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Background and Aim. MK801-induced psychotic symptoms and also the Ras homolog family member A (RhoA) expression and
cell division control protein 42 (cdc42) mRNA modulation in the rat brain have been investigated. Antipsychotic drugs (APDs)
have been reported to induce Rho GDP-dissociation inhibitor (RhoGDI) pathway regulation related to cytoskeleton
reorganization in neuronal cells. It will be necessary to clarify the eﬀects of APDs on MK801-induced RhoGDI signaling
regulation in neuronal cells. Methods. B35 neuronal cells were treated with MK801 for 7 days then treated with MK801 in
combination with haloperidol or clozapine for a further 7 days. Cell migration, F-actin condensation, and RhoGDI signaling
regulation were examined to investigate the regulatory eﬀects of MK801, haloperidol, and clozapine in B35 neuronal cells.
Results. MK801 reduced B35 cell migration, whereas both haloperidol and clozapine reversed the reduction in cell migration
induced by MK801. Haloperidol and clozapine restored F-actin condensation after it was diminished by MK801 in B35 cell
nuclei. MK801 increased the RhoGDI1 and RhoA expression, which was diminished by the addition of haloperidol and
clozapine. MK801 reduced the CDC42 expression, which was restored by haloperidol and clozapine. MK801 reduced the Rhoassociated coiled-coil containing protein kinase 1 (ROCK1), proﬁlin1 (PFN1), and neuronal Wiskott–Aldrich Syndrome protein
(N-WASP) expression, which was further reduced by haloperidol and clozapine. MK801 also increased the phosphorylated
myosin light chain 2 (p-MLC2), postsynaptic density protein 95 (PSD-95), and c-jun expression, which was decreased by
haloperidol and clozapine. p21 (RAC1-) activated kinase 1 (PAK1) expression was not aﬀected by MK801.

1. Introduction
Antipsychotic drugs (APDs) have been used to ease psychotic symptoms for several decades. The main receptors
known to bind APDs are dopamine and serotonin (5-HT)
receptors [1], which have been shown to be related to psychotic diseases. Haloperidol, a typical antipsychotic drug,
mainly binds the dopamine D2 receptor as well as the 5HT2A receptor [2]. Atypical APDs, such as clozapine and risperidone, mainly bind the 5-HT2A receptor in addition to
various other receptors [2]. Although the binding proﬁles
of APDs and the biological eﬀects of APD-bound receptors
have been well studied, the detailed molecular mechanisms

