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Abstract

Substantial spine loss in striatal medium spiny neurons (MSNs) and abnormal behaviors
are common features of Parkinson's disease (PD). The caudate putamen (CPu) mainly
contains MSNs expressing dopamine D1 receptor (dMSNs) and dopamine D2 receptor
(iIMSNs) exerting critical effects on motor and cognition behavior. However, the mo-
lecular mechanisms contributing to spine loss and abnormal behaviors in dMSNs and
iMSNs under parkinsonian state remain unknown. In the present study, we revealed
that Cell division control protein 42 (Cdc42) signaling was significantly decreased in
the caudate putamen (CPu) in parkinsonian mice. In addition, overexpression of con-
stitutively active Cdc42 in the CPu reversed spine abnormalities and improved the
behavior deficits in parkinsonian mice. Utilizing conditional dopamine D1 receptor
(D1R) or D2 receptor (D2R) knockout mice, we found that such a decrease under
parkinsonian state was further reduced by conditional knockout of the D2R but not
D1R. Moreover, the thin spine loss in iMSNs and deficits in motor coordination and
cognition induced by conditional knockout of D2R were reversed by overexpression
of constitutively active Cdc42 in the CPu. Additionally, conditional knockout of Cdc42
from D2R-positive neurons in the CPu was sufficient to induce spine and behavior
deficits similar to those observed in parkinsonian mice. Overall, our results indicate
that impaired Cdc42 signaling regulated by D2R plays an important role in spine loss

and behavioral deficits in PD.
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1 | INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disease character-
ized by motor coordination deficits and cognitive impairment, which
are caused by the premature death of dopaminergic neurons inner-
vating the striatum (Ascherio & Schwarzschild, 2016). The striatum,
an important substrate implicated in psychomotor functions, mainly
receives dopaminergic afferents from the substantia nigra pars com-
pacta (SNpc) and forms two parallel efferent pathways, including
the striatonigral direct pathway and the striatopallidal indirect path-
way (Darvas & Palmiter, 2010). Striatonigral neurons in the direct
pathway primarily express the dopamine D1 receptor (D1R) and the
neuropeptide dynorphin (DYN), and striatopallidal neurons in the in-
direct pathway express the D2 receptor (D2R) and enkephalin (ENK).
Numerous lines of evidence indicate that the imbalance of the two
pathways is responsible for the abnormal behavior in parkinsonian
animals (Suarez et al., 2014). Additionally, different portions of the
striatum have been neuroanatomically identified as serving different
functions: the ventral portion, namely the nucleus accumbens (NAc),
is involved in reward and reinforcement; the dorsal portion, desig-
nated the caudate putamen (CPu), is fundamental to cognition and
motor control (Graybiel, 2000). Numerous studies have shown that
dopaminergic deficiency in the CPu contributes to cognitive decline
and motor deficits in PD (McCoy et al., 2019). For instance, intra-
CPu infusion of a D1R agonist or D2R agonist efficiently improved
motor dysfunction in 6-OHDA-induced PD rats (M. Guo et al., 2021).
Additionally, the enhancement of dopaminergic signals in the CPu
was consistent with improvements in both motor function and cog-
nition of PD participants (Darvas et al., 2014; McCoy et al., 2019).
The most common cell type in the CPu is medium spiny neurons
(MSNss), which bear the brunt of reduced dopaminergic innervation
in PD (Alberquilla et al., 2020; Ascherio & Schwarzschild, 2016).
Dendritic spines are highly dynamic structures that are deeply
associated with synaptic plasticity, learning, memory, and behavioral
output (Du et al., 2020; Zolochevska & Taglialatela, 2020). MSNs are
generally accepted to undergo a significant loss of dendritic spines in
various PD models and PD patients (Beeler et al., 2012). Postmortem
study has demonstrated dendrites and spine density on MSNs were
dramatically decreased in PD patients (Zaja-Milatovic et al., 2005). In
parallel, subsequence studies revealed that MSNs spine density was
reduced in animal models of PD (Beeler et al., 2012). Additionally,
evidence from PD models has shown a significant loss of dendritic
spines from both MSNs expressing dopamine D1R (direct MSNss,
dMSNs) and MSNs expressing the dopamine D2R (indirect MSNs,
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iMSNs) within the striatum (Suarez et al., 2014). Furthermore,
Surmeier and his colleagues recently demonstrated that the loss of
dMSNs dendritic spines lagged behind that of iMSNs dendritic spines
in parkinsonian mice (Graves & Surmeier, 2019). Both the D1R and
D2R signaling pathways play essential roles in PD-associated spine
loss and behavioral changes (Suarez et al., 2016). For example, the
degeneration of dopaminergic neurons induces an imbalance in D1R
and D2R signaling in the striatum, thus impairing motor behavior.
The imbalance is due to either aberrant neural excitability of dMSNs
and iMSNs or aberrant striatal plasticity following dopamine deple-
tion (Suarez et al., 2016). In addition, recent studies have demon-
strated that blocking D1R signaling in the motor cortex increases
spine loss, while blocking dopamine D2R signaling promotes spine
formation in mouse models of PD and that this atypical spine remod-
eling contributes to the motor memory impairment associated with
PD (Guo et al., 2015). Further studies have shown that reduced do-
pamine signaling induces motor and cognitive impairments (Morgan
et al., 2015), and that deletion of D2Rs within the striatum results in
dyskinesia similar to that observed in PD models (Bello et al., 2017).
Moreover, the restoration of dopaminergic signaling in the dorsolat-
eral striatum is able to reverse the cognitive impairments uncovered
in dopamine-deficient mice (Darvas & Palmiter, 2009). However,
despite the myriad data showing the importance of D1R and D2R
signaling in PD, knowledge regarding the precise molecular mecha-
nisms of D1R and D2R signaling in the regulation of spine loss and
behavioral output associated with PD is limited.

