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Abnormal myosin phosphatase targeting
subunit 1 phosphorylation and actin
polymerization contribute to impaired
myogenic regulation of cerebral arterial
diameter in the type 2 diabetic
Goto-Kakizaki rat
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Abstract

The myogenic response of cerebral resistance arterial smooth muscle to intraluminal pressure elevation is a key physio-

logical mechanism regulating blood flow to the brain. Rho-associated kinase plays a critical role in the myogenic response

by activating Ca2þ sensitization mechanisms: (i) Rho-associated kinase inhibits myosin light chain phosphatase by phos-

phorylating its targeting subunit myosin phosphatase targeting subunit 1 (at T855), augmenting 20 kDa myosin regulatory

light chain (LC20) phosphorylation and force generation; and (ii) Rho-associated kinase stimulates cytoskeletal actin

polymerization, enhancing force transmission to the cell membrane. Here, we tested the hypothesis that abnormal Rho-

associated kinase-mediated myosin light chain phosphatase regulation underlies the dysfunctional cerebral myogenic

response of the Goto-Kakizaki rat model of type 2 diabetes. Basal levels of myogenic tone, LC20, and MYPT1-T855

phosphorylation were elevated and G-actin content was reduced in arteries of pre-diabetic 8–10 weeks Goto-Kakizaki

rats with normal serum insulin and glucose levels. Pressure-dependent myogenic constriction, LC20, and myosin phos-

phatase targeting subunit 1 phosphorylation and actin polymerization were suppressed in both pre-diabetic Goto-

Kakizaki and diabetic (18–20 weeks) Goto-Kakizaki rats, whereas RhoA, ROK2, and MYPT1 expression were unaffected.

We conclude that abnormal Rho-associated kinase-mediated Ca2þ sensitization contributes to the dysfunctional cerebral

myogenic response in the Goto-Kakizaki model of type 2 diabetes.
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Introduction

Cerebral blood flow is matched to neuronal metabolic
demand in dynamic physiological conditions through
multiple mechanisms that influence force generation
by vascular smooth muscle cells (VSMCs) within the
walls of cerebral resistance arterioles and small
arteries.1 The myogenic response of these vessels permits
constriction and relaxation in response to intraluminal
pressure elevation and reduction, respectively, and
thereby maintain flow relatively constant during
changes in perfusion pressure within the physiological

1The Smooth Muscle Research Group, Departments of Physiology &

Pharmacology, Libin Cardiovascular Institute & Hotchkiss Brain Institute,

Cumming School of Medicine, University of Calgary, Alberta, Canada
2The Smooth Muscle Research Group, Department of Biochemistry &

Molecular Biology, Libin Cardiovascular Institute & Hotchkiss Brain

Institute, Cumming School of Medicine, University of Calgary, Alberta,

Canada

Corresponding author:

William C Cole, The Smooth Muscle Research Group, Department of

Physiology and Pharmacology, Cumming School of Medicine, University of

Calgary, 3330 Hospital Dr. NW, Calgary, AB T2N 4N1, Canada.

Email: wcole@ucalgary.ca

Journal of Cerebral Blood Flow &

Metabolism

2017, Vol. 37(1) 227–240

! Author(s) 2015

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/0271678X15622463

jcbfm.sagepub.com



range, i.e. blood flow autoregulation. This fundamental
mechanism also determines capillary perfusion pressure
within the downstream arterial tree and establishes a
state of partial constriction from which vessels can
dilate or further constrict. The latter permits local con-
trol of flow by vasoactive agonists and retrograde pro-
pagating vasodilation arising from neurovascular
coupling to accommodate temporal changes in oxygen
and nutrient demand.2,3 Myogenic dilation is key to the
maintenance of blood flow at low perfusion pressure,
preventing vascular insufficiency, and ischemic injury.
In contrast, myogenic constriction evoked by pressure
elevation protects downstream arterioles, capillaries,
and the blood–brain barrier against damage and rup-
ture resulting from unrestricted, excessive blood flow.1,3

That the cerebrovascular myogenic response is crucial
for the structural and functional integrity of the brain is
indicated by a direct link between myogenic dysfunc-
tion, brain injury, and cognitive impairment in aging
and disease.4,5

Accumulating evidence indicates that impairment of
the myogenic response is a defect that is common to
multiple disorders: increased basal myogenic tone
development and/or loss of myogenic constriction and
proportional dilation to pressure elevation were
reported for animal models and humans with stroke,
hypertension, Alzheimer disease, and type 2 dia-
betes.3,5–9 For example, enhanced myogenic tone was
observed in mesenteric arteries of db/dbmice,10 cerebral
arterioles of BBZDR/WOR rats,11 and cerebral and
mesenteric arteries of Goto-Kakizaki (GK) rats,12–14

but a loss of myogenic constriction was reported for
cerebral and coronary arteries of older GK rats12,15

and gluteal arterioles of diabetic patients.16 The
varied findings for cerebral vessels of GK rats12 imply
that vascular bed, species or type 2 diabetes model
cannot account for these differences in myogenic behav-
ior. Alternatively, it is possible that myogenic dysfunc-
tion changes with the progression of type 2 diabetes and
severity of insulin resistance, hyperinsulinemia, and
hyperglycemia.

