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Rho kinase and protein kinase C involvement in
vascular smooth muscle myofilament calcium
sensitization in arteries from diabetic rats
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Background and purpose: Diabetes mellitus (DM) causes multiple dysfunctions including circulatory disorders such as
cardiomyopathy, angiopathy, atherosclerosis and arterial hypertension. Rho kinase (ROCK) and protein kinase C (PKC) regulate
vascular smooth muscle (VSM) Ca?" sensitivity, thus enhancing VSM contraction, and up-regulation of both enzymes in DM is
well known. We postulated that in DM, Ca?" sensitization occurs in diabetic arteries due to increased ROCK and/or PKC activity.
Experimental approach: Rats were rendered hyperglycaemic by i.p. injection of streptozotocin. Age-matched control tissues
were used for comparison. Contractile responses to phenylephrine (Phe) and different Ca?* concentrations were recorded,
respectively, from intact and chemically permeabilized vascular rings from aorta, tail and mesenteric arteries.

Key results: Diabetic tail and mesenteric arteries demonstrated markedly enhanced sensitivity to Phe while these changes were
not observed in aorta. The ROCK inhibitor HA1077, but not the PKC inhibitor chelerythrine, caused significant reduction in
sensitivity to agonist in diabetic vessels. Similar changes were observed for myofilament Ca?" sensitivity, which was again
enhanced in DM in tail and mesenteric arteries, but not in aorta, and could be reduced by both the ROCK and PKC blockers.
Conclusions and implications: We conclude that in DM enhanced myofilament Ca?" sensitivity is mainly manifested in
muscular-type blood vessels and thus likely to contribute to the development of hypertension. Both PKC and, in particular,
ROCK are involved in this phenomenon. This highlights their potential usefulness as drug targets in the pharmacological
management of DM-associated vascular dysfunction.
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Introduction

Diabetes mellitus (DM) leads to multiple dysfunctions includ-
ing cardiovascular diseases, one of the major causes of mor-
bidity and mortality in patients with DM. Hyperglycaemia is
considered to be the primary aetiological factor that initiates
circulatory disorders such as cardiomyopathy, angiopathy,
atherosclerosis and arterial hypertension (Sowers et al., 1993;
Koya and King, 1998; Meier and King, 2000; Sowers, 2004).
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The underlying mechanisms of the increased contractile
responsiveness of vascular smooth muscle (VSM) in DM are
generally considered to be related to either impaired
endothelium-dependent vasorelaxation or to an increase in
the contractility of VSM cells themselves. Indeed, numerous
studies have demonstrated that DM impairs vascular function
via the inhibition of the endothelium-dependent vasodilata-
tion, accompanied by selective impairment of the nitric oxide
(NO)- or prostaglandin-dependent component of vasodilata-
tion (Okon et al., 2003; Sowers, 2004; Fitzgerald et al., 2005).
For example, in the diabetic retina there is down-regulation of
constitutive nitric oxide synthase (cNOS), which impairs
retinal blood flow, an early sign of diabetes (Chakravarthy
et al., 1998). However, other studies have shown that DM also
enhances vascular contractility in an endothelium-
independent manner (Speirs et al., 2006).



VSM contractile responses are primarily triggered by an
increase in intracellular free Ca* concentration ([Ca*7;). Thus,
both increased Ca® influx and Ca* release have been pro-
posed to develop in DM and to account for the enhanced
vascular reactivity. However, one controversy here is that
voltage- and store-operated Ca*" entry channels can be, in
fact, even inhibited in DM (Wang et al., 2000; Curtis et al.,
2003). Alternatively, the Ca*-sensitization of the contractile
proteins has been proposed as a more general mechanism of
elevated DM-associated vascular contractility. One striking
example supporting this view is the enhanced contractile
response to noradrenaline in mesenteric arteries from diabetic
rats which is not associated with the enhancement of the
corresponding [Ca*"]; responses (Chow et al., 2001).

