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Dopamine D1 and D2 Receptors Differentially
Regulate Rac1 and Cdc42 Signaling in the
Nucleus Accumbens to Modulate Behavioral
and Structural Plasticity After Repeated
Methamphetamine Treatment
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ABSTRACT
BACKGROUND: Methamphetamine (METH) is a highly addictive psychostimulant that strongly activates dopamine
receptor signaling in the nucleus accumbens (NAc). However, how dopamine D1 and D2 receptors (D1Rs and D2Rs,
respectively) as well as downstream signaling pathways, such as those involving Rac1 and Cdc42, modulate METH-
induced behavioral and structural plasticity is largely unknown.
METHODS: Using NAc conditional D1R and D2R deletion mice, Rac1 and Cdc42 mutant viruses, and a series of
behavioral and morphological methods, we assessed the effects of D1Rs and D2Rs on Rac1 and Cdc42 in modulating
METH-induced behavioral and structural plasticity in the NAc.
RESULTS: D1Rs and D2Rs in the NAc consistently regulated METH-induced conditioned place preference, locomotor
activation, and dendritic and spine remodeling of medium spiny neurons but differentially regulated METH
withdrawal–induced spatial learning and memory impairment and anxiety. Interestingly, Rac1 and Cdc42 signaling
were oppositely modulated by METH, and suppression of Rac1 signaling and activation of Cdc42 signaling were
crucial to METH-induced conditioned place preference and structural plasticity but not to locomotor activation.
D1Rs activated Rac1 and Cdc42 signaling, while D2Rs inhibited Rac1 signaling but activated Cdc42 signaling to
mediate METH-induced conditioned place preference and structural plasticity but not locomotor activation. In
addition, NAc D1R deletion aggravated METH withdrawal–induced spatial learning and memory impairment by
suppressing Rac1 signaling but not Cdc42 signaling, while NAc D2R deletion aggravated METH withdrawal–
induced anxiety without affecting Rac1 or Cdc42 signaling.
CONCLUSIONS: D1Rs and D2Rs differentially regulate Rac1 and Cdc42 signaling to modulate METH-induced
behavioral plasticity and the structural remodeling of medium spiny neurons in the NAc.
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Drug addiction is a chronic disease with a high relapse rate
and is characterized by compulsive drug seeking and strong
withdrawal symptoms (1). Addictive drugs, such as metham-
phetamine (METH), can augment the dopamine level in the
nucleus accumbens (NAc) (2–5), triggering the signaling
pathway downstream of the dopamine receptors (6).

Drug-induced behavioral plasticity is a series of long-lasting
behavioral changes that occur after repeated administration
(7,8). In the NAc region, the dopamine D1 and D2 receptors
(D1Rs and D2Rs, respectively) are primarily distributed in
distinct medium spiny neurons (MSNs), which are subdivided
into D1R-expressing MSNs (D1-MSNs) and D2R-expressing
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MSNs (D2-MSNs) (9). D1R activation in the medial prefrontal
cortex positively regulates METH-induced hyperactivity (10)
and intraperitoneal injection of a D1R inhibitor but not a D2R
inhibitor before METH self-administration training can reduce
drug-seeking behavior (11). Conditional knockdown of D2Rs in
the NAc core attenuates METH-induced conditioned place
preference (CPP) and locomotor sensitization (12). Moreover,
systemic inhibition of D1Rs and D2Rs suppresses the expres-
sion of METH-induced CPP (13). Meanwhile, drug withdrawal
causes a long-lasting decrease in mesolimbic dopamine
signaling, and both D1Rs and D2Rs are involved (14,15). These
persistent changes may underlie withdrawal syndromes, such
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as anxiety and impairment of spatial learning and memory
(16–18). The above studies indicate the important roles of D1Rs
and D2Rs in mediating METH-associated behaviors.

Psychostimulants can induce the structural remodeling of
MSNs in the NAc by increasing the length and complexity of
dendrites, enhancing spine density, and reshaping spine
morphology (19–22). Although the molecular mechanisms of
drug-induced structural plasticity have attracted widespread
attention (23–25), they are not fully understood, especially those
related toMETH. D1Rs and D2Rs are critical for the dendritic and
spine remodeling induced by addictive substances (26–28). D1R
promotes the increases in dendritic branching and spine density
that are induced by cocaine, and although D2R has no effect on
changes in dendritic branching, it is involved in the regulation of
dendritic density (28). In addition, signaling of the Rho guano-
sine triphosphatase (GTPase) family members Rac1 and Cdc42
is closely related to dendritic growth and spine remodeling
(29–34). Bidirectional stimulation of Rac1 in the NAc and the
caudate putamen modulates cocaine-induced spine remodel-
ing (20,35), and Cdc42 expression is significantly increased after
alcohol withdrawal (36). Moreover, dopamine receptors partici-
pate in a variety of biological processes, such as active
forgetting, dendritic remodeling, and gene expression, by
regulating Rho family GTPases (37–39). These data suggest the
involvement of dopamine receptors and Rho family GTPases in
METH addiction.

In this study, using NAc conditional D1R and D2R deletion
mice and Rac1 and Cdc42 mutant viruses, we found that D1Rs
and D2Rs differentially regulate Rac1 and Cdc42 signaling to
modulate METH-induced behavioral and structural plasticity.
Our findings suggest that the transmission of dopamine re-
ceptor signals to downstream molecules, such as Rac1 and/or
Cdc42, may serve as a therapeutic target for the treatment of
drug addiction.

METHODS AND MATERIALS

For detailed methods and materials, please see the
Supplement. Briefly, adult male and female wild-type (WT)
mice, Drd1loxp/loxp mice, and Drd2loxp/loxp mice on a C57BL/6J
background were microinjected with the Cre and Rac1/Cdc42
mutant viruses to conditionally knock out D1R/D2R and/or
modulate Rac1/Cdc42 activity in the NAc. A series of behav-
ioral experiments were performed, including CPP, locomotor
activity, open field test (OF), elevated plus maze (EPM), and
Morris water maze (MWM) tests. For dendrite and spine
quantitation, MSNs were intracellularly injected with Lucifer
yellow (LY) or labeled with the Cre and/or Rac1/Cdc42 mutant
viruses expressing enhanced green fluorescent protein
(EGFP)/mCherry.

