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ARTICLE INFO ABSTRACT

Keywords: Copy-number variations in the ARHGAP10 gene encoding Rho GTPase-activating protein 10 are associated with
CNV schizophrenia. Model mice (Arhgap10 S490P/NHEJ mice) that carry “double-hit” mutations in the Arhgap10 gene
C-Fos

mimic the schizophrenia in a Japanese patient, exhibiting altered spine density, methamphetamine-induced
cognitive dysfunction, and activation of RhoA/Rho-kinase signaling. However, it remains unclear whether the
activation of RhoA/Rho-kinase signaling due to schizophrenia-associated Arhgap10 mutations causes the phe-
. o notypes of these model mice. Here, we investigated the effects of fasudil, a brain permeable Rho-kinase inhibitor,
Chemical compounds studied in this article: . L. . L. .
fasudil monohydrochloride salt (PubChem CID: on altered spine density in the medial prefrontal cortex (mPFC) and on methamphetamine-induced cognitive
163751) impairment in a touchscreen-based visual discrimination task in Arhgap10 S490P/NHEJ mice. Fasudil (20 mg/
methamphetamine (PubChem CID: 10836) kg, intraperitoneal) suppressed the increased phosphorylation of myosin phosphatase-targeting subunit 1, a
substrate of Rho-kinase, in the striatum and mPFC of Arhgap10 S490P/NHEJ mice. In addition, daily oral
administration of fasudil (20 mg/kg/day) for 7 days ameliorated the reduced spine density of layer 2/3 pyra-
midal neurons in the mPFC. Moreover, fasudil (3-20 mg/kg, intraperitoneal) rescued the methamphetamine (0.3
mg/kg)-induced cognitive impairment of visual discrimination in Arhgapl10 S490P/NHEJ mice. Our results
suggest that Rho-kinase plays significant roles in the neuropathological changes in spine morphology and in the
vulnerability of cognition to methamphetamine in mice with schizophrenia-associated Arhgap10 mutations.

MYPT1
ROCK
Small GTPase

1. Introduction of the population and involves positive symptoms (such as hallucina-
tions and delusions), negative symptoms (such as flat affect and social

Schizophrenia is a severe psychiatric disorder that typically emerges withdrawal), and cognitive dysfunction (such as deteriorations in

in late adolescence and early adulthood [1]. It affects approximately 1 % working memory, executive function, and learning) [2]. The
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aspartate receptors; PB, phosphate buffer; PBS, phosphate-buffered saline; PFA, paraformaldehyde; PFC, prefrontal cortex; pMYPT1, phosphorylated MYPT1; ROI,
region of interest; WT, wild-type.
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pathoetiology of schizophrenia is not yet fully understood because of its
complexity and heterogeneity. It is generally accepted, however, that
both genetic vulnerability and environmental risk factors are involved in
its development (dual-hit hypothesis) [3]. Several copy-number varia-
tions (CNVs) such as 1q21.1, 2p16.3 (NRXN1), 3q29, 15q11.2, 15q13.3,
and 22q11.2 have been consistently reported to be associated with the
genetic risk of schizophrenia [4,5]. Environmental risks include peri-
natal maternal infection or stress and the administration of cannabis or
methamphetamine [6,7]. In addition, psychostimulants, including
amphetamine and methamphetamine, can cause psychotic symptoms
and cognitive dysfunction in schizophrenia patients at doses that show
little effect in healthy controls [8-10].

Cognitive dysfunction emerges before the first episode of psychosis
and is regarded as a potential predictor of functional recovery in patients
with schizophrenia [11-13]. Although cognitive dysfunction is present
in over 80% of patients with schizophrenia, it is not well controlled by
current antipsychotic drugs such as antagonists of the dopamine D re-
ceptor or serotonin 5-HTsp receptor [14]. Cognitive dysfunction in
schizophrenia is considered to be associated with synaptic dysfunction
in cortical regions [15]. Patients with schizophrenia exhibit decreased
gray matter volume in the frontal cortex and a reduced density of spines,
a component of the postsynaptic site of most excitatory synapses, in
pyramidal neurons of the prefrontal cortex (PFC) [15-19]. Furthermore,
schizophrenia patients show reductions in both PFC blood flow and
functional connectivity between the PFC and other brain regions when
performing a cognitive task [20]. Thus it is necessary to explore new
therapeutic targets for schizophrenia that focus on synaptic dysfunction
in the PFC to improve cognitive function in schizophrenia patients.

We recently identified a significant association between schizo-
phrenia and CNVs in the ARHGAP10 gene encoding Rho GTPase-
—activating protein 10 [21]. We focused on one schizophrenia patient
with “double-hit” mutations in ARHGAP10: a missense (p.S490P) vari-
ation in exon 17 and an exonic deletion on the other allele. The patient
has had low academic performance and a poor response to pharmaco-
therapy regarding both positive and negative symptoms. To mimic this
case, we established novel Arhgapl0 S490P/NHEJ mice carrying a
double-hit involving 2 mutations: a missense variant (p.S490P) and a
frameshift mutation caused by non-homologous end-joining (NHEJ)
[21]. Through comprehensive behavioral and neuropathological ex-
aminations, we determined that these mice had reduced spine density in
layer 2/3 pyramidal neurons of the medial PFC (mPFC) and a vulnera-
bility to methamphetamine-induced cognitive dysfunction in a visual
discrimination task after treatment with methamphetamine at a dose
that had no effect on visual discrimination in wild-type (WT) mice [21,
22].

