
Cellular/Molecular

Cocaine Self-Administration in Mice Is Inversely Related to
Phosphorylation at Thr34 (Protein Kinase A Site) and Ser130
(Kinase CK1 Site) of DARPP-32

Y. Zhang,1 P. Svenningsson,2 R. Picetti,1 S. D. Schlussman,1 A. C. Nairn,2,3 A. Ho,1 P. Greengard,2 and M. J. Kreek1

1The Laboratory of the Biology of Addictive Diseases and 2The Laboratory of Molecular and Cellular Neuroscience, The Rockefeller University, New York,
New York 10021, and 3Department of Psychiatry, Yale University School of Medicine, New Haven, Connecticut 06508

The reinforcing effect of cocaine is associated with increases in dopamine in the striatum. The phosphoprotein DARPP-32 (dopamine-
and cAMP-regulated phosphoprotein) has been shown to mediate the intracellular events after activation of dopamine receptors.
DARPP-32 is phosphorylated at multiple sites by different protein kinases, but little is known about the functional role of these different
sites. Cocaine self-administration and striatal levels of dopamine after acute “binge” cocaine administration were measured in separate
lines of mice with alanine mutations introduced into DARPP-32 at either Thr34 (protein kinase A site, Thr34A), Thr75, (cyclin-dependent
kinase 5 site, Thr75A), Ser97 (kinase CK2 site, Ser97A), or Ser130 (kinase CK1 site, Ser130A). Acquisition of stable cocaine self-
administration required significantly more time in Thr34A�/� mice. Both Thr34A- and Ser130A-DARPP-32 mutant mice self-
administered more cocaine than their respective wild-type controls. Also, cocaine-induced increases of dopamine in dorsal striatum were
attenuated in the Thr34A- and Ser130A-DARPP-32 phosphomutant mice compared with wild-type mice. Notably, levels of P-Thr34- and
P-Ser130-DARPP-32 were reduced after self-administration of cocaine in wild-type mice. Thus, phosphorylation states of Thr34- and
Ser130-DARPP-32 play important roles in modulating the reinforcing effects of cocaine.
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Introduction
The reinforcing property of cocaine is associated with increases in
extracellular dopamine in the striatum. Cocaine enhances dopa-
mine levels by interrupting dopamine reuptake (Koe, 1976). Do-
pamine activates both D1- and D2-like receptors, resulting in
either activation or inhibition of adenylyl cyclase/cAMP/protein
kinase A (PKA) signaling, respectively (Stoof and Kebabian,
1981). A major substrate for PKA in the striatum is dopamine-
and cAMP-regulated phosphoprotein (DARPP-32) (Walaas et
al., 1983; Fienberg et al., 1998; Greengard, 2001). DARPP-32 is
highly concentrated in the medium spiny neurons of the striatum
(Ouimet et al., 1984), where it plays a central role in integrating
glutamatergic and dopaminergic neurotransmission originating
from the cerebral cortex and the substantia nigra pars compacta/
ventral tegmental area, respectively (Greengard, 2001).

The function of DARPP-32 has been shown to be regulated by
four different phosphorylation sites (supplemental figure, avail-
able at www.jneurosci.org as supplemental material) (for review,

see Svenningsson et al., 2004). Phosphorylation at Thr34, by
PKA, converts DARPP-32 into a potent inhibitor of protein
phosphatase-1 (PP-1) (Walaas et al., 1983). Phosphorylation at
Thr75, by cyclin-dependent kinase 5 (Cdk5), switches DARPP-32
into an inhibitor of PKA (Bibb et al., 1999). Phosphorylation at
Ser97, by CK2 (formerly casein kinase 2), enhances the ability of
PKA to phosphorylate DARPP-32 at Thr34 (Girault et al., 1989),
whereas phosphorylation at Ser130, by CK1 (formerly casein ki-
nase 1), inhibits dephosphorylation at Thr34 by protein phos-
phatase 2B (PP-2B) (Desdouits et al., 1995).