RESULTS

Low-Dose METH Induces Behavioral and Structural
Plasticity Without Causing Neurotoxicity

To assess the behavioral consequences after treatment with
METH, we conducted CPP and locomotor activity experi-
ments. We found that the mice treated with METH (2 mg/kg)
had significantly higher CPP scores and locomotor activity
than those in the saline group. However, the locomotor activity
Biological Psyc
of mice treated with METH was not significantly increased with
time (Figure 1A–D). METH is not only highly addictive but also
strongly neurotoxic, and its neurotoxic properties are dose
dependent (40). Here, we found that the rewarding effect of
METH at the 2 mg/kg dose was strong but nontoxic, as no
apoptotic neurons were observed (Figure 1K), and the neuronal
structure was normal (Figure 1L) in brain regions related to the
dopaminergic circuit.

To verify whether 2 mg/kg METH can induce structural
remodeling in the NAc, the mice were immediately anes-
thetized and intracardially perfused after the CPP test, and
coronal sections of the NAc were then collected. Using intra-
cellular injection of LY, we clearly observed that the dendritic
branches were longer and more complex and the total spines,
and especially the thin and mushroom spines were denser in
the METH CPP group (Figure 1E–J). The soma size of MSNs
was not affected after METH treatment (Supplemental
Figure S1). Meanwhile, partial correlation analyses showed
that the total spine density were positively correlated with the
METH-induced CPP (Supplemental Figure S2).
D1Rs and D2Rs in the NAc Are Associated With
METH-Induced Behavioral and Structural Plasticity

Dopamine receptor signaling can be activated after METH
treatment (11–13), but evidence related to the precise roles of
D1Rs and D2Rs in the NAc in METH-induced behavioral plas-
ticity is very limited. We first induced NAc-specific deletion of
D1Rs (NAc Drd1KO) and D2Rs (NAc Drd2KO) by bilaterally
injecting adeno-associated virus serotype 2/8 vectors
expressing the Cre enzyme into the NAc area of Drd1loxp/loxp

and Drd2loxp/loxp mice, respectively. Immunofluorescence
staining of coronal sections from NAc Drd1KO mice and NAc
Drd2KO mice confirmed the deletion of D1Rs and D2Rs in the
area of the NAc infected with the Cre virus but not in the un-
infected area (Figure 2C). In addition, the viruses were
expressed only in the NAc, without affecting other brain re-
gions (Supplemental Figure S3). Behaviorally, both NAc
Drd1KO mice and NAc Drd2KO mice had lower CPP scores
than WT mice in the METH CPP group (Figure 2D). In addition,
the basal locomotion of NAc Drd2KO mice tended to decrease.
Compared with that of WT mice treated with METH, the
locomotion of NAc Drd1KO mice and NAc Drd2KO mice was
significantly decreased (Figure 2E). These results suggest that
both D1Rs and D2Rs in the NAc are involved in the METH-
induced CPP and locomotor activation.

To determine whether D1Rs and D2Rs modulate METH
withdrawal–induced behaviors, the OF and EPM tests were
used to assess anxiety-related behaviors (41,42), and the
MWM was used to assess spatial learning and memory
(Figure 2F) (43). Our results showed that the central distance,
time spent in the open arms, and number of entries into the
open arms were reduced in WT, NAc Drd1KO, and NAc
Drd2KO mice 7 days after METH withdrawal. Additionally,
compared with those in METH-treated WT mice, these three
parameters were further reduced in METH-treated NAc
Drd2KO mice (Figure 2H–J). The total distance traveled by
each group was unaffected (Figure 2G). NAc Drd1KO mice
treated with saline exhibited longer escape latencies and fewer
platform crossings than WT mice. Additionally, NAc Drd1KO
hiatry December 1, 2019; 86:820–835 www.sobp.org/journal 821
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Figure 1. Low-dose methamphetamine (METH) induces behavioral and structural plasticity without causing neurotoxicity. (A–D) Low dose of METH (2 mg/
kg) induced (A, C) conditioned place preference (CPP) and (B, D) locomotor activation (CPP: n = 12 mice/group; locomotion: n = 9 or 10 mice/group). (E)
Representative morphology of medium spiny neurons in the nucleus accumbens (NAc) in saline (Sal) and METH CPP mice (n = 4 mice/group). Mice were
immediately anesthetized and intracardially perfused after CPP test, and then the coronal sections containing NAc were collected for microinjection of Lucifer
yellow. The images were obtained by confocal scanning at the specific excitation wavelength (405 nm) of Lucifer yellow. Scale bar = 50 mm or 5 mm. (F–H) The
dendrites of medium spiny neurons in the NAc were more complex, and the dendritic lengths and branch number were increased in METH CPP mice (n = 13 or
15 neurons/group, sampled from 4 mice/treatment condition). (I, J) The density of the total spines in the NAc, especially of the thin and mushroom spines, was
significantly increased in the METH CPP mice (n = 48 dendrites/group, sampled from 4 mice/treatment condition). (K, L) No apoptotic neurons or aberrant
morphology was observed in the NAc, caudate putamen (CPu), prefrontal cortex (PFC), hippocampus (Hipp), substantia nigra (SN), or ventral tegmental area
(VTA) between the Sal and METH CPP mice (n = 12 segments/group, sampled from 3 mice/treatment condition). Scale bar = 100 mm. The data are shown as
mean 6 SEM. *p , .05; ***p , .001. Hab, habituation; ip, intraperitoneal; TUNEL, terminal deoxynucleotidyl transferase mediated dUTP nick end labeling.
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mice, but not NAc Drd2KO mice, exhibited increased escape
latencies and a decreased number of platform crossings
compared with WT mice after 7 days of METH withdrawal
(Figure 2K–N). These results suggest that while NAc D1R
deletion exacerbated METH withdrawal–induced spatial
learning and memory impairment, NAc D2R deletion aggra-
vated anxiety-related behaviors.