The specific molecular defects responsible for the
impaired myogenic regulation of cerebral arterial diam-
eter are not known with certainty. The sensitivity of resist-
ance arteries and arterioles to intraluminal pressure
derives from cellular mechanisms of force generation
that are inherent to VSMCs, i.e. intrinsic myogenic
mechanisms. Contractile force development in response
to pressure elevation is postulated to require: (i)
Ca2þ-calmodulin-dependent activation of myosin light
chain kinase (MLCK) in response to increased cytosolic
free [Ca2þ] ([Ca2þ]i); (ii) inhibition of MLCP via Rho-
associated kinase (ROK)-mediated phosphorylation of its
targeting/regulatory subunit MYPT1; and (iii) ROK and
protein kinase C (PKC)-stimulated actin polymerization

involving reduced globular (G)-actin and increased fila-
mentous (F)-actin within the cortical cytoskeleton.2,17

Specifically, pressure elevation favors increased myosin
regulatory light chain (LC20) phosphorylation required
for cross-bridge cycling, and actin polymerization pro-
vides more efficient transmission of contractile force
over the cell surface and to the extracellular
matrix.17–20 Whether a defect(s) in these mechanisms
contributes to the dysfunctional myogenic regulation
of cerebral blood flow in type 2 diabetes is unknown,
but available evidence suggests that defective ROK sig-
naling may be involved.15,21,22

Here, we tested the hypothesis that abnormal regu-
lation of MLCP and actin polymerization contributes
to the dysfunctional myogenic response of cerebral
arteries (CAs) in the GK rat model of type 2 diabetes.
Arterial pressure myography was used to assess myo-
genic dysfunction, and ultra-high-sensitivity western
blotting to quantify MYPT1 and LC20 phosphorylation
(�ROK inhibitor H1152) and G-actin content at
varied intraluminal pressures in middle and posterior
CAs of 8–10 and 18–20 week old GK rats. Our findings
indicate the presence of progressive dysfunction in the
cerebral myogenic response in the GK rat model invol-
ving a transient increase in basal ROK-mediated
MYPT1 phosphorylation and actin polymerization,
and an increasing impairment in the pressure-depen-
dent regulation of MLCP and actin cytoskeletal
remodeling with age.

Materials and methods

Animals

Male Wistar (WR) and GK rats (Charles River,
Montréal, Canada) were studied at 8–10 and 18–20
weeks of age. Animals were maintained and euthanized
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 Cumming School of Medicine,
University of Calgary and the ARRIVE guidelines.
Serum glucose and insulin levels were determined by
IDEXX Laboratories (Calgary, Canada) and a com-
mercial ELISA kit (Millipore, Bellerica, USA); values
of serum glucose and insulin in the 18–20 week GK
animals employed here were previously published.23

Arterial pressure myography

Rat brains were removed and transferred to ice-cold
Krebs’ solution (composition in mmol/L): NaCl 120,
NaHCO3 25, KCl 4.8, NaH2PO4 1.2, MgSO4 1.2, glu-
cose 11, CaCl2 1.8 (pH7.4 when aerated with 95%
air-5% CO2). CAs were removed, cut into segments
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of 2–3mm length, cannulated, denuded of endothelium
(unless indicated otherwise) prior to vessel diameter
analysis by videomicroscopy.24,25 Vessel diam-
eter� 0.5 lmol/L ROK inhibitor H115226 was evalu-
ated with pressure steps from 10 to 140mmHg in
20mmHg increments prior to exposure to zero Ca2þ-
containing Krebs’ saline (i.e. no added Ca2þ and
2mmol/L EGTA) to determine passive diameter.24,25

Phosphoprotein and G-actin content was quantified in
CAs pressurized to 10, 60, 120mmHg�H1152
(0.5 lmol/L) and flash-frozen or treated with F-actin
stabilization buffer once stable myogenic constriction
was achieved.

RT-PCR and real-time qPCR

Reverse transcriptase polymerase chain reaction (PCR)
(RT-PCR) and real-time quantitative PCR (qPCR)
were conducted as previously described27 using appro-
priate primer pairs to quantify transcript levels of
RhoA (108 bp; F: CAGCAAGGACCAGTTCCC
AGA; R: AGCTGTGTCCATAAAGCCAACTC),
ROK2 (85 bp; F: CTAACAGTCCGTGGGTGGTTC
A; R: TCCACCTGGCATGTACTCCATC) and
MYPT1 (103 bp; F: AGGAAGCAATGGAAGA
GCTA; R: CCTCGCGTCTCTAAGCATTA).

Western blotting

Proteins were extracted by heating flash-frozen vessels at
95 �C for 10min in sample buffer (4% SDS, 100mmol/L
dithiothreitol (DTT), 10% glycerol, 0.01% bromophe-
nol blue, 60mmol/L Tris-HCl, pH6.8) and rotated over-
night at 4 �C. A three-step western blotting protocol was
used to quantify phospho-MYPT1 (ROK sites T697 and
T855), -LC20, -FAK-Y397, and ROK2 content, as
described.24,26,28 Phospho-MYPT1-T697, -MYPT1-
T855, -FAK-Y397, and ROK2 levels were normalized
to actin content in each sample determined by conven-
tional two-step western blotting. Phosphorylated and
unphosphorylated LC20 were separated by phosphate-
affinity tag SDS-PAGE (Phos-TagTM SDS-PAGE) and
quantified as a percentage of total LC20.

24,26,28

G-actin determination

G-actin content was detected by immunoblotting and
normalized to SM22 as previously described.29,30

F-actin content was not determined based on previous
analysis showing contamination by G-actin from intact
cells and cell fragments within the high speed pellet
obtained by differential centrifugation and that normal-
ization to SM22 provided an accurate quantification
of the change in G-actin content with increased
pressurization.26,29,30

Chemicals

All chemicals were purchased from Sigma (Oakville,
Canada) unless indicated otherwise. H1152 was obtained
from Calbiochem (San Diego, CA, USA), polyclonal
rabbit anti-LC20 and GAPDH from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), polyclonal
rabbit phosphospecific anti-MYPT1, ROK2, and FAK-
Y397 from Millipore (Temecula, CA, USA), polyclonal
goat anti-SM22 from Novus Biologicals (Littleton, MA,
USA), biotin-conjugated goat anti-rabbit secondary anti-
body from EMDMillipore (Bellerica, MA, USA), horse-
radish peroxidase-conjugated streptavidin from Pierce
Biotechnology (Rockford, IL, USA) and Phos-tagTM

acrylamide from NARD Institute Ltd (Amajasaki City,
Japan)

Statistical analysis

All values are presented as means�SEM with n values
indicative of the number of vessels analyzed, i.e. only
one vessel per rat was analyzed in each experimental
group, but multiple vessels from each rat were used in
different treatment groups (e.g. untreated vs. H1152-
treated) or in different types of experiments (e.g. myo-
graphy vs. western blotting). Statistical difference was
determined using unpaired Student’s t-test or repeated
measures ANOVA followed by Bonferroni’s post hoc
test as indicated. A value of P< 0.05 was considered
statistically significant.

