼ 24.5
po0.001; Drd1a mice, interaction between treatment and genotype
F(1, 37)¼ 0.1, NS, effect of genotype F(1, 37)¼ 0.3, NS, effect of treatment
F(1, 37)¼ 23.0 po0.001. Bonferroni post-test: **po0.01 as compared to
saline, 11po0.01 as compared to wild type.

Table 1 Weight and Spontaneous Locomotion of Gnal+/� and
Drd1a+/� Mice

Drd1a mice Gnal mice

+/+ +/� +/+ +/�

Weight (g) 25.175.7 25.274.9 25.273.7 24.974.8

Locomotion

Day 1 144749 128738 139761 138752

Day 2 60741 51724 64736 71738

Day 3 62735 57730 64751 59730

Weight and locomotion were measured in Gnal+/� and Drd1a+/� mice and
their wild-type littermates (n¼ 30 per group) 8 weeks after birth. The difference
between genotypes was not significant for weight (one-way ANOVA, p40.05,
F(3, 116)¼ 0.03). Locomotion was measured during 30min following a saline
injection and expressed as 1

4 turns performed in the circular corridor of the
apparatus measuring locomotor activity.
Differences between groups were significant for time (days 1–3), but not
significant for genotype or interaction between time and genotype (two-way
ANOVA; for time: F(2, 348) ¼ 135, po0.01; for genotype: F(3, 348) ¼ 1.34, NS;
interaction: F(3, 348) ¼ 1.34, NS).
Data are means7SD.
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Context-Associated Conditioned Effects of Cocaine and
D-Amph are Preserved in Gnal+ /� Mice

Repeated injections of cocaine and D-amph in the same
novel environment lead to a conditioned association
between the environmental context and the locomotor
effects (Brabant et al, 2003). This effect was clearly
demonstrated in wild-type mice by the pronounced
locomotor activity observed after saline injection in the
cocaine or D-amph-associated context as compared to that
observed in saline-associated context (Figure 5a and b). In
Gnal+ /� mice, significant conditioned responses were
detected in the environment associated with cocaine or
D-amph. In addition, the magnitude of these responses was
similar to that in wild-type controls (Figure 5a and b),
showing that reduced levels of Gaolf did not affect this
context-dependent response.

Rewarding Properties of D-Amph are Normal in
Gaolf + /� Mice

As the acute locomotor effects of D-amph were dramatically
decreased in Gnal+ /� mice, whereas the repeated

injections led to a normalization of the locomotor res-
ponses, we examined another response requiring repeated
drug injections. We compared the ability of Gnal+ /� mice
and wild-type littermates to develop conditioned place
preference (CPP) to D-amph. This test explores drug
environment associations independently of locomotor
responses but in relation to the rewarding properties of
the drug. No CPP was observed when the two compartments
were associated with saline injection (Figure 6a and b). Both
Gnal+ /� and Gnal+ / + mice spent significantly more time
in the drug paired side after conditioning with D-amph than
before (Figure 6a), and there was no significant difference
between Gnal+ /� and wild-type mice on the place
preference score (Figure 6b). These results indicated that
D-amph rewarding properties were preserved in Gnal+ /�
mice despite the reduction in acute locomotor effects.

Persistence of an Altered Gaolf/cAMP/PKA Signaling
Pathway in Chronically D-Amph-Treated Gaolf
Heterozygous Mice

The results reported above demonstrated an apparent
recovery of locomotor responses to psychostimulant drugs
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Figure 3 Drug-induced locomotor activity in Gnal+ /� and Drd1a+ /� mice. Locomotor activity of Gnal+ /� (a, c, e) and Drd1a+ /� (b, d, f) mice and
their wild-type littermates were measured after injection of saline, SKF81259 (SKF, 2mg/kg), or quinpirole (Quin, 2mg/kg) (a, b), D-amph (2mg/kg, c, d) and
cocaine (10, 20 or 30mg/kg, e, f). Locomotor activity is expressed as the number of 1

4 turns performed by the animals in the circular corridor during the
30min following injection. Data are means7SEM (n¼ 10 per group). Two-way ANOVA: (a and b) interaction between genotype and treatment with
dopamine receptor agonists was significant only for Gnal mice (F(2, 54)¼ 5.1, po0.01); effect of genotype: Gnal mice F(2, 54)¼ 4.8, po0.05; Drd1a mice
F(2, 54)¼ 6.1, po0.05; effect of treatment: Gnal mice F(2, 54)¼ 34.2, po0.001; Drd1a mice F(2, 54)¼ 104.1, po0.001. (c and d) interaction between genotype
and D-amph treatment was significant only for Gnal mice (F(1, 36)¼ 11.7, po0.01); effect of genotype: Gnal mice F(1, 36)¼ 12.7, po0.001; Drd1a mice
F(1, 36)¼ 0.1, NS; effect of treatment: Gnal mice F(1, 36)¼ 43.0, po0.001; Drd1a mice F(1, 36)¼ 64.5, po0.001. (e and f) interaction between genotype and
multiple doses of cocaine was significant only for Gnal mice F(3, 74)¼ 32.0, po0.001; Gnal mice: effect of genotype F(1, 74)¼ 118.5, po0.001; effect of cocaine
F(3, 74)¼ 86.24, po0.001; Drd1a mice: effect of genotype F(1, 72)¼ 0.73, NS; effect of cocaine F(3, 72)¼ 30.0, po0.01. (a–f) Bonferroni post-tests: *po0.05,
**po0.01 as compared to saline, 1po0.05, 11po0.01 as compared to wild type.