The increase in [Ca*]; activates calmodulin-dependent
myosin light chain (MLC) kinase (MLCK) which catalyzes the
phosphorylation of MLC leading to actin-myosin interaction
and VSM contraction. In addition to this primary regulatory
pathway, several modulatory pathways exist in smooth
muscle that can alter the magnitude of force that is developed
for any given level of [Ca*]; (Somlyo and Somlyo, 2003).
Alterations in myofilament Ca* sensitivity can be either posi-
tive or negative depending on the pathways stimulated. For
increases in myofilament Ca®* sensitivity, two primary
hypotheses have been proposed: G-protein dependent activa-
tion of Rho kinase (ROCK) (Fu etal., 1998; Janssen et al.,
2001) and protein kinase C (PKC) (De Witt et al., 2001; Sala-
manca and Khalil, 2005). These pathways converge to phos-
phorylate an inhibitory protein of smooth muscle myosin
phosphatase, CPI-17 (Koyama efal., 2000; Somlyo and
Somlyo, 2003). In addition, ROCK directly phosphorylates
myosin phosphatase targeting subunit 1 (MYPT1) (Kimura
et al., 1996; Feng et al., 1999) that also consequently inhibits
the phosphatase activity. The inhibition of the MLC phos-
phatase results in a greater level of MLC phosphorylation for
any given level of [Ca*]; and activity of the MLCK. This
phenomenon, which is known as calcium sensitization of
smooth muscle, may thereby maintain vascular contraction
(Somlyo and Somlyo, 2003). Notably, ROCK has been shown
to modulate smooth muscle contraction, even in the absence
of an agonist, through both Ca*-dependent (involving ion
channels) and Ca*-independent mechanisms (e.g. involving
calcium store depletion, MLC or iPLA, activity; Ayman et al.,
2003; Shabir et al., 2004; Maeda et al., 2006). The opposing
effect, calcium desensitization, is mediated by cGMP-kinase
but plays a relatively minor role in the regulation of VSM
contractility, although it can be more important in vascular
hyporeactivity elicited by haemorrhagic and septic shock (Xu
and Liu, 2005).

An increase in ROCK activity, enhanced production of dia-
cylglycerols (DAG) and activation of PKC have all been shown
to be associated with various vascular abnormalities, includ-
ing arterial hypertension in DM (Inoguchi et al., 1992; Solov-
iev and Bershtein, 1992; Soloviev et al., 1998; 2005; Koya and
King, 1998; Meier and King, 2000; Idris et al., 2001; Wetts-
chureck and Offermanns, 2002; Curtis et al., 2003; Guo et al.,
2003; Seko et al., 2003; Curtis and Scholfield, 2004; Ward
et al., 2004; Salamanca and Khalil, 2005; Loirand et al., 2006;
Das Evcimen and King, 2007). Taken together, these data
suggest that the activation of ROCK and/or PKC may be
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causally linked to myofilaments Ca®*" sensitization in the
DM-associated hypertensive state. Thus, the aim of this study
was twofold: (i) to investigate whether Ca* sensitization
occurs in arteries isolated from streptozotocin-induced dia-
betic rats; and (ii) to address the roles of PKC and ROCK in
these processes.

Methods

Experimental animals and induction of diabetes

Experiments were performed on isolated vascular rings
obtained from thoracic aorta, tail artery and mesenteric artery
of male Sprague-Dawley rats weighing 300-400 g (obtained
from Biological Research Unit, Queen’s University, Belfast).
Protocols were approved by local Animal Welfare and ethics
committee and carried out in accordance with UK Animals
(Scientific Procedures) Act 1986. Two groups of animals were
used: diabetic rats injected with streptozotocin (60—
65 mg-kg™', i.p.) at 8 weeks and maintained for a further
12-14 weeks, and age-matched controls. Diabetes develop-
ment was verified by the presence of hyperglycaemia (plasma
glucose higher than 20 mM) 1 week after streptozotocin injec-
tion, and on the day of experimentation, all diabetic groups
of animals (blood glucose 26.7 = 1.2 mM, n = 30) were com-
pared with control rats (blood glucose 5.0 = 0.2 mM, n = 30;
two-tailed t-test P < 0.0001). A blood sample was obtained
from a tail tip sample and analysed using a glucose meter
(Glucotrend, Boeringer, Mannheim, Germany).