As structural plasticity is correlated with METH- and
cocaine-induced CPP (44,45), we considered whether condi-
tional D1R or D2R deletion would also affect the METH-induced
structural remodeling. The mice were anesthetized and intra-
cardially perfused immediately after the CPP test. Brain tissues
822 Biological Psychiatry December 1, 2019; 86:820–835 www.sobp.o
containing the NAc were cut into coronal sections for
morphological experiments. Compared with those of the cor-
responding WT mice, the dendritic complexity and length, the
branch number and total spine density of NAc Drd1KO mice
and NAc Drd2KO mice were significantly suppressed in the
METH CPP groups but were unaffected in the saline CPP
groups (Figure 3A–H). Conditional knockout of D1R or D2R in
the NAc reduced the METH-induced increases in the thin and
mushroom spine densities, whereas the stubby spine density
was unaffected (Figure 3I–K). These results indicate that D1Rs
and D2Rs in the NAc consistently regulate structural remod-
eling, which is correlated with METH-induced CPP.
rg/journal
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Figure 2. Dopamine D1 and D2 receptors (D1Rs and D2Rs, respectively) in the nucleus accumbens (NAc) are associated with methamphetamine (METH)-
induced behavioral plasticity. (A) A schematic diagram of the viral vectors used in this experiment. (B) Polymerase chain reaction identification of homozygous
Drd1loxp/loxp and Drd2loxp/loxp mice. (C) Immunofluorescence staining of coronal sections from Drd1loxp/loxp and Drd2loxp/loxp mice showed that D1Rs and D2Rs
were deleted after infection with Cre viral vectors in the NAc. Scale bar = 200 mm or 50 mm. (D, E) Conditional knockout of D1R or D2R in the NAc (NAc Drd1KO
and NAc Drd2KO, respectively) suppressed METH-induced conditioned place preference (CPP) and locomotor activation (CPP: n = 10 mice/group; loco-
motion: n = 9 or 10 mice/group). (F) A schematic diagram of the experimental design for the open field (OF), elevated plus maze (EPM), and Morris water maze
(MWM) tests (n = 9 or 10 mice/group). (G–J) The deletion of D2R in the NAc aggravated anxiety-related behavior after METH withdrawal. (K–N) The deletion of
D1R in the NAc per se impaired spatial learning and memory. In addition, the deletion of D1R in the NAc further exacerbated the spatial learning and memory
impairment induced by METH withdrawal. The data are shown as mean 6 SEM. Compared with wild-type (WT) 1 saline (Sal) group: *p , .05, **p , .01, ***p ,

.001; compared with WT 1 METH group: #p , .05, ##p , .01, ###p , .001; compared with NAc Drd1KO 1 METH group: &p , .05. Locomotion: compared with
WT group: *p , .05, **p , .01; compared with NAc Drd1KO group, ##p , .01. AAV, adeno-associated virus; ANOVA, analysis of variance; EGFP, enhanced
green fluorescent protein.
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METH Differentially Regulates Rac1 and Cdc42
Signaling to Mediate Behavioral and Structural
Plasticity

To investigate whether Rac1 and Cdc42 signaling in the NAc
were affected by repeated METH treatment, we immediately
collected NAc specimens after the CPP test. The results
showed that Rac1 signaling, including Rac1 activity and p21
Biological Psyc
(Rac1) activated kinase 1 (PAK1) phosphorylation, was sup-
pressed. Interestingly, however, Cdc42 signaling, including
Cdc42 activity and neural Wiskott–Aldrich syndrome protein
(N-WASP) phosphorylation was augmented in the METH CPP
group. The expression levels of total Rac1, PAK1, Cdc42, and
N-WASP were unaffected (Figure 4A–D).

