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Table 4. Depression and QOL vs. Gender
Gender BDI MCS PCS
Male
WAICD 0.307** -0.364** -0.169"
Trait anxiety 0.521™ -0.422** -0.308™
State anxiety 0.510™ -0.518™" -0.370**
IES-R 0.488™ -0.393** -0.327*
Female
WAICD 0.157 -0.238 -0.076
Trait anxiety 0.507* -0.577 0.008
State anxiety 0.589* -0.625"* 0.002
IES-R 0.598** -0.424* 0.002

*P<0.05; **P<0.01.

BDI, Beck Depression Inventory; IES-R, Impact of Event Scale-
Revised; MCS, mental component summary. Other abbreviations
as in Table 3.

the risk markers for psychosocial distress in ICD patients.?’
Other studies found that age, sex, comorbid conditions, and
ejection fraction were the pre-stressor factors that can lead to
psychological outcomes.**? Therefore, age, gender, and inap-
propriate shock were included in the hierarchical multiple re-
gression analysis. The interactions between age and gender,
age and inappropriate shock, and gender and inappropriate
shock were also analyzed to determine the contribution of each
of the variables. The independent variables were entered in 2
steps. In contrast, correlation coefficients for depression and
QOL with stress and anxiety components for men and women
were obtained using Pearson product-moment correlations and
involved the Syntax editor. P<0.05 was considered to be sta-
tistically significant and all the tests were 2-tailed.

Results

According to Table 1, women were younger (53.5+19.3 years
vs. 62.2+14.5 years, P<0.01) and less likely to be a smoker
compared to men (8.8% vs. 45.5%, P<0.001). Women were
less likely to have ischemic heart disease (17.6% vs. 37.2%,
P=0.03). The majority of patients (62%) had secondary pre-
vention for SCD. There were no significant differences in
terms of the presence of inappropriate ICD shocks in the 2
groups. Ten subjects (29.4%) from the female group and 36
(25%) from the male group reported inappropriate shock

(P=0.60).

One-way MANOVA showed that women had impaired
QOL on the RP and BP subscales of the SF-8 (Table 3). Using
the summary scores of QOL, at baseline, women reported
lower mean PCS scores compared with men (44.318.8 vs.
48.719, Fis.151=6.5, P<0.05). There was no significant differ-
ence in STAI-State anxiety between men and women. Women
reported more depression than men, as indicated by the higher
BDI score in women (9.319.2 vs. 5.8+7 .4, Fi5,157=5.37, P<0.05).
Moreover, women also had higher IES-R scores, indicating
PTSD, than men (17.7£21.3 vs. 10.4%14.8, Fi5157=5.87,
P<0.05). WAICD scores were also significantly higher in fe-
male patients (40.6£18.6 vs. 31.0£18.8, Fis,157=6.62, P<0.05).

The presence of some psychological disorders was deter-
mined using the cut-offs of each questionnaire. Depression
was significantly more prevalent in female ICD patients than
male (Figure). Overall prevalence for depression, PTSD, and
anxiety were 16.8%, 23.5%, and 27.9%, respectively.

Based on WAICD score, women had more worry about
ICD than men. In addition, when the means (before the re-
versed scoring) were ranked from greatest to least concern, the
items of highest concern were: “I feel my life better since I got
the ICD” (2.34); “It bothers me that I have to be careful
around magnetic devices like the security system at the air-
port” (1.94); and “I worry about how I will feel when the ICD
fires” (1.74). The items of lowest concern were: *‘I worry that
my friends will find out I have an ICD” (0.29); “I feel pain on
my ICD scar” (0.56); and “I worry about not being able to get
a job in the future because of the ICD” (0.68).

The gender disparities in the correlations among some pa-
rameters of stress (as measured by IES-R); anxiety (as mea-
sured by STAI-state and STAI-trait); ICD-related worries (as
measured by WAICD) and depression (as measured by BDI);
and QOL (as measured by SF-8) were investigated using
the Pearson product-moment correlation coefficient (Table 4).
Preliminary analyses were performed to ensure no violation of
the assumptions of normality, linearity, and homoskedasticity.
In male subjects there was a moderate, positive correlation
between the WAICD and BDI scores (r=0.307, P<0.01), with
high level of worry concerning ICD device associated with a
higher level of depression. This correlation was not seen in
female subjects. In both male and female patients there was a
strong, positive correlation between trait anxiety and/or state
anxiety with BDI score (trait anxiety, r=0.521, P<0.01 in men
vs. r=0.507, P<0.01 in women; state anxiety, r=0.510, P<0.01
in men vs. r=0.589, P<0.01 in women). According to these

Table 5. Predictors of QOL and Psychological Factors

PCS MCS WAICD BDI STAl-state IES-R

Step1 Step2 Step1 Step2 Step1 Step2 Step1 Step2 Step1 Step2 Step1 Step2
Age -0.317t -0.339¢ 0.029 0.062 -0.039 -0.062 0139 0.110 -0.009 -0.029 -0.015 -0.036
Gender -0.243**-0.218** -0.038 -0.072 0.186 0.215** 0.207** 0.242** 0.084 0.101 0.169* 0.194*
Inappropriate shock 0.062 0.068 -0.015 -0.015 0.071 0.076 -0.038 -0.030 0.000 0.011 0.022 0.023
Age according to gender 0.097 -0.139 0.119 0.139 0.087 0.115
Age according to 0.016 0.050 0.013 0.023 0.036 -0.007
inappropriate shock
Gender according to -0.023 0.089 0.023 0.000 -0.151 0.039
inappropriate shock
R2 0.134t 0.145t 0.003 0.033 0.046* 0.058 0.052* 0.069 0.008 0.037 0.031 0.042
AR2 0.010 0.030 0.012 0.017 0.030 0.011
F F(6,165)=4.65" F(6.165)=0.93 F(6,171)=1.76 F(6,171)=2.12 F(6,171)=1.11 F(6,171)=1.25

*P<0.05; **P<0.01; 'P<0.001. STAI, State-Trait Anxiety Inventory. Other abbreviations as in Tables 3,4.
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results, the correlation between trait anxiety and depression
for men was slightly higher. Although these 2 values seem
different, according to the obtained zebs (by converting the r
value into z scores, then using an equation to calculate the
observed value of z), this difference is not big enough to be
considered significant (—1.96 < zobs <1.96). This was also the
case for state anxiety. In both groups, there were strong, nega-
tive correlations between the state anxiety and MCS scores
(r=-0.518, P<0.01 in men; r=-0.625, P<0.01 in women), with
a high level of state anxiety associated with lower levels of
mental components of health-related QOL. In contrast to fe-
male patients, in male patients there were moderate, negative
correlation between trait anxiety or state anxiety or IES-R
with PCS score, with high levels of trait anxiety or state anxi-
ety or PTSD associated with lower levels of physical compo-
nents of health-related QOL.

Table 5 lists validity results of hierarchical multiple re-
gression analysis for predictors of QOL and psychological
factors. In term of PCS, in step 1, age ($=-0.317, P<0.001)
and gender (f=-0.243, P<0.01) made significant contribu-
tions to the equation. With the addition of interaction of some
variables, gender and age were significant predictor for PCS
score (f=-0.339, P<0.001 and f=-0.218, P<0.01, respec-
tively). Subjects with older age had significantly poorer QOL
for the physical components of health. Meanwhile, female sub-
jects had significantly poorer QOL for physical components
of health. For MCS, WAICD, BDI, STAI-state, and IES-R,
model 1 (age, gender, and inappropriate shock) and model 2
(addition of the agexgender, agexinappropriate shock, and
gender xinappropriate shock interactions) gave no significant
results because R? was not significant in the 2 steps for each
variable.