It was shown in previous studies that acute intraperitoneal
administration of cocaine results in increased phosphorylation of
Thr34-DARPP-32 and decreased phosphorylation at Thr75-
DARPP-32 in the neostriatum (Nishi et al., 2000). In contrast,
repeated intraperitoneal administration of cocaine increased lev-
els of P-Thr75 and decreased levels of P-Thr34 of DARPP-32
(Bibb et al., 2001). Consistent with the opposing effects of acute
and chronic cocaine on its phosphorylation, DARPP-32 has dif-
ferent roles in acute and chronic effects of cocaine on locomo-
tion. The increases in locomotor activity caused by acute cocaine
administration are attenuated in DARPP-32 knock-out (KO)
mice under certain conditions (Fienberg et al., 1998). In contrast,
the locomotor sensitization found after repeated cocaine admin-
istration is enhanced in DARPP-32 KO mice (Hiroi et al., 1999).

The purpose of the present studies was to investigate the role
that each phosphorylation site of DARPP-32 plays in the reward-
ing effect of cocaine. First, we examined self-administration of
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cocaine in four lines of mice in which Thr34-, Thr75-, Ser97-, or
Ser130-DARPP-32 was replaced by alanine to prevent phosphor-
ylation at those sites of DARPP-32 (Svenningsson et al., 2003).
We measured the number of days each phosphomutant mouse
line took to acquire cocaine self-administration and the number
of infusions the mice self-administered with varied doses of co-
caine. Second, we measured P-Thr34-, P-Thr75, P-Ser97, and
P-Ser130-DARPP-32 in striatal homogenates from wild-type
mice that had self-administered cocaine. Third, we measured
basal levels and changes in dopamine levels after acute “binge”
cocaine administration in the dorsal and ventral striatum in the
Thr34A-, Thr75A-, and Ser130A-DARPP-32 phosphomutant
lines.

Materials and Methods
Mice
Mice each bearing a mutation in which Thr34, Thr75, or Ser130 was
replaced by a nonphosphorylatable alanine were obtained from het-
erozygous animals generated from C57BL/6 � 129SV hybrids that had
been backcrossed for two generations on a C57BL/6 background (Sven-
ningsson et al., 2003; Andersson et al., 2005; Zachariou et al., 2005).
Ser97A-DARPP-32 phosphomutant mice were obtained from heterozy-
gous animals generated from C57BL/6 � 129SV hybrids that had been
backcrossed for one generation on a C57BL/6 background.

All experiments were performed in 2- to 4-month-old homozygotic
mutants and their wild-type siblings. Animal care and experimental pro-
cedures were conducted according to the Guide for the Care and Use of
Laboratory Animals. The experimental protocols were approved by the
Institutional Animal Care and Use Committee of The Rockefeller
University.

Self-administration of cocaine
Catheter implantation. The mice were anesthetized with a combination of
xylazine (8.0 mg/kg, i.p.) and ketamine (80 mg/kg, i.p.). After shaving
and application of a 70% alcohol and iodine preparatory solution, inci-
sions were made in the midscapular region and anteromedial to the
forearm. A catheter (inner diameter, 0.31 mm; outer diameter, 0.64 mm)
was passed subcutaneously from the dorsal to the ventral incision. After
exposure of the right jugular vein, a 22 gauge needle was inserted into the
vein to guide the catheter into the jugular vein. Once the catheter was
inside the vein, the needle was removed and the catheter was inserted to
the level of a marker 1.1 cm from the end. The catheter was tied to the
vein with surgical silk. Physiological saline then was flushed through the
catheter to avoid clotting and then the catheter was capped with a stop-
per. Antibiotic ointment was applied to the catheter exit wound on the
animal’s back and forearm. Animals were allowed to have 4 –5 d of re-
covery before being placed in operant test chambers for the self-
administration procedure.

Intravenous self-administration chamber
The self-administration chamber ENV-307W (21.6 � 17.8 � 12.7 cm;
Med Associates, Burlington, VT) was located inside a larger box (Med
Associates, Georgia, VT). The front, back, and top were constructed of
5.6 mm polycarbonate. Each chamber contained a wall with two small
holes (0.9 cm diameter, 4.2 cm apart, 1.5 cm from the floor of the cham-
ber). One hole was defined as active, and the other was inactive. When the
photocell in the active hole was triggered by a nose poke, the infusion
pump (Med Associates) delivered an infusion of 20 �l/3 s from a 5 ml
syringe. During infusion, a cue light above the active hole was illumi-
nated. Each injection was followed by a 20 s “time-out” period during
which poking responses were recorded but had no programmed conse-
quences. All responses at the inactive hole were also recorded. The sy-
ringe was connected by a swivel via Tygon tubing. The infusion pump
and syringe were outside the chamber.