To evaluate the effects of Rac1 and Cdc42 on METH-
induced behavioral and structural plasticity, lentiviruses
hiatry December 1, 2019; 86:820–835 www.sobp.org/journal 823
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Figure 3. Conditional knockout of dopamine D1 or D2 receptor (D1R and D2R, respectively) in the nucleus accumbens (NAc Drd1KO and NAc Drd2KO,
respectively) suppresses methamphetamine (METH)-induced structural plasticity. (A) A schematic diagram of Lucifer yellow intracellular injection experiment.
The mice were stereotactically infected with adeno-associated virus (AAV) expressing Cre or enhanced green fluorescent protein (EGFP) (negative control) in the
NAc. Three weeks after the infection, the mice were assigned to saline (Sal) conditioned place preference (CPP) or METH CPP. The mice were immediately
anesthetized and intracardially perfused after the CPP test and coronal sections containing the NAc were then collected for intracellular injection of Lucifer
yellow. Only medium spiny neurons (MSNs) expressing EGFP in the NAc were selected, as the arrowheads show. Scale bar = 10 mm. (B) Representative
morphology of MSNs in each group. (n = 15–18 neurons/group, sampled from 3 mice/treatment condition). The images were obtained by confocal scanning at
the specific excitation wavelength (405 nm) of Lucifer yellow. Scale bar = 50 mm. (C–E) Conditional knockout of D1R and D2R in the NAc blocked METH-induced
increases in dendritic complexity, dendritic length, and branch number of MSNs in the NAc. (F) Representative images of spine remodeling in the three strains of
mice after saline CPP and METH CPP. Scale bar = 5 mm. (G) Representative morphology of the spines. (H–K) Conditional knockout of D1R and D2R in the NAc
blocked the ability of METH to increase the spine density of MSNs, an effect that was primarily driven by the decreases in the densities of thin and mushroom
spines (n = 27–48 dendrites/group, sampled from 4mice/treatment condition). The data are shown as mean6 SEM. Compared with wild-type (WT)1 Sal group:
*p , .05, **p , .01, ***p , .001; compared with WT 1 METH group: #p , .05, ##p , .01, ###p , .001. ANOVA, analysis of variance.
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Figure 4. Methamphetamine (METH) differentially regulates Rac1 and Cdc42 signaling to mediate behavioral plasticity. (A–D) Rac1 activity (Rac1-guanosine
triphosphate [GTP]) and phosphorylated p21 (Rac1) activated kinase 1 (p-PAK1) were decreased in METH conditioned place preference (CPP) mice without
affecting total Rac1 or PAK1 levels, while Cdc42 activity (Cdc42-GTP) and phosphorylated neural Wiskott–Aldrich syndrome protein (p-N-WASP) were
enhanced in METH CPP mice without affecting total Cdc42 or N-WASP levels (n = 4 mice/group). The data are shown as mean 6 SEM. Compared with the
group of saline (Sal): *p , .05, **p , .01, ***p , .001. (E–P) The mice were stereotactically infected with lentiviruses expressing a constitutively active (L61) or
dominant-negative (N17) mutant of Rac1 (Rac1-CA and Rac1-DN, respectively), a constitutively active (L61) or dominant-negative (N17) mutant of Cdc42
(Cdc42-CA and Cdc42-DN, respectively), or a negative control (enhanced green fluorescent protein [EGFP]) in the nucleus accumbens (NAc). Two weeks after
infection, the mice were assigned to CPP (n = 6–8 mice/group) or locomotor activity (n = 6–7 mice/group). The mice assigned to CPP continued to the open
field (OF), elevated plus maze (EPM), and Morris water maze (MWM) tests after 7 days of METH withdrawal. (E) Rac1-CA and Cdc42-DN mice showed lower
CPP scores than EGFP mice exposed to METH CPP. The data are shown as mean 6 SEM. *p , .05, **p , .01, ***p , .001. (F) None of the viral vectors had
any effect on natural preference. (G-K) Rac1-CA and Cdc42-DN had no effect on (G) METH-induced locomotor activation or (H–K) METH withdrawal–induced
anxiety-related behavior. (L–P) Only Rac1-CA alleviated METH withdrawal–induced spatial learning and memory impairment. The data are shown as mean 6
SEM. Compared with EGFP 1 Sal group: *p , .05; compared with EGFP 1 METH group: #p , .05. ANOVA, analysis of variance; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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expressing a constitutively active (L61) or dominant-negative
(N17) mutant of Rac1 (Rac1-CA and Rac1-DN, respectively),
a constitutively active or dominant-negative mutant of Cdc42
(Cdc42-CA and Cdc42-DN, respectively), or an EGFP vector
were individually stereotactically injected into the NAc. We
found that compared with the EGFP, Rac1-CA and Cdc42-DN
Biological Psyc
significantly decreased the CPP scores in the METH CPP
groups (Figure 4E). After METH CPP training, the mice were
subjected to the OF, EPM, and MWM tests. The results of the
MWM showed that only Rac1-CA shortened the escape la-
tencies and increased the number of platform crossings after 7
days of METH withdrawal (Figure 4L–P). None of the viral
hiatry December 1, 2019; 86:820–835 www.sobp.org/journal 825
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Figure 6. Conditional knockout of dopamine D1 or D2 receptor (D1R and
D2R, respectively) in the nucleus accumbens (NAc Drd1KO and NAc
Drd2KO, respectively) alters methamphetamine (METH)-induced Rac1 and
Cdc42 signaling. NAc specimens were obtained immediately after the
conditioned place preference (CPP) test (n = 3 mice/group). (A, C) Condi-
tional knockout of D1R further decreased Rac1 activity and the phosphor-
ylation of its downstream effector p21 (Rac1) activated kinase 1 (PAK1),
while conditional knockout of D2R increased Rac1 activity and PAK1
phosphorylation after METH treatment. The expression of total Rac1 and
PAK1 was unaffected in all groups. (B, D) Conditional knockout of D1R or
D2R suppressed Cdc42 activity and the phosphorylation of its downstream
effector neural Wiskott–Aldrich syndrome protein (N-WASP) after METH
treatment. The expression of total Cdc42 and N-WASP was unaffected. The
data are shown as mean 6 SEM. Compared with wild-type (WT) 1 saline
(Sal) group: ***p , .001; compared with WT 1 METH group: #p , .05, ##p ,

.01, ###p , .001; compared with NAc Drd1KO 1 METH group: &&&p , .001.
ANOVA, analysis of variance; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; GTP, guanosine triphosphate; p-N-WASP, phosphorylated N-
WASP; p-PAK1, phosphorylated PAK1.
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vectors had any effect on the saline CPP (Figure 4F). In addi-
tion, Rac1-CA and Cdc42-DN had no effect on METH-induced
locomotor activation (Figure 4G) or METH withdrawal–induced
anxiety-related behaviors (Figure 4H–K). These results suggest
that the inactivation of Rac1 and the activation of Cdc42 are
responsible for METH-induced CPP but not locomotor acti-
vation and that the inactivation of Rac1 but not the activation
of Cdc42 contributes to METH withdrawal–induced spatial
learning and memory impairment. Moreover, we found that
Rac1 and Cdc42 activity had distinct effects on structural
remodeling in the NAc. Both Rac1-CA and Cdc42-DN blocked
the METH-induced increases in dendritic complexity, dendritic
length, and branch number. All the viral vectors had no effect
on the dendrites in the saline groups (Figure 5B–F). In the sa-
line CPP group, both Rac1-DN and Cdc42-CA increased the
total spine density; specifically, Rac1-DN largely increased thin
spine density, while Cdc42-CA increased both the thin and
mushroom spine densities. Although neither Rac1-CA nor
Cdc42-DN affected the total spine density in the saline CPP
group, compared with EGFP, Rac1-CA significantly increased
the mushroom spine density under saline treatment. The total
spine density was increased in the METH CPP group and was
dramatically blocked by Rac1-CA and Cdc42-DN. Compared
with EGFP under METH treatment, Rac1-CA reduced the thin
spine density, and Cdc42-DN reduced both the thin and
mushroom spine densities (Figure 5G–K).