Discussion

The use of ICDs significantly rose in all of the countries sur-
veyed."” Increase of ICD implantation due to expansion of
indication, however, has meant that the consequences, such as
psychological disturbance and deterioration of QOL, must
now be addressed. It has become a focus of interest because
psychological disturbances increase absolute mortality risk in
ICD patients.*” Furthermore, gender is a contributing factor.

The results of previous studies on gender differences in
QOL and in psychological factors differed, presumably be-
cause the subjects, questionnaires, and methods varied from
study to study. Some reports described women as having
impaired health-related QOL on some subscales, more ICD
concerns, and anxiety.”*" One systematic review showed that
5 of 9 studies that examined gender disparities in relation to
QOL did not find a significant association between QOL and
gender."”

In terms of psychological and QOL deficits, prior studies
specifically identified younger female recipients to be at high-
er risk for future adverse psychological consequences and
QOL impairment.>**! In the current study, the female patients
were younger. We found that Japanese female patients with an
ICD were more likely to suffer impaired QOL on the RP and
BP subscales of the SF-8 than male patients. In addition, fe-
male gender was a significant predictor for poorer QOL for the
physical components of health. Supporting this, Dunbar also
found similar results as follows: in relation to PF, women
experience more pain and limitations in daily activities than
men after ICD implantation.” It was caused by the sensitivity
of breast tissue and women’s tendency to intensively use their
arms to perform daily activities as a family caregiver. This

may explain the present results.

In the present study, BDI score was significantly higher in
female ICD patients than male patients. This is in line with the
study by Bilge et al.* Women with cardiovascular disease are
thought to be more susceptible to psychosocial distress due to
a variety of biopsychosocial factors, including concerns about
body image, shifts in role responsibilities, and changes in
PF.*! High depressive symptoms in female patients cannot be
ignored from the viewpoint of increased mortality of ICD
patients.”

With regard to IES-R scores, PTSD was significantly high-
er in Japanese women than men. It is known that female gen-
der is a predictor of PTSD.* Patients with an ICD might par-
ticularly be prone to develop PTSD symptoms, because ICD
therapy may act as a continuous reminder of suffering a poten-
tially fatal disease.’® The patients’ experience of surviving a
cardiac arrest or being told about risk for a spontaneous life-
threatening arrhythmia resulting in death could certainly be
considered traumatic, and prompts further discussion on con-
ceptualization of PTSD related to ICD implantation.”’

No statistically significant differences were found between
women and men in anxiety scores. In contrast, Brouwers et al
found female gender to be associated with increased anxiety.'”
This might be due to differences in the questionnaire and meth-
ods used. In addition, other studies have shown that young
women experience more distress associated with their defibril-
lator, highlighting the growing need for comprehensive psy-
chological care for young women with ICDs.**

The prevalence of PTSD in the current study was 23.5%.
This is almost the same as that found in another study, which
was 21%, using the same questionnaire.” In contrast, the
prevalence of anxiety and depression in the present study was
27.9% and 16.8%, respectively. This is also similar to the re-
sult of a previous meta-analysis that reported a 20% preva-
lence rate for both depressive and anxiety disorders after I[CD
implantation.” All of the studies, however, used self-report
questionnaire rather than diagnostic interview to identify the
presence of psychological distress, although all questionnaires
were validated and standardized. Some markers for psycho-
social attention in patients with ICDs were young ICD re-
cipient (age <50 years), high rate of device discharges, poor
knowledge of cardiac condition or ICD, and poor social sup-
port.27.29.31

In the present study, the rate of inappropriate shock was
25.8% in all subjects. This rate is almost the same to that
found in a previous study conducted in Korea.*” Marcus et al
found that history of inappropriate ICD shock was indepen-
dently associated with a recollection of increased pain com-
pared to those with an appropriate shock.* Therefore, trauma
response resulting from inappropriate ICD shock and con-
tinuous exposure to future defibrillation threat could lead to
potentially severe mental illness, such as PTSD.?” Addition-
ally, inappropriate ICD shocks were associated with reduced
QOL.»

We have described the existence of strong, positive correla-
tion between trait anxiety and/or state anxiety with BDI score
in female and male ICD patients. In line with this, Magalhaes
et al have discovered a biological link between stress, anxiety,
and depression. The linking mechanism involved the interac-
tion between corticotrophin-releasing factor receptor 1 (CRFR1)
and specific types of serotonin receptors (5-HTRs). They found
that CRFR1 works to increase the number of 5-HTRs on cell
surfaces in the brain, which can cause abnormal brain signal-
ing. Because CRFRI1 activation leads to anxiety in response to
stress, and 5-HTRs lead to depression, the research shows how
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stress, anxiety, and depression pathways connect through dis-
tinct processes in the brain. Although major depressive disor-
der often occurs together with anxiety disorder, the causes for
both are strongly linked to stressful experiences. Stressful ex-
periences can also make the symptoms of anxiety and depres-
sion more severe.*

Together with previous studies, the present study suggests
that ICD patients are likely to always need some assistance
with psychological adjustment, especially the women. The
effectiveness of a psychosocial intervention tailored for fe-
male ICD recipients on domains of psychosocial functioning
has been shown.*! Psychosocial treatment for female ICD re-
cipients is effective in improving disease-specific QOL out-
comes across several domains. The provision of psychosocial
customized treatment tailored to meet the specific needs of
female ICD patients has resulted in decreased anxiety and
depression. These can be achieved by multidisciplinary coop-
eration among medical departments in the management of
such patients. Prevention of distress through cardiac care and
education, recognition of distress warranting referral, optimi-
zation of QOL outcomes, and promotion of patient acceptance
of the ICD, however, is important homework for the electro-
physiologist, who is the first and routinely treating doctor for
ICD patients.?”

Study Limitations

There were some limitations in the present study. First, this
study was a cross-sectional study, which does not allow for the
inference of cause and effect. Therefore, we could not identify
how time after ICD implantation worked on the recipients in
terms of adaptation and psychological disorders. Further lon-
gitudinal study is necessary. Additionally, a greater number of
subjects is necessary in any further study. Second, anxiety,
depression, and PTSD were measured via self-report rather
than diagnostic interview, although the questionnaires were
standardized and validated. Furthermore, although interview-
administered questionnaires provide appropriate and more
complete information, the possibility of interviewer bias must
be taken into consideration.

Conclusions

A higher prevalence of anxiety, depression, and PTSD was
found in female ICD patients than male. In the Japanese popu-
lation, women reported poorer QOL on 2 subscales, RP and
BP. In terms of QOL, PCS was worse in women than men,
Female gender and older age were significant predictors of
poorer QOL for the physical components of health. There was
a significant relationship among gender and depression, worry
about ICD, and PTSD, but not for anxiety. Based on these
findings, women may have different needs with regard to
psychosocial interventions compared to men following ICD
implantation in clinical practice.
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Pivotal Role of Rho-Associated Kinase 2 in Generating the
Intrinsic Circadian Rhythm of Vascular Contractility

Toshiro Saito, MD; Mayumi Hirano, PhD; Tomomi Ide, MD, PhD; Toshihiro Ichiki, MD, PhD;
Noriyuki Koibuchi, MD, PhD; Kenji Sunagawa, MD, PhD; Katsuya Hirano, MD, PhD

Background—The circadian variation in the incidence of cardiovascular events may be attributable to the circadian changes
in vascular contractility. The circadian rhythm of vascular contractility is determined by the interplay between the central
and peripheral clocks. However, the molecular mechanism of the vascular intrinsic clock that generates the circadian
rhythm of vascular contractility still remains largely unknown.