Results

Serum glucose and insulin levels in GK and WR

Serum insulin (ng/ml) and glucose (mmol/L) levels were
not statistically different in GK and WR at 8–10 weeks
(1.2� 0.1 and 1.05� 0.1 for insulin; 8.4� 0.4 and
8.2� 0.3 for glucose; n¼ 6 each), but were increased
at 10–12 weeks in GK rats (1.58� 0.1 vs. 1.07� 0.1
(P< 0.05) in WR for insulin; 14.4� 1.7 vs. 8.5� 0.2
(P< 0.05) in WR for glucose; n¼ 6 each). Insulin and
glucose levels of the 18–20 week GK rats and WR used
here were previously reported23, i.e. 2.8� 0.5 versus
1.28� 0.1 (P< 0.05) for insulin; 19.0� 1.3 versus
11.4� 0.9 (P< 0.05) for glucose (n¼ 6 each). These
measurements are consistent with previous data for
GK rats indicating the presence of insulin resistance
after �5 weeks, and overt diabetes with marked hyper-
glycemia and hyperinsulinemia after �10 weeks.31,32

Although the levels of insulin and glucose were not
different in the 8–10 week GK rats, we found that the
vessels displayed a reduced response to insulin chal-
lenge. We applied insulin at 50 nmol/L (a submaximal
concentration) for inhibition of myogenic tone in age-
matched WR) to pressurized, endothelium-denuded
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CAs from 8 to 10 week GK rats and WR.
Insulin-evoked dilation at 80mmHg (calculated as %
of maximal dilation evoked by Ca2þ-free conditions)
was significantly reduced in 8–10 week GK compared
to age-matched WR: 7.9� 1.9% for GK compared to
22.9� 1.8% for WR (P< 0.05, n¼ 4 vessels each). This
result is consistent with the presence of insulin resist-
ance in the 8–10 week GK rats employed in this study.
Based on these data, we assessed the myogenic behavior
of posterior CAs from age-matched WR and 8–10 week
GK which demonstrated reduced insulin-evoked dila-
tion but normal insulin and glucose levels, as well as,
18–20 week WR versus GK rats that demonstrated evi-
dence of elevated insulin and glucose levels. Whether
the observed changes in the myogenic autoregulation of
cerebral arterial diameter in the GK vessels were due to
abnormal phosphorylation of MYPT1 and LC20, and/
or to differences in actin polymerization were deter-
mined by ultra-high-sensitivity western blotting.

Abnormal pressure-evoked cerebral myogenic
constriction in GK rat

Standard pressure myography was used to assess the
myogenic response of endothelium-denuded posterior
CAs evoked by step increases in intraluminal pressure
between 10 and 140mmHg. Arteries of 8–10 and 18–20
week age-matched control WR exhibited myogenic
behavior as described previously for CAs of SD
rats2,24,33, i.e. vessel diameter increased proportionally
with pressure until �40mmHg, active myogenic con-
striction was detected between �40 and �140mmHg
with evidence of a negative slope in the pressure–
diameter relation between �40 and �80mmHg
(Figure 1(a) and (e)). In contrast, arteries from 8 to 10
week GKs exhibited a significant increase in basal myo-
genic tone at 10 and 40mmHg, maintenance of diameter
and no indication of a negative slope in the pressure–
diameter relation between 40 and 80mmHg, and slight
dilation with pressurization to >80mmHg (Figure 1(b)
and (c)). The myogenic response of endothelium-intact
vessels from 8 to 10 week WR and GK rats was also
assessed (the presence of a functional endothelium was
assessed with bradykinin at 30 nmol/L). No difference
in the extent of myogenic constriction was detected
between endothelium-denuded and -intact WR vessels
(Figure 1(c)). Increased basal tone was not detected in
CAs of 18–20 week GKs, and diameter increased
proportionally with pressure elevation over the entire
pressure range between 20 and 140mmHg (Figure 1(f)
and (g)). The extent of active myogenic constriction
following pressure elevation was identical in 8–10 and
18–20 week WRs, but it was depressed at> 80mmHg in
GK vessels, with a significantly greater reduction in
force evident in vessels from the 18 to 20 week animals

(Figure 1(d) and (h)). There was no significant differ-
ence in passive diameter between vessels from WR and
GKs in the absence of extracellular Ca2þ indicating
that vascular remodeling may be excluded as a factor in
the dysfunctional myogenic response of 8–10 and 18–20
week GK rats.

H1152 (0.5 mmol/L) was used to assess the contribu-
tion of ROK to the abnormal myogenic behavior of
GK vessels. H1152 abolished myogenic constriction
of WR CAs as previously reported.24 Significantly,
H1152 completely reversed the elevated basal myogenic
tone in CAs of 8–10 week GKs, as well as the residual
pressure-dependent tone observed in 8–10 and 18–20
week GK vessels (Figure 1).