Conditional Knockout of D1R or D2R in the NAc
Alters METH-Induced Rac1 and Cdc42 Signaling

Dopamine receptors participate in a variety of biological pro-
cesses, especially in dendritic remodeling, by regulating the
Rho family GTPases (37–39). Therefore, we considered
whether D1Rs/D2Rs regulated Rac1/Cdc42 in METH CPP
mice. NAc specimens from WT, NAc Drd1KO, and NAc
Drd2KO mice were collected immediately after the CPP test.
Interestingly, we found that after METH CPP test, Rac1
signaling, including Rac1 activity and PAK1 phosphorylation,
and Cdc42 signaling, including Cdc42 activity and N-WASP
phosphorylation, were both decreased in NAc Drd1KO mice. In
contrast, Rac1 signaling was increased in NAc Drd2KO mice,
whereas Cdc42 signaling was decreased in METH-treated NAc
=

Figure 5. Methamphetamine (METH) differentially regulates Rac1 and Cdc42 signaling to mediate structural plasticity. (A) Representative image of the
stereotactic injection site of the nucleus accumbens (NAc). Scale bar = 200 mm. (B) A schematic diagram of Lucifer yellow intracellular injection experiment.
The mice were stereotactically infected with lentiviruses expressing a constitutively active (L61) or dominant-negative (N17) mutant of Rac1 (Rac1-CA and
Rac1-DN, respectively), a constitutively active (L61) or dominant-negative (N17) mutant of Cdc42 (Cdc42-CA and Cdc42-DN, respectively), or enhanced green
fluorescent protein (EGFP) (negative control) in the NAc. Two weeks after the infection, the mice were assigned to saline (Sal) conditioned place preference
(CPP) or METH CPP. The mice were immediately anesthetized and intracardially perfused after the CPP test and coronal sections containing the NAc were
then collected for intracellular injection of Lucifer yellow. Only medium spiny neurons expressing EGFP in the NAc were selected, as the arrowheads show.
Scale bar = 10 mm. (C) Representative morphology of medium spiny neurons in each group. The images were obtained by confocal scanning at the specific
excitation wavelength (405 nm) of Lucifer yellow (n = 16–19 neurons/group, sampled from 3 mice/treatment condition). Scale bar = 50 mm. (D–F) METH
increased the dendritic complexity, dendritic length, and branch number of medium spiny neurons in the NAc, which was blocked by Rac1-CA and Cdc42-DN.
(G) Representative images of spine remodeling in each group (n = 25–39 dendrites/group, sampled from 3 mice/treatment condition). Scale bar = 5 mm. (H)
Rac1-DN and Cdc42-CA increased the total spine density under Sal treatment. METH increased total spine density, which was blocked by Rac1-CA and
Cdc42-DN. (I–K) In the Sal CPP groups, Rac1-DN greatly increased thin spine density, whereas Cdc42-CA increased both the thin and mushroom spine
densities. Rac1-CA significantly increased the mushroom spine density, although it had no effect on the total spine density under Sal treatment. Compared
with the METH CPP group infected with EGFP, the METH CPP groups infected with Rac1-CA and Rac1-DN showed suppression of thin and mushroom spine
density, respectively. The METH CPP group infected with Cdc42-DN exhibited suppression of both the thin and mushroom spine densities. None of the viral
vectors had any effect on stubby spine density. The data are shown as mean 6 SEM. Compared with EGFP 1 Sal group: *p , .05, **p , .01, ***p , .001;
compared with EGFP 1 METH group: #p , .05, ##p , .01, ###p , .001. ANOVA, analysis of variance; CMV, cytomegalovirus.
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Figure 7. Dopamine D1 and D2 receptors (D1Rs and D2Rs, respectively) modulate methamphetamine (METH)-induced conditioned place preference (CPP)
but not locomotor activation by differentially regulating Rac1 and Cdc42 signaling in the nucleus accumbens (NAc). (A) A schematic diagram of the viral vectors
and transgenic mice used in this experiment. (B) Three weeks after stereotactic injection of the indicated viral vectors into the NAc, Drd1loxp/loxp mice were
assigned to METH CPP (n = 8 or 9 mice/group). Infection with the viral vectors had no effect on basal preference during the preconditioning period. After METH
CPP training, Drd1loxp/loxp mice infected with control viral vectors showed a preference for METH, which was disrupted by conditional knockout of D1R
(Drd1KO) in the NAc. Infection with a constitutively active (L61) mutant of Cdc42 (Cdc42-CA) but not Rac1 (Rac1-CA) partially restored the rewarding effect of
METH in NAc Drd1KO mice. (C) Neither Rac1-CA nor Cdc42-CA viral vectors restored the locomotor activation induced by METH in NAc Drd1KO mice. (D) A
schematic diagram of the viral vectors and transgenic mice used in this experiment. (E) Three weeks after stereotactic injection of the indicated viral vectors
into the NAc, Drd2loxp/loxp mice were assigned to METH CPP (n = 7 or 8 mice/group). Infection with the viral vectors had no effect on basal preference during
the preconditioning period. After METH CPP training, Drd2loxp/loxp mice infected with control viral vectors showed a preference for METH, which was disrupted
by conditional knockout of D2R (Drd2KO) in the NAc. Infection with either dominant-negative (N17) mutant of Rac1 (Rac1-DN) or Cdc42-CA partially restored
the rewarding effect of METH in NAc Drd2KO mice. (F) Neither Rac1-DN nor Cdc42-CA restored the locomotor activation induced by METH in NAc Drd2KO
mice. The data are shown as mean 6 SEM. *p , .05, **p , .01, ***p , .001. AAV, adeno-associated virus; CMV, cytomegalovirus; EGFP, enhanced green
fluorescent protein; n.s., not significant.
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Drd2KO mice. The expression levels of total Rac1, Cdc42,
PAK1, and N-WASP were unaffected in all groups (Figure 6).
These data indicate that D1Rs and D2Rs differentially regulate
Rac1 and Cdc42 signaling in the NAc after repeated METH
treatment.

