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Ca2+ sensitization via phosphorylation of myosin
phosphatase targeting subunit at threonine-855 by Rho
kinase contributes to the arterial myogenic response
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Ca2+ sensitization has been postulated to contribute to the myogenic contraction of resistance
arteries evoked by elevation of transmural pressure. However, the biochemical evidence
of pressure-induced increases in phosphorylated myosin light chain phosphatase (MLCP)
targeting subunit 1 (MYPT1) and/or 17 kDa protein kinase C (PKC)-potentiated protein
phosphatase 1 inhibitor protein (CPI-17) required to sustain this view is not currently available.
Here, we determined whether Ca2+ sensitization pathways involving Rho kinase (ROK)-
and PKC-dependent phosphorylation of MYPT1 and CPI-17, respectively, contribute to the
myogenic response of rat middle cerebral arteries. ROK inhibitors (Y27632, 0.03–10 μmol l−1;
H1152, 0.001–0.3 μmol l−1) and PKC inhibitors (GF109203X, 3 μmol l−1; Gö6976; 10 μmol l−1)
suppressed myogenic vasoconstriction between 40 and 120 mmHg. An improved, highly
sensitive 3-step Western blot method was developed for detection and quantification of MYPT1
and CPI-17 phosphorylation. Increasing pressure from 10 to 60 or 100 mmHg significantly
increased phosphorylation of MYPT1 at threonine-855 (T855) and myosin light chain (LC20).
Phosphorylation of MYPT1 at threonine-697 (T697) and CPI-17 were not affected by pressure.
Pressure-evoked elevations in MYPT1-T855 and LC20 phosphorylation were reduced by H1152,
but MYPT1-T697 phosphorylation was unaffected. Inhibition of PKC with GF109203X did
not affect MYPT1 or LC20 phosphorylation at 100 mmHg. Our findings provide the first
direct, biochemical evidence that a Ca2+ sensitization pathway involving ROK-dependent
phosphorylation of MYPT1 at T855 (but not T697) and subsequent augmentation of LC20

phosphorylation contributes to myogenic control of arterial diameter in the cerebral vasculature.
In contrast, suppression of the myogenic response by PKC inhibitors cannot be attributed to
block of Ca2+ sensitization mediated by CPI-17 or MYPT1 phosphorylation.
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The ability of resistance arteries to constrict in response to
increased transmural pressure and to dilate to pressure
reduction is referred to as the myogenic response.
This mechanism is an important determinant of peri-

pheral vascular resistance, blood pressure and regional
blood flow control in several vascular beds, including
cerebral vasculature (Davis & Hill 1999). Although the
myogenic response has been recognized for more than
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100 years (Bayliss, 1902), our understanding of the basic
mechanisms involved in this fundamental physiological
mechanism is incomplete.

The myogenic response is known to be an intrinsic
property of the vascular smooth muscle cells of resistance
arteries and occurs in the absence of endothelial or
neuronal input (Davis & Hill, 1999; Hill et al. 2001).
Myogenic contraction is dependent in part on the level of
membrane potential (Em) of vascular smooth muscle cells,
since the major source of contractile Ca2+ influx occurs
through voltage-gated Ca2+ channels (VGCCs) (Davis &
Hill, 1999; Hill et al. 2001, 2006). A current working
hypothesis holds that the myogenic response results
from: (1) pressure-induced depolarization of Em owing
to activation of non-selective cation channels (and/or
chloride and VGCCs), (2) voltage-dependent activation
of VGCCs, (3) a rise in cytosolic Ca2+ level ([Ca2+]i), (4)
Ca2+-dependent activation of myosin light chain kinase
(MLCK), (5) phosphorylation of the 20 kDa myosin light
chain subunit (LC20), (6) initiation of cross-bridge cycling,
and (7) force generation (Zou et al. 1995, 2000; Davis &
Hill, 1999; Hill et al. 2001, 2006).

Several lines of evidence suggest, however, that
mechanisms in addition to changes in membrane potential
and [Ca2+]i may also contribute to force generation
in the myogenic response (D’Angelo et al. 1997; van
Bavel et al. 2001; Lagaud et al. 2002; Osol et al. 2002;
Gokina et al. 2005). Marked changes in Em and [Ca2+]i

accompany myogenic contraction of cerebral arteries to
pressures < ∼60 mmHg (Osol et al. 2002). However,
neither parameter changed appreciably between 60 and
140 mmHg despite increased force generation to maintain
diameter constant. Similarly, steady-state constriction of
hamster cheek pouch arterioles was greater for larger
pressure steps, but the change in [Ca2+]i was similar
(D’Angelo et al. 1997). Myogenic contraction has also
been observed in elevated external [K+] solution, a
manipulation that clamps Em at a depolarized level and
precludes changes in Ca2+ entry via VGCCs (Lagaud
et al. 2002). The myogenic response is suppressed by
inhibition of PKC activity or suppression of ROK with
Y27632 or dominant-negative mutants of RhoA and ROK
(van Bavel et al. 2001; Lagaud et al. 2002; Schubert
et al. 2002; Yeon et al. 2002; Bolz et al. 2003; Nakamura
et al. 2003; Jarajapu & Knot, 2005; Dubroca et al. 2005,
2007; Gokina et al. 2005). For example, Y27632 caused
vasodilatation in high external [K+] or following α-toxin
permeabilization without a change in intracellular [Ca2+]i

(Lagaud et al. 2002; Gokina et al. 2005). Taken together,
these findings have been interpreted to indicate that ROK-
and/or PKC-dependent mechanisms of Ca2+ sensitization
contribute to the myogenic response (Schubert et al. 2008)
in a manner similar to agonist-induced contraction of
smooth muscle (Somlyo & Somlyo, 2003; Swärd et al.
2003; Hirano, 2007).

Ca2+ sensitization is the phenomenon whereby agonists
evoke contraction of smooth muscle with little or no rise
in [Ca2+]i by modifying the balance between MLCK and
myosin light chain phosphatase (MLCP) activity (Somlyo
& Somlyo, 2003). The extent of LC20 phosphorylation and
subsequent force generation is determined by the relative
activities of MLCK and MLCP. Agonists that activate
G12/13-coupled receptors induce sensitization through the
activation of ROK by the small GTPase RhoA (Somlyo
& Somlyo, 2003; Swärd et al. 2003; Hirano, 2007). ROK
phosphorylates MLCP targeting subunit 1 (MYPT1) at
threonine-697 (T697) and/or threonine-855 (T855) (and
possibly CPI-17; Hirano, 2007), in a tissue-dependent
manner resulting in a suppression of MLCP activity (Feng
et al. 1999; Velasco et al. 2002; Murányi et al. 2005).
Ca2+ sensitization is also induced by PKC activation
following Gq-coupled receptor occupancy and subsequent
phosphorylation of CPI-17 at threonine-38 that results in
a 1000-fold increase in the inhibitory effect of CPI-17
on MLCP (Hayashi et al. 2001). The decrease in MLCP
activity evoked by both signalling pathways shifts the
MLCK–MLCP balance in favour of MLCK-dependent
phosphorylation of LC20, resulting in greater force
generation at a given [Ca2+]i; i.e. a leftward shift in the
force versus [Ca2+]i relation (Somlyo & Somlyo, 2003;
Swärd et al. 2003).