Methods and Results—The agonist-induced phosphorylation of myosin light chain in cultured smooth muscle cells
synchronized by dexamethasone pulse treatment exhibited an apparent circadian oscillation, with a 25.4-hour cycle
length. The pharmacological inhibition and knockdown of Rho-associated kinase 2 (ROCK2) abolished the circadian
rhythm of myosin light chain phosphorylation. The expression and activity of ROCK?2 exhibited a circadian rhythm in
phase with that of myosin light chain phosphorylation. A clock gene, RORa, activated the promoter of the ROCK?2 gene,
whereas its knockdown abolished the rhythmic expression of ROCK2. In the mouse aorta, ROCK2 expression exhibited
the circadian oscillation, with a peak at Zeitgeber time 0/24 and a nadir at Zeitgeber time 12. The myofilament Ca*
sensitization induced by GTPyS and U46619, a thromboxane A2 analog, at Zeitgeber time 0/24 was greater than that
seen at Zeitgeber time 12. The circadian rhythm of ROCK2 expression and myofilament Ca* sensitivity was abolished in

staggerer mutant mice, which lack a functional RORa.

Conclusions—ROCK2 plays a pivotal role in generating the intrinsic circadian rhythm of vascular contractility by receiving
a cue from RORa. The ROCK2-mediated intrinsic rhythm of vascular contractility may underlie the diurnal variation of
the incidence of cardiovascular diseases. (Circulation. 2013;126:104-114.)

Key Words: circadian rhythm m muscle, smooth m myosins ®m vasoconstriction

he cardiovascular system displays circadian rhythms in

some physiological parameters, including blood pressure.
In addition, the occurrence of coronary artery events, such
as myocardial infarction and angina pectoris, has a circadian
variation with a peak during the morning."? These changes
may be attributable to the diurnal variation of sympathetic
nerve activity, plasma fibrinolytic activity, platelet aggregabil-
ity, or vascular contractility.** The circadian changes in the
vascular tone and reactivity to adrenergic receptor agonists
have been well documented.” However, the precise mecha-
nism underlying the circadian rhythm of vascular contractility
has not been fully elucidated.

Editorial see p 19
Clinical Perspective on p 114

In mammals, the diurnal rhythm of biological processes is
driven by the biological clock system. The molecular mechanism
of the biological clock is based on the transcriptional-
translational autoregulatory feedback loops composed of

a set of clock genes.® The transcription factors CLOCK and
BMALI work as a heterodimer to activate the transcription
of the Cry and Per genes.® Once CRY and PER have reached
a critical concentration, they repress the (ransactivation
of CLOCK-BMALI and inhibit their own transcription.®
Additional loops involving other clock genes, such as Rev-erb
and Ror, interact with and modulate this central loop.® The
circadian oscillation of the biological clock is then dictated by
the rhythmic expression of genes, which generate the rhythm
of physiological processes. The circadian rhythm of peripheral
tissues is determined by the interplay between the central and
peripheral clock mechanisms. The central clock influences the
rhythm of the peripheral tissues by generating the circadian
rhythm of neurohumoral cues.® Recently, the peripheral
clock system has been shown to dominate in regulating the
expression of several important genes in different organs
under certain conditions.”® However, the role of the vascular
intrinsic clock in the regulation of vascular contractility and its
molecular mechanisms still remain elusive.
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The present study thus aimed to clarify whether there is any
intrinsic diurnal oscillation in the vascular contractility and,
if so, to elucidate the underlying molecular mechanism. The
importance of the endothelium in regulating the physiological
vascular tone is well recognized; however, the smooth muscle
also plays a fundamental role in determining the vascular con-
tractility.>'® Our investigations were initiated with cultured
vascular smooth muscle cells to exclude any influence of the
central clock or external cues. Because the phosphorylation of
myosin light chain (MLC) plays a central role in the regula-
tion of smooth muscle contraction,' the existence of circadian
oscillation of MLC phosphorylation was first investigated.
Accordingly, a clock gene RORa and its regulation of the
expression of Rho-associated kinase 2 (ROCK2) were found
to generate the circadian oscillation of MLC phosphorylation.
The physiological significance of this clock mechanism in the
regulation of vascular contractility was then evaluated using
staggerer mutant mice, which lack a functional RORa."> As a
result, the present study elucidated, for the first time, a pivotal
role of ROCK2 in generating the intrinsic circadian rhythm of
vascular contractility.

Methods
An expanded Methods sections is available in the online-only Data
Supplement.

Cell Culture and Dexamethasone Pulse Treatment
The porcine coronary artery smooth muscle cells (PCSMCs) and por-
cine aortic smooth muscle cells were cultured in DMEM containing
10% FBS until semiconfluence for 3 to 4 days before experimental
use. The cells at semiconfluence were incubated with 100 nmol/L of
dexamethasone in growth medium for 2 hours to induce a synchro-
nized circadian rhythm.

Animals

The original staggerer mutant mice, B6C3Fe-a/a-Rora® mice
(Jackson Laboratory, Bar Harbor, ME), were adjusted by cross-
ing these mice with C57BL/6J inbred mice (CLEA Japan, Tokyo,
Japan) for >10 generations.” The study protocol was approved by
the animal care and use committee of Kyushu University. The ani-
mals were treated in accordance with the guidelines stipulated by
the committee.

Real-Time Polymerase Chain Reaction Analysis

The total RNA was extracted from cultured cells and subjected to a
real-time polymerase chain reaction analysis with FastStart SYBR
Green Master kit using a LightCycler (Roche, Basel, Switzerland).
The expression level of each mRNA was normalized to the level
of B-actin obtained from the corresponding reverse transcription
product.

Western Blot Analysis

The proteins from cultured smooth muscle cells or mice aortas were
extracted in the lysis buffer and subjected to Western blot analysis.
The immune complex was detected with an ECL plus detection kit
(GE Healthcare, Buckinghamshire, United Kingdom). The light
emission was detected and analyzed with a ChemiDoc XRS-J instru-
ment and the computer program Quantity One (BioRad). The density
of the immunoreactive band was normalized to that of the corre-
sponding actin band to adjust for any possible variations in sample
loading.
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Phos-tag SDS-PAGE Analysis of the MLC
Phosphorylation

MLC phosphorylation was evaluated with Phos-tag SDS-PAGE anal-
ysis, as described previously.”* The level of MLC phosphorylation
(PO, mol/MLC mol) was calculated as follows:

MLC phosphorylation = (P-MLC + PP-MLC x 2)/(MLC +
P-MLC + PP-MLC)

where MLC, P-MLC, and PP-MLC indicate the optical density of the
non-, mono-, and di-phosphorylated forms of MLC.

Transfection of Small Interfering RNA

Small interfering RNAs (siRNAs) were synthesized with a 3-UU
overhang by Dharmacon (Lafayette, CO). The siRNAs were trans-
fected with the HVJ Envelope Vector Kit GenomONE (Ishihara
Sangyo, Osaka, Japan).

Pull-Down Assay for the GTP-Bound Forms of
RhoA

The GTP-bound form of RhoA in the cell extract was recovered us-
ing a RhoA-binding domain of ROCK2 as a (His),-tagged pull-down
probe and Ni**-nitrilotriacetic acid resin. Equal amount of the resin
eluates and cell lysates were subjected to an immunoblot analysis
with an anti-RhoA antibody, as described above.

Luciferase Assay

The activity of the rock2 promoter (—1337 to +74) was evaluated in
PCSMCs 32 hours after transfection, using the dual-luciferase re-
porter assay system (Promega). The activity of firefly luciferase was
normalized to that of Renilla luciferase, and the value obtained with
the empty vector was considered to be 1.

Tension Measurement in the a-Toxin-
Permeabilized Preparations of Mouse Aortas

The aortic rings were permeabilized with 5000 U/mL of staphylococ-
cal a-toxin (Sigma, St. Louis, MO),"* and subjected to the studies.
The entire procedure, from euthanization to tension measurement,
was completed within 1.5 to 2.0 hours.

Data Analysis

The data are expressed as the mean+SEM of the indicated number of
experiments or mice. Either the Steel test or Student r test was used to
determine the statistical significance of the differences among groups
or between 2 groups, respectively, as indicated in the Figure legends.
A value of P<0.05 was considered to be statistically significant.