Cell division control protein 42 (Cdc42) is a member of Rho
GTPases and plays an important role in modulating spine plasticity
(Scott et al., 2003). Similar to other small GTPases, Cdc42 cycles
between the GDP-bound inactive state and the GTP-bound ac-
tive state (Haspel et al., 2021). Two states are primarily controlled
by two opposing enzymes: (i) guanine nucleotide exchange fac-
tors (GEFs), which catalyze the exchange of bound GDP for GTP
and shift Cdc42 into the activated state (active Cdc42), and (ii)
GTPase-activating proteins (GAPs), which accelerate GTP hydro-
lysis, rendering Cdc42 into the inactivated state (inactive Cdc42)
(Haspel etal., 2021). Only active Cdc42 interacts with downstream
effectors to elicit cellular processes (Haspel et al., 2021; Kim et al.,
2014). Many studies indicate that Cdc42 underpins dendritic spine
morphogenesis through the downstream neural Wiskott-Aldrich
syndrome protein (N-WASP) signaling pathway and p21-activated
kinase (PAK) signaling pathways (Scott et al., 2003). For exam-
ple, inhibition of Cdc42-PAK pathway impairs spine structural
and functional plasticity in hippocampal cultured slices, and the
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downregulation of Cdc42-N-WASP pathway impairs spine forma-
tion (Wegner et al., 2008). Abnormal Cdc42 signaling has been
linked to cognitive impairments and aberrant spine remodeling
in certain psychiatric and neurodegenerative disorders, including
schizophrenia and Alzheimer's disease (Eira et al., 2016). For ex-
ample, decreased Cdc42 activity impairs remote memory recall
(Kim et al., 2014) and contributes to the reduction in dendritic
spines in layer 3 pyramidal neurons in schizophrenia (lde & Lewis,
2010). Notably, several lines of evidence suggest the involvement
of Cdc42 in PD. First, the expression of the Cdc42 gene is consis-
tently reduced in three brain regions (Brodmann's area, putamen,
and substantia nigra) in postmortem brain tissues from patients
with PD (Zhang et al., 2005). Second, genomic analyses of inherited
PD have demonstrated that the downregulation of Cdc42 mRNA is
involved in neural apoptosis (Chi et al., 2018; Habib et al., 2018).
Third, a protein array analysis indicates that Cdc42 effector pro-
teins (Cdc42EP2) could bind to a-synuclein, revealing a mecha-
nism underlying the neuropathology of PD (Schnack et al., 2008).
Thus, we hypothesized that Cdc42 may be crucially involved in
Parkinson's disease-like behavior. The goal of the present study
was to investigate whether the reduction in Cdc42 signaling in the
CPu is involved in PD-like behavior and, if so, whether D1Rs or
D2Rs in the CPu are involved in the regulation of Cdc42 signaling.
We found that Cdc42 signaling was decreased in the CPu in par-
kinsonian mice, accompanied by significant spine loss and impair-
ments in motor coordination and cognitive function. Moreover,
overexpression of constitutively active Cdc42 reversed spine
loss in the CPu and improved the deficits in motor coordination
and cognition observed in parkinsonian mice, suggesting that
Cdc42 signaling plays an important role in the spine abnormalities
and behavioral deficits associated with PD. In addition, using CPu-
Drd1KO or CPu-Drd2KO mice, we found that Cdc42 signaling was
regulated by D2R rather than by D1R under parkinsonian state and
that overexpression of constitutively active Cdc42 reversed the
D2R knockout-induced spine abnormalities and behavioral defi-
cits. Moreover, using Drd2-Cdc42KO mice, we found that condi-
tional knockout of Cdc42 in striatal D2R-positive neurons induced
spine abnormalities as well as deficits in motor coordination and
cognition, similar to those observed in parkinsonian mice. Taken
together, our results provide the first evidence that Cdc42 signal-
ing, regulated by D2R in the CPu, plays an important role in medi-
ating spine abnormalities and motor and cognitive deficits in PD.

2 | RESULTS

2.1 | Involvement of Cdc42 activity in regulating
spine plasticity in parkinsonian mice

To investigate whether Cdc42 signaling is involved in the patho-
physiology of parkinsonian mice, Cdc42 activity in the CPu
was measured both 48 h and 3 weeks after the final injection
(Figure 1a). Active Cdc42 but not total Cdc42 was significantly
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decreased in the CPu of parkinsonian mice (Figure 1b,c,d). The
downstream targets of Cdc42 signaling, including the phospho-
rylation levels of N-WASP, PAK, and Cofilin, were all decreased
(Figure 1b,e,g,i). Total Cdc42, N-WASP, PAK, and Cofilin were un-
altered by 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP)
at the indicated time points (Figure 1b,d,f,h,j). These findings sug-
gest that Cdc42 signaling in the CPu is significantly suppressed in
parkinsonian mice.