Quantitative changes in Gaolf and D1R protein levels
J-C Corvol et al

1115

Neuropsychopharmacology



following repeated injections. A possible explanation for
this recovery could be that repeated drug injections
upregulated the Gaolf/cAMP/PKA signaling pathway in
the striatum and compensated for the reduction of signaling
seen in untreated Gnal+ /� mice. We measured Gaolf
protein levels, AC activity and PKA-dependent phospho-
rylation of GluR1 receptor in mice which had received a
chronic treatment with D-amph (ie the treatment used for
sensitization experiments, Figure 7). Gaolf levels, dopa-
mine-sensitive AC and D-amph-induced GluR1 phospho-
rylation remained markedly decreased in the striatum of
D-amph-sensitized Gnal+ /� mice as compared to wild-type
mice (Figure 7a, b and c). Thus, the impairment of the PKA
pathway in Gnal+ /� mice was unchanged by repeated

injections of D-amph and no improvement of this pathway
could account for the functional recovery of the behavioral
responses. These results are in agreement with previous
studies showing that sensitizing treatment does not
increase the D1R-dependent stimulation of cAMP pathway
(Crawford et al, 2004).

ERK Phosphorylation in Response to D-Amph in the
Striatum is Preserved in Gnal+ /� Mice

As the PKA pathway appeared permanently altered in
Gnal+ /� mice, the existence of normal or even increased
sensitization suggested that additional D1/Gaolf-dependent
signaling pathways were involved in the induction of these
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Figure 4 Locomotor sensitization induced by D-amph or cocaine in Gnal+ /� mice. (a, b) After 3 days of habituation to saline injections (days �2, �1, 0,
a, b), Gnal+ /� mice and their wild-type littermates were treated daily with D-amph (2mg/kg, a), cocaine (20mg/kg, b) or saline (as indicated, a, b) for 5
consecutive days (days 1–5) in the actimeter. A challenge with D-amph (2mg/kg, a), cocaine (20mg/kg, b) or saline was performed after a 9 days withdrawal
period (day 14). Locomotor activity was expressed as the number of 1

4 turns in the circular corridor during 30min after injection. Data are means7SEM
(n¼ 16 per group). Locomotor activities were significantly different along time and for genotype for mice treated with repeated D-amph treatment. Statistical
analysis: (a) D-amph: two-way ANOVA, interaction between genotype and time: F(8, 245)¼ 1.27, NS; for genotype: F(1, 245)¼ 5.9, po0.05; for time:
F(8, 245)¼ 45.2, po0.001; (b) cocaine: two-way ANOVA, interaction between genotype and time: F(8, 258)¼ 11.0, po0.001; for genotype: F(1, 258)¼ 110.7,
po0.001; for time: F(8, 258)¼ 84.0, po0.001); Dunnett’s test to compare locomotor activity on days 2–14 to that on day 1 for each drug and genotype:
*po0.05, **po0.01, ***po0.001); Bonferoni test to compare locomotor activity for each day between Gnal+ /+ and Gnal+ /� mice (11po0.01). (c, d)
Locomotor activity ratios between the first day of drug injection (day 1) and the day of challenge (day 14) are presented for mice treated by D-amph (c) and
cocaine (d) (1po0.05, Student’s t-test).
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long-lasting effects. A good candidate was the mitogen-
activated protein kinase (MAP kinase) extracellular
signal-regulated kinase (ERK), which is activated in the
striatum after acute injection of psychostimulants
(Valjent et al, 2000, 2005). ERK activation is dependent
on D1R activation since it is prevented by a D1R antagonist
or in D1R knockout mice (Valjent et al, 2000, 2005).
Importantly this pathway appears critical for the long-
lasting effects of cocaine including CPP and locomotor
sensitization (Valjent et al, 2000, 2005). We then explored
ERK activation in the striatum of Gnal+ /� mice 15min
after an injection of D-amph (10mg/kg). D-Amph-induced
ERK activation was not significantly different in the
striatum of Gnal+ /� and Gnal+ / + mice although
Gaolf protein was required for its activation since it was
abolished in Gnal�/� mice (Figure 8). These results
showed that psychostimulant-induced ERK activation in
the striatum was not affected by the partial reduction in
Gaolf levels. The normal activation of the ERK pathway by
D-amph in Gnal+ /� and Gnal+ / + mice was consistent
with the existence of sensitization and CPP in these
heterozygous mutant mice.