D1Rs and D2Rs Modulate METH-Induced Behavioral
and Structural Plasticity by Differentially
Regulating Rac1 and Cdc42 Signaling in the NAc

To evaluate whether D1Rs and D2Rs modulate METH-induced
behavioral plasticity by regulating Rac1 and Cdc42 signaling,
wemodulated Rac1 andCdc42 activity in NAcDrd1KOmice and
NAc Drd2KOmice. Drd1loxp/loxpmice and Drd2loxp/loxpmice were
randomly divided into four groups, and the indicated viral vectors
were stereotactically injected into the NAc (Figure 7A, D). Infec-
tionwith the viral vectors inDrd1loxp/loxpmice orDrd2loxp/loxpmice
had no effect on the basal preference during the preconditioning
period. After METH CPP training, Cdc42-CA–infected NAc
Drd1KO mice showed significantly higher CPP scores than
828 Biological Psychiatry December 1, 2019; 86:820–835 www.sobp.o
EGFP-infected NAc Drd1KO mice and lower scores than EGFP-
infected Drd1loxp/loxp mice (Figure 7B). Both Rac1-DN– and
Cdc42-CA–infected NAc Drd2KO mice showed significantly
higher CPP scores than EGFP-infected NAc Drd2KO mice and
lower scores than EGFP-infected Drd2loxp/loxp mice (Figure 7E).
These results suggest that Cdc42-CA but not Rac1-CA partially
restored the rewarding effect of METH in NAc Drd1KO mice.
Both Rac1-DN and Cdc42-CA partially restored the rewarding
effect of METH in NAc Drd2KO mice. Moreover, we found that
neither Rac1-CA nor Cdc42-CA activated the locomotion of
METH-treated NAc Drd1KO mice (Figure 7C) and neither Rac1-
DN nor Cdc42-CA activated the locomotion of METH-treated
NAc Drd2KO mice (Figure 7F).

Next, to assess whether modulating Rac1 and Cdc42 ac-
tivity in NAc Drd1KO mice would ameliorate deficits in spatial
learning and memory, Drd1loxp/loxp mice infected with the indi-
cated viral vectors were subjected to the MWM experiment 7
days after METH withdrawal (Figure 8A). Compared with EGFP-
infected NAc Drd1KO mice, mice infected with Rac1-CA but
not Cdc42-CA exhibited shortened escape latencies and an
rg/journal
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Figure 8. Dopamine D1 and D2 receptors (D1Rs and D2Rs, respectively) modulate methamphetamine (METH) withdrawal–induced spatial learning and
memory impairment and anxiety-related behaviors by differentially regulating Rac1 signaling in the nucleus accumbens (NAc). (A) A schematic diagram of the
experimental design for the Morris water maze (MWM) test in the Drd1loxp/loxp mice infected with the indicated viral vectors (n = 8 or 9 mice/group). (B–E) The
NAc-specific conditional knockout of D1R (NAc Drd1KO) mice infected with the constitutively active (L61) mutant of Rac1 (Rac1-CA) viral vector, but not the
constitutively active (L61) mutant of Cdc42 (Cdc42-CA) viral vector, exhibited reduced METH withdrawal–induced spatial learning and memory impairment.
The data are shown as mean 6 SEM. Compared with Drd1flox 1 enhanced green fluorescent protein (EGFP) group: *p , .05, **p , .01; compared with NAc
Drd1KO1 EGFP group: #p, .05, ###p, .001. (F) A schematic diagram of the experimental design for open field (OF) and elevated plus maze (EPM) tests in the
Drd2loxp/loxp mice infected with the indicated viral vectors (n = 7 or 8 mice/group). (G–J) Aggravation of METH withdrawal–induced anxiety by deletion of D2R in
the NAc is Rac1 and Cdc42 signaling independent. The data are shown as mean 6 SEM. Compared with baseline of Drd2flox 1 EGFP group: *p , .05, **p ,

.01; compared with Drd2flox 1 EGFP group after METH withdrawal: #p , .05, ##p , .01. CPP, conditioned place preference; ANOVA, analysis of variance; DN,
dominant-negative (N17) mutant; Drd2KO, conditional knockout of D2 receptor.
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increased number of platform crossings (Figure 8B–E). These
results imply that conditional D1R knockout aggravates spatial
learning and memory impairment after METH withdrawal by
inhibiting Rac1 signaling. To determine whether modulating
Rac1 and Cdc42 activity in NAc Drd2KOmice would ameliorate
METH withdrawal–induced anxiety, Drd2loxp/loxp mice infected
with the indicated viral vectors were subjected to the OF and
EPM experiments before METH CPP and 7 days after METH
withdrawal (Figure 8F). The results showed that Rac1-DN– and
Cdc42-CA–infected NAc Drd2KO mice exhibited similar travel
distance in the central arena and similar time spent in the open
arms and entries into the open arms 7 days after METH with-
drawal, to EGFP-infected NAc Drd2KO mice (Figure 8G–J).
These results demonstrate that neither Rac1 nor Cdc42
signaling contributes to the aggravation of anxiety-related be-
haviors after METH withdrawal following conditional knockout
of D2Rs in the NAc.
Biological Psyc
Finally, to confirm the connection between D1Rs/D2Rs and
Rac1/Cdc42 in METH-induced structural plasticity, we
assessed the dendritic and spine morphology of MSNs in the
NAc in Drd1loxp/loxp and Drd2loxp/loxp mice infected with both the
Cre viral vector and a Rac1 or Cdc42 mutant (Figure 9A).
Compared with EGFP-infected NAc Drd1KO mice treated with
METH, Cdc42-CA–infected NAc Drd1KO mice showed
increased dendritic complexity, dendritic length, branch num-
ber, and total spine density, especially for thin and mushroom
spines. In contrast, Rac1-CA–infected NAc Drd1KO mice
showed no change in dendritic and spine morphology after
treatment with METH (Figure 9B–K). Compared with EGFP-
infected NAc Drd2KO mice treated with METH, both Rac1-
DN– and Cdc42-CA–infected NAc Drd2KO mice showed
increased dendritic complexity, dendritic length, branch
number, and total spine density after treatment with METH.
However, differences were noted between the groups, with
hiatry December 1, 2019; 86:820–835 www.sobp.org/journal 829
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Figure 9. Dopamine D1 and D2 receptors (D1Rs and D2Rs, respectively) modulate methamphetamine (METH)-induced structural plasticity by differentially
regulating Rac1 and Cdc42 signaling in the nucleus accumbens (NAc). (A) Representative image of the stereotactic injection site of the NAc. Drd1loxp/loxp mice
and Drd2loxp/loxp mice were randomly divided into eight groups and stereotactically injected with the indicated viral vectors in the NAc. Three weeks later, the
mice were assigned to saline (Sal) conditioned place preference (CPP) or METH CPP, after which coronal sections of the NAc were prepared for morphological
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Rac1-DN increasing only the thin spine density and Cdc42-CA
increasing the thin and mushroom spine densities (Figure 9L-T).
These results suggest that D1R activates Cdc42, whereas D2R
suppresses Rac1 and activates Cdc42 to facilitate METH-
induced structural plasticity.
DISCUSSION