If ROK- and/or PKC-mediated Ca2+ sensitization
contribute to the myogenic response, MYPT1 and/or
CPI-17 phosphorylation would be expected to increase
coincidently with increased phospho-LC20, force
generation and a leftward shift in the force versus [Ca2+]i

relation. Significantly, at present: (1) there is no evidence
that elevations in transmural pressure evoke an increase
in MYPT1 or CPI-17 phosphorylation in resistance
arteries, and (2) in the only study to directly test for
sensitization over the physiological range of [Ca2+]i using
pressurized, α-toxin-permeabilized arteries, no change in
the force versus [Ca2+]i relation was apparent between 0
and 80 mmHg (McCarron et al. 1997). Indeed, previous
studies have relied exclusively on surrogate, indirect
markers of changes in Ca2+ sensitivity (Schubert et al.
2008), such as alterations in the relationship between
arterial diameter and bulk [Ca2+]i assessed with Fura-2
(e.g. D’Angelo et al. 1997). In the absence of direct
evidence of Ca2+ sensitization, it is impossible to discount
the possibility that suppression of myogenic contraction
owing to inhibition of ROK- or PKC-signalling results
from an interference with other cellular mechanisms
that have been implicated in the myogenic response. For
example, ROK and PKC are well known to alter smooth
muscle L-type Ca2+, non-selective cation and K+ channel
activity, modify Ca2+ handling, regulate cross-bridge
cycling (via calponin or caldesmon) and/or affect actin
cytoskeleton rearrangement (Cipolla & Osol, 1998; Jin
et al. 2000; Kaneko et al. 2000; Morgan & Gangopadhyay,
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2001; Ghisdal et al. 2003; Wier & Morgan, 2003; Shabir
et al. 2004; Luykenaar et al. 2004; Wilson et al. 2005;
Gerthoffer, 2005; Villalba et al. 2008).

Obtaining biochemical evidence of Ca2+ sensitization in
the myogenic response has been problematic (Davis & Hill,
1999; Schubert et al. 2002, 2008). Routine measurement of
MYPT1, CPI-17 and LC20 phosphorylation in resistance
arteries has not been possible because of the small
size of the vessels. For example, the segments of rat
middle cerebral arteries (RCAs) used in many pressure
arteriography studies are typically 0.5–1.0 mm long and
0.1–0.2 mm in diameter with a wall thickness of 2–5
smooth muscle cells. These segments yield less than
1 μg protein and only trace quantities of MYPT1,
CPI-17 and LC20 that cannot be detected by standard
Western blotting techniques. Accurate quantification
of phospho-MYPT1 and phospho-CPI-17 in myogenic
arteries therefore requires the development of a method
with higher sensitivity, as was employed to measure
LC20 phosphorylation in 20 μm diameter renal afferent
arterioles (Takeya et al. 2008).

In this study, we tested the hypothesis that Ca2+

sensitization mechanisms mediated by MYPT1 and
CPI-17 phosphorylation by ROK and PKC, respectively,
contribute to the myogenic response of RCAs. We
employed a 3-step Western blot method to quantify
phospho-MYPT1, phospho-CPI-17 and phospho-LC20

at varied intra-luminal pressure. Our data provide the
first direct, biochemical evidence that elevations in
pressure elicit a ROK-dependent phosphorylation of
MYPT1 at T855, leading to an augmentation of LC20

phosphorylation that contributes to force generation in
the myogenic response.

Methods

Ethical approval

Male Sprague–Dawley rats (250–275 g; Charles River,
Montréal, Quebec, Canada) were maintained and killed
by halothane inhalation and exsanguination according to
the standards of the Canadian Council on Animal Care
and a protocol reviewed by the Animal Care Committee
of the Faculty of Medicine, University of Calgary. A total
of 95 rats were employed.

Intact cerebral arterial pressure myography

The brain was carefully removed and placed in ice-cold
Krebs solution containing (in mmol l−1): NaCl 120,
NaHCO3 25, KCl 4.8, NaH2PO4 1.2, MgSO4 1.2,
glucose 11, CaCl2 1.8 (pH 7.4 when aerated with 95%
air–5% CO2). Left and right middle cerebral arteries
(RCAs) were removed from the brain, dissected free
of the surrounding tissue and cut into 2 mm segments

in preparation for arterial pressure myography, as
previously described (Plane et al. 2005; Chen et al.
2006). Briefly, cerebral arteries were mounted in an
arteriograph chamber attached to a pressure myograph
(Living Systems, Burlington, VT, USA) for measurement
of arterial diameter with an automated edge detection
system (IonOptix, Milton, MA, USA). Endothelial cells
were removed from all arteries by briefly passing a stream
of air through the vessel lumen and confirmed by loss
of vasodilatation to 10 μmol l−1 bradykinin. Arteries
were allowed to warm to 37◦C for 30 min in Krebs
solution, then pressurized to 60 mmHg and allowed to
develop active tone over 30–45 min. All arteries were
subjected to two 5 min pressure steps from 20 to 80 mmHg
to ensure development of stable pressure-dependent
myogenic constriction. Vessels that exhibited leaks
and/or did not exhibit stable constriction to pressure
were discarded. After development and stabilization of
myogenic constriction, pressure was reduced to 10 mmHg
for 10 min, and the vessels were then subjected to pressure
protocol 1, 2 or 3.

Pressure protocol 1. Concentration-dependent effect of
ROK inhibitors on pressure-induced constriction was
determined by increasing pressure from 10 to 100 mmHg
allowing a stable level of myogenic tone to develop
(∼5 min) and then applying increasing concentrations
of ROK inhibitor (Y27632, 0.03–10 μmol l−1; H1152,
1–3000 nmol l−1) in a cumulative manner to the super-
fusate, with each new concentration applied after
stabilization of the diameter in response to the pre-
vious application (typically 10 min for Y27632 and
5 min for H1152). Ca2+-free Krebs solution (zero
[Ca2+]o) containing 1.0 mmol l−1 EGTA and 10 μmol l−1

nitrendipine was used to determine the maximally relaxed
arterial diameter at 100 mmHg.

Pressure protocol 2. The effect of ROK and PKC
inhibitors on myogenic tone over a range of pressures was
determined by subjecting vessels to three series of pressure
steps from 10 to 120 mmHg in 20 mmHg increments.
The first series was applied in normal Krebs solution
(Control). Pressure was then reduced to 10 mmHg and
H1152 (0.3 μmol l−1), Y27632 (1 μmol l−1), GF109203X
(3 μmol l−1) or Gö6976 (10 μmol l−1) was added to the
superfusate before a second series of pressure steps.
Pressure was then reduced to 10 mmHg again and ROK
or PKC inhibitor solution replaced with zero Ca2+ Krebs
solution prior to a third series of pressure steps to
determine the passive diameter of the artery at each
pressure. Active myogenic constriction was defined as
the difference at each pressure between arterial diameter
in zero [Ca2+]o versus normal Krebs solution or in the
presence of ROK- or PKC-inhibitor solution.
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Pressure protocol 3. Analysis of phospho-MYPT1 and
phospho-LC20 was accomplished using flash-frozen
vessels following a pressure protocol involving two 5 min
steps to 80 mmHg and a 10 min equilibration at 10 mmHg,
prior to 10 min steps to 10, 60 or 100 mmHg. The
final steps to 10, 60 and 100 mmHg were of 3 min
duration in the CPI-17 experiments. CPI-17 was also
assessed after 0.5 min at 100 mmHg in three experiments.
In some MYPT1 experiments, 300 nmol l−1 H1152 was
added to the superfusate after ∼5 min (i.e. after a stable
arterial diameter was achieved). Arteries were flash-frozen
in an ice-cold mixture of 10% trichloroacetic acid
(TCA) and 10 mmol l−1 dithiothreitol (DTT) in acetone.
Arteries were washed in ice-cold acetone containing
10 mmol l−1 DTT and lyophilized overnight. Prior to
protein extraction, the cannulated ends of the vessels
were dissected from the lyophilized vessel segment and
discarded to avoid including tissue that was not subjected
to the test pressures.