DISCUSSION

Using heterozygous knockout mutant mice, we demonstrate
that the decrease in the levels of two essential proteins in
dopamine signaling, the D1 receptor and Gaolf, its
associated G protein in the striatum, have strikingly
different consequences on biochemical and behavioral
responses to psychostimulant drugs in mice. Our results
also show that different components of the D1R-dependent
signaling pathways are limiting for the acute and chronic
responses to psychostimulants.

Gaolf Levels Control the Efficacy of D1R-Activated
cAMP Pathway in the Striatum

In Drd1a+ /� mice the activation of cAMP pathway in
response to dopamine in vitro or D-amph in vivo was not
significantly altered, although the D1R protein levels were
dramatically decreased as measured by ligand binding
(Drago et al, 1994) and confirmed here by immunoblotting.
The lack of functional alterations in Drd1a+ /� mice is
consistent with reports suggesting the presence of ‘spare
receptors’ not coupled to AC in the striatum (Battaglia et al,
1986; Trovero et al, 1992).
By contrast, in Gnal+ /� mice, decreased Gaolf levels

were associated with decreased D1R-dependent activation
of cAMP pathway as demonstrated in vitro by the reduction
in D1R-activated cAMP production in striatal membranes
and in vivo by decreased D-amph-induced GluR1 phospho-
rylation. The Gnal haploinsufficiency is particularly note-
worthy since little is known about the relative importance of
the various steps in G-protein-coupled receptors signaling
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Figure 5 Conditioned locomotor responses in Gnal+ /� mice sensitized
to D-amph and cocaine. Gnal+ /� mice and their wild-type littermates
received daily injections of saline (prior saline), 2mg/kg D-amph (a, prior D-
amph) or 20mg/kg cocaine (b, prior cocaine) in the actimeter for 5
consecutive days (data presented in Figure 4). The following day (day 6),
the mice received a saline injection in the actimeter and their locomotor
activity was recorded during 30min. Data are means7SEM (n¼ 10 per
group). (a) D-Amph: two-way ANOVA, interaction between treatment and
genotype F(1, 36)¼ 0.5, NS; genotype F(1, 36)¼ 0.7, NS; treatment
F(1, 36)¼ 53.5, po0.001. (b) cocaine: D-amph: two-way ANOVA, interac-
tion between treatment and genotype F(1, 36)¼ 0.0, NS; genotype
F(1, 36)¼ 0.0, NS; treatment F(1, 44)¼ 16.2, po0.001. Bonferroni post-test:
*po0.05, **po0.01 compared to prior saline.
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Figure 6 Conditioned place preference to D-amph in Gnal+ /� mice.
(a) Gnal+ /� mice and their wild-type littermates received 2mg/kg D-amph
or saline alternatively in the two compartments (hatched bars) or received
systematically saline in both compartments (white bars) as described in
Materials and Methods (n¼ 8 per group). Time spent in the drug-
associated compartment before conditioning (pretest) and after condition-
ing (test) is indicated. Data are means7SEM (n¼ 8 per group); Paired
t-test **po0.01 as compared to saline group. (b) Scores were calculated
as the difference between time spent in the D-amph paired compartment
after and before conditioning. Data are means7SEM (n¼ 8 per group).
Two-way ANOVA: interaction between genotype and treatment
F(1, 40)¼ 0.0, NS; genotype F(1, 40)¼ 0.0, NS; treatment F(1, 40)¼ 18.7,
po0.001; followed by Bonferroni post-test: *po0.05, **po0.01 as
compared to saline.
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in vivo. Careful studies of the b-adrenergic receptor/Gs
pathway in cells in culture showed that Gs is not a limiting
factor (Ostrom et al, 2000). In contrast, our results show
that the levels of Gaolf protein, but not D1R, determine the
amplitude of cAMP pathway response both in vitro and
in vivo upon D1R activation in striatal neurons.