Intact tissue isometric force measurement

Vessels were cut into 5-8 mm rings and mounted on fine
stainless steel hooks in 4 mL organ baths perfused with Krebs—
Hansleit (composition in mM: NaCl, 118.4; KCl, 4.75; KH,PO,
1.18; NaHCO; 25; D-glucose 5; MgSO, 1.18; CaCl, 1.9)
2 mL-min™ at 37°C, gassed with 95% O, and 5% CO, to
maintain pH at 7.4. Before the rings were mounted, the
endothelium was removed by gently rotating the hooks and
rubbing the lumen sides. For rings from diabetic animals, the
concentration of glucose was increased to 25 mM. The resting
tension was gradually increased to 1 g for the aortaand 0.75 g
for tail and mesenteric arteries. After 1 hour equilibration,
each vascular ring was exposed twice to KCI (60 mM) to assess
its viability and reproducibility of contractions.

Permeabilized (‘skinned’) tissue isometric force measurement

The tail artery (proximal 5 cm), mesenteric artery and tho-
racic aorta were isolated and cleaned of adipose and connec-
tive tissues. Vessels were placed into relaxing solution of the
following composition (in mM): Na,ATP 3.3; KCI 130, MgCl,
2.5, Tris 20, imidasole 20, EGTA 4, phosphocreatine 12; cre-
atine phosphokinase 15 u-mL™; pH 6.7 at 21°C. After equili-
bration in this solution for 30 min, the tissue was
permeabilized (skinned) wusing a mix of cholesterol-
precipitated compounds, saponin (0.05%) and B-escin
(60 uM) in relaxing solution for 18 min at room temperature
(Soloviev et al., 2005). As receptor agonists were not used, no
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Table 1

Mean pD,, pCaso and Enmax values obtained from individual preparations of intact or chemically permeabilized tail artery and aorta

from control and diabetic rats in the absence or presence of chelerythrine (1 uM) or HA1077 (10 uM)

Tail artery

Phenylephrine

Caz+

pDZ Emax, MmN

PCGS() Ema, MmN

Control

Control + Chelerythrine
Control + HA1077
Diabetes

Diabetes + Chelerythrine
Diabetes + HA1077

5.662 = 0.069 (n = 22)
5.260 = 0.145 (n=9)
5.237 = 0.102 (n = 12)
6.417 = 0.163 (n = 11)*
5.974 = 0.063 (n = 8)
4.915 + 0.204 (n = 8)'

14.32 + 2.19 (n = 22)
20.44 + 2.52 (n=9)
2114 + 272 (n=12)
14.18 = 2.18 (n=11)
16.86 + 2.18 (n = 8)
5.31 * 1.53 (n = 8)*

5.959 + 0.009 (n = 10)'
5.935 + 0.003 (n = 10)
5.944 + 0.037 (n = 6)
6.070 + 0.018 (n = 9)**'t
5.891 + 0.030 (n = 10)'f
5.926 = 0.012 (n = 8)'

6.02 + 0.70 (n = 10)
415 + 0.58 (n=10)
3.44 + 0.46 (n = 6)
6.79 = 1.00 (n=9)
5.30 + 0.49 (n = 10)
4.04 = 0.64 (n = 8)*

Aorta
Phenyleprine Ca*

,DDz Emax, mMN pCGSO Emax, MmN
Control 6.959 + 0.176 (n=19) 12.28 = 0.89 (n=19) 6.138 = 0.013 (n=8) 1.52 £ 0.19 (n=8)
Control + Chelerythrine 5.763 + 0.226 (n = 6)" 8.94 = 1.50 (n=6) 6.133 = 0.011 (n=6) 1.20 = 0.18 (n=6)
Control + HA1077 6.460 * 0.133 (n=8) 4.35 + 0.18 (n = 8)*
Diabetes 7.463 = 0.171 (n=10) 11.05 = 0.73 (n=19) 6.137 = 0.014 (n = 8) 1.37 = 0.16 (n=8)
Diabetes + Chelerythrine 6.889 + 0.208 (n = 8) 13.10 = 0.92 (n = 8) 6.138 + 0.012 (n=9) 1.39 = 0.22 (n=9)
Diabetes + HA1077 5.499 = 0.298 (n = 6)f 3.85 = 1.66 (n=6)*
*P < 0.05, **P < 0.01 by unpaired Student’s two-tailed t-test for two groups.
P < 0.05, TP < 0.01 by ANOVA for three or more groups.
GTP was added to this solution (e.g. compared with Croxton 100
et al., 1998). Vessel segments were then mounted on stainless T= 1+ 10Losx0-0ep 1)