Results

Circadian Changes in the Response of MLC
Phosphorylation in Vascular Smooth Muscle Cells

The circadian rhythms of PCSMCs were synchronized
by 2-hour pulse treatment with dexamethasone. The mRNA
expression levels of the bmall, rev-erba, perl, and cryl genes
exhibited oscillatory changes that were consistent with those
described in previous reports, thus indicating the successful
synchronization of the circadian rhythm (Figure S1, available
in the online-only Data Supplement).5'*

The lysate of PCSMCs exhibited 3 immunoreactive
bands on Phos-tag SDS-PAGE (Figure 1A). The lowest
band corresponded with the purified unphosphorylated
MLC. The middle band corresponded with the purified
monophosphorylated MLC, both of which were detected
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Figure 1. The evaluation of myosin light chain (MLC) phos-
phorylation with Phos-tag SDS-PAGE. A, Immunoblot detection
of the purified MLC with and without phosphorylation by MLC
kinase (MLCK) and the lysates of porcine coronary artery smooth
muscle cells (VSMC) with the anti-MLC antibody (total MLC)

and the antibodies specific to the monophosphorylated MLC
(P-MLC®*9) and diphosphorylated MLC (PP-MLCT™8+Seris)  after
Phos-tag SDS-PAGE. The cell lysates were obtained 2 minutes
after the stimulation of cells with 1 U/mL of thrombin. B, The time
courses of MLC phosphorylation induced by 1 U/mL of thrombin
(n=3) and 100 nmol/L of endothelin 1 (n=3) were analyzed with
Phos-tag SDS-PAGE, followed by immunoblot detection with the
anti-MLC antibody. Representative immunoblot images of f-actin
are shown below those for MLC detection. All of the data are
expressed as the mean+SEM. #P<0.05 (Student t test).

by an antibody specific for P-MLC" (Figure 1A). The
uppermost band was detected by an antibody specific for
PP-MLC™18+5e19 (Figure 1A). Thrombin and endothelin
1 were used as contractile stimuli in the present study,
because they have been suggested to play a pathological
role in cardiovascular diseases.'®'” Thrombin (1 U/mL)
and endothelin 1 (100 nmol/L) transiently increased MLC
phosphorylation with a peak at 2 minutes after the simulation
(Figure 1B).

After the dexamethasone pulse treatment, the levels of
MLC phosphorylation both at rest and 2 minutes after throm-
bin stimulation transiently increased with a peak at 4 to 8
hours and then returned within 20 to 24 hours to levels seen
at 0 hours (Figure 2A). The level of MLC phosphorylation
recorded 2 minutes after thrombin stimulation, but not the
resting level, exhibited an oscillatory change, with peaks at
36 hours and 60 hours and a nadir at 48 hours (Figure 2A).
The frequency analysis by an autoregressive model revealed
that it had a 25.4-hour cycle length (Figure 2B). An analy-
sis using the antibodies specific for PP-MLC™185r19 and
P-MLCS"? revealed a similar oscillatory change in the levels
of PP-MLCT™!85¢19 byt not P-MLC**'® (Figure 2C).

Role of ROCK2 in the Circadian Oscillation of

the MLC Phosphorylation in Vascular Smooth
Muscle Cells

MLC kinase (MLCK), protein kinase C (PKC), ROCK, and
Zipper-interacting kinase (ZIPK) play a major role in the reg-
ulation of MLC phosphorylation,'®'® The inhibitors of MLCK
(10 pmol/LL of ML-9), PKC (1 pmol/L of GF109203), and
ROCK (3 pmol/L of Y27632) were applied 10 minutes before
and during thrombin stimulation. The treatment with these
inhibitors had no effect on the cell viability (Table S1, avail-
able in the online-only Data Supplement). All 3 of the inhibi-
tors suppressed the thrombin-induced MLC phosphorylation
to a similar level (=0.5 PO, mol/MLC mol) at 24 hours after
synchronization (Figure 3A). Only ROCK inhibitor abolished
the circadian oscillation of MLC phosphorylation (Figure 3A).
In line with these observations, the knockdown of ROCK2,
but not MLCK or ZIPK, abolished the circadian oscillation of
the MLC phosphorylation (Figure 3B). The level of expres-
sion of ROCK2, MLCK, and ZIPK after siRNA-mediated
knockdown was 55.4+6.3% (n=7), 50.9+5.1% (n=6), and
64.9+4.3% (n=9), respectively, of that seen with the control
siRNA (Figure 3B).

ROCK phosphorylates MYPT1, a noncatalytic subunit of
MLC phosphatase, at Thr696 and Thr853 in human MYPT1,
whereas other kinases, including ZIPK, phosphorylate
MYPTI1 at Thr696."®!* The phosphorylation of Thr853 thus
reflects the circadian oscillation of ROCK activity. The phos-
phorylation of Thr853 induced by thrombin exhibited circa-
dian oscillation with peaks at 36 and 60 hours and a nadir
at 48 hours (Figure 4A). This circadian pattern was similar
to that seen with the thrombin-induced MLC phosphoryla-
tion (Figure 4A). The phosphorylation of Thr696 exhibited no
apparent circadian oscillation (Figure 4A).

The level of expression of ROCK2 mRNA and protein
exhibited circadian changes (Figure 4B). The pattern of the
change in the level of ROCK?2 protein was similar to that seen
with the phosphorylation of MLC and MYPT]1 (Thr853). The
level of rock2 mRNA oscillated with a phase that had a peak
=4 hours earlier than the protein expression (Figure 4B). The
expression of the ROCK2 protein also exhibited similar cir-
cadian changes in porcine aortic smooth muscle cell, with
peaks at 32 to 36 hours and 60 hours (Figure S2, available
in the online-only Data Supplement). In contrast, the level of
the protein expression of MLCK, PKCa, and ZIPK exhibited
no apparent circadian oscillation (Figure 4C). The level of the
GTP-bound form of RhoA seen after thrombin stimulation
also remained constant (Figure 4D).

Circadian Changes in the Phosphorylation of MLC
and MYPT1 After Endothelin 1 Stimulation in
Vascular Smooth Muscle Cells

The levels of PP-MLC™!85e1® and P-MYPTI1™3%% gseen
2 minutes after stimulation with 100 nmol/L of endothelin 1
exhibited asimilarcircadian change to those seen with thrombin
stimulation, with peaks at 36 and 60 hours and a nadir at 48
hours (Figure S3A and S3B, available in the online-only Data
Supplement). The levels of P-MLC" and P-MYPT] ™%
exhibited no apparent circadian changes (Figure S3A and
S3B, available in the online-only Data Supplement). These
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Figure 2. The circadian changes in the
thrombin-induced phosphorylation of
myosin light chain (MLC) in porcine coro-
nary artery smooth muscle cells. A and

C, The representative immunoblots and
summaries of the circadian changes in

the MLC phosphorylation as analyzed by
Phos-tag SDS-PAGE (A; n=3 for thrombin
[+], n=5 for thrombin [-]) and conventional
SDS-PAGE (C; n=3). A maximum of 13
samples could be analyzed in 1 gel. The
vertical bars between immunoblot images
indicate the border between different gels.
B, The mean values of MLC phosphoryla-
tion in A were subjected to an analysis of
frequency with an autoregressive model.
The samples were obtained before (A) and
2 minutes after the stimulation with 1 U/
mL of thrombin (A and C) at the indicated
times after synchronization of the circadian
rhythm. The immunoblot detection was
performed with the anti-MLC antibody in A
or antibodies specific for the MLC mono-
phosphorylated (P-MLCS*"%) and the MLC
diphosphorylated (PP-MLC™18+5e19) in C. In
A, immunoblot images of i-actin are shown
below those for MLC detection. In C, the
level of phosphorylation, as normalized

to the level of total MLC, was expressed
as a relative value to that obtained at 48
hours. All of the data are expressed as the
mean+SEM.

observations seen with endothelin 1 stimulation were similar

to those seen with thrombin stimulation.