To examine whether the reduction in Cdc42 activity in parkin-
sonian mice is responsible for spine alteration in the CPu, we con-
structed several lentiviruses containing Cdc42 mutants, including
a constitutively active mutant Cdc42-ca and a dominant negative
mutant Cdc42-dn (Figure 1k). Constitutively active Cdc42 mu-
tants (Cdc42-ca) are resistant to GTP hydrolysis and thus maintain
Cdc42in active state, while dominant negative mutants (Cdc42-dn)
sequester GEFs and inhibit Cdc42 activity (Haspel et al., 2021).
Mice were bilaterally injected with lentiviruses into the CPu, and
brain tissues were collected 48 h and 3 weeks after intraperito-
neal injection (Figure 1l). Immunofluorescence staining confirmed
that the virus was confined to the CPu and spread throughout
approximately 50.05% of the CPu (Figure S2a). Three weeks
after virus injection, the activities of Cdc42 and its downstream
proteins (N-WASP, PAK, and Cofilin) were assessed. The results
showed that Cdc42-ca efficiently increased Cdc42 and its down-
stream signaling activities, and Cdc42-dn decreased Cdc42 and
its downstream signaling activity (Figure S2). NeuronStudio was
used to process the morphological features of dendritic spines.
Similar to the stereology obtaining three-dimensional parameters
of the structure based on the measurements of two-dimensional
slices, NeuronStudio with the rayburst algorithm allows for 3D
reconstruction of dendritic spines from multiple confocal stacks
in a spatial range (Rodriguez et al., 2006). We found that MPTP
treatment significantly increased spine head width (Figure 1n,0)
and volume (Figure 1n,q) without changes in the average spine
length (Figure 1n,p) both 48 h and 3 weeks after the final injec-
tion of MPTP. Noting that Cdc42 activity was decreased by MPTP
treatment (Figure 1b,c), overexpression of Cdc42-dn increased
spine head width and spine volume, whereas overexpression of
Cdc42-ca significantly improved the enlarged spine heads and
spine volume (Figure 10,q). Further decreasing Cdc42 activity in
MPTP-treated mice by overexpression of Cdc42-dn did not exac-
erbate MPTP-induced increase in spine head width and volume
(Figure 10,q), suggesting that MPTP-induced decrease in Cdc42
activity is sufficient to increased spine head width and volume.
We further found that MPTP treatment reduced the total spine
density (Figure 1n,r) and that this decrease was mainly due to the
loss of thin (Figure 1n,s) and mushroom spines (Figure 1n,t) rather
than stubby spines (Figure 1n,u). Overexpression of Cdc42-dn re-
duced total spine and thin spine density, whereas overexpression
of Cdc42-ca partially reversed the MPTP-induced reduction in
total spine and thin spine density (Figure 1r-s). Overexpression of
Cdc42-dn did not further decrease total and thin spine density in
MPTP-treated mice (Figure 1r-s). These results indicate that the
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FIGURE 1 Involvement of Cdc42 activity in regulating spine plasticity in parkinsonian mice. (a) Timeline for successive intraperitoneal
injection of MPTP or saline and tissues collection. (b-j) Representative western blots (b) and statistical analyses (right) assessing the level

of Cdc42 activity and its downstream effectors in the CPu 48 h and 3 weeks after the final injection of MPTP. The activity of Cdc42 (c)

and the phosphorylated forms of N-WASP (e), PAK (g), and Cofilin (i) in the CPu were decreased 48 h and 3 weeks after the final injection

of MPTP. Total Cdc42 (d), N-WASP (f), PAK (h), and Cofilin (j) were not altered by MPTP at the indicated time points (n = 6 mice/group). (k)
Schematic diagram of the construction of lentiviruses containing EGFP alone (LV-EGFP), constitutively active Cdc42 (Cdc42-ca), or dominant
negative Cdc42 (Cdc42-dn) fused with EGFP driven by the CMV promoter. (I) Timeline for analysis of the spine structure from mice injected
with Cdc42 mutant constructs. (m) Representative image of coronal sections from the mouse brain showing lentiviral EGFP expression
within the CPu 3 weeks after stereotaxic injection. Scale bars, 1 mm. (n) Representative confocal images from dendritic spines transfected
with Cdc42 mutants at both 48 h and 3 weeks. Scale bars, 5 um. (0-q) Statistical analysis of average spine head width (o) spine length (p)

and spine volume (q) in MSNs from virus-transfected dendrites in the CPu at both 48 h and 3 weeks. (r-u) Statistical analysis of dendritic
spine density, including total (r), thin (s), mushroom (t), and stubby (u) spine subtypes at both 48 h and 3 weeks. The data represent the

mean + SEM, and the normal saline group was set to 1 for the quantitative analysis, *p < 0.05, **p < 0.001, ***p < 0.0001, one-way ANOVA
(c-j), followed by Bonferroni correction for multiple comparisons, and two-way ANOVA (o-u), followed by Bonferroni correction for multiple

comparisons

impaired Cdc42 activity is important for the changes in the spine
head, spine volume, and thin spine density in parkinsonian mice.

2.2 | Involvement of Cdc42 activity in regulating
motor deficits and cognitive impairment in
parkinsonian mice

To define the contribution of Cdc42 signaling to the behavioral
impairment in the parkinsonian state, mice injected with viruses
(Cdc42-ca, Cdc42-dn, LV-EGFP) were subjected to behavioral tests
(locomotor ability (pole test, overall rotarod performance (ORP)),
cognitive function (novel object recognition (NOR) task and Y-maze),
and emotional behavior (elevated plus-maze (EPM) and tail suspen-
sion test (TST))) after saline or MPTP treatments (Figure 2a).

Motor defects, such as slowness of movement and abnormalities
of coordination, are well-known characteristics of PD (Ascherio &
Schwarzschild, 2016). We found that MPTP-treated mice showed
a shortened duration time on the rotating rod (Figure 2b). These
results suggest that motor coordination and balance are impaired
after MPTP treatment. Although overexpression of Cdc42-dn did
not exacerbate motor deficits in ORP, overexpression of Cdc42-ca
reversed MPTP-induced motor coordination defects (Figure 2b). We
further found that MPTP-treated mice showed a prolonged latency
to turn around and land on the ground in the pole test (Figure 2c,d),
indicating that sensorimotor function is impaired in parkinsonian
mice. Overexpression of Cdc42-ca partially rescued the deficits in
the pole test. Overexpression of Cdc42-dn alone impaired senso-
rimotor function, similar to MPTP treatment, but it did not exac-
erbate MPTP treatment-induced defects in sensorimotor function
(Figure 2b-d).

Cognitive impairment is the most common nonmotor symp-
tom in PD (Morgan et al., 2015). We thus measured spatial working
memory and discrimination of recognition memory by the Y-maze
test and the novel objective recognition (NOR) test, respectively.
As shown in Figure 2e,f, spatial working memory was not impaired
after MPTP treatment. However, in the NOR test, mice treated with

MPTP or Cdc42-dn showed a decrease in novel object exploration,

and the MPTP-induced decrease was partially reversed by Cdc42-ca
(Figure 2g). In addition, we measured anxiety and depression by ele-
vated plus maze (EPM) and tail suspension test (TST). We found that
MPTP treatment had no effect on the time or entries in the open arm
of the EPM (Figure 2h) or the immobility time in the TST (Figure 2i),
suggesting that anxiety and depression were not affected by MPTP
treatment. Taken together, these results suggest that Cdc42 is in-
volved in manipulating motor coordination and recognition memory
in parkinsonian mice.