ARHGAP10 is a Rho GTPase-activating protein that inactivates
RhoA/Rho-kinase signaling by converting the GTP-bound form of RhoA
to the GDP-bound form [23,24]. The ARHGAP10 p.S490P mutant
showed significantly less interaction with constitutively active RhoA
compared with WT ARHGAP10 [21]. In addition, the phosphorylation
levels of myosin phosphatase-targeting subunit 1 (MYPT1), one of the
major substrates of Rho-kinase, were increased in the striatum and nu-
cleus accumbens (NAc) of Arhgap10 S490P/NHEJ mice compared with
WT littermates [22]. These data suggest that the double-hit mutations in
ARHGAPI10 that were identified in one schizophrenia patient resulted in
the activation of RhoA/Rho-kinase signaling in the brains of Arhgap10
S490P/NHEJ mice. It should be noted that activation of RhoA in neurons
leads to spine loss and shrinkage as a result of Rho-kinase regulation of
actin cytoskeletal dynamics [25-27]. Accordingly, we hypothesized that
activation of RhoA/Rho-kinase signaling due to the double-hit muta-
tions in Arhgapl0 may be associated with the reduced mPFC spine
density and the cognitive impairment in Arhgap10 S490P/NHEJ mice.
To test this hypothesis, we investigated the effect of fasudil, a
brain-permeable Rho-kinase inhibitor, on the decreased spine density of
cortical neurons in the mPFC and the methamphetamine-induced
impairment of the visual discrimination task in Arhgap10 S490P/NHEJ
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mice.
2. Materials and methods
2.1. Animals

Arhgap10 S490P/NHEJ mutant mice (NHEJ and S490P line) were
generated on a C57BL/6 J genetic background as described previously
[21]. Arhgap10 S490P/NHEJ (n = 85) mice and their WT littermates (n
= 57) were obtained by breeding 2 lines of heterozygous Arhgap10
mutant mice (NHEJ line and S490P line). Male mice aged 7-15 weeks
old were used in the experiment. Mice were housed at a density of 4-6
mice per cage (28 cm length x 17 cm width x 13 cm high) in standard
conditions (23 £+ 1 °C, 50 &+ 5 % humidity) with a 12-h light/dark cycle.
Food and water were available ad libitum. Animals were handled in
accordance with the guidelines established by the Institutional Animal
Care and Use Committee of Nagoya University, the Guiding Principles
for the Care and Use of Laboratory Animals approved by the Japanese
Pharmacological Society, and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

2.2. Antibodies

For western blotting, the primary antibodies used were as follows:
rabbit anti-MYPT1 (Cat# 2634, RRID:AB_ 915965, 1:1000; Cell
Signaling Technology, Danvers, MA, USA) and rabbit anti-phospho-
MYPT1 (Thr696) (Cat# ABS45, RRID:AB_10562238, 1:1000; Millipore,
Darmstadt, Germany). The secondary antibodies were horseradish per-
oxidase-conjugated anti-rabbit IgG antibody (Cat# NA9340, RRID:
AB_772191, 1:10,000; GE Healthcare, Chicago, IL, USA). For immuno-
histochemistry, the primary antibodies used were as follows: rabbit
anti-phospho-MYPT1 (Thr696) (Cat# ABS45, RRID:AB_10562238,
1:100; Millipore), rabbit anti—c-Fos (Cat# sc-7202, RRID:AB_2106765,
1:1000 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), and mouse
anti-neuronal nuclei (NeuN) (Cat# MAB377, RRID:AB_2298772, 1:500
dilution; Millipore). The secondary antibodies were goat anti-mouse
Alexa Fluor 488 (Cat# A11029, RRID:AB_ 2534088, 1:1000 dilution;
Thermo Fisher Scientific, Waltham, MA, USA), goat anti-rabbit Alexa
Fluor 594 (Cat# A11037, 1:1000 dilution, RRID:AB_ 2534095; Thermo
Fisher Scientific), goat anti-rabbit Alexa Fluor 488 (Cat# A11034,
RRID:AB_2576217, 1:1000 dilution; Thermo Fisher Scientific), and goat
anti-mouse Alexa Fluor 568 (Cat# A11031, 1:1000 dilution, RRID:
AB_144696; Thermo Fisher Scientific).

2.3. Drug treatment

Fasudil monohydrochloride salt (purity > 99 %) was kindly supplied
by Asahi Kasei Pharma (Tokyo, Japan). In our previous study, fasudil
and its major active metabolite, hydroxyfasudil, were detected in the
brain at concentrations over their respective Ki values for Rho-kinase
after intraperitoneal (i.p.) injection of 10 mg/kg fasudil in C57BL/6 J
mice. Following oral administration, brain hydroxyfasudil was detected
at concentrations over the Ki value for Rho-kinase while fasudil was
undetectable [28]. Accordingly, we set up the dose and timing of fasudil
administration as follows. To evaluate the phosphorylation levels of
MYPT1 via western blotting and immunohistochemistry, fasudil (20
mg/kg) or vehicle was administrated intraperitoneally 60 min before
sample collection. For Golgi staining, mice were orally treated with
fasudil (20 mg/kg) or vehicle once a day for 7 days in order to detect the
effect on spine density, because spine turnover is reported to occur 2
days in adult mice [19,29]. We chose oral administration of fasudil once
a day to minimize injection-related stress. On the day after the last
fasudil administration we collected brain samples for Golgi staining. For
the visual discrimination task, fasudil (3-20 mg/kg) or vehicle was
administrated intraperitoneally 5 min before the task, and metham-
phetamine (Sumitomo Dainippon Pharma, Osaka, Japan) (0.3 mg/kg) or
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vehicle was administrated intraperitoneally 30 min before the task. For
c-Fos expression analysis, methamphetamine (0.3 mg/kg) and fasudil
(20 mg/kg) were administrated intraperitoneally 150 min and 125 min
before perfusion, respectively, according to the schedule of the visual
discrimination task.