steel hooks in 1 mL organ baths perfused by Ca*-free solution
and attached to isometric force transducers (Dynamometer
UFI, Pioden Controls Ltd, Canterbury, UK) connected to a
data acquisition system (Micro1401 lab interface and Spike 2
software, CED, Cambridge, UK). Different free Ca*" levels,
expressed as pCa (-log [Ca?']), were obtained by addition of
appropriate concentrations of CaCl, into relaxing solution
(calculated wusing the Maxchelator software (http://
maxchelator.stanford.edu). The initial resting tension of per-
meabilized aortic, tail artery and mesenteric artery
preparations was gradually increased to 1, 0.75 and 0.75 g,
respectively, and tissue was allowed to equilibrate for a period
of 1h. All contractile responses were normalized to the
maximal Ca*-dependent force attained in each vascular
preparation at the highest [Ca*] of 7.2 uM.

Data analysis and statistical procedures

Data are presented as mean *= SEM with n indicating the
number of vascular preparations tested. Contractile responses
were expressed as a percentage of the maximum response
produced by 1 mM phenylephrine for intact preparations or
7.2 uM Ca* for skinned preparations. The sensitivity to the
agonist was expressed as pD, (negative logarithm of the
agonist concentration required for half-maximum response).
The calcium sensitivity was expressed as pCas, (negative loga-
rithm of Ca* concentration required for half-maximum
response). In order to determine these parameters, data points
were fitted using the Origin 7.5 software (OriginLab Corpora-
tion, Northampton, MA, USA) with the ‘DoseResp’ function
in the following form:
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where T is normalized tension (expressed as % of maximal
contraction) at the agonist or Ca*" concentration x (expressed
as negative logarithm), xO is the midpoint of the
concentration-effect curve (e.g. T = 50%) and p is the slope
factor of the curve. Mean values were obtained by averaging
pD; or pCas, values obtained from individual preparations,
although for illustration purposes mean data points at each
agonist or calcium concentration are shown instead and fitted
by the same function. Mean values for maximal tension (Emay)
are given in Table 1. Statistical comparisons were made using
Student’s unpaired two-tailed f-test for two groups and ANOVA,
Kruskal-Wallis” test followed by a Dunn’s multiple compari-
son post hoc test for three or more groups. Differences for P <
0.05 were considered to be statistically significant.

Chemicals and drugs
All salts for physiological salt solution, relaxing/activating
solutions for experiments with the skinned preparations,
glucose, EGTA, DTE, phenylephrine, chelerythrine, imidasole,
Tris (hydroxymethyl aminomethane), B-escin, saponin, phos-
phocreatine disodium salt, creatine phosphokinase, Na,ATP
and streptozotocin were purchased from Sigma-Aldrich
(Poole, UK) or BDH Chemicals (AnalaR grade, Poole, UK).
HA1077 (fasudil hydrochloride) was obtained from Tocris Bio-
science (Bristol, UK).

The abbreviations used conform to BJP’s Guide to Receptors &
Channels (Alexander et al., 2008), and to the IUPHAR guide-
lines, as published in Pharmacological Reviews.



Results

Intact vascular preparations

In control tail artery and aortic vascular rings isolated from
non-diabetic rats, phenylephrine (Phe), a selective
og-adrenoceptor agonist, applied at ascending concentrations
(0.1 nM-1 mM) evoked concentration-dependent contrac-
tions with a maximal response typically attained at 0.1-1 mM
Phe (Figure 1A, top trace). A plateau response was obtained
after the addition of each test Phe concentration before the
addition of a subsequent dose. In tail artery isolated from
diabetic rats, but not in aorta, the responsiveness to phenyle-
phrine was enhanced as the diabetic vessels typically
responded to lower concentrations of the agonist and also
developed maximal contractions at the low micromolar range
of Phe concentrations (Figure 1A, bottom trace).