2.3 | Dopamine D2R is involved in the regulation of
Cdc42 activity in parkinsonian mice

Because both dopamine D1R and D2R signaling in the dorsal stria-
tum play important roles in regulating behavior (Suarez et al., 2016),
we examined whether the decreased Cdc42 activity in MSNs in
parkinsonian mice was regulated by dopamine D1R and/or D2R.
Conditional D1R and D2R knockout mice were generated by bilat-
eral injection of adeno-associated viruses (AAVs) expressing Cre re-
combinase tagged with mCherry driven by the dopamine D1R gene
(Drd1) promoter (Drd1-Cre) and dopamine D2R gene (Drd2) promoter
(Drd2-Cre) into the CPu of Drd1'®®/1® and Drd2'°"/1o* mice, respec-
tively. Conditional D1R knockout (CPu-Drd1KO) and D2R knockout
(CPu-Drd2KO) mice were intraperitoneally injected with MPTP, and
brain tissues were collected (Figure 3a-c). Assessment of DYN and
ENK-immunostained sections from CPu-Drd1KO and CPu-Drd2KO
mice reveals that, as expected, Drd1-Cre virus (red) in the CPu is im-
munoreactive for DYN (green) but little for ENK (green) (Figure 3d).
In contrast, Drd2-Cre virus (red) is immunoreactive for ENK (green)
but is almost devoid of DYN (green) (Figure 3e). Moreover, the colo-
calization of Drd1-Cre with dopamine D1R confirmed the absence of
D1R in the virus-infected CPu of the Drd1'®?/'® mice, and the colo-
calization of Drd2-Cre with dopamine D2R confirmed the absence of
D2R in the virus-infected CPu of the Drd2'®®/"*® mice (Figure 3f,g).
Besides, infusion of AAV-Drd2-Cre-mCherry viral vectors in the CPu
resulted in mCherry expression (red) with no or little expression in
cholinergic interneurons (green) (Figure S3). These results suggest
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analysis of the behavior of the mice injected with the Cdc42 mutant followed by MPTP or saline treatment. (b-i) Quantification of behavioral
parameters. Movement distance in the performance score in overall rotarod performance (ORP) (b), and latency to turn around (c) and

land on the ground (d) in the pole test; (e-g) Cognitive function was measured by the percentage of time spent in the novel arm (e) and

visits to the novel arm (f) in the Y-maze and percentage of time exploring the novel object in the novel object recognition (NOR) task (g);

(h and i) Anxiety and depression-like behavior were quantified by an Elevated plus-maze (EPM) test (h) and tail suspension test (TST) (i). All
data are expressed as the mean value + SEM. **p < 0.01, ***p < 0.0001, two-way ANOVA, followed by Bonferroni correction for multiple
comparisons
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that the Drd1-Cre- and Drd2-Cre-mediated gene knockout approach
is highly efficient.

We next explored whether knockout of D1R and D2R in the
CPu alters the activity of Cdc42 in saline- or MPTP-treated mice.
We found that Cdc42 activity was significantly reduced after con-
ditional knockout of D1R and D2R in the CPu under saline condi-
tions (Figure 3h). Additionally, Cdc42 activity under parkinsonian
state was further reduced in CPu-Drd2KO mice 48 h after the final
injection of MPTP (Figure 3i-q). Consistently, the reduction of
Cdc42 signaling was detected in CPu-Drd2KO mice 3 weeks after
the final injection of MPTP (Figure 3i-q). These results suggest that
Cdc42 signaling regulated by D2R in the CPu plays an important role

in parkinsonian mice.

2.4 | Increased Cdc42 activity rescues abnormal
spine morphology and behavioral defects in CPu-
Drd2KO mice

Dramatic loss of dendritic spines on MSNs is one of the most con-
sistent biological events in animal models of PD and patients with
PD. To explore whether deletion of D1R affects dendritic spines
of dMSNs under parkinsonian state, CPu-Drd1KO mice were bilat-
erally injected with LV-EGFP into the CPu, and brain tissues were
collected after intraperitoneal MPTP injection (Figure 4a,b,c). The
mice that received the virus injection were recovered from the sur-
gery for 3 weeks before spine analyses were performed (Figure 4a).
Consistently, we found that MPTP treatment significantly increased
spine head width (Figure 4d,e) and volume (Figure 4d,g) without
changes in the average spine length (Figure 4d,f) in dMSNs. We
further found that MPTP treatment reduced the total spine density
(Figure 4d,h) and that this decrease was primarily due to the loss
of thin (Figure 4d,i) and mushroom spines (Figure 4d,j) rather than
stubby spines (Figure 4d,k) in dMSNs. However, conditional knock-
out of D1R in dMSNs had no effect on spine head width (Figure 4d,e),
average spine length (Figure 4d,f), spine volume (Figure 4d,g) or spine
density (Figure 4d,h-k) with or without MPTP treatment. Therefore,
our results indicated that deletion of D1Rs in the CPu did not affect
the dendritic spines of dAMSNs in parkinsonian mice.

Subsequently, we investigated spine morphology and density in
iMSNs in CPu-Drd2KO mice with parkinsonian syndrome. LV-EGFP
was injected into the mouse CPu, and then the animals were sub-
jected to behavioral tests and spine analyses (Figure 5a,b). Only
dendritic spines from MSNs infected with both Drd2-Cre and LV-
EGFP were selected for spine analysis (Figure 5c,d). Similar to our
previous findings, iIMSNs exhibited dendritic spine abnormalities
under parkinsonian state (Figure 5e). Conditional knockout of D2R
in iIMSNs increased spine head width and volume (Figure 5e,f,h)
without changing the average spine length (Figure 5e,g). Moreover,
conditional knockout of D2R significantly reduced the total spine
density in iMSNs (Figure 5e,i-l); this decrease was primarily due to
the loss of thin spines and was further aggravated after MPTP treat-
ment (Figure 5j). As shown in Figure 5k, conditional knockout of D2R
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in iMSNs had no effect on mushroom spine density. Furthermore,
previous studies found that deletion or inducible ablation of D2R
induced a pronounced reduction of Drd2 mRNA (>80%), with no re-
duction in Drd1 mRNA levels, in striatal tissue relative to the control
(Lemos et al., 2016). To exclude an effect of D2R deletion on the den-
dritic spines of dMSNs under parkinsonian state, we next injected
Drd1-EGFP into the CPu of CPu-Drd2KO mice (Figure S6). We found
that conditional knockout of D2R had no effect on spine density in
dMSNs, which only suffered dendritic spine loss after treated with
MPTP (Figure S6). Taken together, these results suggest that dele-
tion of D2R in the CPu merely exhibited aberrant spine morphology
and density in iIMSNs, but not dAMSNs under parkinsonian state.