2.4. Western blotting

We used 10- to 15-week-old mice. Western blotting was performed as
described previously [22]. In brief, tissue from the striatum, NAc, and
mPFC was dissected from mouse brains according to the mouse brain
atlas (Franklin and Paxinos, 1997), using 2-mm-diameter biopsy
punches (Cat# 52-004620, Integra Miltex; Davies Dr, York, PA, USA).
The tissue was lysed by lysis buffer (complete protease inhibitor cocktail
(Cat# 11873580001; Roche, Basel, Switzerland), and phosSTOP phos-
phatase inhibitors (Cat# 4906837001; Roche) in 1% SDS solution).
Then the tissue was immediately sonicated and heated at 99 °C for 10
min. Lysates were centrifuged at 15,000 x g for 15 min. The protein
concentration was determined using a DC Protein Assay Kit (Cat#
5000111JA; Bio-Rad Laboratories, Hercules, CA, USA), and protein was
diluted in sample buffer (0.5 M Tris-HCI, pH 6.8, 1% SDS, 30% glycerol,
0.0012% bromophenol blue, and 0.93% DTT). Samples were applied to
an 8% SDS-polyacrylamide gel and subsequently transferred to a poly-
vinylidene difluoride membrane (Cat# IPVH00010; Millipore). The
membranes were blocked with Blocking One-P (Cat# 05999-84; Nacalai
Tesque, Kyoto, Japan) at room temperature for 1 h and incubated with a
primary antibody at 4 °C overnight. Then, membranes were washed
three times every 10 min with 0.05% Tween 20 in tris-buffered saline.
After incubation with horseradish peroxidase-conjugated secondary
antibody at room temperature for 1 h, the immune complex was
detected using ECL Prime Western Blotting Detection Reagents (Cat#
RPN2236; GE Healthcare). The intensities of the bands on the mem-
branes were analyzed using LuminoGraph I (Atto Instruments, Tokyo,
Japan). To calculate the relative amount of phosphorylated proteins
compared with total proteins, the same membranes were stripped with
WB Stripping Solution Strong (Cat# 05677-65; Nacalai Tesque) at room
temperature for 1 h and treated as described above. All data from
western blotting were expressed as relative fold change in expression
compared to control. The primary and secondary antibody was diluted
with Can Get Signal Solutions 1 and 2 (Cat# NKB-101; Toyobo, Osaka,
Japan), respectively, to enhance antibody-antigen binding.

2.5. Immunohistochemistry

We used 10- to 15-week-old mice. Immunohistochemistry was con-
ducted as described previously [30] with minor modifications. In the
immunohistochemical analysis of pMYPT1 and NeuN, mice were
perfused intracardially with ice-cold 4 % paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB) (pH 7.4) at a rate of 10 mL/min for 6 min
under anesthesia with medetomidine, midazolam, and butorphanol. In
the immunohistochemical analysis of c-Fos, mice were perfused intra-
cardially with ice-cold 0.1 M PB followed by 4 % PFA in 0.1 M PB under
anesthesia with isoflurane. The brains were post-fixed with the same
fixative and cryoprotected with 20 % sucrose followed by 30 % sucrose
in 0.1 M PB. Frozen 20-pm sections for the immunohistochemical
analysis of pMYPT1 and NeuN, or 30-pm sections for the immunohis-
tochemical analysis of c-Fos, were cut coronally using a cryostat
(CM3050S; Leica, Wetzlar, Germany). Cryosections were fixed with 4 %
paraformaldehyde in 0.1 M PB for 5 min and permeabilized with 0.3%
Triton X-100 / phosphate-buffered saline (PBS) for 10 min. After incu-
bation in blocking solution (5% goat serum / PBS with 0.3% Triton
X-100) for 60 min, the sections were immunostained overnight with the
primary antibody. After washing in PBS, the sections were incubated
with the secondary antibody at room temperature for 1 h. After washing
in PBS, the sections were mounted on an adhesive silane (MAS) —coated
glass slide (Matsunami, Osaka, Japan) with Fluorescent Mounting
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Medium (Dako, Santa Clara, CA, USA) and a coverslip. Fluorescent im-
ages were captured using a confocal laser microscope (LSM710; Carl
Zeiss AG, Oberkochen, Germany). The mPFC and striatum were identi-
fied according to the mouse brain atlas (Franklin and Paxinos, 1997).
For quantitative analysis of immunohistochemistry, one region of in-
terest (ROI) per slice x 3 slices in each brain region were used in each
mouse. The number of positive cells was counted within each 93 pm x
93 um ROI for the immunohistochemical analysis of pMYPT1 and NeuN,
or each 320 um x 320 um ROI for the analysis of c-Fos immunohisto-
chemistry, using Metamorph software (Molecular Devices, Sunnyvale,
CA, USA). We defined positive cells as those with a signal intensity
above the background threshold.

2.6. Golgi staining

We used 7- to 8-week-old mice. Golgi staining was carried out using
the FD Rapid Golgi Stain Kit (FD NeuroTechnologies, Ellicott City, MD,
USA) and the methods described in a previous study [22]. The cry-
osections were sliced at 80 ym using a cryostat. We obtained the images
of layer 2/3 pyramidal neurons in the mPFC by BZ9000 bright-field
microscopy (KEYENCE, Hyogo, Japan) using an oil-immersion 100 x
objective lens. Only fully impregnated neurons isolated from neigh-
boring impregnated neurons were retained for analyses. We quantified
the spine density of dendrites 50-200 pym from the soma of pyramidal
neurons (6-7 dendrites per mouse). Spine density was expressed as the
number of spines per 10 um of dendrite length. All dendrites and spines
were traced in images using Neurolucida software (MicroBrightField
Bioscience, Williston, VT, USA) and analyzed using NeuroExplorer
(MicroBrightField Bioscience).