Loss of pressure-evoked LC20 and MYPT1-T855
phosphorylation in GK CAs

Previous studies identified an H1152-sensitive, pres-
sure-dependent increase in LC20 and MYPT1-T855
phosphorylation in CAs.24 Here, we determined if the
elevated basal tone and proportional dilation with
increased pressure in the 8–10 and 18–20 week GK
rats, respectively, were due to inappropriate LC20 and
MYPT1 phosphorylation by flash-freezing CAs at 10,
60, and 120mmHg. The selected pressures represent the
unpressurized, basal condition (10mmHg), and
approximate the lower and upper limits of the physio-
logical pressure range experienced by rat posterior
CAs.2,3 Figure 2(a) and (c) illustrates that pressure ele-
vation from 10 to 60 or 120mmHg evoked increased
LC20 phosphorylation in WR arteries as detected in
previous studies.24,26 Consistent with our hypothesis,
phospho-LC20 content was significantly elevated at
10mmHg in 8–10 week GK compared to WR arteries
(Figure 2(c)). Also, in contrast to the pressure-
dependent increase at 60 and 120 compared to 10mmHg
in WR vessels, phospho-LC20 content in 8–10 week GK
arteries at 60mmHg was not different from the level at
10mmHg (but identical to the level in WR vessels at
60mmHg), and at 120mmHg, the level was signifi-
cantly lower than the value in WR vessels and not dif-
ferent from that at 10mmHg (Figure 2(a) and (c)).
Basal phosphorylation of LC20 at 10mmHg was not
different in arteries of 18–20 week GK and WRs, but
the levels at 60 and 120mmHg in GK vessels were sig-
nificantly lower than those in WR at the same pressures
and not different from that at 10mmHg (Figure 2(d)
and (e)). Taken together, these data indicate an absence
of pressure-dependent regulation of LC20 phosphoryl-
ation in the 8–10 and 18–20 week GK vessels.

To determine whether the abnormal levels of LC20

phosphorylation resulted from a dysregulation of
MLCP activity by ROK, we quantified the levels of
phosphorylation of the two major ROK
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Figure 1. Effect of ROK inhibition on the myogenic response of CAs from GK and WR. Panels (a), (b), and (c): Representative

recordings (a) and (b) and mean values� SEM (c) of CA diameter in response to step increases in pressure between 10 and 140 mmHg

in control conditions (2.5 mmol/L Ca2þ), in ROK inhibitor (H1152; 0.5 lmol/L), and in zero external Ca2þ (Ca2þ-free) for 8–10 week

WR (WR8, panel (a) and black lines in panel (c)) and GK (GK8, panel (b) and red lines in panel (c)) rats (n¼ 8 each). Open squares

show mean diameter� SEM of endothelium-intact CAs from 8-10 week WR (black) and GK rats (red) (n¼ 5 and 8, respectively).

*Significantly different (P< 0.05) from corresponding value in WR8. Panel (d): Mean active constriction versus pressure� SEM

between 10 and 140 mmHg of CAs from WR8 (black lines) to GK8 (red lines) rats in control conditions (open symbols) and in the

presence of H1152 (0.5 lmol/L; closed symbols) (n¼ 8).* Significantly different (P< 0.05) from value in WR8. Panels (e), (f), and (g):

Representative traces (e and f) and mean values� SEM (g) of CA diameter in response to step increases in pressure between 10 and

140 mmHg in control conditions (2.5 mmol/L Ca2þ), in ROK inhibitor (H1152; 0.5 lmol/L), and in zero external Ca2þ (Ca2þ-free) for

18–20 week WR (WR18, panel (e) and black lines in panel (g)) and GK rats (GK18, panel (f) and blue lines in panel (g)) (n¼ 8).

Significantly different (P< 0.05) from corresponding value in WR18. Panel (h): Mean active constriction versus pressure� SEM

between 10 and 140 mmHg of CAs from WR18 (black lines) and GK18 (blue lines) rats in control conditions and in the presence of

H1152 (0.5 lmol/L) (n¼ 8).* Significantly different (P< 0.05) from value in WR18.
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phosphorylation sites on MYPT1, T855 and T697,3,24

at 10, 60, and 120mmHg in WR and GK CAs. Figure 3
shows the normal pressure-dependent increase in phos-
pho-MYPT1-T855 content previously reported24 was
detected in both WR age-groups. Notably, a significant
elevation in phospho-MYPT1-T855 content was
detected at 10mmHg in 8–10 week GK compared to

WR CAs, but no pressure-dependent change was
apparent at 60 and 120mmHg, and the levels of phos-
pho-MYPT1 were significantly lower in 8–10 week GK
compared to WR CAs at 120mmHg (Figure 3(a) and
(c). The levels of phospho-MYPT1-T855 at 10mmHg
were identical in CAs of 18–20 week GK and WR, but
there was a complete lack of any pressure-evoked

Figure 2. Effect of ROK inhibition on pressure-evoked LC20 phosphorylation in CAs of GK and age-matched WR. Panels (a) and (b):

Representative western blot for CAs of 8–10 week WR (WR8) and GK (GK8) rats at 10, 60, 120 mmHg (a), and for WR8 and GK8

vessels at 10 and 120 mmHg�ROK inhibitor H1152 (0.5 lmol/L) (b). Monophosphorylated and unphosphorylated LC20 were

separated by Phos-tagTM SDS-PAGE: upper band is monophosphorylated LC20 (1-P) and the lower band is unphosphorylated protein

(0-P). Panel (c): Mean values� SEM of LC20 phosphorylation as % of total LC20 at 10, 60, and 120 mmHg for CAs of WR8 (white bars)

and GK8 (black bars) (n¼ 7), and at 10 and 120 mmHg for WR8þH1152 (rising hatched bars) and GK8þH1152 (falling hatched

bars) (n¼ 3 and 7, respectively). * and # indicate significant difference (P< 0.05) from WR8 GK8 values at 10 mmHg, respectively. **

indicates significant difference (P< 0.05) from WR8 at 120 mmHg. Panels (d) and (e): Representative western blot (d) and mean

values� SEM (e) of LC20 phosphoprotein as % of total LC20 at 10, 60, 120 mmHg for CAs of 18–20 week WR (WR18, white bars) and