Next, we investigated whether restoration of Cdc42 activity
in the CPu-Drd2KO mice with parkinsonian syndrome could cor-
rect aberrant spine morphology and density in iMSNs. Cdc42-ca
or LV-EGFP was injected into the CPu of D2R knockout mice.
Overexpression of Cdc42-ca corrected the enlargement of spine
heads and the increase in spine volume induced by the loss of D2R in
iMSNs under saline and MPTP conditions (Figure 5f,h), and partially
rescued the reduction in total and thin spine density (Figure 5i,j) in
iMSNs from CPu-Drd2KO mice.

To test whether Cdc42-ca could also rescue the impaired motor
coordination and recognition memory induced by conditional
D2 knockout in the CPu, mice co-injected with Drd2-Cre and either
Cdc42-ca or LV-EGFP were subjected to behavioral tests after saline
or MPTP treatment (Figure 5a). We observed that the CPu-Drd2KO
mice showed a shortened duration on the rotating rod (Figure 5m),
suggesting that motor coordination and balance were impaired
after conditional knockout of D2R. In addition, overexpression
of Cdc42-ca reversed D2R knockout-induced motor coordination
defects (Figure 5m). We further found that the CPu-Drd2KO mice
showed prolonged latency to turn around and land on the ground in
the pole test (Figure 5n,0), indicating that sensorimotor function is
impaired after conditional knockout of D2R. Moreover, overexpres-
sion of Cdc42-ca rescued such deficits in the pole test (Figure 5n,0).
Furthermore, in the NOR test, CPu-Drd2KO mice showed decreased
novel object exploration after MPTP treatment, and this decrease
was partially reversed by Cdc42-ca (Figure 5p).

Collectively, these results suggest that the inhibition of Cdc42
activity in D2R knockout mice is necessary for MPTP-induced spine
abnormalities as well as motor and cognitive deficits.

2.5 | Deletion of Cdc42 from D2R-positive neurons
induced spine and behavioral defects, similar to that
in parkinsonian mice

To substantiate the role of Cdc42 in D2R-positive neurons in the
spine structure and behavioral characteristics of PD, we gener-
ated conditional Cdc42 knockout (Drd2-Cdc42KO) mice, by co-
injection of Drd2-Cre and LV-EGFP into the CPu of Cdc42'ox"/loxp
mice (Figure 6a). As expected, a reduction of Cdc42 was observed in
the striatum of Drd2-Cdc42KO mice compared to WT mice (Figure
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S4). Mice were allowed to recover for 3 weeks to fully express the
virus before the spine analysis and behavioral tests (Figure 6b). WT
mice injected with Drd2-Cre and LV-EGFP were used as controls. We
found that conditional knockout of Cdc42 from D2R-positive neu-
rons in the CPu significantly increased spine head width and volume

(Figure 6¢,d,f) without significantly changing the average spine length
(Figure 6c,e). The conditional knockout of Cdc42 from D2R-positive
neurons in the CPu reduced the total spine density (Figure 6c,g), and
this decrease was mainly due to the loss of thin (Figure éc,h) rather
than mushroom (Figure 6c,i) or stubby spine density (Figure 6c,j).
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FIGURE 3 Conditional knockout of dopamine D2R in the CPu decreases Cdc42 activity in MPTP-treated mice. (a) Timeline for successive
intraperitoneal injection of MPTP or saline. (b) Polymerase chain reaction identification of Drd1/"'*® mice and Drd2'*"'** mice. (c)
Schematic diagram of the construction of CPu-Drd1KO mice and CPu-Drd2KO mice by injecting adeno-associated viruses (AAVs) expressing
Cre recombinase tagged with mCherry driven by the dopamine D1 receptor gene (Drd1) promoter (Drd1-Cre) or dopamine D2 receptor

gene (Drd2) promoter (Drd2-Cre) into Drd1'™"'%" mice or Drd2'>®1*P mice, respectively. (d) Representative images showing colocalization of
Drd1-Cre virus (red), dynophin (DYN) immunoreactivity (green, DYN), and hoechst (blue) in Drd1®®'*" mice and WT mice. Scale bar = 50 pm.
(e) Representative images showing colocalization of Drd2-Cre virus (red), enkephalin (ENK) immunoreactivity (green, ENK), and hoechst
(blue) in Drd2'°?%P mice and WT mice. Scale bar = 50 pm. (f and g) Immunofluorescence staining of coronal sections showed that D1R and
D2R were deleted in the CPu from CPu-Drd1KO (f) and CPu-Drd2KO mice (g), respectively. Red, Drd1-Cre or Drd2-Cre; green, D2R or D2R;
blue, Hoechst. Low resolution captured by microscope (5x larger NA) and high resolution captured by laser confocal microscope (63x oil
NA), Scale bars 500 pm (left), and 20 pm (right). (h) Representative western blots (bottom) and statistical analyses (top) assessing the level of
Cdc42 activity in the CPu from CPu-Drd1KO mice and CPu-Drd2KO mice under saline and MPTP conditions. The activity of Cdc42 in CPu-
Drd1KO mice and CPu-Drd2KO mice was decreased under saline conditions, while the activity of Cdc42 in CPu-Drd2KO mice was further
reduced after MPTP treatment. Total Cdc42 in the CPu was unchanged under the same conditions at the same time point (n = 5-7 mice/
group). (i-q) Representative western blots (i) and statistical analyses (right) assessing the level of Cdc42 activity in the CPu from CPu-
Drd2KO mice 48 h and 3 weeks after the final injection of MPTP. The activity of Cdc42 (j) and the phosphorylated forms of N-WASP (l), PAK
(n), and Cofilin (p) were decreased in the CPu-Drd2KO mice 48 h and 3 weeks after the final injection of MPTP. Total Cdc42 (k), N-WASP (m),
PAK (o), and Cofilin (q) were unaltered by MPTP at the indicated time points (n = 4 mice/group). The data represent the mean + SEM, and
the normal saline group was set to 1 for the quantitative analysis, *p < 0.05, **p < 0.001, ***p < 0.0001, two-way ANOVA (h), followed by