Gaolf and not D1R Levels Control Acute Locomotor
Effects of Psychostimulants

It is well established that pharmacological blockade of D1R
or the targeted deletion of its gene impairs the acute
hyperlocomotion induced by cocaine or D-amph (Drago
et al, 1996; Smith et al, 1998; Valjent et al, 2000). The
absence of acute locomotor responses to cocaine was also
reported in Gaolf knockout mice (Zhuang et al, 2000).
These observations demonstrate that acute responses to
cocaine are highly dependent on D1R-linked signaling.
Interestingly however, we show here that a partial decrease
in D1R amounts did not significantly affect the acute
locomotor response to D-amph or cocaine in Drd1a+ /�
mice. This is consistent with the unaltered biochemical
responses of the PKA pathway in the striatum. By contrast,
Gnal+ /� mice displayed a clear reduction in acute
locomotor response to psychostimulant drugs, in agreement
with the decreased cAMP signaling responses in vivo. This
effect may result entirely from the impaired signaling of
D1R as suggested by the reduced locomotor response to
D1R agonist. On the other hand, Gnal+ /� mice display
reduced cAMP production in response to an A2A adenosine
receptor (A2AR) agonist and impaired locomotor activation
by the adenosine receptor antagonist caffeine (Corvol et al,
2001; Herve et al, 2001), suggesting a possible contribution
of A2AR, which are also coupled to AC through Gaolf in the
striatum (Corvol et al, 2001). However, the role of A2AR in
the acute effects of D-amph and cocaine is still unclear,
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Figure 7 Gaolf levels and cAMP pathway in D-amph sensitized Gnal+ /� mice. (a, b) Gnal+ /� mice and their wild-type littermates received daily
injections of D-amph (2mg/kg) during 5 days. After a 7-day withdrawal, levels of Gaolf (a, n¼ 10 per group) and AC activity in the presence or absence
(basal) of dopamine (b, n¼ 4 per group) were measured in striatal homogenates. (c) Sensitized mice (n¼ 9 per group, as in Figure 4) were treated after 7
days of withdrawal by a challenge injection of D-amph (10mg/kg) or saline and, 15min later, phosphorylation of GluR1 on Ser-845 was analyzed and
quantified in the striatum as in Figure 2. Data are means7SEM. A, Student’s t-test, ***po0.001. (b) two-way ANOVA, interaction between genotype and
treatment F(1, 12)¼ 0.21, NS; genotype F(1, 12)¼ 14.0, po0.01; treatment F(1, 12)¼ 75.3, po0.001, Bonferroni post-test: ***po0.001 as compared to basal
condition, 11po0.01 as compared to wild-type. Left panel represent the absolute difference in camp production between basal and 100 mM dopamine
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Figure 8 D-Amph-induced ERK phosphorylation in the striatum of Gnal
mutant mice. Gnal+ /+ , Gnal+ /� mice were injected with D-amph
(10mg/kg) or saline and 15min later double phosphorylation of ERK1/2
(Thr183-Tyr185) and total ERK1/2 total was analyzed in the striatum by
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and heterozygous littermates. Representative immunoblots of phosphor-
ERK1/2 (upper panel) and total ERK1/2 (lower panel) are shown. Phospho-
ERK2 apparent immunoreactivity was quantified and expressed as the
percentage of saline Gnal+ /+ (control). ERK2 phosphorylation state was
quantified for Gnal�/� mice but was not included in the analysis since no
data were available for saline-treated Gnal�/� mice. Data are mean-
s7SEM. Two-way ANOVA, interaction between genotype and treatment
F(1, 31)¼ 0.3, NS; genotype F(1, 31)¼ 0.4, NS; treatment F(1, 31)¼ 38.3,
po0.001. Bonferroni post-test: **po0.001 as compared to saline.
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depending on the approaches and experimental conditions.
An attenuation or the absence of acute responses to cocaine
or D-amph has been reported in various strains of A2AR
knockout mice (Chen et al, 2000; Soria et al, 2005), whereas
an A2AR antagonist enhances and agonist decreases the
acute locomotor responses to cocaine or D-amph (Poleszak
and Malec, 2002). Thus, it is probably safe to conclude that
acute locomotor responses to psychostimulant drugs
depend mostly on D1R signaling, with a possible contribu-
tion of A2AR signaling. At any rate our results indicate
that Gaolf, and not D1R, is the limiting parameter for
the functional responses which involve dopamine release
in vivo.

Chronic Behavioral Responses to D-Amph and Cocaine
are not Altered in Gnal+ /� Mice

Pharmacological studies in rodents strongly suggest an
important role of D1R stimulation in the chronic behavioral
responses induced by D-amph and cocaine. Indeed,
D1R antagonists impair both the expression and develop-
ment of amphetamine-induced sensitization and the
expression of cocaine-induced sensitization, although
they fail to prevent its development (Mattingly et al,
1994; Ujike et al, 1989; Vezina, 1996; White et al, 1998).
Similarly, both acquisition and expression of CPP with
D-amph and cocaine were prevented by a D1R antagonist
(Baker et al, 1998; Cervo and Samanin, 1995; Hiroi and
White, 1991). Results in D1R knockout mice appear
somewhat contradictory since locomotor sensitization
induced by cocaine was strongly reduced, as expected,
whereas locomotor sensitization to D-amph and cocaine-
induced CPP were clearly obtained in these mice (Crawford
et al, 1997; Karper et al, 2002; Xu et al, 2000). This apparent
discrepancy may be related to the existence of compensa-
tory mechanisms in D1R knockout mice (Karper et al, 2002;
Stanwood et al, 2005). Our results show that the partial
deficiency of D1R signaling does not prevent the develop-
ment and the expression of locomotor sensitization to
cocaine and D-amph. Moreover, because the acute locomo-
tor response to these drugs was quasiabolished in
Gnal+ /� mice, the sensitized response appeared propor-
tionally higher in these mice than in their control
littermates (Figure 4). Similarly, CPP to D-amph was not
altered in Gnal+ /� mice. The contrast between altered
responses to acute administration of psychostimulant and
normal responses to repeated treatments in these mice
suggests that different signaling pathways may be limiting
for the two types of effects.
As the D1R/cAMP pathway does not seem to be limiting