Protein extraction

For protein extraction, 400 μl of sample buffer (4%
SDS, 100 mmol l−1 DTT, 10% glycerol, 0.01% bromo-
phenol blue (BPB), 60 mmol l−1 Tris-HCl, pH 6.8) was
added to 4–6 pooled cerebral vessels (∼0.5 mm each in
length) per experimental group. Samples were heated
at 95◦C for 10 min and rotated end-over-end overnight
at 4◦C prior to electrophoresis. Multiple freeze/thaw
cycles were avoided to limit protein degradation. Extract
from a single vessel segment (0.5–1 mm) was sufficient
to permit quantification of MYPT1, CPI-17 or LC20

phosphorylation by Western blotting, but a minimum of
three vessels was required for simultaneous detection of
changes in all three phosphoproteins and, to ensure robust
detection, we chose to pool 4–6 vessel segments. A further
five LC20 blots were performed using samples derived from
five individual vessels to ensure that the changes identified
using pooled samples were identical to those in individual
segments. No difference was apparent and these additional
data were also included in the determination of the mean
change in phospho-LC20 with pressure.

Measurement of LC20 phosphorylation

Unphosphorylated and monophosphorylated LC20 were
separated by SDS-PAGE with polyacrylamide-bound
Mn2+ tag (Phos-tag SDS-PAGE) as previously described
(Takeya et al. 2008) with the following modifications: the
stacking gel was composed of 4.38% acrylamide, 0.12%
N ,N ′-methylenebisacrylamide, 0.1% SDS, 125 mmol l−1

Tris-HCl pH 6.8, 0.1% ammonium persulfate and 0.17%
N ,N ,N ′,N ′-tetramethyl ethylenediamine (TEMED). The
resolving gel was composed of 12.18% acrylamide, 0.32%
N,N ′-methylenebisacrylamide, 50 μmol l−1 Phos-tag

acrylamide (NARD Institute Ltd, Japan), 100 μmol l−1

MnCl2, 0.1% SDS, 375 mmol l−1 Tris-HCl pH 8.8,
0.05% ammonium persulfate and 0.07% TEMED.
Electrophoresis was performed in 0.1% SDS, 25 mmol l−1

Tris, 192 mmol l−1 glycine at 30 mA (∼1.5 h). After
electrophoresis, the gel was soaked in transfer buffer
(25 mmol l−1 Tris, 192 mmol l−1 glycine, 10% methanol)
containing 2 mmol l−1 EDTA for 15 min, and then
in transfer buffer without EDTA for 15 min. Proteins
were transferred to PVDF membrane (0.2 μm pore
size) overnight at 27 V at 4◦C. The following steps
were performed at room temperature unless otherwise
indicated. Blotted membranes were washed in PBS for
5 min. LC20 was cross-linked and fixed on the membrane
by soaking in 0.5% glutaraldehyde in PBS for 45 min.
After washing in Tris-buffered saline (TBS; 137 mmol l−1

NaCl, 3 mmol l−1 KCl, 20 mmol l−1 Tris-HCl pH 7.5),
the membrane was blocked with 0.5% I-Block (Tropix,
Bedford, MA, USA) in TBS containing 0.02% Tween-20
(TBST) for 1.5 h. To enhance detection sensitivity, the
3-step Western blot protocol was used to detect LC20 from
cerebral vessels, and was carried out as follows: all forms
of LC20 (unphosphorylated and monophosphorylated)
were detected using rabbit anti-LC20 antibody (1 : 1000
dilution) incubated for 2 h in TBST (0.1%). Membranes
were washed in TBST (0.02%), incubated in TBST
(0.1%) containing biotin-conjugated goat anti-rabbit
IgG (1 : 40 000 dilution) for 1 h, washed again in TBST
(0.02%), and incubated for 30 min in TBST (0.1%)
containing horseradish peroxidase (HRP)-conjugated
streptavidin (1 : 200 000 dilution). Membranes were
then washed in TBST (0.02%) and HRP was detected
with SuperSignal West Femto reagent (Pierce, Nepean,
ON, Canada). The emitted light was detected and
quantified with a chemiluminescence imaging analyser
(LAS3000mini, Fujifilm Canada, Mississauga, ON,
Canada). Obtained images were analysed with Multi
Gauge v3.0 software (Fujifilm).

Measurement of MYPT1 phosphorylation

Extracted proteins were separated by SDS-PAGE at 35 mA
for 3.5 h using a large-format, 20-slot, 1.5 mm thick,
10% polyacryamide gel. Following electrophoresis, the
gel was cut at the 55 kDa molecular mass marker. The
low molecular mass proteins were stained with Coomassie
Brilliant Blue-R250 to permit quantification of actin. The
high molecular mass proteins were transferred to a 0.2 μm
nitrocellulose membrane at 100 V for 2 h, in transfer buffer
containing 25 mmol l−1 Tris-HCl, 192 mmol l−1 glycine,
1% SDS and 20% methanol. Membranes were stained
with 0.5% Ponceau S in 5% acetic acid for 5 min to fix
transferred proteins to the membrane, rinsed in
distilled water and dried overnight prior to Western
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blotting. Western blotting for phosphorylated MYPT1
was carried out as described for LC20 with the following
modifications: in the 3-step Western blot protocol, MYPT1
phosphorylated at T697 and T855 was detected using
phosphospecific rabbit polyclonal antibodies (1 : 1000
dilution). In the 2-step Western blot protocol, the blocking
solution was 5% skimmed milk in TBST (0.05%) and
the secondary antibody (HRP-conjugated goat anti-rabbit
IgG) was incubated in TBST (0.1%) (1 : 2000 dilution)
for 1 h.