Bonferroni correction for multiple comparisons and one-way ANOVA (j-q), followed by Bonferroni correction for multiple comparisons

Furthermore, Drd2-Cdc42KO mice exhibited a shortened duration
on the rotating rod (Figure 6k), suggesting that motor coordination
and balance were impaired after conditional knockout of Cdc42 in
D2R-positive neurons. We further found that Drd2-Cdc42KO mice
showed prolonged latency to turn around and land on the ground
in the pole test (Figure 6l,m), indicating that conditional knockout
of Cdc42 from D2R-positive neurons is sufficient to impair sensori-
motor function. In the NOR test, conditional Cdc42 knockout mice
showed a decrease in novel object exploration (Figure 6n). In sum-
mary, these results reveal that conditional Cdc42 knockout mice ex-
hibit phenotypes highly reminiscent of those in parkinsonian mice,
further supporting the role of Cdc42 in D2R-positive neurons in
spine abnormalities as well as motor and cognitive deficits in par-

kinsonian mice.

3 | DISCUSSION

In this study, we found a significant reduction in Cdc42 activity in
the CPu of parkinsonian mice that was necessary for spine and be-
havioral plasticity in parkinsonian mice. We further demonstrated
that the decreased Cdc42 signaling was primarily regulated by D2R
but not D1R and mediates the spine and behavioral defects in par-
kinsonian mice. Our findings revealed a novel mechanism in which
the reduction in Cdc42 regulated by dopamine D2R contributes to
the pathophysiology of parkinsonian mice, indicating that Cdc42 is
an effective target for treating PD.

Cdc42 is a major determinant of spine formation and mainte-
nance, and aberrant Cdc42 signaling in the striatum is implicated in
multiple neurological diseases, such as Huntington's disease (Holbert
et al., 2003). In our study, we found that Cdc42 signaling in the CPu
was decreased in parkinsonian mice, which echoed previous studies
reporting that Cdc42 was decreased in patients with PD (Chi et al.,
2018; Habib et al., 2018; Zhang et al., 2005). However, Barcia et al.

reported that total Cdc42 was increased in the nigrostriatal path-
way after MPTP treatment (Barcia et al., 2012). This discrepancy
may be due to the different MPTP mouse models (subchronic MPTP
model in our experiments and acute MPTP model in Barcia et al.)
and different dopamine concentrations in these two mouse models.
In this study, we found that MPTP decreased spine density, which
was accompanied by an increase in head width and spine volume.
It is tempting to speculate that the increase in the head width and
spine volume observed in the PD model might compensate for the
decrease in dendritic spine density, as spines may need to maintain
a certain synaptic strength. Moreover, we found that activation of
Cdc42 in the CPu could attenuate MPTP-induced spine abnormali-
ties, whereas inactivation of Cdc42 in the CPu reduced the thin spine
density and increased spine size (including spine head and spine vol-
ume). Therefore, it is reasonable to postulate that Cdc42 is neces-
sary to improve synaptic strength damage after MPTP treatment.
Indeed, numerous studies have indicated that decreased Cdc42 sig-
naling contributes to decreased spine density. For example, the
activation of Cdc42 increased the formation of dendritic spines in
Aplysia sensory neurons (Udo et al., 2005), while the inactivation of
Cdc42 reduced the dendritic spine density in vertical system neu-
rons in Drosophila (Scott et al., 2003). In addition, a mathematical
model predicted that depletion of Cdc42 slightly altered the spine
volume (Rangamani et al., 2016). Together, these studies indicate
that Cdc42 may be essential for spine plasticity.

In accordance with previous work showing that MPTP-treated
mice display deficits in motor coordination and cognitive function
(Moriguchi et al., 2012), the MPTP-treated mice in our research ex-
hibited deficits in motor coordination and cognition but normal basal
motor activity and affective behavior. Moreover, we found that con-
stitutively active Cdc42 in the CPu was sufficient to attenuate MPTP-
induced motor coordination and cognitive deficits. And dominant
negative Cdc42 impaired motor coordination and cognitive function,
similar to MPTP treatment, and it exacerbated MPTP-induced motor
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FIGURE 4 Conditional knockout of dopamine D1R in the CPu has no effect on dMSNs spine density. (a) Timeline for spine analysis for the
mice in each group. (b) Representative low-magnification image (right) of captured CPu areas with virus injection and double immunostaining
showing that GFP (green) and mCherry (red) were coexpressed. Scale bar, 1 mm. (c) A schematic diagram of the coinjected Drd1-Cre
recombinase virus or Drd1-mCherry and LV-EGFP in Drd1'®*/'*? mice. (d) Representative image of dendritic spines of dMSNs at both 48 h
and 3 weeks. Scale bar, 5 um. (e-h) Statistical analysis of average spine head width (e), spine length (f), spine volume (g), and total spine
density (h) from virus-transfected dMSNss in the CPu at both 48 h and 3 weeks. (i-k) Statistical analysis of dendritic spine density of dMSNs,
including the thin (i), mushroom (j), and stubby (k) spine subtypes at both 48 h and 3 weeks. The data represent the mean + SEM. *p < 0.05,
**p < 0.001, ***p < 0.0001, two-way ANOVA, followed by Bonferroni correction for multiple comparisons