of APDs still need to be investigated. Haloperidol and clozapine can aﬀect the phosphorylation of glycogen synthase
kinase 3 (GSK3), extracellular signal-regulated kinase
(ERK), and protein kinase B (Akt) and further modulate
the ERK/AKT signaling pathway [3–7]. Various studies have
also shown that haloperidol and clozapine might regulate
protein kinase A (PKA) and cAMP-response elementbinding protein (CREB) [8, 9]. Other studies have shown
the diﬀerential eﬀects of APDs in regulating apoptotic processes and oxidative stress signaling [10–13]. Neuronal plasticity in the brain has also been reported to be closely related
to psychotic disorders, including schizophrenia. In various
recent studies, APDs were also shown to regulate neuronal
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plasticity [14–16], which has been found to be regulated by
the Rho signaling pathway [17–20]. These ﬁndings suggest
that APDs might modulate neuronal cell plasticity by regulating Rho signaling pathway.
MK801 (dizocilpine) has been used to induce psychotic
symptoms in various animal models to study the pathogenesis of schizophrenia. MK801 is an N-methyl-D-aspartate
receptor (NMDA receptor, NMDAR) antagonist that can
increase both positive and negative symptoms of schizophrenia in various abnormal behavior models [21, 22]. Social
withdrawal, hyperactivity, and other psychotic behaviors
have been observed in a number of studies using MK801
rodent models [23]. MK801-induced Ras homolog family
member A (RhoA) and cell division control protein 42
(Cdc42) mRNA modulation in the rat brain have been investigated [24]. MK801 has been shown to regulate the Rho family protein expression and inhibit hippocampal neuron
dendritic spine formation, ultimately impairing recognition
in rats [24]. MK801 also diminishes neurite outgrowth, initiation, elongation, and branching in various types of neuronal
cell cultures [25, 26]. A recent study also showed that the
alternation of the TAO kinase 2 (TAOK2) expression might
induce neurodevelopmental and cognitive abnormalities by
regulating the RhoA signaling [27]. The cytoplasmic Arabidopsis homolog of yeast Atg8 (AUT2) acts as an upstream
regulator of Ras-related C3 botulinum toxin substrate 1
(Rac1), and Cdc42 in neurons regulates cytoskeletal dynamics, which might be related to cognitive memory and emotional control [28]. Aripiprazole, but not cannabidiol,
olanzapine, or risperidone, has been shown to reverse
MK801-induced deﬁciency in social recognition in rats
[29]. In addition, olanzapine was shown to promote neurogenesis following MK801-induced cognitive impairment in
mice [30, 31].
Rho signaling pathway modulates several biological functions in cells, including apoptotic gene expression, cell migration, cell morphological changes, and cytoskeleton
reorganization. The RhoA protein activity is activated by
RhoGDI1 and regulates Rho-associated coiled-coil containing
protein kinase 1 (ROCK1) function to ultimately promote
myosin activation and induce stress ﬁber contraction. Moreover, RhoA protein modulates actin-related protein 2/3
(ARP2/3) expression to regulate cell ﬁlopodium formation
and cell migration. ARP2/3-mediated cytoskeletal remodeling
is also modulated by Cdc42-induced p21 (RAC1-) activated
kinase 1 (PAK1)/neuronal Wiskott–Aldrich Syndrome protein (N-WASP) activation [32]. PAK1 has been shown to be
regulated by Rac1 signaling and to aﬀect cell migration with
Cdc42 [33–35]. Our previous ﬁndings suggested that APDs
can induce RhoGDI pathway regulation to modulate cytoskeleton reorganization, which might be related to cell migration
and dendritic spine formation in B35 neuronal cells [36].
Increased cell migration and F-actin condensation in B35 neuronal cells by haloperidol or clozapine treatment were also
observed. To understand the eﬀects of MK801 on RhoGDI signaling regulation in neuronal cells, we examined cell migration, F-actin condensation, and RhoGDI signaling regulation
in MK801-treated B35 cells. We also treated MK801-treated
B35 cells with haloperidol or clozapine to further clarify the
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roles of MK801, haloperidol, and clozapine in Rho signaling
pathway regulation and downstream cytoskeleton regulation.