To quantify these differences, normalized agonist
concentration-effect data were plotted and fitted by the dose-
response function (Eq. 1) as shown by the smooth lines in
Figures 1B and 2. Increased agonist sensitivity of tail artery
from diabetic animals was evident from a higher mean pD,

A
10+ [Phel (M) —

10° _
10°* —
104 —

Diabetes

Tail artery

Control
Diabetes
Ctri+Chel
o Diab+Chel

Relative force (% maximum)

T T
A0 9 8 7 6 5 4 -3
log [Phe] (M)

Figure 1 The changes in sensitivity to phenylephrine (Phe) of VSM
from control and diabetic rats. (A) Original traces illustrating agonist
concentration-response experiments in intact control (top) and dia-
betic (bottom) tail artery preparations. For illustration purposes, to
facilitate direct comparison between control and diabetes, some
small trace segments have been deleted (these gaps are not shown
for clarity) in order to align the moments of Phe application at the
same concentrations. (B) Mean data show normalized amplitude of
the contractile responses plotted versus Phe concentration in control,
diabetes and after treatment of the tissues with chelerythrine (Chel)
(1 uM) in tail artery (top) and aorta (bottom). Data points were fitted
by Equation 1 (see Methods section) as shown by the smooth con-
tinuous lines.
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value (Table 1, P < 0.0001). In contrast, aortic rings showed no
significant difference in the sensitivity to Phe between non-
diabetic control and diabetic rats (Table 1, P = 0.076 and
Figure 1B). There were no significant differences between the
maximum contractions with the exception of the effect the
ROCK inhibitor (see below) in diabetic tail artery (Table 1).

To investigate the role of PKC in these agonist responses,
vascular tissues were pre-treated for 20 min with a potent
cell-permeable PKC inhibitor, chelerythrine (1 uM). This
resulted in a rightward shift of the concentration-response
curves for Phe (Figure 1B and Table 1).

In the next series of experiments, vascular preparations
were pre-treated with the relatively selective ROCK inhibitor
HA1077 (Davies et al., 2000) for 20 min (Figure 2). Again, this
resulted in a significant reduction in sensitivity to agonist (see
statistical test below), which was especially pronounced in
diabetic vessels (Table 1).

There were significant differences between the groups
means in both the tail artery and aorta (ANOvVA, P < 0.0001).
Specifically, pD, values in tail artery, but not in aorta, were
different between the control and diabetic group (P < 0.01).
PKC inhibition generally had no significant effect on the
responses to Phe (with the exception of aorta from the control
group, P < 0.05), while in both types of vessel ROCK inhibi-
tion caused significant desensitization to the action of Phe in
the diabetic group (P < 0.001), but not in the control group.

Chemically permeabilized vascular preparations: role of PKC and
ROCK in myofilament Ca®* sensitivity

These experiments were designed to test the hypothesis that
in VSM diabetes can induce myofilament Ca*-sensitization
via the activation of PKC and/or ROCK. Chemically perme-
abilized (‘skinned’) vascular rings are ultimately suitable for
this purpose as they allow direct access of exogenously buff-
ered calcium to contractile proteins. Permeabilized vascular
rings from control and diabetic animals were subjected to the

100 Tail art
80 aill artery
60
Control
- Diabetes
20 Ctri+HA1077
) . Diab+HA107T

Relative force (% maximum)

T T
-0 9 8 -7 -6 -5 -4 -3

log [Phe] (M)

Figure 2 Effects of the Rho kinase inhibitor HA1077 on the sensitiv-
ity of tissues from diabetic or control rats to phenylephrine (Phe).
Mean data show normalized amplitude of the contractile responses
plotted versus Phe concentration in tissues from control and diabetic
rats in the absence and presence of HA1077 (10 uM for tail artery and
1 uM for aorta). Data points were fitted by Equation 1 (see Methods
section) as shown by the smooth continuous lines.
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cumulative ascending calcium concentrations in the range
from 0.1 to 7.2 uM. Similar to the Phe experiments, a plateau
response was obtained before the addition of a higher calcium
concentration. There were no significant differences between
the maximum contractions elicited in control and diabetic
tail arteries and aortae (Table 1).