GK rats (GK18, black bars) (n¼ 8). * and # indicate significantly different (P< 0.05) from WR18 value at 10 mmHg and WR18 value at

the identical pressure, respectively. Note: All densitometric comparisons here and in subsequent figures were performed using single

western blots; blots subsequently cut to remove lanes containing data not pertinent to the figure is denoted by a vertical bar, as in

panel (a) between the WR8 and GK8 lanes.
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increase in phosphorylation of MYPT1-T855 in the
18–20 week GK vessels (Figure 3(d) and (e)). This indi-
cates that a lack of pressure-dependent regulation of
MLCP and resulting impairment in the control of
LC20 phosphorylation and force generation underlies
the impaired myogenic response of CAs from 18 to 20
week GK rats with established diabetes.

H1152 (0.5 lmol/L) was employed to evaluate
whether abnormal ROK activity was responsible for
the elevated basal phosphoprotein content in 8–10
week GK arteries at 10mmHg. ROK inhibition was
previously shown to suppress LC20 and MYPT1-T855
phosphorylation at 10, 60, and 120mmHg in CAs of

Sprague-Dawley rats24 and this was confirmed in ves-
sels of 8–10 week WR; H1152 (0.5 lmol/L) abolished
the pressure-evoked increases in LC20 and MYPT1-
T855 phosphorylation at 120mmHg (Figures 2(b) and
(c), and 3(b) and (c), respectively). Figure 2(b) and (c)
shows that H1152 treatment suppressed the elevated
basal level of LC20 phosphorylation in CAs of 8–10
week GKs at 10mmHg, but had no effect on the
reduced extent of LC20 phosphorylation at
120mmHg. Figure 3(b) and (c) shows that the increased
MYPT1-T855 phosphorylation at 10mmHg was simi-
larly blocked by H1152, as was phosphorylation at 60
and 120mmHg. The elevated basal myogenic tone

Figure 3. Effect of ROK inhibition on the pressure-evoked MYPT1-T855 phosphorylation in CAs from GK and age-matched WR.

Panels (a) and (b): Representative blots of MYPT1-T855 phosphoprotein and corresponding levels of actin at 10, 60, and 120 mmHg

for: (a) CAs of 8–10 week WR (WR8) and GK rats (GK8), and (b) CAs of WR8 (at 10 and 120 mmHg) and GK8 (at 10, 60, and

120 mmHg)�H1152 (0.5 lmol/L). Panel (c): Mean values� SEM of MYPT1-T855 phosphoprotein normalized to actin and expressed

as a fraction of the WR8 value at 10 mmHg for CAs of WR8 (white bars), GK8 (black bars), and GK8þH1152 (hatched bars) at 10,

60, and 120 mmHg (n¼ 7). * and # indicate significant difference (P< 0.05) from WR8 value at 10 mmHg and GK value at the identical

pressure, respectively. Panels (d) and (e): Representative blots (d) of MYPT1-T855 phosphorylation and corresponding levels of actin

in each lane and mean values� SEM (e) of phosphoprotein normalized to actin and expressed as a fraction of the WR18 value at

10 mmHg for CAs of 18–20 week WR (WR18, white bars) and GK rats (GK18, black bars) at 10, 60, and 120 mmHg (n¼ 7). * and #

indicate significant difference (P< 0.05) from WR18 value at 10 mmHg and WR18 value at the identical pressure, respectively.
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detected at 10mmHg in 8–10 week GK arteries was,
therefore, due to an H1152-sensitive increase in
MYPT1-T855 and LC20 phosphorylation.

Phospho-MYPT1-T697 content of rat CAs was pre-
viously found to be unaffected by pressure elevation or
H1152,24 and this was shown to be the case for
MYPT1-T697 phosphorylation in 8–10 week GK and
WR vessels (Figure 4(a) and (c)). A slight but signifi-
cant increase in the level of MYPT1-T697 phosphoryl-
ation was evident at 10 and 60mmHg in 8–10 week GK
compared to WR vessels, but there was no difference in
phosphoprotein content at 120mmHg (Figure 4(a) and
(c)). Figure 4 indicates that this slight elevation in
MYPT-T697 phosphorylation at 10mmHg in 8–10
week GK arteries was not sensitive to H1152; ROK
phosphorylates this site in other vessels and smooth
muscles,34 as well as zipper interacting protein kinase
(ZIPK), myotonic dystrophy protein kinase (DMPK),
integrin-linked kinase (ILK), and p21-activated protein
kinase (reviewed in35), but their contribution in the GK
rat is unknown.

Loss of pressure-evoked actin polymerization
in GK CAs

ROK activity was previously shown to elicit actin poly-
merization in the myogenic response.13,30 Based on the
presence of H1152-sensitive basal tone and MYPT1-
T855 phosphorylation in vessels of 8–10 week GK rats,
and lack of pressure-dependent change in both at 18–20
weeks, we hypothesized that the regulation of actin
dynamics in the myogenic response would also be defect-
ive. To evaluate whether abnormal pressure-evoked
remodeling of the actin cytoskeleton contributes to the
dysfunctional cerebral myogenic response of GK rats,
G-actin content of CAs from WR and GK rats was
determined at 10, 60, and 120mmHg. Figure 5 shows
that G-actin content decreased in a pressure-dependent
manner at 60 and 120 compared to 10mmHg in CAs
from 8 to 10 and 18 to 20 week WR, as previously
reported.26,30 However, no evidence of a pressure-
dependent decline in G-actin content was obtained for
GK vessels. G-actin was significantly lower at 10mmHg,
but there was no difference in content at 60 and
120mmHg in 8–10 week GK compared to WR vessels
(Figure 5). In contrast, the levels of G-actin at 10, 60, and
120mmHg in 18–20 week GK arteries were not different
from the level at 10mmHg in WR vessels and there was
no change in G-actin following pressurization (Figure 5).