2. Materials and Methods
2.1. Antibodies. The antibodies used in this study were as follows: anti-ARP2/3, ab77084 (Abcam, Cambridge, UK); antiCdc42, ab41429 (Abcam); anti-c-jun, ab32137 (Abcam);
antiphosphorylated myosin light chain 2 (p-MLC2, phospho-MLC2) (Ser19), #3671 (Cell Signaling Danvers, MA,
US); anti-N-WASP, #4848 (Cell Signaling); anti-PAK1,
ab40852 (Abcam); anti-Proﬁlin-1, #3237 (Cell Signaling);
antipostsynaptic density protein 95 (PSD-95), #3450 (Cell
Signaling); anti-RhoA, ab54835 (Abcam); anti-RhoGDI1,
ab118159 (Abcam); anti-ROCK1, ab45171 (Abcam); and
antiactin, ab6276 (Abcam). All antibodies were used at the
fold dilution recommended by the manufacturer.
2.2. Cell Culture and APD Treatments. MK801, haloperidol,
and clozapine were obtained from Sigma-Aldrich (St. Louis,
USA). B35 cells were purchased from the Bioresource Collection and Research Center (BCRC) of the Food Industry
Research and Development Institute (FRDI), Taiwan. B35
cells were maintained in MEM (Invitrogen, Life Technologies) supplemented with 10% fetal bovine serum (Invitrogen,
Life Technologies), 2 mM L-glutamine, 100 U/ml penicillin,
and 100 μg/ml streptomycin. MK801 was added to the
medium daily at a ﬁnal concentration of 25 μM for 7 days.
On the 8th day, MK801 and either haloperidol or clozapine,
at ﬁnal concentrations of 4 μg/ml (10 μM) for haloperidol
and 2.5 μg/ml (7.65 μM) for clozapine, were added to the
medium daily for 7 days to examine whether haloperidol or
clozapine reversed the eﬀects of MK801. After 7 days of
MK801/APD treatment, B35 cells were harvested to examine
the expression levels of RhoGDI, RhoA, CDC42, ROCK1, pMLC2, PFN1, N-WASP, ARP2/3, PAK1, c-jun, and PSD-95.
2.3. Western Blot Analysis. The total cell extracts of B35 cells
were prepared by lysing cells in mammalian protein extraction buﬀer (GE Healthcare Bio-Sciences, Uppsala, Sweden)
containing Protease Inhibitor Mix (GE Healthcare Bio-Sciences) and phosphatase inhibitors (2 mM NaF and 1 mM
Na3VO4). A total of 10–50 μg total protein from B35 cell
extracts was separated on 10-15% polyacrylamide gels containing sodium dodecyl sulfate. Proteins in the gel were
transferred to polyvinylidene diﬂuoride membranes, and
the membranes were blocked by Membrane Blocking Solution (Life Technology, Frederick, MD, USA) for 1 h. The
membranes were then incubated with speciﬁc primary antibodies for 12 h at 4°C followed by horseradish peroxidaseconjugated goat antimouse or antirabbit antibodies (Cat.
nos. 401215 and 401315, Calbiochem, Darmstadt, Germany)
at room temperature for 4 h. The protein bands were developed by using the Amersham ECL kit (Amersham, Bucks,
UK). Beta-actin was used as a quantiﬁcation control.
2.4. Cell Migration Assay. B35 cells were treated with MK801
for 7 days followed by 5 days of treatment with MK801 combined with haloperidol or clozapine. Drug-treated B35 cells
(5 × 103 /well) were seeded into the upper compartment of
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an 8-μm pore polycarbonate membrane Transwell insert
(Costar, Corning Incorporation, Kennebunk, ME, USA) in
a 24-well tissue culture plate. Culture medium (0.7 ml) containing MK801 and either haloperidol or clozapine were
added to the lower well. After a 48-h incubation, B35 cells
were ﬁxed with methanol and then stained with a 50 μg/ml
solution of propidium iodide (Sigma) for 30 min at room
temperature. The number of cells on each membrane was
counted on a microscope at 40x magniﬁcation. All experiments were performed in triplicate.
2.5. Actin Filament (F-actin) Staining of B35 Cells. B35 cells
were treated with MK801 for 7 days followed by a 5-day
treatment of MK801 in combination with haloperidol or clozapine. A total of 5 × 103 drug-treated B35 cells were seeded
on coverslips in a 6-well plate and cultured in medium with
MK801 or haloperidol/clozapine for another 2 days. After
drug treatment, the coverslips with B35 cells were transferred
to a fresh 6-well plate and washed with 1X PBS. The cells
were then ﬁxed by incubating the coverslips in methanol,
washed with 1X PBS, and stained with 1X phalloidin solution
(CytoPainter Phalloidin-iFluor 488 Reagent, ab176753
(Abcam)) at room temperature for 90 min. The excess phalloidin was removed by washing the cells with PBS 2–3 times.
The coverslips were then mounted and sealed onto glass
slides with SlowFade™ Diamond Antifade Mountant with
DAPI (Invitrogen, Life Technologies Incorporation, Eugene,
OR, USA) and imaged on a microscope.
2.6. Quantiﬁcation and Statistical Analysis. Cell migration
assays and diﬀerences in normalized protein expression
levels between B35 cells treated with diﬀerent drugs were
analyzed by using one-way ANOVA followed by Dunnett’s
post hoc comparison test. One-way ANOVA and Dunnett’s
post hoc comparison test were performed with SPSS Statistics
17.0. Signiﬁcant diﬀerences were deﬁned as those with a p
value less than 0.05(∗ ) or 0.01(∗∗ ).