2.7. Touchscreen-based visual discrimination task

The protocol was described in previous reports [22]. Briefly, in order
to create enough motivation to perform the task, 8-week-old mice were
restricted in their access to food and water to 2 h per day (5:00-7:00 pm)
at least 1 week before the pretraining, with the goal of achieving
approximately 85-95% of the bodyweight they attained on an ad libi-
tum diet. The food and water restriction was continued until the end of
the task. The task started with 5 pre-training steps (habituation, initial
touch, must touch, must initiate, and punish incorrect) to shape
screen-touching behavior. After mice completed this pre-training (>
75% correct responses for 2 consecutive days), they subsequently per-
formed the visual discrimination task, in which trial initiation was
triggered by their touching the nozzle, and 2 stimuli (marble and fan)
were then presented simultaneously in the 2 response windows.
Touching the correct window resulted in the delivery of a liquid reward
(20 pl). When the incorrect window was touched, the stimuli offset
immediately and a 5-s time-out period was started. After an inter-trial
interval (20 s), a correction trial was given instead of a new trial. In
the correction trial, the same stimulus set was repeatedly presented in
the same location until the mouse made a correct response. Stimulus
contingencies were counterbalanced. The session finished after 1 h or 30
trials were completed, whichever came first. The total number of trials,
total number of correction trials, response latencies, percentage of trials
completed, number of correction errors, and percentage of correct re-
sponses were analyzed. When mice could achieve > 80% correct re-
sponses for 2 consecutive days, the final stage, namely the visual
discrimination task with drug treatment, was begun. In this stage, the
initial acquisition and the contingency of the stimulus pair were similar
to those of the of the visual discrimination task and methamphetamine
or fasudil was administered in a crossover design considering the
counterbalance.

2.8. Statistical analysis

All data are expressed as mean £+ SEM. Statistical analyses were
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performed with GraphPad Prism 9 (RRID:SCR_002798; GraphPad Soft-
ware, San Diego, CA, USA). The Brown-Forsythe test was used to test for
the equality of group variances. Statistical significance (P < 0.05) was
determined using two-way analysis of variance (ANOVA), mixed-effects
analysis, or the Kruskal-Wallis test for multigroup comparisons. Tukey’s
multiple comparison test or Dunn’s multiple comparisons test was used
for post hoc comparison. The sample size for each experiment was
determined based on our previous studies using the relevant type of
experiment [21,22]. Detailed information concerning statistical analysis
is shown in Table S1.

3. Results

3.1. The effect of fasudil on Rho-kinase activity in the brain of Arhgap10
S490P/NHEJ mice

ARHGAP10 regulates RhoA activity by transforming the GTP-
binding form (active form) of RhoA to its GDP-binding form (inactive
form) [23,24]. Rho-kinase, an effector of RhoA, catalyzes the phos-
phorylation of MYPT1 at Thr696, thereby regulating the phosphoryla-
tion levels of myosin light chain (MLC) [25,31,32]. Our previous study
indicated that the phosphorylated MYPT1 (pMYPT1) levels in the
striatum and NAc in Arhgap10 S490P/NHEJ mice were higher than those
in WT mice, whereas there were no differences in total MYPT1 levels
between the 2 groups of mice [22]. These findings raised the possibility
that RhoA/Rho-kinase signaling is activated in the brain of Arhgap10
S490P/NHEJ mice. To test this possibility, we investigated the effect of
fasudil, a brain-permeable Rho-kinase inhibitor, on the increased
PMYPT1 levels in Arhgap10 S490P/NHEJ mice. Consistent with our
previous study [22], pMYPT1 (Thr696) levels in the striatum and NAc
were significantly higher in Arhgap10 S490P/NHEJ mice than in WT
mice, even after saline injection. Fasudil (20 mg/kg, i.p.) suppressed
PMYPT1 (Thr696) levels in the striatum and NAc in Arhgapl0
S490P/NHEJ mice but had no effect in WT mice (Fig. 1A, B, D, E)
(Figs. 1B, 2-way ANOVA, genotype: F (1, 36) = 27.31, P < 0.0001,
fasudil: F (1, 36) = 5.175, P = 0.0290, genotype x fasudil: F (1, 36) =
3.719, P =0.0617; Figs. 1E, 2-way ANOVA, genotype: F (1, 36) = 16.37,
P =0.0003, fasudil: F (1, 36) = 16.58, P = 0.0002, genotype x fasudil: F
(1, 36) =5.208, P = 0.0285). On the other hand, in the mPFC there were
no differences in pMYPT1 (Thr696) levels between Arhgapl0
S490P/NHEJ and WT mice and they were not affected by fasudil
(Fig. 1G, H) (Figs. 1H, 2-way ANOVA, genotype: F (1, 36) = 0.08369, P
= 0.7740, fasudil: F (1, 36) = 3.885, P = 0.0565, genotype x fasudil: F
(1, 36) = 0.4716, P = 0.4966). In all regions, total MYPT1 levels showed
no differences between groups (Fig. 1C, F, I) (Fig. 1C, 2-way ANOVA,
genotype: F (1, 36) = 0.6972, P = 0.4092, fasudil: F (1, 36) = 3.474,P =
0.0705, genotype x fasudil: F (1, 36) = 13.28, P = 0.0008; Fig. 1 F,
2-way ANOVA, genotype: F (1, 36) = 0.2016, P = 0.6561, fasudil: F (1,
36) = 0.3330, P = 0.5675, genotype x fasudil: F (1, 36) = 1.238, P =
0.2733; Figs. 11, 2-way ANOVA, genotype: F (1, 36) = 2.064, P =
0.1594, fasudil: F (1, 36) = 0.01162, P = 0.9147, genotype x fasudil: F
(1, 36) = 4.692, P = 0.0370).