for the effects of repeated injections of psychostimulant
drugs, the question arises as to what may be the nature of
the critical steps. One interesting candidate is the ERK
pathway which was normally activated by D-amph in
Gnal+ /� mice. ERK appears essential for long-lasting
effects of drugs since its pharmacological inhibition blocks
the induction of sensitization, conditioned locomotor
response and conditioned place preference with only minor
changes in acute responses (Valjent et al, 2000, 2005). It is
important to point out that ERK activation was prevented
following complete pharmacological or genetic blockade of
D1R (Valjent et al, 2005) or in homozygous Gnal�/�

mutant mice (present study), showing that its activation
requires the D1R/Gaolf module. ERK activation by psycho-
stimulants in the striatum depends on the ‘coincident’
activation of D1R and glutamate NMDA receptor (Valjent
et al, 2000). The contribution of D1R in this interaction is,
at least in part, to inhibit protein-phosphatase-1 through
phosphorylation of dopamine- and cAMP-regulated phos-
phoprotein of Mr¼ 32 000 (DARPP-32, Valjent et al, 2005).
Therefore, the present results suggest that the degree of
protein-phosphatase-1 inhibition achieved in Gnal+ /�
mice may be sufficient to allow normal D-amph-induced
ERK phosphorylation. There may be also changes in the
glutamate controlled pathways that compensate for the
relative deficiency of the cAMP-dependent pathway. Finally,
it should be kept in mind that the ERK cascade has strong
intrinsic nonlinear properties, as demonstrated in other
systems (Ferrell, 1996). This nonlinearity may account for a
normal ERK activation in spite of a partial decrease in the
activation of one of its upstream activators, the cAMP-
dependent pathway.
Other mechanisms may participate in the normal

development of long-term behavioral responses induced
by psychostimulants in Gnal+ /�mice. First of all, it should
be emphasized that amphetamine and cocaine act on
multiple targets and neurotransmitters. For example, the
serotoninergic system may play an important role in
psychostimulants rewarding properties and a serotonin
‘switch’ may occur in DAT KO mice accounting for their
persistent sensibility to cocaine (Mateo et al, 2004). This
kind of phenomenon may compensate the relative
lack of D1R transmission in Gnal+ /� mice and explain
their preserved chronic responses to amphetamine and
cocaine. However, it would not explain the totally preserved
ERK activation in the striatum of these mice since
serotoninergic drugs, such as fluoxetine, had a much less
effective effect on ERK phosphorylation in our conditions
(Valjent et al, 2004).
In addition, repeated exposure to psychostimulant drugs

results in marked functional alterations in glutamate
neurons of the prefrontal cortex projecting to the nucleus
accumbens (Hotsenpiller et al, 2001; McFarland et al, 2003;
Pierce et al, 1996; Pierce and Kalivas, 1997; Reid and Berger,
1996). Although Gaolf is very abundant in the striatum, it is
not expressed in other regions such as the prefrontal cortex
(Herve et al, 1993) where D1R are coupled to Gas (Corvol
et al, 2001). Functional effects of repeated administration
of psychostimulants on cortico-striatal neurons may be
essential for sensitized and conditioned responses to
psychostimulants but are unlikely to be changed by reduced
Gaolf levels. In agreement with this hypothesis, GluR1
and ERK phosphorylation induced by psychostimulants
were unchanged in the prefrontal cortex of Gnal+ /� mice
(our unpublished observations), presumably because their
activation depends in beta-adrenergic receptors rather
than dopaminergic receptors in this structure (Pascoli
et al, 2005).
In conclusion, our results in heterozygous mutant mice

show that quantitative modifications of two key proteins in
the striatal dopamine pathway, D1R and its cognate G
protein Gaolf, lead to very different phenotypes. Quantita-
tive genetic alterations of diverse components of the same
signaling pathway have the potential to affect differently
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various effects of drugs of abuse, or possibly other
behavioral responses linked to dopamine function.

ACKNOWLEDGEMENTS

This work was supported by Inserm and by grants from
Mission Interministérielle de Lutte contre la Drogue et la
Toxicomanie (MILDT) and Agence Nationale de la Re-
cherche to JAG. J-CC was supported by a fellowship
(Poste d’accueil) from Inserm.