Role of RORa in the Circadian Changes in the
Transcription of ROCK2 in Vascular Smooth

Muscle Cells

Among the regulatory elements for the known clock gene
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with control vectors in PCSMCs (Figure S5A). The endogenous
expression of RORa exhibited circadian changes, with a phase
that peaked =4 hours earlier than the ROCK2 protein expres-
sion (Figure 5B versus Figure 4B), whereas the expression of
RORY showed no apparent circadian oscillation (Figure 5B).
The suppression of the RORa expression by siRNA abolished
the circadian rhythm of the ROCK2 expression, whereas a
control siRNA had no effect (Figure 5C).

products, 2 ROR response elements (ROREs) separated by
102 to 108 nucleotides are preserved in the promoter region of
the rock2 gene among various mammalian species (Table S2,
available in the online-only Data Supplement). REV-ERBa,
REV-ERBJ, RORa, ROR, and RORY are all capable of bind-
ing to RORE.*?* The luciferase promoter assay with the —1337
to +74 nucleotide region of the human rock2 gene showed
that RORa and RORy, but not RORB, REV-ERBa or REV-
ERB, increased the promoter activity >5-fold the level seen

RORa-Mediated Regulation of Circadian Changes
in ROCK2 Expression and Myofilament Sensitivity
to Ca* in the Mouse Aorta

The expression of ROCK2 protein (Figure 6A and 6B) but
not ROCKI1 protein (Figure S4, available in the online-only
Data Supplement) in the aortas of wild-type mice kept under
a 12-hour dark-light cycle exhibited a circadian oscillation,
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with a peak at Zeitgeber time (ZT) 0/24, which corresponds to
=36 hours after dexamethasone pulse treatment in the cultured
cells.®"* The expression of RORa also exhibited a circadian
change, with a phase peak 4 hours earlier than that of ROCK2
(Figure 6A and 6B). In the aortas of staggerer mice, which
lack a functional RORa, the ROCK2 expression did not show
any apparent circadian changes (Figure 6A and 6B). Instead,
the level of ROCK2 protein in staggerer mice was similar to
that seen at the nadir (ZT12) in the aortas of wild-type mice
(Figure 6C). The level of MLCK was also similar between
wild-type and staggerer mice at ZT12 (Figure 6C).

ROCK plays an important role in modulating the myo-
filament Ca* sensitivity.'"'® The functional relevance of the
RORa-mediated circadian expression of ROCK2 was evalu-
ated using the o-toxin—permeabilized preparations, which
allowed us to directly evaluate the myofilament Ca** sensi-
tivity by examining the contraction at a fixed concentration
of Ca*. GTPyS, a nonhydrolyzable GTP analog, was used to
induce the myofilament Ca** sensitization.'

First, the Ca*-dependent contraction was examined by
increasing the Ca®** concentrations in a stepwise manner in
the absence of any simulation of Ca®* sensitivity. The pCa**-
tension relationship of this contraction did not differ between
ZT0 and ZT12 in both wild-type and staggerer mice (Figure
7A, GTPyS [-]). However, the pCa*-tension relationship
seen in staggerer mice shifted to the left of that seen in the

wild-type mice (Figure 7A, GTPyS [-]). The diurnal change
in the Ca*-induced contraction became prominent in the
presence of GTPYyS in the wild-type mice (Figure 7A, GTPyS
[+]). The aortic ring preparations were first contracted with
0.3, 0.5, or 1.0 pmol/L of Ca* and then stimulated with 10
pmol/L of GTPyS (Figure 7B). The level of tension obtained
with 10 pmol/L of GTPyS and either 0.3 or 0.5 pmol/L of Ca**
at ZT0 was significantly greater than that of the corresponding
contraction seen at ZT12 in the wild-type mice (Figure 7A,
GTPyS [+]). However, the contraction seen with 10 pmol/L
of GTPyS and 1 pmol/L of Ca*, which reached closer to the
maximal level of contraction, was similar at ZT0 and ZT12.
In contrast, there was no significant difference in the GTPyS-
induced contraction between ZT0 and ZT12 in the staggerer
mice (Figure 7A, GTPyS [+]).

Circadian Changes in Myofilament Sensitivity to
Ca*and MLC Phosphorylation Induced by U46619
in the Mouse Aorta

The present study examined whether the circadian change in
myofilament Ca®* sensitivity was observed for the receptor-
mediated contraction. The Ca**-sensitizing effect of a
thromboxane A2 analog, U46619, was examined at ZT0 and
ZT12 in the a-toxin permeabilized aortic ring preparations.
The contraction was induced by 1 pmol/L of U46619 in
the presence of 10 pmol/L of GTP during the 0.5-pmol/L
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Ca’*-induced contraction, as reported previously (Figure 8A).”
The extent of the contraction seen at ZT0 was significantly
greater than that seen at ZT12 in wild-type mice (Figure 8A).
In contrast, there was no significant difference in the U46619-
induced contraction between ZTO and ZT12 in the staggerer
mice (Figure 8A).

In accordance with the diurnal change in the Ca**-sensitizing
effect of U46619, the U46619-induced MLC phosphorylation
also exhibited a circadian change (Figure 8B). MLC phos-
phorylation was analyzed 5 and 25 minutes after the simula-
tion with 1 pmol/LL of U46619 in the presence of 10 pmol/L
of GTP during the 0.5-umol/L Ca**-induced contractions. The
MLC phosphorylation at ZTO at both 5 and 25 minutes was
significantly greater than that seen at ZT12 in the wild-type
mice (Figure 8B). In contrast, there was no significant differ-
ence in the U46619-induced MLC phosphorylation between
ZT0 and ZT12 in the staggerer mice (Figure §B).

Discussion
The present study elucidated, for the first time, the existence
of the vascular clock mechanism intrinsic to the smooth
muscle that generates the circadian oscillation of the
myofilament Ca** sensitivity with a peak at the beginning of
the light phase, in a manner independent of external cues. The
present study further delineated the signaling pathway from

O S T —
243240485664 72
time after synchronization (hr) time after synchronization (hr)

0
24 28 3236 40 44
time after synchronization (hr)

0 ———
24 32 40 48

the clock gene to the circadian rhythm of the myofilament
Ca** sensitivity. The circadian oscillation of the expression
of a clock gene, RORa, appears to be translated to the
oscillation of ROCK2 transcription, which in turn generates
the oscillation of MLC phosphorylation in response to
contractile stimuli. ROCK2-mediated potentiation of MLC
phosphorylation is an important mechanism underlying
myofilament Ca* sensitivity.”** Myofilament Ca** sensitivity
plays a critical role in determining the extent of the vascular
response to contractile stimuli and vascular contractility.'®?*
As a result, the present study suggests ROCK2 to be a key
oscillator generating the circadian rhythm of myofilament
Ca? sensitivity and vascular contractility. The circadian
oscillation of the MLC phosphorylation induced by thrombin
and endothelin 1 was consistently observed by the 2 different
analyses. The Phos-tag SDS-PAGE analysis allowed us to
perform a stoichiometric evaluation of MLC phosphorylation
for each time point in a self-contained manner, thus
minimizing the influence of the variations in the amount
of proteins loaded. The analysis with phosphor-specific
antibodies further revealed that the circadian oscillation
of the agonist-induced MLC phosphorylation was mainly
attributed to PP-MLC™'$+5=1% [n the Phos-tag SDS-PAGE
analysis, both the resting and stimulated levels of MLC
phosphorylation transiently increased during the 4 to 8 hours
after the dexamethasone pulse treatment. Pulse treatment
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with dexamethasone has been shown to induce an early surge
of the expression of various genes, including not only clock
genes, such as perl, but also c-fos or B-actin, which do not
show any oscillation.”?® Therefore, the transient increase in
MLC phosphorylation may be attributable to the expression
of not only clock-controlled genes but also unrelated genes
that can affect the MLC phosphorylation. As a result, most
of the analyses of circadian rhythm were performed starting
from 24 hours after the dexamethasone pulse treatment.
Because the circadian oscillation of MLC phosphorylation
was observed with both thrombin and endothelin 1, the mech-
anisms regulating MLC phosphorylation common to both
agonists are likely responsible for the oscillation. MLCK is
a major kinase that phosphorylates MLC in a Ca’*-dependent
manner,” whereas ROCK, ZIPK, and integrin-linked kinase
phosphorylate MLC in a Ca**-independent manner.'® Any of
these kinases could induce PP-MLC™!85¢r1? 1828 Op the other
hand, the dephosphorylation of MLC is mainly catalyzed by
a type 1 phosphatase consisting of 3 subunits.”” The activity
of this MLC phosphatase is suppressed either when MYPT1
is phosphorylated by ROCK, ZIPK, or integrin-linked kinase
or when an inhibitor protein, CPI-17, is phosphorylated by
ROCK or PKC."* The pharmacological inhibitors of MLCK,
PKC, and ROCK suppressed the thrombin-induced MLC