Compared with control, diabetic tail artery rings responded
to much lower calcium concentrations, as illustrated in
Figure 3A. Analysis of the pCa-tension relationships revealed
a significant difference in the Ca®* sensitivity between control
and diabetic animals (Table 1; t-test, P < 0.0001) (Figure 3B,
top panel). In contrast, there was no significant shift in the
pCa-tension relationship associated with diabetes in aorta
(Figure 3B, bottom panel; t-test, P = 0.96). These results dem-
onstrate that increased myofilament Ca?* sensitivity develops
in diabetes, specifically in the tail artery but not in aortic
smooth muscles. This is consistent with the observed
enhanced Phe sensitivity, specifically in the tail artery, of
diabetic rats (Figure 1B).

Moreover, in the tail artery, pre-treatment with cheleryth-
rine (1 uM) caused a rightward shift of the pCa-tension rela-
tionship curve both in control rings and in diabetic vessels
when compared with untreated vessels (Figure 3B, top panel

Am* [Ca®] (M) -
10° e
107 ——
Caontrol
Diabetes
8 thh Tail artery
80
E 60 u Control
£ 4pd Diabetes
% @ Cird+Chel
g 20 3 Diab+Chel
= 04 2
— T T '
8
=2
2
]
[
o

65 ' 60 -5.5
log [Ca™] (M)

Figure 3  Altered myofilament Ca?* sensitivity in diabetic rat vascular
smooth muscle. (A) Original traces showing typical examples of force
development in chemically permeabilized tail artery from control
(top) and diabetic animals (bottom) as a function of calcium concen-
tration. The traces were aligned as described for Figure TA. (B) Mean
normalized amplitude of the contractile responses plotted versus
[Ca*] in tissues from control and diabetic rats before and after
treatment with chelerythrine (Chel) (1 uM). Data points were fitted
by Equation 1 (see Methods section) as shown by the smooth con-
tinuous lines.
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and Table 1). Whereas PKC inhibition by chelerythrine had
no effect on the pCas values in either the control or diabetic
aortic rings (Table 1).

Because the development of myofilament Ca®* sensitization
in diabetes appeared to be specific to the tail artery, we also
investigated this phenomena in another muscular type of
blood vessel, the mesenteric artery. Permeabilized mesenteric
rings from diabetic animals also had significantly different
pCaso values for Phe compared with those from control
animals: 6.168 * 0.036 (n = 13) in diabetic vessels versus
6.023 + 0.034 (n = 8) in control segments (t-test, P = 0.0135),
thus again demonstrating the phenomenon of enhanced VSM
Ca?" sensitivity in diabetes. Similar to the tail artery, 20 min
treatment with chelerythrine 1 uM shifted the pCa-tension
relationship curve to the right, both in control and diabetic
mesenteric artery segments. Mean pCas, values were in
control arteries 5.916 = 0.044 (n = 4, t-test, P = 0.092 com-
pared with untreated tissues) and in diabetic arteries 5.929 *
0.018 (n = 4, ttest P = 0.003; compared with untreated
tissues). This, again, demonstrated an increased contribution
of PKC activation to the development of higher Ca*-
sensitivity of the contractile machinery in diabetic blood
vessels.

As ROCK showed the most pronounced effects on the
agonist sensitivity, especially in diabetic vessels (Figure 2), we
further investigated its possible role in the increased myofila-
ment Ca®* sensitivity using its inhibitor HA1077. Pre-
treatment (20 min) of tail artery rings with HA1077 10 uM
caused a marked shift of the pCa-tension relationship curve,
reversing the increased sensitivity to Ca*, in blood vessels
from diabetic, but not control rats (Figure 4 and Table 1). It
should be noted that these effects refer to the basal activity of
ROCK because no receptor agonists were used in the experi-
ments on skinned preparations.