In the present study, we show that D1Rs and D2Rs in the NAc
regulate METH-induced CPP, locomotor activation, and den-
dritic and spine remodeling of MSNs but differentially regulate
METH withdrawal–induced behaviors. Interestingly, D1R acti-
vates Rac1 and Cdc42 signaling, while D2R inhibits Rac1 but
activates Cdc42 signaling to modulate METH-induced CPP
and structural plasticity but not locomotor activation. NAc D1R
deletion aggravates METH withdrawal–induced impairment of
spatial learning and memory by suppressing Rac1 but not
Cdc42 signaling, while NAc D2R deletion aggravates METH
withdrawal–induced anxiety through a Rac1- and Cdc42-
independent signaling.

Through microinjection of the Cre virus into the NAc of
Drd1loxp/loxp or Drd2loxp/loxp mice, we found that mice with
conditional deletion of D1Rs or D2Rs in the NAc exhibited
impaired METH-induced CPP and locomotor activation, which
indicates that the activation of D1Rs and D2Rs together medi-
ates addiction behaviors. Our results echoed those of studies
showing that the excessive release of dopamine after drug
administration can rapidly stimulate D1Rs and progressively
stimulate D2Rs, causing abrupt activation of D1-MSNs and
longer-lasting deactivation of D2-MSNs (46), thus provoking
drug-evoked CPP and locomotor activation (47–49). In addi-
tion, treatment with a D1R antagonist impairs alcohol-induced
CPP (50) and METH-induced locomotion (10), whereas condi-
tionally decreasing D2R levels in the core of the NAc abolishes
METH-induced CPP and locomotion (12). All of the above
studies support our finding that D1Rs and D2Rs are involved in
mediating METH-induced CPP and locomotor activation.
Moreover, we found that conditional D2R deletion in the NAc
had a tendency to decrease locomotion, which were consistent
with Sim et al.’s (51) report. However, how the basal locomotion
changes after D2R deletion is still controversial, which may be
related to the knockout regions, experimental conditions, and
sample size (12,49,51–53). A previous study showed that sys-
temic knockout of D1R severely impaired spatial learning and
=
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memory (43). In line with that report, we found that D1R plays an
important role in spatial learning and memory. Compared with
NAc D2-MSNs, NAc D1-MSNs receive stronger inputs from the
ventral hippocampus, which supplies information regarding
spatial and contextual values (47,54). The conditional D1R
deletion in the NAc may mimic the attenuated mesolimbic
dopamine signaling that mediates spatial learning and memory
after METH withdrawal. Moreover, both clinical and animal
experiments found that striatal D2R levels are significantly
reduced after drug withdrawal (55,56). Increasing D2R levels but
not D1R levels prevent the aversive symptoms of drug with-
drawal (57). Another study showed that D2R deletion did not
affect anxiety-related behaviors under basal conditions; how-
ever, the anxiety-related behaviors were increased after expo-
sure to stress (51). These reports support our finding that
conditional D2R deletion had no effect on animal’s anxiety-
related behaviors under saline treatment but severely
increased METH withdrawal–induced anxiety. Together, our
results indicate that D1Rs and D2Rs can consistently or differ-
entially mediate METH-associated behaviors.