expressed as relative values to those
obtained at 48 hours. C, The effects of

the knockdown of RORa on the circadian
changes in the expression of the ROCK2
protein (n=4). The data are expressed as
the relative values to those obtained with a
control small interfering RNAs (siRNAs) at
44 hours. All of the data are expressed as
the mean=SEM; #P<0.05, ##P<0.01 (Stu-
dent t test).

phosphorylation to a similar level. However, only the ROCK
inhibitor abolished the circadian oscillation of the MLC phos-
phorylation. The knockdown of MLCK, ZIPK, and ROCK2
suppressed the thrombin-induced MLC phosphorylation to
a similar level at a nadir, whereas only ROCK2 knockdown
abolished the circadian oscillation, It should be noted that an
=50% reduction of ROCK2 expression was sufficient to abol-
ish the circadian rhythm of MLC phosphorylation. The speci-
ficity of this phenomenon was supported in that only ROCK2
knockdown was effective in suppressing the circadian rhythm
of MLC phosphorylation, whereas the degree of knockdown
was similar among the 3 kinases.

There are 2 isoforms of ROCK, ROCK] and ROCK2,
which share 65% overall homology at the amino acid level.*
ROCK?2 is the major isoform in gizzard smooth muscle, and
ROCK2 plays a predominant role in the regulation of vascular
smooth muscle contraction.”®*' An in silico analysis revealed
that the promoter regions of the mammalian rockl genes lack
any regulatory element for the known clock genes. Indeed,
no obvious circadian rhythm was observed for the ROCK1
protein expression in the aorta of wild-type mice (Figure S4,
available in the online-only Data Supplement). Therefore,
ROCK2 is suggested to play a key role in the circadian rhythm
of MLC phosphorylation.
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The present study further demonstrates that the circadian
oscillation of the expression and activity of ROCK2 correlate
with the circadian rhythm of the MLC phosphorylation. ROCK
is known to phosphorylate MYPT1 at both Thr696 and Thr853
in humans, with a 3-fold preference for Thr853 over Thr696."
Thr696 is also phosphorylated by other kinases, including
ZIPK and integrin-linked kinase.'®!® Therefore, the phos-
phorylation of Thr853 more accurately indicates the activity
of ROCK. The observations of the present study thus indicated
that the rthythm of ROCK?2 expression was correlated with the
rhythm of activity (the phosphorylation of Thr853). The circa-
dian oscillation of Thr853 phosphorylation and the in-phase
oscillation of MLC phosphorylation were similarly observed
after stimulation with thrombin and endothelin 1. A key role of
ROCK?2 in generating the circadian rhythm of the MLC phos-
phorylation is thus consistent as a mechanism common to both
agonists. ROCK can modulate MLC phosphorylation either by
inhibiting MLC phosphatase activity via the phosphorylation
of MYPT1 or CPI-17 or by directly phosphorylating MLC. 8%
However, the basal level of MLC phosphorylation did not
shown any apparent circadian oscillation. The circadian oscil-
lation of MLC phosphorylation was apparently attributed to
the agonist stimulation. Furthermore, the substrate specific-
ity of ROCK for MYPT1 (Michaelis constant value, 0.1-0.2
pmol/L) was higher than that for MLC (2.5-5.0 pmol/L).%" Tt
is therefore conceivable that ROCK?2 generates the circadian
oscillation of MLC phosphorylation mainly through the inhi-
bition of the MLC phosphatase activity.

We concluded that the oscillation of ROCK?2 expression
was regulated by a clock gene, RORa, based on the following
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observations: the luciferase promoter assay demonstrated
that the human rock2 promoter was responsive to RORa and
RORY. The expression of RORa, but not RORY, exhibited cir-
cadian oscillation in phase with that of ROCK2 mRNA. The
rhythmic expression of ROCK2 was abolished by knocking
down the expression of RORao. The 2 ROREs, which are sepa-
rated by a 102- to 108-nucleotide interval, are well preserved
in the promoter regions of the mammalian rock2 genes (Table
S2, available in the online-only Data Supplement). RORE is
known to be responsible for gene expression during the dark
phase.?® This role of RORE is consistent with the observation
that the expression of ROCK2 protein peaked at 36 and 60
hours after the dexamethasone pulse treatment, both of which
correspond with the transition from the dark phase to the light
phase.>” There are 3 isoforms of ROR, and the rhythmic
expression of each isoform shows tissue specificity.'>*! RORa
expression is rhythmic in white adipose tissue but not in brown
adipose tissue, liver, or muscle, whereas RORy expression
is thythmic specifically in brown adipose tissue and liver.?!
RORa thus appears to play a major role in the transcriptional
regulation of the circadian rhythm of ROCK2 expression in
vascular smooth muscle.

The physiological significance of the observations in the
cultured smooth muscle cells was demonstrated by using the
aortas of staggerer mice, which lack a functional RORa."2
The use of the aorta is supported by the observation that the
circadian oscillation of ROCK2 expression was similarly
observed in both PCSMCs and porcine aortic smooth muscle
cells. As a result, the RORo-mediated circadian expression of
ROCK?2 was demonstrated to occur both in vivo and in culture.
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The functional significance of the oscillation of ROCK2
expression in the regulation of smooth muscle contraction was
demonstrated by using o-toxin—permeabilized preparations.
The contraction of smooth muscle is regulated by Ca?
signaling and the change in the myofilament Ca?* sensitivity.!!
ROCK plays an important role in modulating the myofilament
Ca* sensitivity.'"'® The use of permeabilized preparations
allowed the focused investigation on the myofilament Ca*
sensitivity and thereby enabled the successful detection
of the diurnal changes in the myofilament Ca* sensitivity
as a consequence of the circadian oscillation of ROCK2
expression. The results indicated that the myofilament Ca*
sensitivity increased in association with an increase in MLC
phosphorylation when the ROCK?2 expression reached a peak
(ZT0/24) and decreased when the ROCK?2 expression reached

a nadir (ZT12). These diurnal changes were abolished in the
staggerer mice. In contrast, there were no significant diurnal
changes in the Ca*-dependent contractile mechanism. These
findings thus suggest that the RORa-mediated circadian
oscillation of ROCK2 expression is translated specifically
to the oscillation of the myofilament Ca* sensitivity by
modulating the MLC phosphorylation.