Measurement of CPI-17 phosphorylation

Tissues from myograph experiments were extracted
in the protein extraction buffer overnight at 4◦C
as indicated above. Samples were separated by
Phos-tag SDS-PAGE as described for LC20. Gels
were equilibrated in transfer buffer (10 mmol l−1

3-[cyclohexylamino]-1-propanesulfonic acid (CAPS)-
NaOH pH 11, 15% methanol) containing 2 mmol l−1

EDTA and proteins were transferred to PVDF membranes
at 100 V for 1 h at 4◦C. After washing with PBS, the
membranes were fixed in 0.5% glutaraldehyde in PBS for
45 min, then washed twice with TBS. The membranes
were blocked by 1% enhanced chemiluminescence (ECL)
advanced blocking reagent (GE Healthcare) in TBST
(0.1%) using SNAP i.d. system (Millipore). Membranes
were incubated at 4◦C overnight with rabbit poly-
clonal anti-CPI-17 (1 : 2000 dilution), washed with
TBST (0.05%), incubated with biotin-conjugated goat
anti-rabbit IgG in TBST (0.1%) for 1 h at room
temperature, washed again in TBST (0.05%) and then
incubated with HRP-conjugated streptavidin (1 : 100 000)
in TBST (0.1%) for 30 min at room temperature prior to
exposure to chemiluminescence reagent and quantified as
described for LC20.

Materials

All chemicals were purchased from Sigma/VWR unless
indicated otherwise. Tween 20 and Coomassie Brilliant
Blue-R250 were from Bio-Rad Laboratories (Mississauga,
ON, Canada). Rabbit polyclonal antibodies specific for
MYPT1 phosphorylated at T697 (anti-MYPT1-pT697) or
T855 (anti-MYPT1-pT855) and CPI-17 were purchased
from Upstate USA (Charlottesville, VA, USA). The
rabbit anti-LC20 polyclonal antibody was from Santa
Cruz (CA, USA). Biotin-conjugated goat anti-rabbit
IgG was from Chemicon International (Billerica, MA,
USA), HRP-conjugated goat anti-rabbit secondary
antibody and HRP-conjugated streptavidin were from
Pierce Biotechnology (Rockford, CT, USA). H1152 was
obtained from Calbiochem (San Diego, CA, USA),

GF109203X and Gö6976 were from Biomol International
(Plymouth Meeting, PA, USA).

Statistical analysis

Where applicable, values are presented as the
means ± S.E.M., with n indicating the number of
experiments for a given treatment. Statistical differences
were determined using Student’s t test or repeated
measures of ANOVA followed by Bonferroni’s post hoc
test. A level of P < 0.05 was considered to be statistically
significant.

Results

Highly sensitive method for detection
of phosphorylated MYPT1

To permit quantification of MYPT1, CPI-17 and LC20

phosphorylation in pressurized RCA, modifications that
maximized protein extraction and sensitivity of Western
blot detection for each phosphoprotein were identified.
MYPT1 extraction was dramatically increased with 4%
SDS (rather than 1%) in the sample buffer combined
with end-over-end rotation overnight (Supplemental
Fig. 1, available online only). This method was also
suitable for CPI-17 and LC20. Fixation of MYPT1 to
nitrocellulose membranes with 0.5% Ponceau S–5% acetic
acid (5 min treatment) improved sensitivity compared to
no fixation or fixation with glutaraldehyde (Supplemental
Fig. 2). Improved sensitivity was also observed when
nitrocellulose was blocked with 0.5% I-Block versus
other common blocking agents (Supplemental Fig. 3).
The greatest improvement in sensitivity was achieved
using a 3-step Western blot protocol that incorporated
a biotin–streptavidin amplification step. For example,
Fig. 1 shows a comparison of a standard 2-step
with the 3-step method using a dilution series of
uridine 5′-triphosphate (UTP)-stimulated (10 μmol l−1)
RCA extracts subjected to SDS-PAGE, transferred to
nitrocellulose and phospho-MYPT1 detection using
phospho-specific antibodies. The 3-step protocol
improved detection sensitivity of phospho-T697- and
phospho-T855-MYPT1 by ∼10-fold over a range of
dilutions corresponding to pressurized RCA segments of
0.5–3.0 mm length. Phospho-MYPT1 could be quantified
on a routine basis using a sample equivalent to a single
0.5 mm segment of pressurized RCA using the 3-step
method. Importantly, signal intensity increased in a linear
fashion over the dilution range and did not vary when
normalized to Coomassie Blue-stained actin to correct for
protein loading level (Fig. 2). This method was chosen over
normalization to total MYPT1 as it avoided the variable
loss of protein introduced by stripping nitrocellulose
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membranes prior to re-blotting with pan-MYPT1
antibody.

Inhibition of ROK attenuates myogenic constriction

Y27632 was previously used at 1–10 μmol l−1 to study
the role of ROK in the myogenic response (van Bavel
et al. 2001; Lagaud et al. 2002; Schubert et al. 2002;
Yeon et al. 2002; Bolz et al. 2003; Nakamura et al. 2003;
Jarajapu & Knot, 2005; Dubroca et al. 2005, 2007; Gokina
et al. 2005). However, it also inhibits PKCδ activity in
this concentration range (Eto et al. 2001; Wilson et al.
2005). Since PKC is implicated in Ca2+ sensitization and
the myogenic response (Davis & Hill, 1999; Yeon et al.
2002; Schubert et al. 2008), here we also employed the
more potent and selective inhibitor of ROK, H1152 (K i

0.0016 vs. 9.3 μmol l−1 for PKC; Sasaki et al. 2002). To
determine the appropriate concentration of H1152, RCAs
were pressurized to 100 mmHg and H1152 was applied
in a cumulative manner (Fig. 3). Y27632 was employed
in parallel experiments for comparison with the H1152
data. Both inhibitors caused a concentration-dependent
vasodilatation, but the IC50 value for H1152 was lower
than that for Y27632 at 0.02 ± 0.01 compared to

Figure 1. Detection sensitivity of 2-step versus
enhanced 3-step Western blotting for
phospho-MYPT1
A dilution series of UTP-stimulated cerebral artery
extract (which approximates the range of signal
intensities produced by the indicated number of
200 μm × 500 μm pressurized rat cerebral arterial
segments) was subjected to SDS-PAGE and
phosphorylation of MYPT1 at T697 (A) and T855 (B)
detected by 2-step and 3-step Western blotting
protocols (i.e. simultaneous exposure). Bars show signal
intensity of phospho-MYPT1 normalized to Coomassie
Blue-stained actin for each dilution detected by the
2-step and 3-step methods. Similar results were
obtained in three experiments.

0.44 ± 0.04 μmol l−1 (Fig. 3). H1152 and Y27632 at 1.0
and 10 μmol l−1, respectively, induced nearly maximal
dilatation (94.2 ± 0.6% and 92.8 ± 1.2%, respectively) to
the passive diameter observed in zero [Ca2+]o solution
(no added Ca2+, 1 mmol l−1 EGTA and 10 μmol l−1

nitrendipine).
Figure 4 shows that Y27632 and H1152 inhibit the

myogenic response of RCA. Each vessel segment was
subjected to three sequential series of step increases in
pressure of 20 mmHg between 20 and 120 mmHg in: (1)
control solution, (2) Y27632 (1 μmol l−1; n = 5 vessels)
or H1152 (0.3 μmol l−1; n = 5 vessels) (i.e. to achieve
∼80% inhibition of myogenic contraction; Fig. 3) and
(3) zero [Ca2+]o solution. The representative recordings
and mean data of Fig. 4 show that steps in pressure to
greater than 40 mmHg induced a maintenance or decrease
in diameter in control solution, whereas dilatation was
observed in Y27632 or H1152. The difference between
the passive dilatation in zero [Ca2+]o and the diameter in
control or presence of ROK inhibitor is the extent of active
myogenic contraction at each pressure (Fig. 4C and F).
The involvement of ROK is indicated by the attenuated
active constriction in Y27632 and H1152 compared to
control conditions.
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MYPT1 and LC20 phosphoprotein levels are increased
in pressurized arteries