Acquisition criteria and training
A 2 h self-administration session was conducted once a day, with six
sessions per week. During the first session, mice were placed in the self-
administration chamber, and a nose poke through the active hole led to

an injection of saline. Starting with the second session, infusion of co-
caine (1.0 mg/kg) was available under a fixed ratio 1 (FR1) schedule. The
FR schedule was changed from FR1 to FR3 after reaching the self-
administration criteria: (1) stable intake, defined as two consecutive ses-
sions in which the total number of infusions per session remained within
20% of the mean of these two consecutive sessions; (2) the percentage of
responses on the active hole versus the inactive hole were �70% in these
two consecutive sessions; and (3) the minimum infusion number was
10/session in the two sessions. The FR3 schedule was maintained until
the mice reached the full self-administration criteria: (1) stable intake,
defined as three consecutive sessions (rather than two sessions in FR1) in
which the total number of infusions per session remained within 20% of
the mean of these three consecutive sessions; (2) the percentage of re-
sponses on the active hole were �70% in these three consecutive sessions;
and (3) the minimum infusion number was 10/session in the three
sessions.

Once the mice reached the full self-administration criteria, the doses of
cocaine were presented in a descending order (2.0, 1.0, 0.5, and 0.1 mg/kg
per infusion). We conducted the dose–response study from higher to
lower doses to avoid extinction of nose poking at the active hole. Because
it is difficult to maintain catheter patency for an extended period in mice,
we tested each dose for only 2 d. On the day the animals were killed, all
animals had a final session at the training dose (1.0 mg/kg per infusion).
At the end of the experiment, only mice that passed a catheter patency
test (defined as loss of muscle tone within a few seconds after adminis-
tration of a short-acting anesthetic) were included in the self-
administration data analysis. Of a total 106 mice started in the studies, 88
mice reached full acquisition criteria. Of these 88 mice, 58 finished the
dose–response study and passed the catheter patency test.

Phosphorylation of DARPP-32 in wild-type animals that
self-administered cocaine
We conducted a pilot study of the effect of cocaine on each phosphory-
lation site with wild-type mice that had undergone the full self-
administration procedure and a control group of similar mice with 5 d of
experimenter-administered intraperitoneal saline injections. The results
of this study showed that levels of P-Thr34-DARPP-32 and P-Ser130-
DARPP-32 in the striatum were significantly reduced in mice that had
self-administered cocaine (data not shown). To verify these results, in a
separate study, male wild-type littermates of each of the four phospho-
mutant lines that underwent the full cocaine self-administration para-
digm described above were compared with control wild-type mice that
received yoked saline infusions. Only the mice that passed the catheter
patency test from both groups (15 of the 23 mice starting the study) were
killed immediately after their last cocaine self-administration session by
focused microwave irradiation (4.5–5 kW for 1.4 s), using a small animal
microwave (Muromachi Kikai, Tokyo, Japan). To optimize conditions
for the microwave irradiation, the animals were put in a restraint cham-
ber and placed at the same position in the instrument. The duration of
the microwave procedure was between 10 and 15 s. Brains were thereafter
rapidly removed, and striata (including both caudate-putamen and nu-
cleus accumbens) were dissected out and stored at �80°C. Frozen tissue
samples were sonicated in boiling 1% SDS. Equal amounts of protein
were processed, using 10% acrylamide gels as described previously (Nishi
et al., 2000). Immunoblotting was performed using phosphorylation
state-specific antibodies raised against Thr34-DARPP-32 (Snyder et al.,
1992), Thr75-DARPP-32 (Bibb et al., 1999), Ser97-DARPP-32 (F. Liu
and A. C. Nairn, unpublished data), Ser130-DARPP-32 (Liu et al., 2001)
or an antibody against total DARPP-32 (Hemmings and Greengard,
1986), which is not phosphorylation state-specific. Antibody binding was
detected by enhanced chemiluminescence (Amersham Biosciences, Pis-
cataway, NJ) and quantified by densitometry, using NIH Image 1.61
software. The phosphoprotein levels were normalized against total pro-
tein levels.

