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1 Protein kinase C (PKC) may contribute to enhanced contractile responses of arteries from
streptozotocin-diabetic rats to stimulation of G-protein coupled receptors. This was investigated by
comparing the effects of PKC inhibitors on contractile responses of mesenteric arteries from diabetic
and age-matched control rats to noradrenaline (NA) and endothelin-1 (ET-1). The effects of NA and
ET-1 on the distribution of three isoforms of PKC implicated in contraction were also determined.
In addition, the effect of NA on phosphorylation of CPI-17, a substrate for PKC, was investigated.

2 Contractile responses of endothelium-denuded arteries from diabetic rats to NA were enhanced,
but were normalized by PKC inhibition. In contrast, contractile responses to ET-1 were not
significantly different, and were blocked to a similar extent by PKC inhibition, in arteries from control
and diabetic rats.

3 NA produced only a small increase in particulate levels of PKCe in control arteries (to 12578% of
levels in untreated arteries), but a significant increase in particulate PKCa (to 190722%) and a much
greater increase in particulate PKCe (to 230719%) in arteries from diabetic rats. ET-1 increased
particulate PKCa and e to a similar extent in arteries from control and diabetic rats.

4 NA significantly enhanced CPI-17 phosphorylation from a basal level of 22710 to 7177% of
total in arteries from diabetic rats, and this was prevented by PKC inhibition. NA had no detectable
effect on CPI-17 phosphorylation in arteries from control rats.

5 These data suggest that NA-induced activation of PKC and CPI-17, its downstream target, is
selectively enhanced in arteries from diabetic rats, and mediates the enhanced contractile responses to
this agonist.
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Introduction

Cardiovascular complications are recognized to be the major

cause of morbidity and mortality associated with diabetes

mellitus, and the underlying reasons for this are the subject of

intense investigation. Among the hemodynamic changes that

occur are vasoconstriction and altered blood flow, which have

been proposed to be related in part to abnormal vascular

reactivity (Koya & King, 1998). This possibility has been

extensively investigated in arteries from rats treated with

streptozotocin (STZ), which induces a condition resembling

poorly controlled type I diabetes. Although the results of these

studies have not all been in agreement, we and others have

consistently found that contractile responses of arteries

from rats with well-established diabetes to stimulation of

a1-adrenoceptors are enhanced (MacLeod, 1985; Abebe et al.,

1990; Inazu et al., 1991; Taylor et al., 1994). Similarly,

contractile responses to stimulation of other G-protein

coupled receptors (GPCRs), including endothelin (ET) recep-

tors, have also been reported to be increased in arteries from

diabetic rats (Hattori et al., 1999; Tickerhoof et al., 2003).

Furthermore, previous studies from this lab have demon-

strated that the increased contractile responses of arteries from

diabetic rats to a1-adrenoceptor stimulation result from a

change in the signal transduction process downstream from

the receptor (Weber & MacLeod, 1997).

Two processes are believed to contribute to contractile

responses of vascular smooth muscle to stimulation of GPCRs:

an increase in [Ca2þ ]i levels and an increase in Ca2þ sensitivity.

Recently, we reported that the enhanced maximum contractile

response of mesenteric arteries from diabetic rats to nor-

adrenaline (NA) in the presence of extracellular Ca2þ was not

associated with a corresponding greater increase in [Ca2þ ]i
(Chow et al., 2001), suggesting that there is a relatively greater
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increase in Ca2þ sensitivity in response to NA in diabetic than

in control mesenteric arteries. Both a1-adrenoceptors and

ET receptors (Sokolovsky, 1995) couple to phospholipase

C (PLC), generally via pertussis toxin (PTX)-insensitive

G-proteins of the Gq/11 family, resulting in breakdown of

phosphotidylinositol 4,5-bisphosphate (PIP2) and production

of diacylglycerol (DAG), the endogenous activator of protein

kinase C (PKC). PKC has been proposed to induce Ca2þ

sensitization by a number of different mechanisms. One is by

the inhibitory phosphorylation of thin filament-associated

proteins, caldesmon and calponin, which can interfere with the

binding between actin and myosin (Pohl et al., 1997; Sohn

et al., 2001). PKC can also activate CPI-17 (PKC-potentiated

inhibitor protein of 17 kDa), which when phosphorylated

becomes a potent myosin light chain phosphatase (MLCP)

inhibitor (Eto et al., 1997). This leads to enhanced phosphor-

ylation of myosin light chain (MLC) by myosin light chain

kinase (MLCK), resulting in Ca2þ sensitization. Phosphoryla-

tion of CPI-17 has been suggested to be the major mechanism

of Ca2þ sensitization by PKC under physiological conditions

(Somlyo & Somlyo, 2003). We have previously reported that

NA stimulation of the phosphoinositide pathway is enhanced

in mesenteric arteries from diabetic rats (Abebe & MacLeod,

1991; 1992). Therefore, we hypothesized that the increase in

Ca2þ sensitivity of mesenteric arteries from diabetic rats in

response to NA may result from increased activation of PKC

and its downstream target, CPI-17. Based on the results of

pharmacological studies with PKC inhibitors, PKC has also

been suggested to be involved in enhanced vasoconstrictor

responses to ET-1 in aorta and coronary arteries from STZ-

diabetic rats (Hattori et al., 1999; Tickerhoof et al., 2003).