The effect of pressure and ROK inhibition on the level of
MYPT1 and LC20 phosphorylation was studied by Western
blot analysis. We employed vessel segments with a stable
diameter (after ∼10 min) following steps from 10 mmHg
to 10, 60 or 100 mmHg ± H1152 (0.3 μmol l−1) prior
to flash-freezing using the pressure protocol shown in
Fig. 5. These pressures were selected as 10 mmHg is the
fully relaxed condition and 60 and 100 mmHg are just
above the threshold for myogenic contraction and close to
the upper physiological limit of pressure of RCAs in vivo
(Heistad, 2001). A similar pressure protocol was employed
for analysis of CPI-17 phosphorylation, except that the
vessels were flash frozen at 0.5 or 3 min after pressure
elevation based on the rapid increase reported for CPI-17
phosphorylation evoked by agonists (e.g. Dimopoulos
et al. 2007).

To limit variations in detected MYPT1, CPI-17 and
LC20 phosphorylation, it was necessary to ensure that
the myogenicity of the vessels employed in the analysis
was comparable. The magnitude of passive dilatation in

Figure 2. Linearity of
phospho-MYPT1-T697 (A–C) and
phospho-MYPT1-T855 (D–F) Western
blotting of tissue extracts
A and D, dilution series of 10 μmol l−1

UTP-stimulated cerebral artery extract was
subjected to SDS-PAGE and phosphorylation
of MYPT1-T697 and -T855 detected by
3-step Western blotting. B and E, signal
intensity plotted against amount of extract
loaded for phospho-T697- and
phospho-T855-MYPT1 Western blots, and
Coomassie Blue-stained actin, showing the
linear relationship between the amount of
sample loaded and the detected signal
intensity (n = 3). C and F, normalization of
the signal intensity of phospho-MYPT1 to
Coomassie Blue-stained actin produced a
linear relationship that did not deviate from
the expected value (n = 3).

zero [Ca2+]o and, thereby, the extent of active constriction
could not be assessed due to flash-freezing. For this reason,
vessels not displaying a robust myogenic response during
an initial pressure step to 80 mmHg were discarded (see
protocol in Fig. 5). Validation of the quality of the vessels
was achieved by comparing the mean diameter of each
group during the step to 80 mmHg and subsequent steps to
10, 60 or 100 mmHg to the values obtained in assessment
of the myogenic response (Fig. 4). The diameters at
80 mmHg for the groups employed in the analysis of ROK
inhibition were similar, as indicated in Fig. 6A (21–23
vessels per group) and not different from that observed
in assessment of the myogenic response (shaded bar;
data from Fig. 4E). Also, the diameters at 10, 60 and
100 mmHg ± H1152 in Fig. 6B were not different from
those under identical conditions in the myogenic response
experiments (shaded bars; data from Fig. 4E). Similar
results were obtained for experiments assessing CPI-17
phosphorylation (data not shown). We were confident,
therefore, that the myogenic responsiveness of the vessels
employed in these experiments was comparable.

Two ROK phosphorylation sites, T697 and T855, were
previously identified on MYPT1 (Feng et al. 1999; Kawano
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Figure 3. Dilatation of myogenic constriction by
ROK inhibition
Representative traces and concentration–response
relationships for Y27632- (A and B; n = 5) and
H1152-evoked (C and D; n = 5) dilatation at
100 mmHg. Data are expressed as mean ± S.E.M.

Figure 4. Suppression of the myogenic response by
ROK inhibition
Effect of Y27632 (A–C; n = 5) and H1152 (D–F; n = 5)
on RCA myogenic response. Representative
pressure-induced changes in arterial diameter (A and D)
and mean diameter (± S.E.M.)–pressure relations (B and
E) for 10–120 mmHg in normal Krebs saline (Control),
1 μmol l−1 Y27632 or 0.3 μmol l−1 H1152, and zero
[Ca2+]o solution, as well as mean active
constriction–pressure relations ± Y27632 (C) or
± H1152 (F). ∗Significantly different (P < 0.05) from
control value.
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et al. 1999; Velasco et al. 2002; Stevenson et al. 2004;
Murányi et al. 2005; Hirano, 2007). Here we employed two
phospho-specific, polyclonal antibodies that recognize
MYPT1 only when phosphorylated at T697 or T855
(Wilson et al. 2005). Figure 7 shows representative Western
blots of phospho-MYPT1-T697 and -MYPT1-T855
and the corresponding Coomassie Blue-stained actin
content of each sample (6 vessels/lane), as well as the
mean ± S.E.M. normalized phosphoprotein as a function
of pressure ± H1152 (n = 3 blots; protein derived from a
total of 16 vessels). At 10 mmHg, RCA exhibited a basal
level of MYPT1 phosphorylation at both T697 and T855
(Fig. 7A–D). The extent of phosphorylation at T855 was
significantly increased at 60 and 100 mmHg compared to
10 mmHg (Fig. 7C and D), but phosphorylation at T697
was not affected by pressure (Fig. 7A and B). Moreover,
both basal (at 10 mmHg) and pressure-induced increases
in MYPT1-T855 phosphorylation were significantly
reduced by H1152 (Fig. 7C and D). No change in
phospho-MYPT-T697 was observed in the presence of the
ROK inhibitor (Fig. 7A and B).

The pressure-dependent increase in phospho-
MYPT1-T855 shown in Fig. 7 would be expected to inhibit
MLCP activity and evoke a concurrent H1152-sensitive
increase in LC20 phosphorylation at 60 and 100 mmHg.
Figure 8A (6 vessels/lane) shows a representative Western
blot of LC20 obtained using Phos-tag SDS-PAGE to
separate phosphorylated and unphosphorylated protein
(Takeya et al. 2008). Mono-phosphorylation (1-P) of
LC20 was apparent, but di-phosphorylation was not
detected. Figure 8B shows the mean level ± S.E.M. of

Figure 5. Pressure protocol and representative
diameter recordings of arteries used for analysis of
MYPT1 and LC20 phosphorylation
Representative diameter measurements for a
two-pressure-step protocol (top) with common step of
10 to 80 mmHg followed by a step to 10, 60 or
100 mmHg in the absence (Control) or presence of
0.3 μmol l−1 H1152 prior to flash-freezing. Scale bars
indicate 10 min. Open and filled circles/squares indicate
times for diameter measurements in control and H1152
segments, respectively; circles for 80 and squares for 10,
60 or 100 mmHg. CPI-17 analysis used a similar
protocol, but tissues were flash-frozen after 3 min at 10,
60 or 100 mmHg. Arrows indicate time of H1152
addition.

phosphorylated LC20 as a percentage of total LC20 protein
for 10, 60 and 100 mmHg ± H1152 (n = 8 blots; 21–23
vessels total at each pressure). Phosphorylated LC20

increased from 24.3 ± 2.6% at 10 mmHg, to 39.3 ± 2.8%
and 50.6 ± 3.3% at 60 and 100 mmHg, respectively
(Fig. 8B). The pressure-dependent increases in LC20

phosphorylation at 60 and 100 mmHg were significantly
reduced by treatment with H1152.