Although western blotting showed that the mPFC of Arhgapl0
S490P/NHEJ mice exhibited no changes in pMYPT1 levels or any effect
of fasudil, we considered that immunohistochemical analysis might
detect subtle changes in pMYPT1 levels in the mPFC. pMYPT1 (Thr696)
signals were detectable in about 97% of NeuN-positive neurons in the
mPFC regardless of genotype and fasudil treatment (Fig. 2A, B). The
ratio of pMYPT1 (Thr696) and NeuN double-positive neurons to NeuN-
positive neurons in the mPFC was significantly higher in Arhgap10
S490P/NHEJ mice than in WT mice. Fasudil (20 mg/kg, i.p.) suppressed
the ratio of pMYPT1 (Thr696) to NeuN-positive neurons in the mPFC of
Arhgap10 S490P/NHEJ mice but had no effect in WT mice (Fig. 2A, C)
(Fig. 2C, genotype: F (1, 56) = 5.138, P = 0.0273, fasudil: F (1, 56)
=20.75, P <0.0001, genotype x fasudil: F (1, 56) =4.424,
P = 0.0400). These results provide further support for our hypothesis
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that RhoA/Rho-kinase signaling is activated in the striatum, NAc, and
mPFC of Arhgap10 S490P/NHEJ mice. Accordingly, we considered that
the inhibition of Rho-kinase by fasudil reduced pMYPT1 levels in each of
these regions of Arhgap10 S490P/NHEJ mice.

3.2. The effect of fasudil on spine density in the mPFC of Arhgap10
S$490P/NHEJ mice

We previously reported decreased spine density of layer 2/3 pyra-
midal neurons in the mPFC of Arhgapl0 S490P/NHEJ mice [21].
RhoA/Rho-kinase signaling promotes spine shrinkage and destabiliza-
tion through regulation of actin dynamics [26,27]. To explore a possible
role of Rho-kinase in the altered spine density of Arhgap10 S490P/NHEJ
mice, we investigated whether fasudil ameliorated the abnormal spine
density in the mPFC of Arhgapl0 S490P/NHEJ mice. Golgi staining
confirmed our previous data [21] that the spine density of pyramidal
neurons in layer 2/3 of the mPFC was significantly decreased in Arh-
gap10 S490P/NHEJ mice compared with WT mice. Daily oral adminis-
tration of fasudil (20 mg/kg/day) for 7 days restored the decreased
spine density of layer 2/3 pyramidal neurons in the mPFC of Arhgap10
S490P/NHEJ mice, although it had no effect on the spine density in WT
mice (Fig. 3A, B) (Figs. 3B, 2-way ANOVA, genotype: F (1,118) = 10.26,
P =0.0017, fasudil: F (1, 118) = 20.96, P < 0.0001, genotype x fasudil:
F (1, 118) = 9.221, P = 0.0029). This result suggests that the abnormal
activation of Rho-kinase in Arhgap10 S490P/NHEJ mice contributes to
decreased spine density in the mPFC.

3.3. The effect of fasudil on methamphetamine-induced impairment of
visual discrimination in Arhgap10 S490P/NHEJ mice

We previously reported that Arhgap10 S490P/NHEJ mice showed
impairment in the touchscreen-based visual discrimination task after
pretreatment with methamphetamine at a dose of 0.3 mg/kg, although
the same treatment had no effect on WT mice. Furthermore, Arhgap10
S490P/NHEJ and WT mice treated with methamphetamine at a dose of
0.3 mg/kg showed no differences in the amounts of time required to
make correct responses or to retrieve rewards in the visual discrimina-
tion task. Thus, the mutant mice were vulnerable to methamphetamine
treatment in terms of cognitive function, but not motor function [22].
This phenotype in Arhgap10 S490P/NHEJ mice may be consistent with
that in schizophrenia patients, whose symptoms are exacerbated by
psychostimulant drugs [8,9]. To evaluate the potential role of
Rho-kinase on methamphetamine-induced cognitive impairment in
Arhgap10 S490P/NHEJ mice, we investigated the effect of fasudil on the
reduced visual discrimination caused by methamphetamine after the
mutant mice exhibited stable discrimination performance (> 80 %
correct responses) for 2 consecutive days (Fig. 4A). Methamphetamine
(0.3 mg/kg) treatment decreased the percentage of correct responses in
Arhgap10 S490P/NHEJ mice (Fig. 4B) (mixed-effects analysis: F (2.942,
22.95) =10.06, P = 0.0002), and also decreased the number of total
normal correct trials but increased the number of total error trials
(Fig. 4C, D) (Fig. 4 C, mixed-effects analysis: F (2.712, 21.16) = 8.836,
P = 0.0007; Fig. 4D, mixed-effects analysis: F (2.763, 21.55) = 9.779,
P = 0.0004). Fasudil (3-20 mg/kg, i.p.) partially reversed the decreases
in the correct response rate (Fig. 4B) and total normal correct trials
(Fig. 4C), as well as the increase in the total normal error trials (Fig. 4D),
in the visual discrimination task in methamphetamine-treated Arhgap10
S490P/NHEJ mice. On the other hand, the completion time and the
percentage of mice that completed 30 trials within 60 min were com-
parable between saline- and methamphetamine-treated Arhgapl0
S490P/NHEJ mice, and fasudil had little effect on these indices (Fig. 4E,
F) (Fig. 4E, mixed-effects analysis: F (2.268, 17.69) = 3.357,
P = 0.0531). We confirmed that in saline-treated WT mice, fasudil at a
dose of 20 mg/kg did not affect the percentage of correct responses, the
number of total normal correct trials and total normal error trials, or the
completion time [33]. These results suggest that Rho-kinase is
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Fig. 2. The effect of fasudil on expression levels of pMYPT1 (Thr696) on NeuN-positive neurons in the mPFC of Arhgap10 S490P/NHEJ mice. A. Representative
images of pMYPT1 (Thr696) (magenta) and NeuN (green) immunoreactivity in the mPFC of Arhgap10 S490P/NHEJ mice (scale bar indicates 10 um). B. Percentage of
PMYPT1 (Thr696)-positive cells co-localized with NeuN-positive neurons in Arhgap10 S490P/NHEJ mice or WT mice 60 min after fasudil (20 mg/kg, i.p.) treatment.
C. Ratio of pMYPT1 (Thr696) and NeuN double-positive neurons to NeuN-positive neurons in the mPFC of Arhgap10 S490P/NHEJ mice or WT mice 60 min after
fasudil (20 mg/kg, i.p.) treatment. Data represent the mean + SEM (n = 15 slices in each of 5 mice per group (3 slices per mouse)) and were analyzed by Tukey’s
multiple comparison test. *P < 0.05 compared with WT mice and *#P < 0.01 compared with the vehicle group.

associated with the methamphetamine-induced cognitive impairment
seen in the visual discrimination task in Arhgap10 S490P/NHEJ mice.