Microdialysis studies
Three groups of mice from the phosphomutant lines Thr34A, Thr75A,
and Ser130A were studied. An additional group of mixed wild-type mice
from the Thr34A, Thr75A, and Ser130A phosphomutant lines served as a
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control (see Fig. 4 for details of the mixed group). Because of an insuffi-
cient number of wild-type controls from the Ser97A phosphomutant line
for the microdialysis study, dialysis data from these mice are not included
here. Of a total of 61 mice started in the microdialysis studies, the data
from 54 were used in the final analyses.

Guide cannula implantation
Mice were anesthetized with a combination of xylazine (8.0 mg/kg, i.p.)
and ketamine (80 mg/kg, i.p.) and were placed in a stereotaxic frame
modified for the mouse (David Kopf Instruments, Topanga, CA) for
implantation of a guide cannula. Guide cannulas (CMA/7, North
Chelmsford, MA) were implanted into the dorsal striatum [coordinates
from bregma: anterior (A), 0.65 mm; lateral (L), �2.00 mm; ventral (V),
3.00 mm] (Franklin and Paxinos, 1997) and ventral striatum (coordi-
nates from bregma: A, 1.35 mm; L, �0.8 mm; V, 4.0 mm) (Franklin and
Paxinos, 1997). The guide cannulas were fixed to the skull by dental
acrylic. Mice were allowed 4 –5 d to recover from surgery before
microdialysis.

In vivo microdialysis
Dialysis probes (2 mm active region; CMA/7) were calibrated for dopa-
mine recovery in vitro before each experiment as described previously
(Bergasa et al., 1997). On the day before each dialysis experiment, mice
were individually placed into microdialysis chambers with free access to
food and water. Dialysis probes were then lowered into the dorsal and
ventral striatum. Probes were perfused with artificial CSF (in mM: 146
NaCl, 2.7 KCl, 1.2 CaCl2, 1.0 MgCl2) overnight at a rate of 1.0 �l/min.
After the overnight stabilization period (15–16 h), basal levels of dialy-
sates were collected from the freely moving mice every 20 min for 1 h at
a 1.0 �l/min flow rate. After collection of baseline samples, the animals
received either binge pattern cocaine administration (20 mg/kg, i.p.,
three times at hourly intervals) or saline (1 ml/kg) in the same pattern.
Dialysate samples were collected every 20 min throughout the cocaine/
saline administration period and for 3 h after the last injection. Samples
were frozen and stored at �80°C before dopamine analysis (Zhang et al.,
2001, 2004).

Determination of dialysate dopamine levels
HPLC with electrochemical detection (ESA, North Chelmsford, MA)
was used to measure dopamine concentration in the dialysates. The
HPLC system consisted of an ESA 540 autosampler, an ESA 582 solvent
delivery system, a reverse-phase C18 column and an ESA microdialysis
cell (model 5014B). The MD-TD mobile phase (10% acetonitrile) was
purchased from ESA and was delivered at a rate of 0.5 ml/min. Chro-
matograms were integrated and compared with standards using the ESA
501 chromatography system.

Histological verification of probe placement
Mice were decapitated after brief CO2 exposure at the end of each micro-
dialysis study, and their brains were removed for histological evaluation.
Frozen sections of 20 �m were cut to verify the correct placement of
dialysis probes after acetylcholinesterase labeling (Franklin and Paxinos,
1997). Figure 1 shows photomicrographs of a tissue section from the
brain of a representative mouse used in this study, showing probe place-
ment in the dorsal striatum (left) and in the ventral striatum (right).

Data analysis
One- or two-way ANOVAs were used to evaluate the significance of
differences between phosphomutant lines of mice and wild-type controls
in cocaine self-administration behaviors. In a separate cohort, a two-way
ANOVA was used to assess the difference in response to binge pattern
cocaine administration in three phosphomutant lines and a mixed wild-
type control. ANOVA was used to compare the levels of P-Thr34-,
P-Thr75-, P-Ser97-, and Ser130-DARPP-32 between mice that under-
went cocaine self-administration and controls that received yoked saline
infusions.