REFERENCES

Baker DA, Fuchs RA, Specio SE, Khroyan TV, Neisewander JL
(1998). Effects of intraaccumbens administration of SCH-23390
on cocaine-induced locomotion and conditioned place pre-
ference. Synapse 30: 181–193.

Battaglia G, Norman AB, Hess EJ, Creese I (1986). Functional
recovery of D1 dopamine receptor-mediated stimulation of rat
striatal adenylate cyclase activity following irreversible receptor
modification by N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino-
line (EEDQ): evidence for spare receptors. Neurosci Lett 69:
290–295.

Belluscio L, Gold GH, Nemes A, Axel R (1998). Mice deficient in
G(olf) are anosmic. Neuron 20: 69–81.

Bender JL, Neer EJ (1983). Properties of the adenylate cyclase
catalytic unit from caudate nucleus. J Biol Chem 258: 2432–2439.

Berke JD, Hyman SE (2000). Addiction, dopamine, and the
molecular mechanisms of memory. Neuron 25: 515–532.

Brabant C, Tambour S, Tirelli E (2003). Quasi-asymptotic
development of conditioned hyperactivity induced by inter-
mittent injections of cocaine in C57BL/6J mice. Pharmacol
Biochem Behav 75: 273–280.

Cervo L, Samanin R (1995). Effects of dopaminergic and
glutamatergic receptor antagonists on the acquisition and
expression of cocaine conditioning place preference. Brain Res
673: 242–250.

Chen JF, Beilstein M, Xu YH, Turner TJ, Moratalla R, Standaert DG
et al (2000). Selective attenuation of psychostimulant-induced
behavioral responses in mice lacking A(2A) adenosine receptors.
Neuroscience 97: 195–204.

Corvol JC, Studler JM, Schonn JS, Girault JA, Herve D (2001).
Galpha(olf) is necessary for coupling D1 and A2a receptors to
adenylyl cyclase in the striatum. J Neurochem 76: 1585–1588.

Crawford CA, Choi FY, Kohutek JL, Yoshida ST, McDougall SA
(2004). Changes in PKA activity and Gs alpha and Golf alpha
levels after amphetamine- and cocaine-induced behavioral
sensitization. Synapse 51: 241–248.

Crawford CA, Drago J, Watson JB, Levine MS (1997). Effects of
repeated amphetamine treatment on the locomotor activity of
the dopamine D1A-deficient mouse. Neuroreport 8: 2523–2527.

Deroche-Gamonet V, Belin D, Piazza PV (2004). Evidence for
addiction-like behavior in the rat. Science 305: 1014–1017.

Di Chiara G, Imperato A (1988). Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the
mesolimbic system of freely moving rats. Proc Natl Acad Sci USA
85: 5274–5278.

Drago J, Gerfen CR, Lachowicz JE, Steiner H, Hollon TR,
Love PE et al (1994). Altered striatal function in a mutant
mouse lacking D1A dopamine receptors. Proc Natl Acad Sci USA
91: 12564–12568.

Drago J, Gerfen CR, Westphal H, Steiner H (1996). D1 dopamine
receptor-deficient mouse: cocaine-induced regulation of im-
mediate-early gene and substance P expression in the striatum.
Neuroscience 74: 813–823.

Ferrell Jr JE (1996). Tripping the switch fantastic: how a protein
kinase cascade can convert graded inputs into switch-like
outputs. Trends Biochem Sci 21: 460–466.

Friedman E, Jin LQ, Cai GP, Hollon TR, Drago J, Sibley DR et al
(1997). D1-like dopaminergic activation of phosphoinositide
hydrolysis is independent of D1A dopamine receptors: evidence
from D1A knockout mice. Mol Pharmacol 51: 6–11.

Giros B, Jaber M, Jones SR, Wightman RM, Caron MG (1996).
Hyperlocomotion and indifference to cocaine and amphet-
amine in mice lacking the dopamine transporter. Nature 379:
606–612.

Herve D, Le Moine C, Corvol JC, Belluscio L, Ledent C, Fienberg
AA et al (2001). Galpha(olf) levels are regulated by receptor
usage and control dopamine and adenosine action in the
striatum. J Neurosci 21: 4390–4399.

Herve D, Levi-Strauss M, Marey-Semper I, Verney C, Tassin JP,
Glowinski J et al (1993). G(olf) and Gs in rat basal ganglia:
possible involvement of G(olf) in the coupling of dopamine D1
receptor with adenylyl cyclase. J Neurosci 13: 2237–2248.

Hiroi N, White NM (1991). The amphetamine conditioned place
preference: differential involvement of dopamine receptor
subtypes and two dopaminergic terminal areas. Brain Res 552:
141–152.

Hotsenpiller G, Giorgetti M, Wolf ME (2001). Alterations in
behaviour and glutamate transmission following presentation of
stimuli previously associated with cocaine exposure. Eur J
Neurosci 14: 1843–1855.