Inhibition of PKC attenuates myogenic constriction

Figure 9 shows that inhibition of PKC with GF109203X
(3 μmol l−1) and Gö6976 (10 μmol l−1) suppressed
the myogenic response. The concentrations employed
were selected based on their block of agonist-induced
contraction (Dimopoulos et al. 2007). Vessels were
subjected to three series of sequential pressure steps
between 20 and 120 mmHg in: (1) control solution, (2)
GF109203X (n = 6 vessels) or Gö6976 (n = 6 vessels),
and (3) zero [Ca2+]o solution. Figure 9 shows that both
PKC inhibitors blocked pressure-induced maintenance
of arterial diameter and reduced active myogenic
constriction.

Pressure does not induce CPI-17 phosphorylation
and PKC inhibition does not affect MYPT1
and LC20 phosphorylation

Figure 10A shows representative immunoblots of
CPI-17 and mean ± S.E.M. levels of phospho-CPI-17
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in non-pressurized vessels treated with phorbol
12,13-dibutyrate (PdBu; 2 μmol l−1), as well as
in pressurized vessels at 10, 60 and 100 mmHg.
Unphosphorylated and monophosphorylated CPI-17
were separated by Phos-tag SDS-PAGE (Takeya et al.
2008). Treatment with PdBu significantly increased the
level of phospho-CPI-17 expressed as a percentage of
total CPI-17. However, no change in phospho-CPI-17 was
observed at 60 and 100 mmHg compared to 10 mmHg
in pressurized arteries (Fig. 10A). We also assessed
phospho-CPI-17 at an additional time point of 0.5 min
after stepping to 100 mmHg to ensure that we had not
missed a very rapid change in CPI-17 phosphorylation
(Dimopoulos et al. 2007). A similar lack of change in
phospho-CPI-17 was also detected at this time point
(data not shown). We considered the possibility that
treatment with PKC inhibitor affected ROK activation

Figure 6. Mean arterial diameters of vessels used for
biochemical analysis
A, mean diameter ± S.E.M. for the 10, 60 and 100 mmHg final
pressure groups during the initial step to 80 mmHg in Control (open
bars) and H1152-containing (black bars) solution (values determined
at times indicated in Fig. 5 by open and filled circles, respectively).
Shaded bar is mean diameter in control conditions at 80 mmHg (data
from Fig. 4). B, mean diameter ± S.E.M. prior to flash-freezing at points
indicated in Fig. 5 by open and filled squares for control (open bars)
and H1152-treated (black bars) arteries, respectively, at 10, 60 and
100 mmHg. Shaded bars are diameters in control and
H1152-containing solution at 10, 60 and 100 mmHg (data from
Fig. 4). ∗Significantly different (P < 0.05) from value in control solution.

leading to altered MYPT1 and LC20 phosphorylation.
Pairs of vessels from individual rats were pressurized to
100 mmHg prior to treatment with Krebs in the absence
or presence of GF109203X (3 μmol l−1) and flash-frozen
for determination of phosphoprotein levels. Although the
PKC inhibitor induced dilatation, there was no change in
the level of LC20 (n = 5 pairs), MYPT1-T697 (n = 3 pairs)
or MYPT1-T855 (n = 3 pairs) phosphorylation compared
to control vessels (Fig. 10B–E).

Discussion

This is the first study to quantify MYPT1 and
CPI-17 phosphorylation in pressurized true resistance
arteries. We provide the first direct, biochemical
evidence of ROK-dependent, concurrent changes in the
phosphorylation of MYPT1 and LC20 in the myogenic
response to increased transmural pressure. Our findings
were facilitated by the development of a novel, highly
sensitive method for the detection and quantification
of MYPT1 and CPI-17 phosphorylation in very small
samples of protein derived from pressurized RCA (∼1 μg
protein), similar to that previously used for quantification
of phospho-LC20 in renal afferent arterioles (Takeya
et al. 2008). We show that: (1) H1152 suppressed
the myogenic constriction in a concentration-dependent
manner; (2) myogenic contraction to elevated pressure
was associated with a concurrent increase in MYPT1 and
LC20 phosphorylation that was blocked by H1152; (3)
MYPT1 phosphorylation during the myogenic response
occurred at T855, but not T697; (4) myogenic contraction
was reduced by PKC inhibitors, but there was no change
in CPI-17 with increased pressure and pressure-induced
MYPT1 and LC20 phosphorylation were not affected
by PKC inhibitor treatment. These novel findings have
important implications for control of arterial diameter by
transmural pressure in health and disease.

The ability to simultaneously quantify MYPT1, CPI-17
and LC20 phosphorylation in protein samples of less
than 1 μg derived from single pressurized resistance
arteries represents a significant technical advance. LC20

was shown to be phosphorylated to a similar stoichiometry
under basal conditions at 10 mmHg and during the
myogenic response of RCAs as previously reported for
rat cremaster arterioles (Zou et al. 1995, 2000). Stretch
was previously shown to increase LC20 phosphorylation
in a ROK-dependent manner in basilar artery (Obara
et al. 2006), but the involvement of phospho-MYPT1
was not determined. Here, increased MYPT1-T855 and
LC20 phosphorylation were shown to be associated with
myogenic constriction and to be blocked by inhibition of
ROK with H1152. A limitation of this study is that ROK
and MLCP activities were not measured directly. However,
we are confident that both enzymes were activated by
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Figure 7. Alteration in MYPT1 phosphorylation
with pressure and ROK inhibition
Representative 3-step Western blots of
phospho-T697-MYPT1 (A) and phospho-T855-MYPT1
(C) and corresponding Coomassie-Blue-stained actin
level in each lane for samples of arteries at 10, 60 or
100 mmHg ± H1152 (0.3 μmol l−1). B and D indicate
mean level ± S.E.M. (n = 3) of phospho-T697- and
phospho-T855-MYPT1, respectively, normalized to
Coomassie-Blue actin with the value for control at
10 mmHg for each blot set to a value of 1. ∗Significant
difference (P < 0.05) from control value at each
pressure; ∗∗significant difference (P < 0.05) from
control value at 10 mmHg; #significant difference
(P < 0.05) from value at 60 mmHg.