3. Results
3.1. Haloperidol and Clozapine Reverse MK801-Induced Rho
Family Protein Regulation. In line with our previous ﬁndings,
both haloperidol and clozapine increased the CDC42 expression levels but did not aﬀect the RhoA expression in B35 cells.
Haloperidol, but not clozapine, induced Rac1 expression in
B35 cells. Figure 1 shows that MK801 increased the RhoGDI1
(p value <0.05) and RhoA (p value <0.01) expression and
reduced the CDC42 (p value <0.01) and Rac1 (p value
<0.01) expression in B35 cells. The increased RhoGDI1
expression induced by MK801 in B35 cells was reduced by
haloperidol (p value <0.05) or clozapine (p value <0.05) treatment. The MK801-induced increase in the RhoA expression
was reduced by haloperidol (p value <0.01) or clozapine (p
value <0.01). At the same time, the reduction in CDC42
expression induced by MK801 was reversed in B35 cells
treated with haloperidol (p value <0.01) or clozapine (p value
<0.01). The MK801-induced reduction in the Rac1 expression was reversed by haloperidol (p value <0.01) or clozapine
(p value <0.05).

3
3.2. MK801 Modulated RhoA-Related Signaling and F-actin
Condensation. F-actin condensation is thought to be regulated by RhoA signaling, including ROCK1, p-MLC2, and
PFN1 modulation. F-actin condensation in B35 cells was
inhibited by the MK801 treatment and restored by treating
the cells with haloperidol or clozapine (Figure 2). At the same
time, we investigated whether the expression levels of
ROCK1 (p value <0.05) and PFN1 (p value <0.05) were
reduced by MK801 in B35 cells (Figure 3). MK801 reduced
the ROCK1 expression, which was further decreased by haloperidol (p value <0.05) or clozapine (p value <0.05). The
PFN1 expression was reduced by MK801 and further downregulated by haloperidol (p value <0.01) and clozapine (p
value <0.05). In contrast, the increase in p-MLC2 induced
by MK801 (p value <0.01) in B35 cells could be reversed by
haloperidol (p value <0.05) or clozapine (p value <0.05)
treatment.
3.3. Haloperidol/Clozapine Modulated MK801-Induced Cell
Migration Inhibition in B35 Cells. To reveal the relationship
between MK801- and haloperidol-/clozapine-modulated cell
migration ability in B35 cells, 5 × 103 drug-treated B35 cells
were seeded into the insert of a Transwell plate and treated
with MK801, haloperidol, or clozapine for another 24 h.
Migrated B35 cells were stained and counted to analyze the
regulation of the migration ability of B35 cells. Figure 4
shows that the migration ability of B35 cells was inhibited
by 14 days of MK801 treatment (p value <0.01). The inhibitory eﬀects of MK801 on cell migration could be signiﬁcantly
reversed by treating cells with haloperidol (p value <0.01) or
clozapine for 7 days (p value <0.01).
3.4. Haloperidol/Clozapine Induced Changes in CDC42 and
Rac1 Signaling in MK801-Treated B35 Cells. CDC42 and
Rac1 signaling, which modulate ﬁlopodium formation and
cell migration, were investigated. As shown in Figure 5, the
N-WASP expression in B35 cells was downregulated by
MK801 treatment (p value <0.05). N-WASP expression in
MK801-treated B35 cells was further inhibited by haloperidol
(p value <0.05) or clozapine (p value <0.05) treatment. We
also investigated whether the PAK1 expression in B35 cells
is aﬀected by the MK801 treatment. The PAK1 expression
in MK801-treated B35 cells was reduced by haloperidol or
clozapine. Furthermore, the ARP2/3 expression was reduced
by the MK801 (p value<0.01) treatment in B35 cells. The
MK801-induced downregulation of the ARP2/3 expression
in B35 cells was rescued by haloperidol (p value <0.05) or clozapine (p value <0.05).
3.5. Haloperidol/Clozapine Modulated c-jun and PSD-95
Expression in MK801-Treated B35 Cells. Rho family proteins
have been found to be related to dendritic spine morphology,
cytoskeleton reorganization, and apoptotic gene expression
regulation. As shown in Figure 6, the increased expression
of PSD-95 was induced by MK801 (p value <0.01) in B35
cells. The MK801-induced increase in the PSD-95 expression
could be reversed by haloperidol (p value <0.05) or clozapine
(p value <0.01). The c-jun expression in B35 cells was
increased by MK801 (p value <0.01), whereas haloperidol
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Figure 1: Haloperidol (HAL) and clozapine (CLO) reverse the MK801-induced Rho family protein regulation. (a) Western blot revealing
APD-induced changes in the expression of the RhoGDI, RhoA, CDC42, and Rac1 proteins in B35 cells. (b) Protein expression was
quantiﬁed and normalized to beta-actin, and the relative expression of each protein shown in the bar chart was calculated from triplicate
western blot data that were obtained from three diﬀerent batches of APD-treated cells and analyzed using ANOVA followed by Dunnett’s
test (∗ p value <0.05; ∗∗ p value <0.01).
CTRL