FIGURE 5 Increased Cdc42 activity rescues spine and behavioral defects in CPu-Drd2KO mice after MPTP treatment. (a) Timeline for
analysis of the spine structure and behavior of the mice in each group. (b) A schematic diagram of the coinjected Drd2-Cre recombinase virus
and Cdc42-ca or LV-EGFP in Drd2'*"'*® mice. (c and d) Representative low-magnification (c) and confocal (d) photomicrographs of captured
CPu areas with virus injection and double immunostaining showing that GFP (green) and mCherry (red) were coexpressed in MSNs. Scale
bar, 1 mm (c) and 20 um (d). () Representative image of dendritic spines of iMSNs at both 48 h and 3 weeks. Scale bar, 5 pm. (f-i) Statistical
analysis of average spine head width (f), spine length (g), spine volume (h), and total spine density (i) from virus-transfected iMSNs in the
CPu at both 48 h and 3 weeks. (j-I) Statistical analysis of dendritic spine density of iMSNs, including the thin (j), mushroom (k), and stubby (1)
spine subtypes at both 48 h and 3 weeks. (m-p) Quantification of behavioral parameters from mice in each group. Motor coordination was
assessed by performance score in ORP (m) and latency to turn around (n) and land on the ground (o) in the pole test. Cognitive function was
measured by the percentage of time spent exploring the novel object in the NOR task (p). The data represent the mean + SEM. *p < 0.05,
**p < 0.001, ***p < 0.0001, two-way ANOVA, followed by Bonferroni correction for multiple comparisons
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coordination deficit. These results suggest that the decrease in (Zhang et al., 2016), and the deletion of Cdc42 impairs balance and
Cdc42 signaling is important for behavioral plasticity in parkinsonian motor coordination in mice with vestibular dysgenesis (Kaartinen
mice. Converging evidence has shown that Cdc42 is critical for the et al., 2002). Additionally, knockout of Cdc42 or effector proteins of
regulation of motor coordination and cognitive behavior. The activa- Cdc42 impaired locomotion and memory (Kim et al., 2014; Nekrasova
tion of Cdc42 is involved in anesthesia-resistant memory formation et al., 2008). Thus, we confirmed that the downregulation of Cdc42
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FIGURE 6 Deletion of Cdc42 in D2R-positive neurons of the CPu leads to spine loss and abnormal behavior. (a) Polymerase chain reaction
identification of Cdc42'""*® mice and schematic diagram of generating Drd2-Cdc42KO mice by injecting Drd2-Cre into Cdc42/?'%® mice.
(b) Timeline for analysis of the spine structure and behavior of the mice in each group. (c) Representative image of dendritic spines of MSNs
in Drd2-Cdc42KO mice treated with saline and MPTP at both 48 h and 3 weeks. Scale bars, 5 um. (d-g) Statistical analysis of average spine
head width (d), spine length (e), spine volume (f), and total spine density (g) from virus-transfected iMSNs in the CPu at both 48 h and

3 weeks. (h-j) Statistical analysis of dendritic spine density of iMSNs, including the thin (h), mushroom (i), and stubby (j) spine subtypes at
both 48 h and 3 weeks. (k-n) Quantification of behavioral parameters from mice in each group. Motor coordination was assessed by the
performance score in ORP (k) and latency to turn around (I) and land on the ground (m) in the pole test. Cognitive function was measured

by the percentage of time spent exploring the novel object in the NOR task (n). All data are expressed as the mean value + SEM. *p < 0.05,
**p < 0.001, ***p < 0.0001, two-way ANOVA, followed by Bonferroni correction for multiple comparisons

in the CPu was responsible for the impairment in motor coordination
and cognition in parkinsonian mice. Moreover, the finding that de-
creased Cdc42 signaling is responsible for decreased spine density
and cognitive dysfunction in schizophrenia further supports the role
of Cdc42 in regulating spine and behavior (Ide & Lewis, 2010).

Accumulating evidence indicates that dopamine receptors are
critical for striatal MSNs spine remodeling in neuropsychiatric dis-
eases, such as PD (Beeler et al., 2012). Some studies report that both
dMSNs and iMSNs undergo robust spine loss after dopaminergic
denervation (Bello et al., 2017). Using the Drd1 or Drd2 promoter
to distinguish dMSNs or iIMSNs, respectively, in the CPu, our re-
sults demonstrated that spine abnormalities in parkinsonian mice
occurred not only in dMSNs but also in iMSNs. Furthermore, con-
ditional D1R deletion in the CPu had no effect on spine density in
dMSNs, but conditional D2R deletion in the CPu significantly de-
creased the spine density and enlarged the spine head and volume
in the iIMSNs under a parkinsonian state. Consistently, genetic stud-
ies have revealed that loss of the intracellular D2R long isoform but
not DR decreases the spine density of striatal MSNs (Shioda et al.,
2017). This evidence indicates that dopamine D2R is important for
spine remodeling in PD.

In addition, dopamine receptors coupled to G proteins are nota-
ble for engaging a multitude of intracellular molecules to manipulate
structural remodeling, conferring their psychomotor functions, by
regulating Rho family GTPases (Francis et al., 2019; Gurevich et al.,
2016). G proteins such as Ga,, have been shown to be linked to
Cdc42, which is sufficient for spine remodeling (Vanni et al., 2007).
In the present study, we found that Cdc42 activity was regulated
by D2R, but not D1R, under a parkinsonian state. Our data are con-
sistent with a recent high-throughput RNA-seq study showing that
transcripts encoding Cdc42 are enriched in iMSNs of the dorsal stri-
atum (Puighermanal et al., 2020). Furthermore, Suarez et al indicate
that iMSNs are slightly affected by deletion of D1R but strongly af-
fected by dopamine depletion (Suarez et al., 2020). These findings
may explain why Cdc42 signaling is mainly regulated by D2R, but not
D1R, under parkinsonism state. Interestingly, we found that Cdc42
activity in the CPu was decreased by conditional D2R deletion in
the CPu and further reduced after MPTP treatment, while Cdc42
activity was decreased by conditional D1R deletion in the CPu but
was unaffected by MPTP treatment, suggesting that Cdc42 is pri-
marily controlled by D2R in parkinsonian mice. Our investigations
are reminiscent of our previous work in drug addiction showing that
both dopamine D1R and D2R activate Cdc42 signaling to manipu-
late spine plasticity concomitant with methamphetamine-induced

conditioned place preference (Tu et al., 2019). However, evidence
suggests that D1R activation occurs with exposure to large amounts
of dopamine because of its low affinity to dopamine, and D2Rs may
be activated by relatively lower levels of dopamine due to its high
affinity to dopamine (Volkow et al., 2013). Thus, Cdc42 may be reg-
ulated by dopamine D2R but not D1R under the lower levels of do-
pamine found in PD.