pressure based on the following findings. (1) Although
Y27632 inhibits PKC (Eto et al. 2001; Wilson et al. 2005),
we found that H1152 reduced myogenic contraction
with a 10-fold greater potency than Y27632. This
result and the increase in phospho-MYPT1-T855 with
pressure elevation are consistent with the involvement
of ROK. RhoA translocation to the plasma membrane
was also previously shown for myogenic contraction of
mesenteric arteries (Dubroca et al. 2007). (2) We do
not attribute suppression of the myogenic response by
H1152 to a decline in [Ca2+]i. Gokina et al. (2005)
found that ROK inhibition by Y27632 elevated [Ca2+]i at
> 60 mmHg. (3) The complete inhibition of MYPT1 and
LC20 phosphorylation by H1152 indicates that a change
in actin cytoskeleton dynamics (Cipolla & Osol, 1998;
Cipolla et al. 2002; Gerthoffer, 2005; Corteling et al. 2007)
is not required to explain the effects of ROK inhibition
on pressure-induced force generation. The cytoskeleton
may indeed be altered, but the H1152-induced reduction
in LC20 phosphorylation at 60 and 100 mmHg to
the basal level at 10 mmHg can completely account
for the loss of myogenic constriction. (4) Coincident
changes in phospho-MYPT1, LC20 phosphorylation and
diameter owing to increased pressure, as well as following
treatment with H1152 were detected at 60 and 100 mmHg.
This is consistent with a role for pressure-induced
MLCP inhibition. LC20 phosphorylation at 10 mmHg
was not affected by H1152 although the level of
phospho-MYPT1-T855 was decreased. This implies that
the increase in MLCP activity due to H1152 was
insufficient to counteract basal phosphorylation of LC20

by MLCK, zipper-interacting protein kinase, p21-activated

Figure 8. Alteration in LC20 phosphorylation with pressure and
ROK inhibition
Representative Western blot (A) and mean level ± S.E.M. (B) of
phosphorylated LC20 as a percentage of total LC20 at 10, 60 and
100 mmHg ± H1152 (0.3 μmol l−1) with unphosphorylated (0-P) and
mono-phosphorylated (1-P) LC20 separated by Phos-tag SDS-PAGE
(n = 8). ∗Significant difference (P < 0.05) from control value at each
pressure; ∗∗significant difference (P < 0.05) from control value at
10 mmHg; #significant difference (P < 0.05) from value at 60 mmHg.
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kinase and/or integrin-linked kinase (Hirano, 2007).
Taken together, these data are consistent with the
view that increased transmural pressure evokes a
ROK-mediated inhibition of MLCP, changing the
balance of MLCK-MLCP activity, and permitting net
phosphorylation of LC20 and increased force generation.

The view that Ca2+ sensitization as a result of
ROK-mediated phosphorylation of MYPT1 contributes
to the myogenic response is consistent with the findings
of Gokina et al. (2005), but not those of McCarron
et al. (1997). Gokina et al. (2005) observed a reduced
sensitivity to Y27632 at 100 versus 60 mmHg in
α-toxin-permeabilized RCAs. In contrast, McCarron
et al. (1997) did not detect a change in Ca2+ sensitivity
with increased pressure over a range of [Ca2+]i

between 0.001 and 60 μmol l−1. However, GTP was not
included in the bath solution employed by McCarron
et al. (1997), precluding activation of the ROK and
phospho-MYPT1-dependent mechanism described here.
GTP is a requisite co-factor for G-protein-coupled
receptor signalling and RhoA activation and is lost from
the cytosol through α-toxin pores of permeabilized

Figure 9. Suppression of the myogenic response by
PKC inhibition
Effect of GF109203X (A–C; n = 6) and Gö6976 (D–F;
n = 6) on RCA myogenic response. Representative
pressure-induced changes in arterial diameter (A and D)
and mean diameter (± S.E.M.)–pressure relations (B and
E) for 10–100 mmHg in normal Krebs saline (Control),
3 μmol l−1 GF109203X or 10 μmol l−1 Gö6976, and
zero [Ca2+]o solution, as well as mean active
constriction–pressure relations ± GF109203X (C) or
± Gö6976 (F). ∗Significantly different (P < 0.05) from
control value.

preparations (Kitazawa et al. 1989). Gq/11-coupled
receptors were recently postulated to act as
mechano-sensors in the myogenic response of cerebral
arteries (Mederos y Schnitzler et al. 2008). If this is the
case, then GTP may be required at multiple steps in the
signalling cascade leading to myogenic contraction.

Our findings indicate that ROK-mediated Ca2+

sensitization in response to pressure is exclusively
mediated by MYPT1 phosphorylation at T855 in RCAs.
Phosphorylation at T697 inhibits MLCP activity (Feng
et al. 1999) and phosphorylation at T855 interferes with
the binding of MYPT1 to myosin (Velasco et al. 2002)
and inhibits MLCP activity (Murányi et al. 2005). The
involvement of T855 is consistent with previous studies
of agonist-induced, ROK-mediated Ca2+ sensitization in
which phosphorylation by ROK was reported to occur
exclusively at T855 (Kitazawa et al. 2003; Stevenson
et al. 2004; Wilson et al. 2005). Phosphorylation at
T697 did not change in response to pressure elevation
and was not altered by H1152. This indicates that
T697 is not an important site for ROK-mediated
regulation of pressure-induced vasoconstriction
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in RCAs. Phosphorylation at T697 is known to occur in
response to agonist stimulation (Kitazawa et al. 2000;
Shin et al. 2002; Murthy et al. 2003; Niiro et al.
2003; Hersch et al. 2004; Neppl et al. 2009), but
not in all preparations or in every instance in which
T855 phosphorylation was increased (Kitazawa et al.

Figure 10. Lack of alteration in CPI-17 phosphorylation with pressure or phospho-MYPT1 and LC20 with
PKC inhibition
A, representative Western blots and mean level ± S.E.M. of phosphorylated CPI-17 as a percentage of
total CPI-17 in arteries treated with PdBu (2 μmol l−1) and arteries at 10, 60 and 100 mmHg with
unphosphorylated and phosphorylated CPI-17 separated by Phos-tag SDS-PAGE (n = 3). B, representative
tracings of diameter in response to pressure ± GF109203X (3 μmol l−1; GF) for tissues employed in
analysis of CPI-17, MYPT1 and LC20 phosphoprotein levels. C, representative 3-step Western blots of
phospho-MYPT1-T697 and corresponding Coomassie-Blue-stained actin for paired arteries (i.e. both vessels
from one rat) at 100 mmHg ± GF109203X (3 μmol l−1; GF) and mean level ± S.E.M. of phospho-T697-MYPT1
in GF109203X-treated vessels (n = 3) as a percentage of the level in control conditions (n = 3). D, representative
3-step Western blots of phospho-MYPT1-T855 and corresponding Coomassie-Blue-stained actin for paired
arteries at 100 mmHg ± GF109203X (3 μmol l−1; GF) and mean level ± S.E.M. of phospho-T855-MYPT1 in
GF109203X-treated vessels (n = 3) as a percentage of the level in control conditions (n = 3). E, representative
3-step Western blot from paired vessels and mean level ± S.E.M. of phosphorylated LC20 as a percentage of total
LC20 at 100 mmHg ± GF109203X (3 μmol l−1; GF) with unphosphorylated (0-P) and mono-phosphorylated (1-P)
LC20 separated by Phos-tag SDS-PAGE (n = 5 paired arteries in each group).