Lack of pressure-dependent activation of focal
adhesion kinase in GK CAs

Mechanical activation of integrin adhesions evokes an
increase in tyrosine autophosphorylation of focal

adhesion kinase (FAK) that is considered to be an
essential initial event in integrin signaling.17,36

Recently, Colinas et al.37 provided direct evidence of
a pressure-dependent increase in FAK-Y397 autopho-
sphorylation and block of MYPT1-T855 and LC20

phosphorylation, as well as actin polymerization and
myogenic constriction in rat middle and posterior
CAs following treatment with the FAK inhibitor FI-
14.37 Based on the observed loss of pressure-evoked
phosphorylation of LC20 and MYPT1-T855, actin
polymerization and active myogenic tone in arteries

Figure 4. Effect of ROK inhibition on MYPT1-T697 phosphor-

ylation in CAs from 8-10 week GK and WR. Panels (a) and (b):

Representative blots of MYPT1-T697 phosphoprotein and cor-

responding levels of actin at 10, 60, and 120 mmHg for: (a) CAs

of 8–10 week WR (WR8) and GK (GK8) rats; (b) CAs of GK8

rats�H1152 (0.5 lmol/L) (n¼ 5). Panel (c): Mean values� SEM

of MYPT1-T697 phosphoprotein normalized to actin and

expressed as a fraction of the WR value at 10 mmHg for CAs of

WR8 (white bars), GK8 rats (black bars), and GK8þH1152

(0.5 lmol/L) (hatched bars) at 10, 60, and 120 mmHg (n¼ 5).

*Significant difference (P< 0.05) from WR8 value at 10 mmHg.
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from 8 to 10 week GK rats, we investigated whether
there was defective pressure-evoked FAK autopho-
sphorylation in the GK vessels. The effect of pressure
elevation on autophosphorylation of FAK-Y397 in
CAs of 8–10 week WR and GK rats is shown in
Figure 6. Pressurization from 10 to 80mmHg was
accompanied by an �3-fold (2.8� 0.3) increase in the
autophosphorylation of FAK at Y397, but no further
change was detected at 120mmHg (2.3� 0.28), consist-
ent with previous findings.37 Contrary to CAs of WR,
no pressure-dependent change in the phosphorylation
of FAK-Y397 was detected in cerebral vessels from GK
rats.

MYPT1, RhoA, and ROK2 expression levels are not
different in 8–10 week GK versus WR CAs

To determine if a change in the expression of RhoA,
ROK2, and/or MYPT1 was responsible for the alter-
ation in MYPT1 phosphorylation in CAs of 8–10 week
GK rats, we quantified their transcript and/or protein
levels in CAs of 8–10 week GK and WR. No difference
in MYPT1 transcript levels was detected by real-time
PCR (Figure 7(a)), and MYPT1 protein content was
similar when normalized to two different housekeeping
proteins, actin, and GAPDH (Figure 7(b) and (c). No
difference in RhoA transcript levels was detected
(Figure 7(d)), nor was a difference in expression of

ROK2 (ubiquitously expressed in VSMC3) evident at
the transcript or protein level (Figure 7(e) and (f)).

Discussion

Our findings provide novel mechanistic insights into the
molecular basis of abnormal cerebrovascular myogenic
autoregulation in the GK rat model of type 2 diabetes.
Specifically, our data indicate that dysfunctional myo-
genic control of cerebral arterial diameter in the GK rat
results from abnormal regulation of two mechanisms
that underlie the phenomenon of Ca2þ sensitization in
VSMCs. Ca2þ sensitization in the myogenic response of
resistance arteries and arterioles has been attributed to:
(i) ROK-mediated phosphorylation of MYPT1-T855
that inhibits MLCP resulting in increased LC20 phos-
phorylation and force generation, and (ii) ROK- and
PKC-evoked actin dynamics that strengthens the cyto-
skeleton and increases the efficiency of force transmis-
sion to the cell membrane and extracellular matrix.13,17

Here, we show that (i) the presence of basal vasocon-
striction and lack of myogenic dilation on pressure
reduction at lower intraluminal pressures
(< 60mmHg) in CAs of 8–10 week pre-diabetic GK
rats resulted from increased H1152-sensitive, MYPT1-
T855, and LC20 phosphorylation, as well as augmented
actin polymerization; and (ii) loss of pressure-depen-
dent myogenic constriction in 8–10 and 18–20 week

Figure 5. G-actin content in CAs from GK and age-matched WR. Panels (a) and (c): Representative western blots of G-actin and

SM22 content (a) and mean values� SEM (c) of G-actin normalized to SM22 and expressed as a fraction of the WR8 value at 10 mmHg

in each age group for CAs of 8–10 week WR (WR8, white bars) and GK (GK8, black bars) at 10, 60, and 120 mmHg (n¼ 6). Panels (b)

and (d): Representative western blots of G-actin and SM22 content (b) and mean values� SEM (d) of G-actin normalized to SM22 and

expressed as a fraction of the WR18 value at 10 mmHg in each age group for CAs of 18–20 week WR (WR18, white bars) and GK

(GK18, black bars) at 10, 60, and 120 mmHg (n¼ 6). * and # indicate significant difference (P< 0.05) from WR value at 10 mmHg and

WR value at the identical pressure, respectively, in the same panel.
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GK CAs is due to the absence of pressure-dependent,
ROK-mediated regulation of MYPT1-T855 and LC20

phosphorylation, as well as actin dynamics.
Furthermore, we show that these defects are accompa-
nied by defective pressure-dependent FAK-Y397 autop-
hosphorylation, indicative of abnormal activation of
integrin signaling in CAs of GK rats. Taken together,
the data indicate a key role for abnormal regulation of
two key processes, MLCP-dependent control of LC20

phosphorylation and cross-bridge cycling, as well as
actin dynamics, in the dysfunctional myogenic response
in the GK rat model of type 2 diabetes. These findings
have important implications for the development of
novel therapeutic approaches to correct defects in cere-
bral blood flow autoregulation in this disease.