Overall, there were significant differences between the
group means in tail artery (ANova, P < 0.0001), but not in
aorta (P = 0.99). Specifically, in tail artery, pCas, values were

100
g
£ 80
&
£
Be GG =
§ 40 +
- m Control
_g Diabetes
5 204 @ Control + HA 1077
& O Diabetes + HA1077
04
T ¥ T ! 1
6.5 -6.0 -5.5
log [Ca®'] (M)

Figure 4 Calcium sensitivity of tail artery from control and diabetic
rats before and after tissue pre-treatment with HA1077 (10 uM).
Mean normalized force amplitude was plotted against the logarithm
of Ca?* concentration and data point fitted by Equation 1 (see
Methods section) as shown by the smooth continuous lines.



different between the control and diabetic tissues (P < 0.01).
Neither PKC nor ROCK inhibition caused any significant
effect in control preparations, but the inhibition of either
enzyme caused significant desensitization to calcium in the
diabetic vessels (P < 0.001).

Discussion and conclusions

In diabetes, significant changes in vascular function occur
which are associated with increased frequency and severity of
vascular disease, such as atherosclerosis and arterial hyperten-
sion (Sowers et al., 1993; Idris et al., 2001; Lagaud et al., 2001;
Curtis and Scholfield, 2004; Sowers, 2004). The main novel
finding in this study is that STZ-induced experimental DM in
rats leads to enhanced Ca* sensitivity of contractile myofila-
ments. Moreover, we found that this effect was specific to
arteries of the muscular type, such as tail and mesenteric
arteries, as it was not observed in aorta. Furthermore, both
PKC and ROCK were clearly contributing to the enhanced Ca*
sensitivity of contractile myofilaments in diabetic vessels.

The data obtained from the skinned preparations indicate
that the increased calcium sensitivity observed in tail and
mesenteric arteries from diabetic animals is reflected in intact
artery responses to Phe (Figure 1A,B). In addition, there was
no increase in the agonist sensitivity in aorta from the dia-
betic group, consistent with no change in myofilament
calcium sensitivity in aorta during DM (Figure 3B).

We have observed consistent effects of ROCK inhibition on
both agonist sensitivity (Figure 2) and myofilament calcium
sensitivity (Figure 4), and both were specific to diabetic
vessels. Notably, although the calcium sensitivity in DM was
‘normalized’ by the ROCK blocker, sensitivity to Phe was
further reduced compared with control vessels. However, it
should be noted that proteins like ROCK and PKC are multi-
functional enzymes, as apart from myofilament calcium sen-
sitivity they regulate a number of signalling pathways
interposed between receptor stimulation and VSM contrac-
tions. Therefore, any change of myofilament calcium sensi-
tivity may be counteracted in non-permeabilized tissues by,
for example, defective calcium signalling (e.g. down-
regulation of voltage- and store-operated Ca?** entry channels,
or Ca* release in DM: Wang et al., 2000; Curtis et al., 2003).
Such changes might be considered as compensatory and
therefore it is perhaps not surprising that particularly when
ROCK is blocked in DM, this not just ‘normalizes’ the agonist
sensitivity, but reveals an additional substantial rightward
shift of the agonist curve (Figure 2).