2003; Stevenson et al. 2004; Wilson et al. 2005). The
kinase responsible for basal phosphorylation at T697
in RCA remains to be determined; potential candidates
include zipper-interacting kinase and integrin-linked
kinase (MacDonald et al. 2001; Murányi et al.
2002).
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Our data indicate that PKC-dependent mechanisms
of Ca2+ sensitization involving CPI-17 and MYPT1
do not contribute to the myogenic response of RCAs.
Previous studies using RCAs and other vessels have
attributed suppression of the myogenic response by
PKC inhibitors to a modulation of Ca2+ sensitization
(e.g. Karibe et al. 1997; Wesselman et al. 2001; Lagaud
et al. 2002; Jarajapu & Knot, 2005). However, this
view was based on surrogate markers of sensitization;
the effects of pressure and PKC inhibition on CPI-17
and MYPT1 phosphorylation were not determined.
PKC-mediated phosphorylation of CPI-17 resulting in
Ca2+ sensitization is evoked by agonist treatment in
several vascular and non-vascular smooth muscles (Eto
et al. 2001; Dimopoulos et al. 2007; Hirano, 2007).
For example, GF109203X-sensitive phosphorylation of
CPI-17 was observed to reach a peak within 10 s and
to slowly decline by ∼25% over 5 min after exposure
of femoral arteries to phenylephrine (Dimopoulos et al.
2007). Here, we were unable to detect a change in
phospho-CPI-17 at 0.5 min (at 100 mmHg) and at 3 min
(at 60 and 100 mmHg) after pressure elevation despite
reduction of the myogenic response by PKC inhibitor
treatment. We do not attribute this negative result to
a lack of detection sensitivity or failure to measure
phospho-CPI-17 at an appropriate time after pressure
elevation. Our approach of 3-step immunoblotting after
Phos-tag SDS-PAGE separation of unphosphorylated and
phosphorylated CPI-17 was of sufficient sensitivity to
resolve a 30% increase in phospho-CPI-17 following
treatment with PdBu. Also, arteries were sampled at
times consistent with the period of the initial rise in
[Ca2+]i, LC20 phosphorylation and contraction owing to
pressure (Zou et al. 1995; D’Angelo et al. 1997; Osol et al.
2002) and within the period of elevated phospho-CPI-17
following agonist treatment (Dimopoulos et al. 2007).
PKC inhibitors may block Ca2+ sensitization by interfering
with RhoA/ROK activation (Kandabashi et al. 2003). For
example, PKC may phosphorylate RhoGDI leading to
dissociation of GDI and RhoA activation by Rho-GEF
(Mehta et al. 2001). We also failed to identify an effect
of GF109203X on MYPT1 or LC20 phosphorylation at
100 mmHg. These results provide direct evidence that
PKC-dependent Ca2+ sensitization via MYPT1 does not
contribute to the myogenic response. Also, the lack of
change in LC20 phosphorylation in the presence of PKC
inhibitor implies that a block of PKC-evoked thin filament
regulation or cytoskeleton reorganization may be involved
rather than a change in ion channel activity, [Ca2+]i and
MLCK activity (McCarron et al. 1997; Cipolla & Osol,
1998; Jin et al. 2000; Kaneko et al. 2000; Morgan &
Gangopadhyay 2001; Ghisdal et al. 2003; Wier & Morgan,
2003; Shabir et al. 2004; Luykenaar et al. 2004; Wilson et al.
2005; Gerthoffer, 2005; Villalba et al. 2008).

Our findings indicate that ROK-mediated inhibition of
MLCP is essential for myogenic contraction and suggest
the possibility that modulation of pressure-induced ROK
activation may be an important site for regulation of
myogenic responsiveness. In the absence of MYPT1
phosphorylation due to H1152 treatment, MLCP activity
was sufficient to completely suppress pressure-induced
LC20 phosphorylation and force generation at 60 and
100 mmHg. This implies that pressure-induced myogenic
depolarization leading to VGCC activation, Ca2+ influx
and increased MLCK activity is insufficient to alter the
MLCK–MLCP balance to favour LC20 phosphorylation
and myogenic contraction. Pressure-induced MLCP
inhibition by ROK appears to be necessary for the
myogenic response to occur in RCAs. Given this essential
role for MLCP inhibition, it is significant that the
ROK signalling pathway and/or MYPT1 phosphorylation
by ROK is suppressed by endothelium-derived nitric
oxide and activated by vasoconstrictor agonists (Davis
& Hill, 1999; Zou et al. 2000; Eto et al. 2001; Somlyo
& Somlyo, 2003; Swärd et al. 2003; Loirand et al.
2006; Hirano, 2007; Neppl et al. 2009). These factors
may alter the level of MLCP inhibition, shifting the
phospho-LC20–[Ca2+]i relation to enhance or suppress
myogenic responsiveness without requiring a change
in the level of Em, Ca2+ influx or MLCK activation.
Osol et al. (2002) suggested that the myogenic response
may be divided into three distinct phases: myogenic
tone development, myogenic reactivity and forced
dilatation. Development of myogenic tone between 40 and
60 mmHg is characterized by a substantial depolarization
of Em, elevation in [Ca2+]i and contraction due to
Ca2+–calmodulin-mediated activation of MLCK (Osol
et al. 2002). However, there is minimal further change
in Em or [Ca2+]i associated with the myogenic reactivity
phase between 60 and 140 mmHg (Osol et al. 2002). This
implies that Ca2+-dependent increases in MLCK activity
have a minor contribution to increased force generation
within the physiological range of intra-luminal pressure.
Our finding of an H1152-sensitive increase in MYPT1
and LC20 phosphorylation between 60 and 100 mmHg
indicates that ROK-mediated Ca2+ sensitization may play
a major role in regulating force generation in the reactivity
phase of the myogenic response. Small resistance vessels
are permanently exposed to transmural pressure in vivo
and are in a perpetual state of myogenic activation. The
involvement of Ca2+ sensitization provides a mechanism
to increase force generation with minimal and/or
transient increases in [Ca2+]i. This may avoid inter-
ference with other Ca2+-dependent processes, minimizing
energy expenditure involved in Ca2+ homeostasis and
precluding toxic effects of prolonged exposure to high
[Ca2+]i. Recent findings indicate that pressure elevation
evokes Ca2+ release from the sarcoplasmic reticulum (SR)
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in the form of asynchronous, propagating waves within
individual vascular smooth muscle cells (unpublished
observations for cremaster arterioles by M. A. Hill and
for RCAs by D. G. Welsh), as previously shown for
agonist-induced elevations in [Ca2+]i (e.g. Syyong et al.
2009). Presumably, these waves are associated with
asynchronous, transient elevations in MLCK activation.
MLCP inhibition may be important in this context as
it reduces the rate of LC20 dephosphorylation. Slowing
LC20 dephosphorylation would be expected to increase the
overlap of asynchronous tone development by individual
myocytes due to Ca2+ waves and transient MLCK
activation leading to greater average force generation
within the arterial wall.

The myogenic response is a critical mechanism in
cardiovascular physiology and abnormalities in myogenic
contraction are well-known to contribute to mortality and
morbidity in cardiovascular disease. There is abundant
evidence of elevated ROK activity in cardiovascular
disorders that are associated with enhanced myogenic
responsiveness, such as hypertension (Swärd et al. 2003;
Jarajapu & Knot, 2005; Loirand et al. 2006). The present
findings suggest the possibility that this may be due, at
least in part, to altered phosphorylation of MYPT1-T855
and increased Ca2+ sensitivity. Future application of
the 3-step Western blot method described here will
provide insights concerning the pressure-dependent
signalling pathways that regulate MYPT1 and LC20

phosphorylation, as well as permitting quantification of
other proteins/phosphoproteins important to resistance
arterial function in physiological and pathophysiological
conditions.
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