Results
Mutation of Thr34-DARPP-32 to alanine affects acquisition
of cocaine self-administration
We first measured the number of days each phosphomutant
mouse line and its wild-type control took to acquire cocaine (1
mg/kg per infusion) self-administration (Fig. 2). Thr34A-
DARPP-32 mutant mice took significantly longer to meet the
criteria for acquisition of cocaine self-administration than did
their wild-type controls ( p � 0.0002). Thr34A-DARPP-32 mu-
tant mice reached the criteria in 8.8 d (�0.6), whereas their wild-
type controls took only 6.2 d (�0.3). In contrast, there were no
significant differences in time to reach the criteria for acquisition
of cocaine self-administration between mutants and their wild-
type controls in any of the other phosphomutant mouse lines.

Figure 1. Placement of the dialysis probes. The micrograph in the left panel shows the probe
placement in the dorsal striatum of a representative mouse in this study. The micrograph in the
right panel shows the probe placement in the ventral striatum from a representative mouse in
this study. Arrows indicate the track of the microdialysis probe, which extends 2 mm below the
guide cannula. To the right of each figure, the top arrows indicate the extent of the guide
cannula, and the bottom arrows approximate the microdialysis probe extending 2 mm beyond
the guide cannula.

Figure 2. The effect of mutation of each separate phosphorylation site of DARPP-32 on
acquisition of cocaine self-administration by mice of each phosphomutant line with its respec-
tive wild-type control is shown in Figure 2. Thr34A-DARPP-32 mutant mice took significantly
longer to meet the full criteria for acquisition of cocaine self-administration (for details, see
Materials and Methods) than did their wild-type controls (two-way ANOVA followed by New-
man–Keuls post hoc tests). Error bars represent SEM.
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Mutation of either of two specific
phosphorylation sites of DARPP-32
enhance response to lower doses
of cocaine
Once mice met the full self-administration
criteria, a dose–response study was per-
formed in each of the four phosphomu-
tant lines and their controls to determine
whether mutation of any specific phos-
phorylation site on DARPP-32 would af-
fect cocaine self-administration under an
FR3 schedule. Figure 3 shows the number
of self-administered cocaine or saline infu-
sions at four different doses of cocaine
(2.0, 1.0, 0.5, and 0.1 mg/kg per infusion;
mean � SEM of two sessions at each dose)
in each line of phosphomutant mice.
Across all genotypes at the three higher
doses, the total dose per session of cocaine
self-administered was 9 – 43 mg/kg, with
an average of 23.8 � 5.9 mg/kg.

Thr34A-DARPP-32 mice signifi-
cantly exceeded their wild-type controls
in a number of self-administered co-
caine infusions at the dose of 0.5 mg/kg
infusion. Ser130A-DARPP-32 mice self-
administered significantly greater num-
bers of cocaine infusions than did wild
types at both the 0.5 and 0.1 mg/kg
doses. In contrast, in the other two phos-
phomutant lines, there was no difference
between mutants and wild types in the
number of infusions self-administered
at any dose of cocaine.

Phosphorylation of DARPP-32 in wild-type mice after
cocaine self-administration
We examined the phosphorylation state of Thr34-, Thr75-,
Ser97-, and Ser130-DARPP-32 in the striatum from wild-type
mice that had completed the cocaine self-administration proce-
dures and in control mice that received yoked saline infusions.
The amount of cocaine self-administered per session in this phos-
phorylation study ranged from 3.8 to 31 mg/kg, and the average
amount of cocaine self-administered on the last session was 23
mg/kg. As shown in Figure 4, cocaine self-administration signif-
icantly decreased P-Thr34- and P-Ser130-DARPP-32 in striatal
homogenates. No significant changes were found in P-Thr75- or
P-Ser97-DARPP-32 or in the levels of total DARPP-32 (data not
shown).

Attenuated increases of dopamine in the dorsal striatum of
Thr34A and Ser130A DARPP-32 phosphomutant mouse lines
in response to acute binge cocaine administration
To examine the involvement of DARPP-32 in regulating dopa-
mine release, we measured extracellular dopamine levels in the
dorsal and ventral striatum in Thr34A-, Thr75A-, and Ser130A-
DARPP-32 phosphomutant and in mixed wild-type controls by
in vivo microdialysis in response to binge pattern cocaine (20
mg/kg, i.p., three times at hourly intervals).