3.4. The effect of fasudil on the neuronal activation induced by
methamphetamine in Arhgap10 S490P/NHEJ mice

The neural activities of the mPFC and striatum play important roles
in associative learning [34-36]. It is also reported that methamphet-
amine and amphetamine cause abnormal activation of the mPFC and
striatum as evidenced by an increase in c-Fos expression [37-41]. To
further investigate the mechanism underlying the vulnerability to
methamphetamine in Arhgap10 S490P/NHEJ mice, we evaluated c-Fos
expression levels in the mPFC and striatum after methamphetamine
treatment. Even a low methamphetamine dose of 0.3 mg/kg i.p.

significantly increased the number of c-Fos—positive cells in the mPFC
and striatum of Arhgapl0 S490P/NHEJ mice (Fig. 5A, B, C, D).
Methamphetamine-induced c-Fos expression in Arhgap10 S490P/NHEJ
mice was significantly suppressed by pretreatment with fasudil at a dose
of 20 mg/kg i.p. in the mPFC (Fig. 5A, B) (Fig. 5B, mPFC, 2-way ANOVA,
methamphetamine: F (1, 53) = 11.30, P = 0.0014, fasudil: F (1, 53)
= 22.75, P < 0.0001, methamphetamine x fasudil: F (1, 53) = 6.040,
P =0.0173), but not in the striatum (Fig. 5C, D) (Fig. 5D, striatum,
Kruskal-Wallis test, P = 0.0023). In WT mice, methamphetamine at
0.3 mg/kg i.p. had no significant effects on the number of c-Fos—positive
cells in the mPFC or striatum, while fasudil (20 mg/kg, i.p.) decreased
the number of c-Fos—positive cells only in the saline-pretreated group,
and only in the striatum and not the mPFC (Fig. S1A, B, C, D) (Fig. S1B,
Kruskal-Wallis test, P =0.1867; Fig. S1D, Kruskal-Wallis test,
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Fig. 3. The effect of fasudil on spine density in the mPFC of Arhgap10 S490P/
NHEJ mice A. Representative images of dendric spines (scale bar indicates
5 um). B. Spine density of layer 2/3 pyramidal neurons in the mPFC of Arh-
gap10 S490P/NHEJ mice or WT mice after fasudil (20 mg/kg, p.o.) treatment
for 7 days. Data represent the mean + SEM (n = 30-32 dendrites in each of 5
mice per group (6-7 dendrites per mouse)) and were analyzed by Tukey’s
multiple comparison test. **P < 0.01 compared with WT mice and *#P < 0.01
compared with the vehicle group.

P = 0.0171). These results suggest that Rho-kinase is involved in the
vulnerability to methamphetamine in the mPFC of Arhgapl0
S490P/NHEJ mice.

4. Discussion

We previously reported that RhoA/Rho-kinase signaling was acti-
vated in the brain of Arhgapl10 S490P/NHEJ mice, whose mutations
mimic those in ARHGAPI10 identified by genome-wide CNV analysis of
Japanese patients with schizophrenia [22]. Furthermore, the model
mice show an abnormal spine density in the mPFC and
methamphetamine-induced cognitive impairment in the visual
discrimination task [21,22]. Here, we demonstrated that a
brain-permeable Rho-kinase inhibitor, fasudil, suppressed the phos-
phorylation levels of MYPT1 in the striatum and mPFC in Arhgapl0
S490P/NHEJ mice (Figs. 1, 2). Notably, fasudil ameliorated the reduced
spine density in the mPFC (Fig. 3) and the methamphetamine-induced
cognitive impairment in the visual discrimination task (Fig. 4) in these
mice. These results suggest that Rho-kinase is involved in the reduced
spine density in the mPFC as well as in the cognitive impairment in
Arhgap10 S490P/NHEJ mice.

We initially demonstrated that fasudil (20 mg/kg, i.p.) suppressed
the phosphorylation levels of MYPT1 (Thr696) in the striatum and NAc
of Arhgap10 S490P/NHEJ mice without affecting the total levels of
MYPT1 (Fig. 1A-F). ARHGAP10, a member of the RhoGAP superfamily,
negatively regulates small GTPase RhoA [23,24]. Rho-kinase activated
by RhoA directly phosphorylates MYPT1 at Thr696 and MLC. Phos-
phorylated MYPT1 at Thr696 inhibits MLC phosphatase, leading to
sustained phosphorylation of MLC [32,42,43]. We previously reported
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that the systemic administration of fasudil increased the brain concen-
trations of fasudil and hydroxyfasudil, an active metabolite of fasudil,
above their respective Ki values for Rho-kinase [28]. Furthermore, our
results confirmed those of a previous study showing that systemic
administration of hydroxyfasudil suppressed the phosphorylation levels
of MYPT1 (Thr696) in mouse brains [44]. These results suggest that
fasudil crosses the blood-brain barrier and inhibits Rho-kinase in the
brain after systemic administration. We demonstrated that the ratio of
PMYPT1 (Thr696) and NeuN double-positive neurons to NeuN-positive
neurons in the mPFC of Arhgap10 S490P/NHEJ mice was higher than
that in WT mice, and fasudil (20 mg/kg, i.p.) decreased it (Fig. 2 C).
However, we failed to detect significant differences between Arhgap10
S490P/NHEJ mice and WT mice regarding pMYPT1 levels in brain ly-
sates of the mPFC (Fig. 1G-I). Rho-kinase was reported to be expressed
in neurons, glial cells, and endothelial cells in the mouse brain and in
post-mortem human brain tissue [45-47]. Some authors identified
RhoA/Rho-kinase activity in rat cortical synaptosomes and spines [48,
49]. Of note, most pMYPT1 immunoreactivity in this study was observed
in NeuN-positive neurons in the mPFC regardless of Arhgap10 mutations
and fasudil treatment (Fig. 2B). This indicates that in Arhgapl0
S490P/NHEJ mice, activation of Rho-kinase occurs mainly in mPFC
neurons and that RhoA/Rho-kinase signaling is activated in the stria-
tum, NAc, and mPFC.