We attribute the differences in myogenic behavior,
phosphoprotein levels, and G-actin content of CAs
from 8 to 10 and 18 to 20 week GK rats to an age-
dependent progression from insulin resistance to overt
diabetes marked by hyperinsulinemia and hypergly-
cemia. The diabetic condition in the non-obese GK
rat model is spontaneous, polygenic in origin, and
appropriate for determination of type 2 diabetes-
related dysfunction in the absence of hyperlipidemia

and/or obesity.38 No differences in serum insulin or
glucose levels were detected in GK and WR prior to
10 weeks of age, but a progressive, age-dependent
increase was apparent in GK rats after �12 weeks of
age.23,31,32 A decreased magnitude of insulin-induced
dilation was detected in vessels of GK compared to
WR prior to 10 weeks of age indicative of resistance
to the vascular actions of insulin in young GK rats
before serum insulin or glucose levels were elevated at
10 to 12 weeks. Vascular remodeling was not evident in
CAs from the GK rats used in this study as no signifi-
cant change in passive diameter was detected.
Previously, it was reported that passive diameter of
18–20 week GK CAs was either similar15 or reduced12

compared to age-matched WR. The reason(s) for these
differences are not clear, but differences in the age-
dependent progression/severity of the disease in GK
rats from different colonies might be involved.

Previous studies identified abnormal myogenic
behavior in resistance arteries of patients and animal
models of type 2 diabetes, but the molecular mechan-
isms responsible for the abnormal contractility were not
identified.10–12,14 We attribute the increased basal myo-
genic tone and vasoconstriction at low intraluminal
pressures of CAs from 8 to 10 week GK rats to
increased basal ROK2 activity and a resultant increase
in Ca2þ sensitization. This view is substantiated by: (i)
elevated levels of MYPT1-T855 and LC20 phosphoryl-
ation at 10mmHg that were reversed, along with the
increased basal tone, by ROK inhibition; and (ii) lower
G-actin content indicating augmented actin polymer-
ization. Increased basal Ca2þ sensitization is function-
ally significant as it prevents myogenic dilation on
pressure reduction, i.e. no negative slope in the pres-
sure–diameter curve between �80 and 20mmHg.
Myogenic dilation permits increased blood flow at
lower perfusion pressures in situ and, when impaired,
flow may not increase sufficiently upon pressure reduc-
tion resulting in inadequate cerebral perfusion and
ischemia. As ROK2 mRNA and protein expression
were similar in the GK and WR vessels, the elevated
basal myogenic tone may be attributed to an increase in
kinase activity rather than expression. This finding is
consistent with previous reports of increased contrac-
tions of mesenteric arteries of db/db diabetic compared
to control mice evoked by serotonin, angiotensin II,
and phenylephrine due to enhanced ROK activity.39,40

Enhanced activation of RhoA/ROK signaling was cited
as the cause of enhanced actin polymerization in car-
diac myocytes from streptozotocin-diabetic rats,41 and
in GK rats, diabetes-associated hypertension and
enhanced contractile responses of mesenteric and car-
otid arteries to vasoconstrictor agonists was detected in
the absence of altered RhoA or ROK2 expres-
sion.22,42,43 Enhanced myogenic tone was previously

Figure 6. Pressure-evoked FAK-Y397 autophosphorylation in

CAs from 8-10 week GK and WR. Panel (a): Representative

western blots for phospho-FAK-Y397 and corresponding actin in

each lane at 10, 80, and 120 mmHg for CAs of 8–10 week GK

(GK8) and age-matched WR rats (WR8). Panel (b): Mean

levels� SEM of phospho-FAK-Y397 normalized to actin and

expressed as a fraction of the WR value at 10 mmHg for CAs of

WR8 (white bars), GK8 rats (black bars) at 10, 80, and 120 mmHg

(n¼ 5). *Significantly different (P< 0.05) from WR value at

10 mmHg. #Significantly different (P< 0.05) from corresponding

WR value at the same pressure.
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observed in CAs of 10 week GK rats12 and gracilis
arteries of streptozotocin-treated rats,44 but at higher
intraluminal pressures (> 40mmHg). The enhanced
basal myogenic tone in the 8–10 week GK animals
may preclude the vasodilatory response of CAs in
periods of high metabolic activity and oxygen
demand. Moreover, if the dysfunction is sufficiently
severe, the reduced arterial diameter would be expected
to restrict blood flow to the brain increasing the risk of
ischemia.

We attribute the suppression of myogenic constric-
tion in CAs of 18–20 week diabetic GK rats to a lack of
pressure-dependent ROK-mediated MYTP1-T855
phosphorylation and actin dynamics. Maintenance
and/or reduction in resistance arterial diameter in
response to pressure elevation within the physiological
range is due in part to pressure-dependent activation
of RhoA and ROK.3,33 Similar to findings previ-
ously reported for Sprague-Dawley rats,24,26 pressure
elevation from 10 to 60 or 120mmHg enhanced

Figure 7. MYPT1, RhoA, and ROK2 expression in CAs of GK and age-matched WR. Panel (a): Mean values� SEM of MYPT1

transcript relative to ß-actin determined by real-time PCR using mRNA derived from CAs of 8–10 and 18–20 week GK (GK8, GK18;

black bars) and WR (WR8, WR18; white bars). Relative transcript levels were determined by the 2���Ct method (n¼ 5). Panels (b)

and (c): Representative western blots of MYPT1, actin, and GAPDH content in each lane (b) and mean values� SEM (c) of MYPT1

protein normalized to actin (left) or GAPDH (right) and expressed as a fraction of the content in the age-matched WR value for CAs

from 8 to 10 and 18 to 20 weeks GK (black bars) and WR (white bars) (n¼ 10). Panels (d) and (e): Mean values� SEM of RhoA (d) and