Jones SR, Gainetdinov RR, Wightman RM, Caron MG (1998).
Mechanisms of amphetamine action revealed in mice lacking the
dopamine transporter. J Neurosci 18: 1979–1986.

Karper PE, De la Rosa H, Newman ER, Krall CM, Nazarian A,
McDougall SA et al (2002). Role of D1-like receptors in
amphetamine-induced behavioral sensitization: a study using
D1A receptor knockout mice. Psychopharmacology (Berlin) 159:
407–414.

Knight JC (2005). Regulatory polymorphisms underlying complex
disease traits. J Mol Med 83: 97–109.

Koob GF, Le Moal M (2001). Drug addiction, dysregulation of
reward, and allostasis. Neuropsychopharmacology 24: 97–129.

Koob GF, Sanna PP, Bloom FE (1998). Neuroscience of addiction.
Neuron 21: 467–476.

Limbird LE, MacMillan ST (1981). Mn2+-uncoupling of the
catecholamine-sensitive adenylate cyclase system of rat reticu-
locytes. Parallel effects on cholera toxin-catalyzed ADP-ribosyla-
tion of the system. Biochim Biophys Acta 677: 408–416.

Luedtke RR, Griffin SA, Conroy SS, Jin X, Pinto A, Sesack SR
(1999). Immunoblot and immunohistochemical comparison of
murine monoclonal antibodies specific for the rat D1a and D1b
dopamine receptor subtypes. J Neuroimmunol 101: 170–187.

Mateo Y, Budygin EA, John CE, Jones SR (2004). Role of serotonin
in cocaine effects in mice with reduced dopamine transporter
function. Proc Natl Acad Sci USA 101: 372–377.

Mattingly BA, Hart TC, Lim K, Perkins C (1994). Selective
antagonism of dopamine D1 and D2 receptors does not block
the development of behavioral sensitization to cocaine. Psycho-
pharmacology (Berlin) 114: 239–242.

McFarland K, Lapish CC, Kalivas PW (2003). Prefrontal glutamate
release into the core of the nucleus accumbens mediates cocaine-
induced reinstatement of drug-seeking behavior. J Neurosci 23:
3531–3537.

Nestler EJ (2000). Genes and addiction. Nat Genet 26: 277–281.
Ostrom RS, Post SR, Insel PA (2000). Stoichiometry and
compartmentation in G protein-coupled receptor signaling:
implications for therapeutic interventions involving G(s). J
Pharmacol Exp Ther 294: 407–412.

Pascoli V, Valjent E, Corbille AG, Corvol JC, Tassin JP, Girault JA
et al (2005). cAMP and extracellular signal-regulated kinase
signaling in response to D-amphetamine and methylphenidate in

Quantitative changes in Gaolf and D1R protein levels
J-C Corvol et al

1120

Neuropsychopharmacology



the prefrontal cortex in vivo: role of beta1-adrenoceptors.
Mol Pharmacol 68: 421–429.

Piazza PV, Le Moal M (1998). The role of stress in drug self-
administration. Trends Pharmacol Sci 19: 67–74.

Pierce RC, Bell K, Duffy P, Kalivas PW (1996). Repeated cocaine
augments excitatory amino acid transmission in the nucleus
accumbens only in rats having developed behavioral sensitiza-
tion. J Neurosci 16: 1550–1560.

Pierce RC, Kalivas PW (1997). A circuitry model of the expression
of behavioral sensitization to amphetamine-like psychostimu-
lants. Brain Res Brain Res Rev 25: 192–216.

Poleszak E, Malec D (2002). Cocaine-induced hyperactivity is more
influenced by adenosine receptor agonists than amphetamine-
induced hyperactivity. Pol J Pharmacol 54: 359–366.

Reid MS, Berger SP (1996). Evidence for sensitization of cocaine-
induced nucleus accumbens glutamate release. Neuroreport 7:
1325–1329.

Robinson TE, Berridge KC (2003). Addiction. Annu Rev Psychol 54:
25–53.

Roche KW, O’Brien RJ, Mammen AL, Bernhardt J, Huganir RL
(1996). Characterization of multiple phosphorylation sites on the
AMPA receptor GluR1 subunit. Neuron 16: 1179–1188.

Scholich K, Barbier AJ, Mullenix JB, Patel TB (1997). Character-
ization of soluble forms of nonchimeric type V adenylyl cyclases.
Proc Natl Acad Sci USA 94: 2915–2920.

Smith DR, Striplin CD, Geller AM, Mailman RB, Drago J, Lawler
CP et al (1998). Behavioural assessment of mice lacking D1A
dopamine receptors. Neuroscience 86: 135–146.