The structural hallmarks of MSNs in the NAc are complex
dendritic branches and abundant dendritic spines; these
branches and spines are susceptible to morphological
changes after drug exposure (23–25). After METH CPP
training, we observed more complex dendrites, increased
dendritic length and branching, and augmented dendritic spine
density, especially for thin and mushroom spines. Our results
are consistent with a previous observation that the densities of
both thin and mushroom spines are increased in the dorso-
lateral caudate putamen after METH treatment (58). D1Rs and
D2Rs facilitate spine formation in cultured striatal MSNs (59)
and are critical for spine remodeling induced by other psy-
chological disorders, such as stress and schizophrenia (60,61).
D1R promotes the increase in dendritic branches and spine
density induced by cocaine, and D2R is involved in the regu-
lation of dendritic complexity (23,28). In line with these reports,
our results show that conditional D1R or D2R deletion in the
NAc suppresses the METH-induced increases in dendritic
complexity, dendritic length, branch number, and total spine
density. The decrease in total spines was largely driven by the
reduced number of thin and mushroom spines. Our results
suggest that both D1Rs and D2Rs are involved in METH-
induced structural plasticity. As membrane surface receptors,
dopamine receptors must cooperate with intracellular
ssing both enhanced green fluorescent protein (EGFP) and mCherry. Scale
ction experiment. Only MSNs expressing both EGFP and mCherry in the NAc
w. Scale bar = 10 mm. (C, L) Representative morphology of MSNs in each
wavelength (405 nm) of Lucifer yellow (n = 15–21 neurons/group, sampled
reases in dendritic complexity, dendritic length, and branch number were
re restored by constitutively active (L61) mutant of Cdc42 (Cdc42-CA) viral
n = 19–27 dendrites/group, sampled from 3 mice/treatment condition). Only
ed. Scale bar = 5 mm. (H) The METH-induced increase in total spine density
ction. (I–K) The spine density increase following Cdc42-CA infection of NAc
mushroom spines. (M–O) METH-induced increases in dendritic complexity,
ockout of D2R (NAc Drd2KO) mice but were restored by dominant-negative
H-induced increase in total spine density was blocked in NAc Drd2KO mice
se in spine density following Rac1-DN infection in NAc Drd2KO mice treated
increased the numbers of both thin and mushroom spines. None of the viral
EM. *p , .05, **p , .01, ***p , .001. AAV, adeno-associated virus; ANOVA,
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Figure 10. Summary: dopamine D1 and D2 receptors (D1Rs and D2Rs,
respectively) in the nucleus accumbens (NAc) differentially regulate Rac1
and Cdc42 signaling to modulate methamphetamine (METH)-induced
behavioral and structural plasticity. CPP, conditioned place preference; DA,
dopamine; GTP, guanosine triphosphate; MSNs, medium spiny neurons;
N-WASP, neural Wiskott–Aldrich syndrome protein; PAK1, p21 (Rac1)
activated kinase 1.
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molecules to modulate structural remodeling. Rac1 and Cdc42
are the two key molecules involved in regulating dendritic
growth and spine remodeling (29,31,32). Rac1 activation can
promote dendritic growth and spine formation (29,33) while
suppressing the growth of axons (62). In addition, our team
reported that Rac1 activation in the caudate putamen mediates
a cocaine-induced increase in spine density (35), while Dietz
et al. (20) reported that Rac1 inactivation in the NAc also in-
creases spine density after repeated cocaine administration.
These studies indicate that Rac1 plays complex and differen-
tial roles in structural remodeling depending on the subcellular
structure and brain region. In our study, Rac1 signaling,
including Rac1 activity and PAK1 phosphorylation, was sup-
pressed in the NAc after repeated METH treatment, and the
suppression of Rac1 activity was responsible for METH-
induced dendritic remodeling and increased thin spine den-
sity. Our results are in line with previous findings regarding
Rac1 in the NAc after cocaine treatment, which showed that
decreased Rac1 signaling may mediate actin nucleation and
filament assembly to promote thin spine formation through the
PAK1-cofilin pathway (20,63). Our results also showed that
METH increased Cdc42 signaling, including Cdc42 activity and
N-WASP phosphorylation; this result was inconsistent with
Dietz et al.’s (20) report. Cdc42 activation promotes dendritic
growth and spine formation (29,30), while conditional Cdc42
832 Biological Psychiatry December 1, 2019; 86:820–835 www.sobp.o
deletion induces spine loss (34). Consistent with these reports,
we found that Cdc42 activation increased the densities of thin
and mushroom spines, and Cdc42 inactivation suppressed the
METH-induced dendritic and spine remodeling. These results
indicate that Cdc42 activation may be critical for METH-
induced dendritic growth and spine formation. This conclu-
sion is supported by previous reports showing that Cdc42
signaling can mediate actin branching and spine head
enlargement through the N-WASP-Arp2/3 pathway (31,64).
However, we cannot rule out the possibility that the activities of
PAK1 and N-WASP are coregulated by Rac1 and Cdc42,
which is a subject of our future investigation.

Dopamine receptors participate in a variety of biological
processes, such as active forgetting, dendritic remodeling, and
gene expression, by regulating the Rho family GTPases (37–39).
Here, we showed that D1R activates Rac1 and Cdc42 signaling,
whereas D2R inhibits Rac1 but activates Cdc42 signaling to
modulate METH-induced CPP and structural plasticity. Our
findings are reminiscent of a recent study showing that in
Drosophila, two different dopamine receptors, dDA1 and
DAMB, are required for different aspects of memory. Specif-
ically, whereas dDA1 mediates acquisition, DAMB mediates
forgetting (65,66). The activation of Rac1 mediates forgetting,
whereas the activation of Cdc42 promotes both memory
acquisition and forgetting (66–68). Moreover, the DAMB re-
ceptor mediates active forgetting by activating Rac-cofilin
signaling (37). These investigations indicate that the differen-
tial regulation of Rac1 and Cdc42 signaling by D1Rs and D2Rs
may mediate different aspects of METH-associated memory,
which is usually evaluated using the CPP model (69–71). The
possible explanation of our findings is that, on the one hand, the
rapid stimulation of D1R activates Rac1 to trigger active
forgetting, whereas the progressive stimulation of D2R in-
activates Rac1 to slow the decay of memory (46). On the other
hand, D1Rs and D2Rs consistently activate Cdc42 to promote
both memory acquisition and forgetting (66), ultimately leading
to the consolidation, not the decay, of METH-associated
memory. The observed METH-induced CPP and structural
plasticity may be manifestations of drug-associated patholog-
ical memory, which usurps the similar mechanism of normal
learning andmemory to inhibit active forgetting, thus prolonging
memory (44). Similar to researchdescribing howanN-methyl-D-
aspartate antagonist disrupts cocaine-induced CPP but spares
locomotor activation (72) and research showing that restraint
stress reduces METH-induced CPP without impairing locomo-
tor sensitization (73), our results reveal that interfering with Rac1
and Cdc42 affects METH-induced CPP but not locomotor
activation. These data highlight the complex signaling pathways
involved in METH-induced CPP and locomotor activation.
METH-induced locomotor activation might be mediated by
other D1R and D2R downstream effectors, such as extracellular
signal-related kinase, protein kinase B, dopamine and cyclic
adenosine monophosphate-regulated phosphoprotein Mr 32
kDa, andDFosB (74,75). In addition, we found that Rac1, but not
Cdc42, might act downstream of D1Rs to mediate spatial
learning andmemory, which is consistent with previous findings
that deficient Rac1-PAK signaling impairs spatial learning and
memory consolidation (76,77). Another study reported that the
inhibition of hippocampal Cdc42 activity increases anxiety (78).
We found that D2R deletion in the NAc aggravates
rg/journal
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METHwithdrawal–induced anxiety through aRac1- andCdc42-
independent signalingmechanism, exemplifying the complexity
of the pathways that mediate anxiety in different brain regions.

In conclusion, D1Rs and D2Rs in the NAc differentially
regulate Rac1 and Cdc42 signaling to modulate METH-
induced CPP and structural plasticity but not locomotor acti-
vation (Figure 10). Additionally, D1R alleviates METH
withdrawal–induced spatial learning and memory impairment
through Rac1 signaling activation but not Cdc42 signaling,
whereas D2R alleviates METH withdrawal–induced anxiety
without affecting Rac1 or Cdc42 signaling. Our findings sug-
gest that the dopamine receptor signaling to downstream
molecules, such as Rac1 and/or Cdc42, may serve as a ther-
apeutic target for the treatment of drug addiction.
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