In the phosphomutant mice, binge cocaine administration
produced increases in extracellular dopamine in the dorsal stria-
tum compared with levels in mice given saline in a similar pattern
(Fig. 5a– d). However, the percentage increase over baseline levels

in extracellular dopamine after binge cocaine administration was
significantly attenuated in the Thr34A- and in the Ser130A-
DARPP-32 phosphomutant mice compared with wild-type mice
(Fig. 6a). No difference was found in percentage increase in do-
pamine levels after cocaine in the dorsal striatum of the Thr75A-
DARPP-32 phosphomutant mice compared with the wild-type
controls.

Cocaine-induced increases in dopamine in the ventral stria-
tum of the phosphomutant line and of wild-type control mice are
shown in Figure 5e– h. Note the expected lower basal levels of
dopamine in ventral striatum (nucleus accumbens) compared
with dorsal striatum (caudate–putamen), as has been found in
C57BL/6J and 129J mice (Zhang et al., 2001) and rats (Maison-
neuve and Kreek, 1994). Mice of each phosphomutant line also
showed significant increases in dopamine levels after binge co-
caine administration (Fig. 6b). No significant differences between
the Thr34A- or Ser130A-DARPP-32 phosphomutant mice and
wild-type controls were found. However, Thr75A-DARPP-32
phosphomutant mice showed a greater percentage increase in
levels of dopamine in response to binge cocaine administration
than did wild-type controls.

Discussion
To identify intracellular signaling pathways involved in cocaine
self-administration, we investigated the role of four distinct
phosphorylation sites of DARPP-32 in cocaine self-
administration behavior. Thr34A-DARPP-32 mutant mice took
a significantly longer time to reach self-administration criteria
than did their wild-type controls. None of the other mutant mice
showed this phenotype. Both the Thr34A- and Ser130A-

Figure 3. The effect of mutation of each phosphorylation site of DARPP-32 on cocaine self-administration in a dose–response
study. The mean numbers (�SEM) of infusions over 2 h at each dose of cocaine are shown. Doses are shown in order of days of
self-administration, starting with the first training session, when only saline was available. a, Thr34A-DARPP-32 mutant mice
significantly exceeded their wild-type controls in number of cocaine infusions self-administered at 0.5 mg/kg dose ( #p � 0.005).
b, c, There were no differences in cocaine self-administration in Thr75A or Ser97A mutant mice. d, Ser130A-DARPP-32 mutant
mice self-administered more infusions than their wild-type controls at doses of 0.5 and 0.1 mg/kg (*p � 0.05; two-way ANOVA
with repeated measures followed by planned comparisons).
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DARPP-32 mutant mice self-administered significantly more co-
caine at lower doses than did their wild-type controls.

Of particular relevance to the present study are the reports
that DARPP-32 KO mice and Thr34A mutant mice showed sig-
nificantly reduced conditioned place preference to cocaine (Za-
chariou et al., 2002, 2005). The fact that we found that the
Thr34A-DARPP-32 mice took longer to meet criteria for acqui-
sition of cocaine self-administration behavior provides evidence
for a functional role of DARPP-32 in this cocaine-reinforced be-
havior. Moreover, the increased self-administration of lower
concentrations of cocaine in Thr34A- and Ser130A-DARPP-32
mice may reflect an apparent need to self-administer more co-
caine to achieve the rewarding effect of cocaine. This interpreta-
tion is consistent with our microdialysis findings (see below). It is
interesting that Thr34A-DARPP-32�/� mice also required a
longer time to meet full self-administration criteria, but Ser130A-
DARPP-32�/� mice did not, suggesting that phosphorylation at

Thr34A-DARPP-32 might be related to cocaine-associated learn-
ing processes.