Snyder GL, Allen PB, Fienberg AA, Valle CG, Huganir RL, Nairn
AC et al (2000). Regulation of phosphorylation of the GluR1
AMPA receptor in the neostriatum by dopamine and psychos-
timulants in vivo. J Neurosci 20: 4480–4488.

Soria G, Castane A, Ledent C, Parmentier M, Maldonado R,
Valverde O (2005). The lack of A(2A) adenosine receptors
diminishes the reinforcing efficacy of cocaine. Neuropsycho-
pharmacology 30: 1670–1680.

Stanwood GD, Parlaman JP, Levitt P (2005). Anatomical abnorm-
alities in dopaminoceptive regions of the cerebral cortex of

dopamine D1 receptor mutant mice. J Comp Neurol 487:
270–282.

Trovero F, Herve D, Blanc G, Glowinski J, Tassin JP (1992). In vivo
partial inactivation of dopamine D1 receptors induces hyper-
sensitivity of cortical dopamine-sensitive adenylate cyclase:
permissive role of alpha 1-adrenergic receptors. J Neurochem
59: 331–337.

Ujike H, Onoue T, Akiyama K, Hamamura T, Otsuki S (1989).
Effects of selective D-1 and D-2 dopamine antagonists on
development of methamphetamine-induced behavioral sensiti-
zation. Psychopharmacology (Berlin) 98: 89–92.

Valjent E, Corvol JC, Pages C, Besson MJ, Maldonado R,
Caboche J (2000). Involvement of the extracellular signal-
regulated kinase cascade for cocaine-rewarding properties.
J Neurosci 20: 8701–8709.

Valjent E, Pages C, Herve D, Girault JA, Caboche J (2004).
Addictive and non-addictive drugs induce distinct and specific
patterns of ERK activation in mouse brain. Eur J Neurosci 19:
1826–1836.

Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H,
Corvol JC et al (2005). Regulation of a protein phosphatase
cascade allows convergent dopamine and glutamate signals
to activate ERK in the striatum. Proc Natl Acad Sci USA 102:
491–496.

Vezina P (1996). D1 dopamine receptor activation is necessary for
the induction of sensitization by amphetamine in the ventral
tegmental area. J Neurosci 16: 2411–2420.

Vezina P (2004). Sensitization of midbrain dopamine neuron
reactivity and the self-administration of psychomotor stimulant
drugs. Neurosci Biobehav Rev 27: 827–839.

White FJ, Joshi A, Koeltzow TE, Hu XT (1998). Dopamine receptor
antagonists fail to prevent induction of cocaine sensitization.
Neuropsychopharmacology 18: 26–40.

Xu M, Guo Y, Vorhees CV, Zhang J (2000). Behavioral responses to
cocaine and amphetamine administration in mice lacking the
dopamine D1 receptor. Brain Res 852: 198–207.

Zhuang X, Belluscio L, Hen R (2000). G(olf)alpha mediates
dopamine D1 receptor signaling. J Neurosci 20: RC91.

Quantitative changes in Gaolf and D1R protein levels
J-C Corvol et al

1121

Neuropsychopharmacology


	Quantitative Changes in Gαolf Protein Levels, but not D1 Receptor, Alter Specifically Acute Responses to Psychostimulants
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Antibodies and Drugs
	In Vivo Protein Phosphorylation: Analysis by Immunoblotting
	D1R and Gαolf Immunoblotting and AC Assay
	Locomotor Responses
	Habituation

	Acute Locomotor Response
	Context-dependent sensitization and conditioned locomotor response

	Conditioned Place Preference
	Preconditioning (habituation)
	Conditioning
	Postconditioning (test)

	Statistical Analyses

	RESULTS
	Dopamine-Stimulated AC Activity is Decreased in Gnal+/− but not in Drd1a+/− Heterozygous Mice
	D-Amph-Induced GluR1 Phosphorylation is Decreased in Gαolf but not D1R Heterozygous Mice
	Acute Locomotor Responses to D1 Agonist, D-Amph and Cocaine are Markedly Decreased in Gnal+/− but not in Drd1a+/− Mice
	A Strong Locomotor Sensitization to Psychostimulants is Present in Gnal+/− Mice
	Context-Associated Conditioned Effects of Cocaine and D-Amph are Preserved in Gnal+/− Mice
	Rewarding Properties of D-Amph are Normal in Gαolf+/− Mice
	Persistence of an Altered Gαolf/cAMP/PKA Signaling Pathway in Chronically D-Amph-Treated Gαolf Heterozygous Mice
	ERK Phosphorylation in Response to D-Amph in the Striatum is Preserved in Gnal+/− Mice

	DISCUSSION
	Gαolf Levels Control the Efficacy of D1R-Activated cAMP Pathway in the Striatum
	Gαolf and not D1R Levels Control Acute Locomotor Effects of Psychostimulants
	Chronic Behavioral Responses to D-Amph and Cocaine are not Altered in Gnal+/− Mice

	Acknowledgements
	References