ROK2 (e) transcript expression relative to ß-actin determined by real-time PCR using mRNA derived from CAs of WR8 (white bars)

and GK8 (black bars). Relative transcript levels were determined using the 2���Ct method (n¼ 5). Panel (f): Representative western

blots of ROK2 and corresponding actin content and mean values� SEM of ROK2 protein normalized to actin in CAs of GK8 (black

bar) expressed as a fraction of the content in age-matched WR (white bar) (n¼ 4).
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MYPT1-T855 and LC20 phosphorylation and reduced
G-actin content in WR vessels, indicative of pressure-
dependent activation of these Ca2þ sensitization mech-
anisms. In contrast, there was complete lack of
pressure-dependent increase in MYPT1-T855 and
LC20 phosphorylation, or decline in G-actin content
in vessels of 8–10 and 18–20 week GK rats. The greater
basal ROK-mediated MYPT1-T855 phosphorylation
and reduced G-actin content in 8–10 week GK vessels
were apparently sufficient to offset the distending force
of intraluminal pressure and permit the maintenance of
CA diameter with only limited dilation upon pressure
elevation to> 60mmHg. However, the absence of
increased basal, as well as pressure-evoked activation
of mechanisms underlying Ca2þ sensitization in CAs of
18–20 week GK rats resulted in proportional dilation
with increasing pressure. A similar loss of myogenic
constriction was also reported for subcutaneous gluteal
vessels of type 2 diabetes patients,16 and CAs and cor-
onary arteries of 22 week GK rats.15 In the latter case,
the impaired myogenic constriction was not due to a
change in the regulation of cytosolic free [Ca2þ]
between 20 and 100mmHg.15 Rather, dysfunction was
speculated to result from the loss of Ca2þ sensitization
due to defective ROK signaling.15 The present findings
provide direct evidence that ROK-dependent mechan-
isms of Ca2þ sensitization are indeed defective in CAs
in the GK model. A similar loss of myogenic constric-
tion in stroke-prone spontaneously hypertensive rats
was associated with inappropriate cerebral blood flow
autoregulation and over-perfusion resulting in cerebral
hemorrhage.45 The absence of ROK-dependent regula-
tion of Ca2þ sensitization in GK rats is significant as
chronic deficiency may be expected to disrupt cerebral
arterial diameter autoregulation at high pressures
resulting in unrestricted blood flow and damage to the
blood–brain barrier, capillaries and/or neurovascular
unit, and/or rupture owing to elevated intraluminal pres-
sure in downstream vessels with implications for cogni-
tive function. This view is consistent with MRI and
autopsy findings indicating the presence of microinfarcts
and increased white matter lesions in type 2 diabetes
patients with clinical manifestations of dementia.7,8

Why basal ROK activity is enhanced and pressure-
dependent ROK activity responsible for MYPT1 phos-
phorylation and actin dynamics is lost in GK rats
remains to be determined. Several mechanisms have
been postulated to account for an increase in ROK
activity in cultured VSMCs from animal models of
type 2 diabetes, including increased oxidative stress
that stimulates ROK activity,21 loss of endothelium-
derived NO that normally functions to suppress ROK
activity,46 and/or defective insulin and insulin receptor
signaling in VSMC.47. The interplay between insulin sig-
naling and ROK activity in insulin-resistant VSMCs was

previously studied using aortic VSMCs from 7 to 8 week
GK rats47–49: insulin inhibited ROK activity, decreased
MYPT1-T855 phosphorylation and actin polymeriza-
tion, and induced vasorelaxation. We examined the
myogenic response in endothelium-intact vessel segments
from 8 to 10 week GK and WR, but no difference com-
pared to denuded arteries was detected. This suggests
that a difference in basal (unstimulated) NO release
may not be the cause of the dysfunctional myogenic
response in 8–10 week GK rats. On the other hand,
the vasodilation evoked by 50 nmol/L insulin was sig-
nificantly reduced in vessels of 8–10 week GK rats com-
pared to age-matched WR. For this reason, future
analysis should explore the relationship between insulin
resistance and the increased basal phosphorylation of
MYPT1-T855 and LC20, and actin polymerization
detected in CAs of pre-diabetic 8–10 week GK rats.
The defective pressure-evoked regulation of MLCP
and actin dynamics was associated with the absence of
a change in FAK autophosphorylation with pressuriza-
tion in CAs of GK rats. This is similar to the suppression
of phenylephrine-induced contraction of second order
mesenteric arteries from ob/obmice under hyperglycemic
conditions owing to defective receptor-coupled RhoA
activation and reduced ROK expression.50 The lack of
pressure-dependent FAK autophosphorylation suggests
a disruption of integrin signaling may contribute to the
impairment of myogenic constriction. An interplay
between integrin signaling and insulin action has been
reported previously.51–53 Future studies should be dir-
ected at determining whether the loss of FAK-Y397
autophosphorylation is a direct result of the develop-
ment of insulin resistance or the result of the increase
in basal ROK activity.

In summary, this study provides novel biochemical
evidence of a progressive dysfunction in the regulation
of MLCP and actin dynamics by ROK in cerebral resist-
ance arteries of the GK model of type 2 diabetes invol-
ving increased basal activity and a loss of pressure-
dependent regulation of myogenic constriction. Novel
strategies for therapeutic control of the vasculature
must normalize both defects to reestablish physiological
cerebral blood flow autoregulation in type 2 diabetes.
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