MK-801

MK-801+HAL

MK-801+CLO

Figure 2: Eﬀects of MK801, haloperidol, and clozapine on F-actin condensation in B35 cells. The B35 cells were treated with MK801 followed
by haloperidol (HAL) or clozapine (CLO) treatment. CytoPainter Phalloidin-iFluor 488 Reagent was used to stain the F-actin of B35 cells.
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Figure 3: Eﬀects of MK801, haloperidol (HAL), and clozapine (CLO) on ROCK1, p-MLC2, and PFN1 regulation in B35 cells. (a) Western
blot revealing APD-induced changes in the expression of ROCK1, p-MLC2, and PFN1 proteins in B35 cells. (b) Protein expression was
quantiﬁed and normalized to beta-actin, and the relative expression of each protein in the bar chart was calculated from triplicate western
blot data obtained from three diﬀerent batches of APD-treated cells and analyzed using ANOVA followed by Dunnett’s test (∗ p value
<0.05; ∗∗ p value <0.01).
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Figure 4: Eﬀects of MK801, haloperidol (HAL), and clozapine (CLO) on the cell migration ability of B35 cells. (a) Cell migration was
analyzed, and the cell numbers were counted after staining. (b) The bar chart was constructed from triplicate cell count data obtained
from three diﬀerent batches of MK801/APD-treated cells and analyzed using ANOVA followed by Dunnett’s test (∗ p value <0.05; ∗∗ p
value <0.01).
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Figure 5: Eﬀects of MK801, haloperidol (HAL), and clozapine (CLO) on N-WASP, PAK1, and ARP2/3 regulation in B35 cells. (a) Western
blot revealing APD-induced changes in the expression of the N-WASP, PAK1, and ARP2/3 proteins in B35 cells. (b) Protein expression was
quantiﬁed and normalized to beta-actin, and the relative expression of each protein chart bar was constructed from triplicate western blot data
obtained from three diﬀerent batches of APD-treated cells using ANOVA followed by Dunnett’s test (∗ p value <0.05; ∗∗ p value <0.01).
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Figure 6: Eﬀects of MK801, haloperidol (HAL), and clozapine (CLO) on PSD95 and c-jun regulation in B35 cells. (a) Western blot revealing
APD-induced changes in the expression of PSD-95 and c-jun proteins in B35 cells. (b) Protein expression was quantiﬁed and normalized to
beta-actin, and the relative expression of each protein in the bar chart was calculated from triplicate western blot data obtained from three
diﬀerent batches of APD-treated cells and analyzed using ANOVA followed by Dunnett’s test (∗ p value <0.05; ∗∗ p value <0.01).

(p value <0.05) and clozapine (p value <0.01) reversed the
eﬀect of MK801 on c-jun expression in B35 cells.