The increased responses for lower doses of cocaine in Thr34A-
and Ser130A-DARPP-32 phosphomutant mice found here are
intriguing. The increased response to lower, but not higher, doses
of cocaine in Thr34A- and Ser130A-DARPP-32 mice indicates
that the rewarding effect of a given lower dose of cocaine is re-
duced in these mice. Additional evidence for a role of P-Thr34-
and P-Ser130-DARPP-32 in the actions of cocaine is the obser-
vation that the phosphorylation state of these residues is reduced
in wild-type mice that had self-administered cocaine. The fact
that P-Thr34-DARPP-32 is downregulated after self-
administration of cocaine is in agreement with a previous report
(Bibb et al., 2001). The present behavioral and biochemical data
suggest that the reduced levels of P-Thr34- and P-Ser130-
DARPP-32 after cocaine self-administration are parts of an adap-
tive negative feedback mechanism. These could be attributable to

Figure 4. Regulation of phosphorylation of DARPP-32 in vivo by cocaine self-administration
in wild-type mice. a– d, The levels of phosphorylation of Thr34-, Thr75-, Ser97-, and Ser130-
DARPP-32 and of total DARPP-32 were measured in striata of wild-type mice that had com-
pleted the cocaine self-administration paradigm and were compared with levels in control mice
that received yoked saline infusions. Data are shown as means � SEM for seven mice per group
expressed as a percentage of control values. Levels of P-Thr34-DARPP-32 (a) and P-Ser130-
DARPP-32 (d) were reduced in animals that had self-administered cocaine (*p � 0.05 and
**p � 0.02, respectively; ANOVA followed by planned comparisons). There were no significant
changes in the levels of P-Thr75-DARPP-32 (b), P-Ser97-DARPP-32 (c), or total DARPP-32 (data
not shown).

Figure 5. Levels of extracellular dopamine in two brain regions after binge cocaine admin-
istration in three lines of phosphomutant mice and in mixed wild-type controls. The number of
mice in each experimental group is shown in parentheses. In the dorsal striatum, the mixed
wild-type controls were two siblings from each of the Thr34A, Thr75A, and Ser130A lines for
both the saline and cocaine groups. In the mixed control of the ventral striatum in the saline
group, there were two Thr34A, three Thr75A, and two Ser130A siblings, whereas in the cocaine
group, there were two Thr34A, three Thr75A, and one Ser130A siblings. a– d, The mean
(�SEM) levels of dopamine in the dialysate in each 20 min sample from the dorsal striatum
before, during, and for 3 h after the last binge cocaine administration (20 mg/kg, i.p.; indicated
by arrow) or saline administration. e– h, Levels of extracellular dopamine in the ventral stria-
tum of the three lines of phosphomutant mice and the mixed wild-type controls.
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decreased PKA and CK1 activities and/or increased PP-2B and
PP-2C activities. Cocaine self-administration causes a persistent
increase in PKA activity in the nucleus accumbens in rats (Lu et
al., 2003), indicating that altered PKA activity may not underlie
the changes in Thr34-DARPP-32 phosphorylation observed
here. However, additional studies that would examine species
differences, different self-administration protocols, and different
time points after self-administrations are required to clarify the
individual roles of Thr34 and Ser130 phosphorylation sites in
cocaine self-administration.

Regardless of whether the reductions of P-Thr34- and
P-Ser130-DARPP-32 depend on altered kinase or phosphatase
activities, these phosphorylation changes are consistent with de-
creased DARPP-32 activity and thus increased PP-1 activity. It is
well established that PKA-mediated phosphorylation at Thr34-
DARPP-32 and the conversion of DARPP-32 into an inhibitor of
PP-1 play a critical role in amplifying the phosphorylation state of
numerous substrates, including receptors and ion channels that