D2R in the striatum is essential for orchestrating motor output
and is abundant on numerous types of neurons, such as iMSNs, cho-
linergic interneurons (CINs) and GABA interneurons (Lemos et al.,
2016). At this time, it is unclear in which cell types D2R lost in the
CPuis playing arole. Loss of D2Rs in interneurons iMSNs may be also
responsible for spine loss. It is worth noting that D James Surmeier
and his colleagues have uncovered that cholinergic signaling is es-
sential for spine pruning in models of Parkinson's disease (Shen et al.,
2007). Compared with MSNs, striatal CINs only account for 1-3%
of the total striatal neuronal population (Cai et al., 2021). However,
they have previously shown to be critical for motor behavior and
striatally based associative learning (Cai et al., 2021). But we found
the AAV-Drd2-Cre-mCherry virus can hardly infect cholinergic inter-
neurons, indicating the deletion of D2R mainly occurred in iMSNs in
our study. Furthermore, conditional knockout of Cdc42 from D2R-
positive neurons in the CPu mimicked an array of Parkinson-like
phenotypes including spine abnormalities and behavioral deficits,
suggesting that Cdc42, likely in iMSNSs, is implicated in modulating
spine and behavioral plasticity in parkinsonian mice. In addition, our
data are consistent with a recent high-throughput RNA-seq study
showing that transcripts encoding Cdc42 are enriched in iMSNs of
the dorsal striatum (Puighermanal et al., 2020). Thus, we speculated
that iMSNs could be the main cell types regulating the striatal be-
haviors in our study. Limited by the methods and the mouse strains
currently have, we can only locate our target cells in D2R-positive
neurons and D1R-positive neurons. In addition, we do not have the
Chat-Cre mice or AdorA2A mice, at this point, to directly determine
if loss of D2Rs in interneurons is responsible for spine loss. We are
constantly enriching our experimental level and mouse strains and
carry out further verification on what cell type Cdc42 plays function
in the future.

4 | CONCLUSION

In summary, our current observations suggest a novel mechanism
in which Cdc42 signaling in the CPu, regulated by dopamine D2R,
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contributes to deficits in spine abnormities and motor coordination

and cognition, characteristic of Parkinson's disease. Deletion of D2R
is widely reported to be responsible for Parkinson-like behavior,
such as deficits in motor coordination and cognitive function. Over
the years, different D2R agonists have been widely applied in clinical
practice to treat Parkinsonism. However, the side effects of these
D2R agonists more or less impair quality of life in patients with PD.
Combined with our findings that Cdc42 is closely related to D2R and
is essential for ameliorating deficits in spine morphology and be-
havior performance in parkinsonian mice, it is tempting to speculate
that Cdc42 is a promising therapeutic target for improving motor
and cognitive deficits in Parkinson's disease.

5 | EXPERIMENTAL PROCEDURES

51 | Animals
The animal and MPTP administration details are fully described in

Supplementary material.

5.2 | Viral constructs and stereotaxic injection

Lentiviruses containing constitutively active (Cdc42-ca) and domi-
nant negative Cdc42 (Cdc42-dn) driven by the CMV promoter were
combined with EGFP and constructed by Obio Technology Corp.,
Ltd. Control lentivirus expressed EGFP alone (Tu et al., 2019).
Recombinant adeno-associated virus serotype 2/9 (AAV 2/9) ex-
pressing mCherry/EYFP/EGFP alone or in combination with the Cre
enzyme driven by the dopamine D1 receptor gene promoter (Drd1)
or dopamine D2 receptor gene promoter (Drd2) was constructed by
BrainVTA (Wuhan, China) (Tu et al., 2019; Zhao et al., 2019). All vi-
ruses’ constructs are listed in Table S3. According to a previous study
(Zhao et al., 2019), mice were anesthetized with 50 mg/kg pentobar-
bital sodium and positioned in a stereotaxic instrument. The skull
was exposed, and holes were drilled above the CPu using standard
procedures. The injection coordinates of the CPu were 0.7 mm ros-
tral, 1.6 mm lateral, and 3.3 mm ventral. The mice received bilateral
injections at a low rate (0.1 ul/min) by a Hamilton 0.5 ul syringe and
a 7000 SER, 32 ga. Cole-Parmer infusion pump. The injector needle
was retained for no <5 min after the infusion to promote full diffu-
sion and then slowly withdrawn to prevent backflow. Mice recov-

ered for 3 weeks after the surgery to ensure viral expression.
5.3 | Immunohistochemistry and
immunofluorescence staining

Details were described in Supplementary Material. The dilutions of

each antibody are listed in Table S4.

5.4 | Confocal imaging and spine acquisition

Details were described in Supplementary Material.

5.5 | Spinereconstruction and analysis

A semiautomated software program, that is, NeuronStudio, was used
to process the morphological features of dendritic spines (Rodriguez
et al., 2006) (http://research.mssm.edu/cnic/tools-ns.html). Details
were described in Supplementary Material.

5.6 | Pull-down assay and Western blotting

The pull-down assay was performed according to the manufac-
turer's protocol, and western blotting was performed. Details were
described in Supplementary Material. The dilutions of each antibody
are listed in Table S5.

5.7 | Behavioral assays
Details on behavioral assays were described in Supplementary
material.

5.8 | Statistical analysis
Statistical analysis was performed in SPSS 19.0, and the pictures in
each figure were arranged by Prism (GraphPad). Details were de-

scribed in Supplementary Material.
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