Next, we demonstrated that fasudil restored the decreased spine
density of layer 2/3 pyramidal neurons in the mPFC of Arhgap10 S490P/
NHEJ mice (Fig. 3). RhoA/Rho-kinase signaling regulates actin cyto-
skeleton organization to promote spine loss and neurite retraction in
neurons [26,27,50-52]. Indeed, we previously reported that the
Rho-kinase inhibitor Y-27632 restored the impairment of neurite elon-
gation in tyrosine hydroxylase—positive neurons that had differentiated
from induced pluripotent stem cells derived from a schizophrenia pa-
tient with ARHGAPI0 mutations [21]. Moreover, our data were
consistent with previous studies showing that inhibitors of RhoA or
Rho-kinase improved abnormal spine morphology in various model
mice [53-55]. The selective RhoA inhibitor Rhosin enhanced spine
density in the NAc in socially defeated mice [53]. Fasudil restored the
decreased spine density in cortical pyramidal neurons of Cdh (a cofactor
of the anaphase-promoting complex/cyclosome ubiquitin ligase)
knock-out mice and the abnormal dendritic spine remodeling in CA1 of
the hippocampus of mice exposed to traumatic brain injury [54,55].
Therefore, these results suggest that Rho-kinase is involved in the
decreased spine density of cortical neurons in Arhgapl10 S490P/NHEJ
mice. On the other hand, our study indicated that fasudil had no effects
on spine density in WT mice (Fig. 3), while Y-27632 was reported to
increase dendritic spine density in hippocampal primary neurons of WT
mice [56]. Under our experimental conditions, the brain concentrations
of fasudil and hydroxyfasudil following systemic administration were
much lower than those in in vitro experiments [28], which may have
prevented us from detecting any changes in spine density in WT mice.

Arhgap10 S490P/NHEJ mice are vulnerable to methamphetamine,
and even low-dose methamphetamine treatment impairs visual
discrimination in these mice but not in WT mice [22]. The mutant mice
also show enhanced methamphetamine-induced hyperlocomotion
compared with WT mice [21]. Cognitive dysfunction is one of the core
symptoms of schizophrenia, but is only minimally ameliorated by cur-
rent antipsychotics [14]. Recently, touchscreen paradigms have been
used to bridge the translational gap between rodents and humans in
terms of assessing cognition and drug screening for cognitive disorders
[57,58]. In this study, we demonstrated that fasudil completely rescued
the methamphetamine-induced impairment of a touchscreen-based
discrimination task in Arhgapl0 S490P/NHEJ mice (Fig. 4). We
confirmed that fasudil at a dose of 20 mg/kg i.p. did not affect the
performance of saline-treated WT mice in the visual discrimination task
[33]. Therefore, our findings suggest that Rho-kinase contributes to the
methamphetamine-induced cognitive impairment in Arhgapl0
S490P/NHEJ mice. Our data are highly consistent with our previous



R. Tanaka et al.

A

Pharmacological Research 187 (2023) 106589

Fig. 4. The effect of fasudil on the
methamphetamine-induced impairment of vi-

85-95% 275% 280% iseriminati ;
body weight 2 sestions 2 sessions .30 5 0 min 60 su'al discrimination in Arhgap'l 0 S49'0P/.NI'-IEJ
| | | l | | visual discrimination task | mice A. The protocols of the visual discrimina-
[ | ; | 1 (30 trials) | tion task (left) and drug treatment (right). B.
pre- tramlng visual discrimination task i.p. return to Percentage of correct responses, C. Total
I:‘. .m mEtFOag‘Phe/LBTme e fzagud“/k ) homecage normal correct trials, D. Total normal error
mglkg 20 mg/kg i ion ti
or saline or saline tr%als, E. Completlfm time, find F. P"erc.en'tage. of
trials completed in the visual discrimination
B C task. The animals were treated with metham-
phetamine (0.3 mg/kg, ip.) and fasudil
# (20 mg/kg, i.p.) 30 min and 5 min before the
# task, respectively. Data represent the mean
100+ % 407 s # | + SEM (n = 7-16 mice per group) and were
2 000 E '—l ! analyzed by Tukey’s multiple comparison test.
5 oop0 § 30+ o **P < 0.01 compared with WT mice and
5 80- poo § 3 #P < 0.05 compared with the vehicle group.
- — 20-
%3 () ©
£ E
8 601 2 10
® 8
(16) P -
fasudil 0 fasudil
(mg/kg, i.p.) saline methamphetamine (mg/kg, ip.) saline methamphetamine
0.3 mg/kg 0.3 mg/kg
#
* 3000-
w 207 *% # a NS
s 0 )
T 15- ° ]
g oo é 2000
s : 5
E 1049 0 2
8 0000 Aa K4 ° % 1000+
s 0 & . ° S
3 o | S — || N 2 °
° aa
0- 0-
fasudil 0 20 o0 3 10 20 fasudil 20 0
(mg/kg, ip.) saline methamphetamine (mg/kg, ip.) saline methamphetamine
0.3 mgrkg 0.3 mgkg