As for PKC, it obviously contributes to the enhanced myo-
filament calcium sensitivity in diabetic tail artery, but not in
aorta (Figures 1B and 3B). However, PKC inhibition did not
significantly alter agonist sensitivity in intact preparations
(except in control aorta), probably due to the reasons dis-
cussed previously. In fact, the change in the agonist pD,
values due to PKC inhibition was similar in control and dia-
betic tail artery (0.402 vs. 0.443 pD, unit, respectively), while
in the aorta the change was even greater (and statistically
significant) in control compared with diabetic preparations
(1.196 vs. 0.574, respectively). It should be noted here that
different studies have described enhanced, unchanged or
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even attenuated vascular reactivity to ay-adrenoceptor ago-
nists in DM. The reasons for these discrepancies are not clear,
but may include differences in the species, vascular beds or
even duration of experimental DM (Xavier et al., 2003). In
addition, the role of PKC in the contractile responses to Phe in
diabetes is also uncertain; for example, Okon et al. (2003)
reported no effect of PKC inhibition in a diabetic mouse
model. The controversy surrounding the role of PKC probably
reflects the above-mentioned, multifunctional nature of this
enzyme. It is well known that in VSM, PKC regulates the
activity of L-type voltage-dependent Ca** channels, Ca*-
activated K* channels, ATP-sensitive K* channels and non-
selective cation classical transient receptor potential channels
(Crozatier, 2006). Thus, PKC inhibition may have complex
related effects on agonist sensitivity, in addition to the more
direct effect on myofilament calcium sensitivity. Apart from
ion channel effects, high glucose and increases in PKC activity
in VSM have been shown to regulate not only the phospho-
rylation of myofibrillar proteins, but also the G protein-
coupled receptor density, expression of Ggn1. and PLCP
proteins, and intracellular pH (Idris et al., 2001; Descorbeth
and Anand-Srivastava, 2008).

Nevertheless, our present results show that at least in the
muscular-type arteries, elevated myofilament Ca* sensitivity
(pCa-tension relationship) may be one of the major factors
affecting vascular contractility in DM. The results are consis-
tent with those of Chow et al. (2001) who showed enhanced
contractile responses to noradrenaline in mesenteric arteries
from diabetic rats which were dissociated from changes in
[Ca*];, thus suggesting a similar mechanism. With regard to
the molecular mechanism of these changes, our results show
that the increased sensitivity to Ca* in DM is mediated by
pathways dependent on both PKC and ROCK. The effect of
ROCK can be explained by its involvement in phosphoryla-
tion of MYPT1 (Kimura ef al., 1996; Feng et al., 1999) and
CPI-17 leading to inhibition of smooth muscle myosin phos-
phatase, which is well known to regulate VSM calcium sensi-
tivity in various pathophysiological conditions (Amano et al.,
2000; Koyama et al., 2000; Janssen et al., 2001; Vanbavel et al.,
2001; Wettschureck and Offermanns, 2002; Seko et al., 2003;
Loirand et al., 2006) that, according to our present results,
also includes DM.

The finding that DM and hyperglycaemia cause elevated
DAG production and associated activation of PKC (especially,
but not exclusively the PKC- isoform) is well documented and
this key enzyme is one of the main elements in sensitizing
myofilaments to Ca* (Koya and King, 1998; Meier and King,
2000; Idris et al., 2001; Guo et al., 2003; Curtis and Scholfield,
2004; Mueed etal., 2005; Das Evcimen and King, 2007).
We have previously investigated the role of PKC in Ca*-
sensitization during hypoxic pulmonary hypertension, geneti-
cally determined hypertension and hypertension evoked by
ionizing irradiation. In all cases, up-regulation of PKC-
mediated myofilament Ca*-sensitivity was found to play a key
role (Soloviev and Bershtein, 1992; Soloviev et al., 1998; 2005).

Based on our results, the list of pathological conditions in
which changes in calcium sensitivity are involved can be
extended to include DM. In the vasculature, PKC and ROCK
are the two key regulatory enzymes involved in the signal
transduction of multiple cellular functions such as growth,
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differentiation, metabolism and smooth muscle contractility
(Amano et al., 2000; Meier and King, 2000; Wettschureck and
Offermanns, 2002; Seko et al., 2003; Stanton et al., 2004;
Ward et al., 2004; Soloviev et al., 2005; Loirand et al., 2006). In
particular, ROCK- and PKC-dependent sensitization of the
contractile apparatus to Ca*" have been suggested to play an
important role in the signal transduction events leading to
VSM contraction and, incidentally, in the development of
hypertensive conditions (Fu et al., 1998; Soloviev et al., 1998;
2005; Meier and King, 2000; De Witt et al., 2001; Janssen
et al., 2001; Ward et al., 2004; Salamanca and Khalil, 2005).

In conclusion, the present study shows that PKC and espe-
cially ROCK are involved in DM-induced Ca* sensitization in
VSM but the roles of various isoforms of these enzymes
remain to be established.
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