are regulated by PKA and PP-1 (Greengard, 2001). When stimuli
are strong, as is the case with higher doses of cocaine, phosphor-
ylation by PKA is sufficient to compensate for a deficiency of the
DARPP-32 pathway. However, when stimuli are weaker, as is the
case with the lower doses of cocaine used in this study, mice with
an impaired DARPP-32 pathway caused by mutation of either
Thr34- or Ser130-DARPP-32 show alteration in cocaine self-
administration behavior compared with wild-type controls. Ac-
tivation of dopamine receptors by cocaine alters the cAMP/PKA/
DARPP-32/PP-1 signaling cascade, affecting the phosphoryla-
tion state of various substrates in the striatum and in turn pro-
viding feedback to the dopaminergic neurons. Previous studies
showed that there is a reduction of dopamine release from striatal
slices and a reduced toxic effect on dopamine terminals after
administration of another psychostimulant, methamphetamine,
in DARPP-32 KO mice (Fienberg et al., 1998). Using in vivo
microdialysis studies, we found that both Thr34A and Ser130A
mutant mice showed an attenuated increase in dopamine in the
dorsal striatum after acute binge cocaine compared with wild
types. In the rat, it has been shown that dopamine levels in the
dorsal striatum were increased during cocaine-seeking behaviors
(Ito et al., 2002). The attenuated increases of cocaine-induced
dopamine in the dorsal striatum may partly explain why Thr34A-
and Ser130A-DARPP-32 phosphomutant mice poked more of-
ten for cocaine than their wild-type controls at the lower doses of
cocaine.

A previous study showed that chronic intermittent intraperi-
toneal administration of cocaine increased Cdk5 levels and
Cdk5-mediated phosphorylation of DARPP-32 at Thr75 in stri-
atal extracts consisting mostly of the caudate–putamen (Bibb et
al., 2001). However, cocaine self-administration had no effects
on Cdk5 levels in the rat nucleus accumbens (Lu et al., 2003) or
P-Thr75-DARPP-32 in mouse dorsal striatum (present study). In
the present study, the Thr75A-DARPP-32 mice did not show any
behavioral difference in self-administration of cocaine from their
wild-type controls. However, in the study of acute binge cocaine
effects, the dopamine levels in the ventral striatum were signifi-
cantly increased in the Thr75A-DARPP-32 mutant mice in re-
sponse to the binge pattern cocaine administration and were not
at all reduced in the dorsal striatum compared with wild-type
controls. This may partly explain why Thr75A-DARPP-32 mu-
tant mice did not need to self-administer more cocaine when
lower doses of cocaine were available.

Additional experiments are required to define the role of
Ser97-DARPP-32 in the actions of dopamine. 129Sv/C57BL6 hy-
brid mice were used in these studies, and it is possible that a
congenic background is necessary to reveal a phenotype in the
Ser97A-DARPP-32 mice. It will, for example, be of interest to
characterize cocaine-induced increases of dopamine in the dorsal
and ventral striatum in such mice. In addition, it will be interest-
ing to measure P-Thr34- and P-Ser130-DARPP-32 in the ventral
and dorsal striatum separately to determine whether a difference
exists in the P-Thr34- and P-Ser130-DARPP-32 between those
brain regions.

In conclusion, the results of these studies show that mice with
a specific mutation at the Thr34 site of DARPP-32 are slower
in acquisition of cocaine self-administration; Thr34A- and
Ser130A-DARPP-32 mutant mice self-administer more cocaine
at lower doses; cocaine self-administration reduces P-Thr34- and
P-Ser130-DARPP-32; and, in Thr34A- and Ser130A-DARPP-32
mice, there are attenuated increases in dopamine levels in the
dorsal striatum induced by binge pattern cocaine. These data
suggest that phosphorylation of Thr34- and Ser130-DARPP-32,

Figure 6. Dopamine levels in two brain regions after cocaine administration in three phos-
phomutant lines and their mixed wild-type controls. Data are shown as means (�SEM) ex-
pressed as a percentage increase over mean baseline level during a 3 h interval (1 h after each
injection). Binge pattern cocaine administration elevated dopamine levels in both brain regions
compared with saline: main effect of cocaine, p � 0.05 in the dorsal striatum and p � 0.001 in
the ventral striatum. However, in the dorsal striatum, attenuated increases of dopamine after
cocaine administration were found in both Thr34A and Ser130A lines of phosphomutant mice
compared with wild-type controls (a) ( p � 0.01 and p � 0.005, respectively; one-way ANOVA
followed by planned comparisons). In the ventral striatum, there were significantly greater
increases in levels of dopamine in response to cocaine in Thr75A phosphomutant mice com-
pared with wild-type controls (b) ( p � 0.005; one-way ANOVA followed by Newman–Keuls
post hoc tests).
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regulated by PKA/PP-2B and CK1/PP-2C, respectively, are in-
volved in adaptations that underlie the reinforcing effects of
cocaine.
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