4. Discussion
The present study revealed that MK801 could modulate
RhoGDI1, Rho family proteins, and Rho family proteinrelated signaling in B35 cells. MK801 could also regulate
the F-actin remodeling and the cell migration ability of B35
cells. The antipsychotic drugs haloperidol and clozapine dif-

ferentially modulated the MK801-induced eﬀects and the
Rho signaling pathway in B35 cells. MK801 has been
reported to induce impairments in learning and memory in
mice and rats. MK801 is an antagonist of NMDA receptors
and aﬀects learning, cognition, and memory in animals by
modulating the synaptic plasticity of neuronal cells in the
brain [37–39]. Various studies have also shown that MK801
might modulate synaptic plasticity and postsynaptic dendrite
morphogenesis by regulating the activity of Rho family proteins, including RhoA, Cdc42, and Rac1 [40–42]. The results
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of this study also showed that MK801-induced increases in
the expression of RhoGDI1 and RhoA can be reversed by
either haloperidol or clozapine. Moreover, haloperidol and
clozapine could reverse the MK801-induced inhibition of
CDC42 and Rac1 in B35 cells. These results suggested that
the drug-induced regulation of the Rho signaling pathway
might be the key to modulating MK801-induced abnormal
behaviors.
ROCK1 and PAK1 are two downstream proteins in the
Rho signaling pathway that have been shown to be important
regulators of synaptic plasticity in maintaining the dendritic
spine actin cytoskeleton [43, 44]. In this study, we found that
both haloperidol and clozapine could reverse MK801induced F-actin separation. Additionally, the MK801induced activation of the MLC2 (p-MLC2) expression in
B35 cells could be diminished by haloperidol or clozapine
treatment. This result suggested that activated MLC2 might
be an important target for haloperidol or clozapine in regulating the F-actin condensation in MK801-treated B35 cells.
The increased p-MLC2 expression might be caused by compensatory induction due to the decrease in F-actin condensation in MK801-treated B35 cells.
We also showed that both haloperidol and clozapine
could recover MK801-induced cell migration reduction in
B35 cells. Moreover, the decreased ARP2/3 expression
induced by MK801 could be reversed by the haloperidol or
clozapine treatment in B35 cells. N-WASP and ARP2/3 are
reported to be critical regulators of the development of dendritic spines and synapses [45]. Various studies have also
described the roles of N-WASP, PAK1, and ARP2/3 in the
cell migration of neuronal cells [46–48]. The results of this
study indicated that ARP2/3 might be a key target of haloperidol and clozapine through which they modulate MK801induced cell migration inhibition in B35 cells. Previous
reports have suggested that Wiskott–Aldrich syndrome protein (WASP-) interacting SH3 protein (WISH), a novel neural protein, can activate the Arp2/3 complex through both NWASP-dependent and N-WASP-independent pathways
without CDC42 [49, 50]. Activation of AMPARs and
NMDARs has been proposed to trigger cytoskeletal reorganization through Rho GTPases (RhoA, CDC42, and Rac1) in
cells [51]. AMPARs and NMDARs are also closely related
to the PSD-95 expression and dendrite spine formation. It
has been suggested that ARP2/3 can induce enlargement of
the spine head [52]. These research results suggested that
the regulation of PSD-95 might be related to the CDC42mediated modulation of N-WASP, PAK1, and ARP2/3 function. Our data also showed that the ROCK1, N-WASP,
PAK1, and PFN1 expression levels are not consistent with
the Rho family protein expression, drug-induced cell migration, or F-actin condensation. We propose that the expression or activation of ROCK1, N-WASP, PAK1, and PFN1
could be controlled by factors other than the Rho family proteins in this study. The detailed mechanisms by which the
ROCK1, N-WASP, PAK1, and PFN1 expression are regulated should be further investigated.
Except for the regulation of cell migration, F-actin condensation, Rho signaling pathway, and PSD-95 expression,
the c-jun expression induced by MK801 could be reversely
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regulated by haloperidol or clozapine in B35 cells. This result
suggested that the MK801-induced modulation of apoptotic
gene expression could be reversed by haloperidol or clozapine treatment in B35 cells. The modulation of gene expression in neuronal cells might also regulate cell functions to
ﬁne-tune neuronal cell activity.

5. Conclusion
Previous studies have shown that MK801-induced abnormal
behavior is linked to the Rho family protein regulation. Our
study discovered that the MK801-induced abnormalities in
cell migration, F-actin reorganization, and PSD-95 expression could be recovered by haloperidol- or clozapineinduced regulation of the Rho signaling pathway. These
results suggested that the Rho signaling pathway might be
one of the regulatory factors that can modulate MK801induced abnormal behaviors.
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