It was noticed that the Ca>*-tension relationship of the Ca*-
induced contraction in the staggerer mice shifted to the left
of that obtained in the wild-type mice. The precontractions
induced by Ca* before the application of GTPYS or U46619
in the staggerer mice were higher than those seen in the wild-
type mice. These observations suggest that the activity of
some Ca*-dependent contractile mechanisms was enhanced
in staggerer mice. However, the level of MLCK expression
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Figure 8. The circadian changes in the Ca?* sensitivity and
myosin light chain (MLC) phosphorylation induced by U46619

in the a-toxin—-permeabilized preparations of aortas of wild-type
and staggerer mice. Representative recordings and summaries
of the contractions (A) and MLC phosphorylation (B) induced by
1 umol/L of U46619 in the presence of 10 pmol/L of GTP dur-
ing the 0.5-pmol/L Ca*-induced contractions in wild-type (n=4)
and staggerer (n=4) mice at Zeitgeber time (ZT) 0 and 12. The
increase in tension induced by U46619 (A) was expressed as a
percentage of the tension obtained with 10 pmol/L of Ca?*. MLC
phosphorylation was analyzed using Phos-tag SDS-PAGE. All of
the data are expressed as the mean+SEM. #P<0.05; NS, not sig-
nificantly different vs ZT12.

in the staggerer mice was similar to that seen in the wild-type
mice. The precise mechanism underlying this enhancement of
the Ca*-induced contraction in staggerer mice remains to be
investigated.

In conclusion, the present study revealed that the vascular
intrinsic clock mechanism involving RORa generates the cir-
cadian rhythm of myofilament Ca** sensitivity. ROCK2 was
identified as a key oscillator generating the circadian rhythm
of the response of MLC phosphorylation and myofilament
Ca* sensitivity. It is conceivable that the interplay between
the central and the peripheral clocks plays an important role
in determining the circadian rhythm of vascular contractil-
ity. How this vascular intrinsic rhythm of myofilament Ca%
sensitivity interplays with the external cues from the central
clock mechanism remains to be elucidated. Furthermore, the
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intrinsic rhythm of the myofilament Ca® sensitivity peaks at
the beginning of the light phase, when the occurrence of car-
diovascular diseases also peaks. The increased ROCK activity
is suggested to play an important role in the pathogenesis of
coronary vasospasm in both animal models and patients with
vasospastic angina.'%>33 The ROCK-mediated oscillation of
myofilament Ca?* sensitivity is therefore suggested to under-
lie the onset of cardiovascular events. However, such a patho-
logical role of the vascular clock mechanism remains to be
investigated.
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CLINICAL PERSPECTIVE

The cardiovascular system displays circadian rhythms in some physiological parameters, including blood pressure. The occur-
rence of pathological events, such as myocardial infarction and angina pectoris, also exhibits circadian variation. The circadian
changes in vascular contractility underlie these physiological and pathological circadian events. The present study elucidated
the details of the vascular intrinsic clock mechanism that regulate vascular contractility. The most prominent achievement of the
present study is the identification of ROCK?2 as a clock-regulated gene. The circadian oscillation of the expression of a clock
gene, RORa, is translated to the oscillatory expression of ROCK?2, which in turn generates the oscillation of myofilament Ca?
sensitivity and vascular contractility. ROCK2 plays an important role in the regulation of smooth muscle contraction, especially
under pathological setting. Furthermore, ROCK2 regulates smooth muscle growth and contributes to the development of vas-
cular lesions. Therefore, it remains to be investigated how this intrinsic vascular clock is, if at all, modified under pathological
conditions and how it contributes to the pathogenesis and pathophysiology of cardiovascular diseases, such as hypertension,
coronary vasospasm, or atherosclerosis. In addition, vascular function is regulated by the interplay between the central and
peripheral clocks. How these 2 clock systems cross-talk to each other and how they regulate vascular function as an integrated
system remain to be elucidated. The present study thus provides a novel conceptual insight into vascular biology regarding the
circadian regulation of vascular contractility and thereby contributes to understanding the pathogenesis of cardiovascular disease
and developing new therapeutic strategies.
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SUPPLEMENTAL MATERIAL

Expanded Methods

Cell culture and dexamethasone pulse treatment

The cultured porcine coronary artery and aortic smooth muscle cells were prepared as
described previously.! The cells were grown in Dulbecco’s Modified Eagle Medium (Sigma,
St. Louis, MO, U.S.A.) supplemented with 10% fetal bovine serum, penicillin and
streptomycin in a 37°C incubator maintained at 5% CO,. The cells were cultured until
semi-confluence for 3-4 days. The cells at semi-confluence were incubated with 100 nmol/L

dexamethasone in growth media for 2 hr to induce a synchronized circadian rhythm.

Animals

Staggerer mice carry an intragenic deletion in the coding region of the rora gene, which
causes a frame shift in the coding region, and leads to the expression of the dominant
negative RORa, thereby leading to a functional knockout phenotype.2 The original genetic
background of the B6C3Fe-a/a-Rora® mice obtained from Jackson Laboratory (Bar Harbor,
ME, U.S.A) was adjusted by crossing these mice with C57BL/6J inbred mice purchased from
CLEA Japan (Tokyo, Japan) for more than 10 generations, as described previously.’
Homozygous staggerer mice were obtained by crossing heterozygous male and female
breeders. The identification of homozygotes was carried out by PCR genotyping as described
by Jackson Laboratory. The C57BL/6] (CLEA Japan) mice were used as wild-type controls.
The male wild-type and homozygous staggerer mice (6-7 weeks old) were housed in a
temperature-controlled room under a 12 hour light/12-hour dark cycle with ad libitum access
to food and water. Zeitgeber times (ZT) 0 and 12 were designated as lights on and off,
respectively. The study protocol was approved by the Animal Care and Use Committee of
Kyushu University. The animals were treated in accordance with the guidelines stipulated by

the committee.

Real-time PCR analysis

The total RNA was extracted from cultured cells using the RNeasy kit (Qiagen, Hilden,
Germany) and ¢cDNA was synthesized using 2 pg total RNA, a random primer, and
ReverTra-plus reverse transcriptase (Toyobo, Osaka, Japan). Five microliters of reserve
transcription product was then subjected to a real-time PCR analysis with FastStart SYBR
Green Master kit using a LightCycler (Roche, Basel, Switzerland). The sequences of primers
used in PCR reactions were as follows; ATT TCC CCT CCA CCT gCT C (forward primer

1
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for bmall), CgT TgT CTg gIT CgT TgT CTT C (reverse primer for bmall), ggC AgC ggT
TAC gAT TgA (forward primer for rev-erba), AAg CAT CCA gCA gAA CAT CC (reverse
primer for rev-erba), gCT CAT CgC AgA gCg TAT CC (forward primer for per?!), gTg TgC
CgT gTg gTg AAg A (reverse primer for perl), gTC CTT CTg CCC ATT TTg CTA (forward
primer for cryl), CAC AgC AgC AAC AAA TAA TCC AC (reverse primer for cryl), CAT
gTA TgA AgA Tgg ATg AAA CAg g (forward primer for rock2), AAA CAC CCA CAg ACC
ACC AA (reverse primer for rock2), gTg Cgg gAC ATC AAg gAg AA (forward primer for
f-actin) and TgT CCA CgT CgC ACT TCA T (reverse primer for S-actin). The expression
level of each mRNA was normalized to the level of B-actin obtained from the corresponding

RT product.