-n

1 00 - Porere AN M

. ]

3

o

£

8

@ 504

©

s

k]

xR

.
fasudil 0 L

(mgkg,ip)  galine methamphetamine

0.3 mg/kg

study showing that fasudil restored impaired cognitive function in a
MK-801-treated pharmacologic mouse model of schizophrenia [28]. In
addition, other groups have reported that fasudil enhances
action-outcome memory and blocks cocaine-induced behavioral
inflexibility in mice [59,60]. Importantly, fasudil showed beneficial ef-
fects on neuropathological changes in spine morphology and cognitive
function in adult Arhgapl0 S490P/NHEJ mice (Figs. 3, 4). Thus,
Rho-kinase could be a potential therapeutic target of schizophrenia
during adulthood, when symptoms have already developed.

Finally, we found that methamphetamine at a dose of 0.3 mg/kg,

which impaired visual discrimination in Arhgap10 S490P/NHEJ mice
without affecting WT mice, increased neuronal activity in the mPFC and
striatum of Arhgap10 S490P/NHEJ mice as evidenced by c-Fos expres-
sion (Fig. 5). In contrast, methamphetamine at the same dose did not
affect c-Fos expression in WT mice (Fig. S1). We previously reported that
Arhgap10 S490P/NHEJ mice showed a significant increase in the num-
ber of c-Fos—positive cells in the striatum and NAc core compared with
WT mice after methamphetamine treatment [22]. These suggest that
methamphetamine at the dose used in the visual discrimination task can
induce abnormal neuronal activation in the mPFC and striatum in
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Arhgap10 S490P/NHEJ mice, but not in WT mice. Importantly, we
observed that fasudil suppressed the increased number of c-Fos—positive
cells in the mPFC but not the striatum of Arhgap10 S490P/NHEJ mice
(Fig. 5), suggesting that Rho-kinase is associated with
methamphetamine-induced neuronal activation in the mPFC of Arh-
gapl10 S490P/NHEJ mice. Methamphetamine increases dopamine
release in the mPFC and striatum and facilitates the transport of
N-methyl-D-aspartate receptors (NMDA-Rs) to postsynaptic subcellular
compartments, thereby triggering Ca%*-dependent ERK activation via
dopamine D1 receptors [61,62]. NMDA-Rs stimulation activates
RhoA/Rho-kinase signaling, which in turn induces Ras-ERK signaling
and morphological changes in spines by phosphorylating synaptic
Ras-GTPase activating protein 1 (SynGAP1) [63,64]. Thus, inhibition of
Rho-kinase may suppress neuronal activity in the mPFC by inactivating
Ras-ERK signaling. In the visual discrimination task, the corticostriatal
circuits play important roles in learning [65]. In particular, the neuronal
activity in the mPFC is stimulated by the cue-response association and
rule shifting [34,66,67]. Local injection of Y-27632 into the mPFC
rescued the methamphetamine (1 mg/kg, i.p.)-induced impairment in
the visual discrimination task in WT mice [33]. These data suggest that
methamphetamine-induced abnormal neuronal activation in the mPFC
via Rho-kinase is associated with methamphetamine-induced cognitive
impairment in Arhgap10 S490P/NHEJ mice.

We could not detect basal differences in cognitive function or
neuronal activity between WT and Arhgap10 S490P/NHEJ mice (Figs. 4,
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Fig. 5. The effect of fasudil on the number of c-
Fos—positive cells in the mPFC and striatum of
Arhgap10 S490P/NHEJ mice A, C. Representa-
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5) [22], although spine density in the mPFC was significantly decreased
in Arhgap10 S490P/NHEJ mice. This deficit was significantly restored by
fasudil treatment, while fasudil had no effect on spine density in WT
mice (Fig. 3). These findings suggest that decreased basal spine density
in the mPFC may not be directly related to cognitive impairment in
Arhgapl0 S490P/NHEJ mice. Alternatively, the touchscreen-based
simple visual discrimination test and reversal learning may not be sen-
sitive enough to detect potential basal cognitive deficits in Arhgap10
S490P/NHEJ mice. Of note, mice deficient in the Abl-related gene ki-
nase, which acts through p190RhoGAP to inhibit RhoA, show decreased
basal spine density in the PFC and a vulnerability to cocaine, and exhibit
defective cocaine-induced spine plasticity [60,68,69]. Accordingly, to
understand the mechanism of fasudil it is important to investigate its
effect on dendritic spine plasticity induced by the visual discrimination
task after methamphetamine treatment.

An important limitation of our work is the use of fasudil to inhibit
Rho-kinase. Fasudil is widely used as Rho-kinase inhibitor and shows
inhibitory activity against Rho-kinase 1 (ICso 0.36 pM) [70] and
Rho-kinase 2 (ICsp 0.158 pM) [71]. However, fasudil is reported to
inhibit other kinases such as PKA (ICso 4.58 uM), PKG (ICso 1.65 pM),
and CaMKII (ICsg 6.70 uM) [71]. Therefore, this study cannot exclude
the possibility that other candidate molecules are involved in the effects
of fasudil. To obtain solid evidence for the pathological role of
Rho-kinase in Arhgap10 S490P/NHEJ mice, studies using genetic tools
such as conditional Rho-kinase knockout mice are required.
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5. Conclusion

In conclusion, our results suggest that Rho-kinase plays a significant
role in the neuropathological changes in spine morphology as well as in
the vulnerability to methamphetamine in Arhgap10 S490P/NHEJ mice.
Targeting RhoA/Rho-kinase signaling may provide new therapeutic
approaches for the treatment of schizophrenia patients with Arhgap10
gene mutations.
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