Western blot analysis

The proteins from cultured smooth muscle cells or mice aortas were extracted in the lysis
buffer (50 mmol/L Tris-HCI, pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 150 mmol/L NaCl, 10 mmol/L MgCl,, 10 pg/mL leupeptin, 10 pg/mL aprotinin, 10
umol/L 4-aminidophenylmethane sulfonyl fluoride, 5 umol/L microcystin, 20 umol/L NaF, 1
mmol/L. NazVOy4). The 5-20 pg protein samples were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, U.S.A.). After
blocking with either 5% non-fat dry milk (Wako Pure Chemical, Tokyo, Japan), blocking
oneP (Nacalai Tesque, Kyoto, Japan) or 7% blockace (DS phamabiomedical, Osaka, Japan),
the membranes were incubated with the indicated primary antibodies and appropriate
secondary antibodies conjugated with horseradish peroxidase. The primary antibodies used
were generated against MLC (sc-15370; Santa Cruz, Santa Cruz, CA, U.S.A),
phosphor-MLC at Ser19 (#3671, Cell signaling, Beverly, MA, U.S.A.), phosphor-MLC at
Thr18 and Ser19 (#3674; Cell signaling), MYPT1 (612164; BD Transduction, San Jose, CA,
U.S.A.), phosphor-MYPT1 at Thr696 (#07-251; Upstate; Lake Placid, NY, U.S.A.),
phosphor-MYPTT1 at Thr853 (#4563; Cell signaling), ROCK2 (610624; BD Transduction),
ROCKI (#4035; Cell signaling), MLCK (ab76092; Abcam, Cambridge, UK), ZIPK (#2928;
Cell signaling), PKCa (sc-8393; Santa Cruz), RORa (sc-28612; Santa Cruz) and RORy
(sc-28559; Santa Cruz). The immune complex was detected with an ECL plus detection kit
(GE Healthcare, Buckinghamshire, UK). The light emission was detected and analyzed with
a ChemiDoc XRS-J instrument and the computer program Quantity One (BioRad). The
corresponding actin bands were detected with naphthol blue black staining in most of the
analyses. In Phos-tag SDS-PAGE analysis, they were immunologically detected using a

primary antibody for B-actin (Sigma) and an appropriate secondary antibody conjugated with

2
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horseradish peroxidase, because the amount of B-actin in the protein samples used for the
Phos-tag SDS-PAGE analysis was too small to be quantitatively detected by naphthol blue
black staining. The density of the immunoreactive band was normalized to the density of the
corresponding actin band to adjust for any possible variations in sample loading. The image
capture time was adjusted to keep the intensity of the imaging below the maximum limit of

the system, and therefore within a linear range.

Phos-tag SDS-PAGE analysis of the MLC phosphorylatyion
The extracts of cultured smooth muscle cells were prepared as described above. The samples
for the analysis of the a-toxin-permeabilized aortic ring preparations were obtained during
the measurement of tension, as previously described.* The bathing buffer was promptly
changed to 90% (v/v) acetone, 10% (w/v) trichloroacetic acid, and 10 mmol/L dithiothreitol
(DTT) prechilled at -80°C to stop the reaction, at the indicated time points. The specimens
were then transferred into microcentrifuge tubes, and were then extensively washed and
stored in acetone containing 10 mmol/L DTT at -80°C. The specimens were air-dried to
remove acetone, and each ring preparation was extracted in 25 pL of the sample buffer (50
mmol/L Trishydroxymethyl aminomethane, 2% (w/v) SDS, 5% (v/v) glycerol, 0.01% (w/v)
NaNj3, 0.01% (w/v) bromophenol blue, and 5% (v/v) B-mercaptoethanol). The supernatant
was heated to 100°C for 5 min before electrophoresis. The protein samples were then
separated by SDS-PAGE on 12.5% polyacrylamide gels containing 30 pmol/L Phos—tagTM
(NARD Institute, Amagasaki, Japan) and 60 umol/L MnCl,. Five ug protein samples were
used for the analysis of the cultured cells. However, the protein concentrations of the samples
of aortic ring preparations were not determined, because of the interference by the
composition of the sample buffer. Therefore, an equal volume of the sample (5 uL) was
loaded into the gels. After electrophoresis, the gel was soaked in transfer buffer (25 mmol/L
Tris, 192 mmol/L glycine, 10% methanol) containing 2 mM EDTA to remove Mn*" for 40
min, and then in transfer buffer without EDTA for 20 min. Proteins were then transferred to
polyvinylidene difluoride membranes (Bio-Rad). After blocking with 5% non-fat dry milk,
all forms of MLC were detected using an anti-MLC antibody (sc-15370; Santa Cruz) and a
horseradish peroxidase-conjugated secondary antibody. The detection and analysis of the
enhanced chemiluminescence signal were performed as described above. The level of MLC
phosphorylation (PO4 mol/MLC mol) was calculated as follows:

MLC phosphorylation = (P-MLC + PP-MLC x2)/(MLC + P-MLC + PP-MLC)
where MLC, P-MLC, PP-MLC indicate the optical density of the non-, mono- and
di-phosphorylated forms of MLC.

Downloaded from http:/circ.ahajournals.org/ at KYUSHU UNIVERSITY on June 7, 2013



Transfection of small interfering RNA (siRNA)

The partial nucleotide sequences for the porcine ROCK2 and ZIPK were determined using
RT-PCR products of porcine coronary artery smooth muscle cells, and they have been
deposited to the DDBJ/EMBL/GenBank under accession numbers: AB671755 (a catalytic
domain of ROCK2), AB671756 (coiled-coil domain of ROCK2), AB671757 (RhoA-binding
domain of ROCK2), AB671758 (PH domain of ROCK2) and AB671759 (ZIPK). Otherwise,
the sequences on the database were used to design the siRNAs. These siRNAs were
synthesized with a 3° UU overhang against the following target sequences: GCA gAC AAg
AAA CgA AAU UUg (ROCK2), ggg CCA CAg AUA Aug AAA AAA (MLCK), CAA ggA
gUA CAC UAU CAA AUC (ZIPK), and CgA gAA gAU ggA AUA CUA A (RORw), by
Dharmacon (Lafayette, CO, U.S.A.). The control siRNA with a sense sequence AAg CUC
UUC UAC gUg CUU CUA AUA A, was purchased from Invitrogen (Carlsbad, CA, U.S.A.).
The siRNAs were transfected with the HVJ] Envelope Vector Kit GenomONE (Ishihara
Sangyo, Osaka, Japan) on the next day after plating the cells after being incorporated into the
HVJ-envelope vector according to the manufacturer’s instructions. The cells were exposed to
100 nmol/L siRNA incorporated in the vector for 2 hr. Thereafter, the cells were cultured for

3 days before subjecting them to dexamethasone pulse treatment.

Pull-down assay for the GTP-bound forms of RhoA

The cell extract was prepared in buffer consisting of 50 mmol/L Tris—HCI, pH 7.2, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mmol/L NaCl, 10 mmol/L MgCl,, 10
pug/mL leupeptin, 10 pg/mL aprotinin, and 10 pmol/L 4-aminidophenylmethane sulfonyl
fluoride. The 500 ng protein samples were incubated with 30 pg of a pull-down probe for 45
min at 4°C. The RhoA-binding domain (RB; residues 941-1075) of ROCK?2 tagged with a
(His)s tag was used as a pull-down probe, as previously described.” The mixture was then
incubated with Ni*"-nitrilotriacetic acid resin (Qiagen) at 4°C for 1 h. The resin was collected
by a brief centrifugation and thoroughly washed in the resin wash buffer (50 mmol/L
Tris—HCI, 1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L MgCl,, 10 pg/mL leupeptin, 10
ug/mL aprotinin, 10 pmol/L 4-aminidophenylmethane sulfonyl fluoride, pH 7.2), and the
bound protein was then eluted in SDS-sample buffer (50 mmol/L Tris—HCl, pH 6.8, 2% SDS,
5% glycerol, 5% [B-mercaptoethanol, 0.01% NaN3, 0.01% bromophenol blue) by heating at
100°C for 5 min. Equal volumes (20 pl) of the resin eluates and 5 pg cell lystes were
subjected to SDS-PAGE and an immunoblot analysis with an anti-RhoA antibody (sc-418;

Santa Cruz). The chemiluminescence detection of RhoA was as described above. The bands
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