The PKC superfamily has been shown to include 12

isoforms, three of which, PKC a, d and e, have been implicated

in Ca2þ sensitization and contraction in response to stimula-

tion of GPCR in vascular smooth muscle (Lee et al., 1999; Eto

et al., 2001). Although diabetes-induced increases in the

expression and/or activity of some PKC isoforms, in particular

PKCb2, have been demonstrated in various cardiovascular

tissues (Koya & King, 1998; Meier & King, 2000), the effect of

diabetes on agonist-induced changes in PKC isoforms involved

in Ca2þ sensitization has not been reported. In the present

investigation, the role of the PKC pathway in vasoconstrictor

responses of mesenteric arteries from diabetic rats to NA and

ET-1 was investigated. We first determined the effects of two

structurally distinct PKC inhibitors on contractile responses to

these agonists. Since activation of PKC has been shown to

involve its translocation to isoform-specific binding sites at cell

membranes (Taggart et al., 1999), changes in the subcellular

distribution of the isoforms is often used as an index of their

activation. Therefore, the effect of a maximum concentration

of NA and ET-1 on levels of PKC a, d and e in the cytosol and

particulate fractions of mesenteric arteries from control and

diabetic rats was also investigated. Finally, we compared the

effects of NA in the absence and presence of the PKC

inhibitor, calphostin C, on the phosphorylation of CPI-17 in

mesenteric arteries from control and diabetic rats.

Methods

Male Wistar rats weighing between 150 and 175 g were

obtained from the University of British Columbia Animal

Care Unit and were housed and treated in accordance with the

guidelines of the Canadian Council on Animal Care. Diabetes

was induced by injection of 60mgkg�1 STZ into the lateral

tail vein of rats lightly anesthetized with halothane. Control

rats received the citrate buffer vehicle. STZ-treated rats with

blood glucose levels of 13mmol l�1 or greater, measured with

an Ames glucometer 1 week after injection, were considered

diabetic and were kept for experiments. After 12–14 weeks,

animals were weighed and given an overdose of sodium

pentobarbital. Blood was collected by cardiac puncture for

later assay of plasma insulin and glucose levels. The superior

mesenteric artery was excised, placed in Krebs solution

(composition in mM: NaCl 124, KCl 4.7, NaHCO3 25, CaCl2
2.5, KH2PO4 1.2, MgSO4 1.2 and dextrose 11.5) at room

temperature and cleaned of fat and connective tissue. The

artery was then cut into 4mm segments. The endothelium was

removed from each segment by rubbing the internal lumen of

the vessel gently against a thin wire. The rings were then

suspended in isolated tissue baths using triangular hooks, one

of which was attached to a fixed tissue support, while the other

was connected to a Grass FT.03 force displacement transducer

which in turn was attached to a Grass polygraph (Model 7E,

Grass Instruments Co., Quincy, MA, U.S.A.). The rings

were equilibrated for 90min under 1� g resting tension in

Krebs solution continuously aerated with 95% O2/5% CO2

and maintained at a temperature of 371C. In some rings,

cumulative concentration–response curves to NA or ET-1 were

obtained. In these preparations, the loss of the endothelium

was first confirmed by demonstrating their inability, when

precontracted with 3 mM phenylephrine, to relax in response to

0.1mM acetylcholine. The tissues were then washed for 1 h and

cumulative concentration–response curves to NA and ET-1

were obtained in the presence and absence of Ro-318220 (3-[1-

[3-(amidinothio)propyl]-1H-indol-3-yl]-3-(1-methyl-1H-indol-

3-yl) maleimide methanesulfonate (Calbiochem, San Diego,

CA, U.S.A.), 3mM for 30min, or calphostin C (Sigma

Chemical Co., St Louis, MO, U.S.A.), 3 mM for 30min.

Western blotting

Western blotting for PKC isoforms Mesenteric arteries

from control and diabetic animals were cleaned, denuded and

frozen in liquid nitrogen for the measurement of total

solubilizable levels of PKC isoforms. The arteries were

powdered, sonicated in EGTA-detergent buffer (composition:

Tris HCl 20mM, mercaptoethanol 50mM, EGTA 5mM,

EDTA 2mM, NaF 10mM, AEBSF 1mM, leupeptin 25mgml�1,

aprotinin 2 mgml�1, NP40 1%, SDS 0.1% and deoxycholic

acid 0.5%), and then centrifuged at 100,000� g for 1 h. The

supernatant was collected and used as total solubilizable

protein.

To investigate the effect of agonist-induced stimulation on

PKC isoforms in the cytosol and particulate fraction,

following the equilibration period, artery rings from control

and diabetic animals were treated with 30 mM NA, 0.03 mM ET-

1 or remained untreated. Once the peak sustained contractile

response was reached (5min in the case of NA and 7min for

ET-1), the rings were quickly rinsed in ice-cold Krebs solution,

blotted, frozen in liquid nitrogen and stored at �701C. The

frozen rings were powdered, sonicated in EGTA buffer

(without detergents) and then centrifuged at 100,000� g for

1 h. The supernatant was retained as the cytosol fraction and
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the pellets were resuspended in the EGTA-detergent buffer.

Following centrifugation at 100,000� g for 1 h, the super-

natant was collected and used as the detergent-soluble

particulate fraction. The protein content in the different

fractions was determined using the Bradford assay.

In preliminary experiments, the efficiency of detergent

extraction of PKC isoforms was determined. None of the

PKC isoforms were detected in the supernatant on re-

extraction of the final pellet with EGTA-detergent buffer.

When the final pellet was analyzed, approximately 15–25% of

the total PKC isoform content was found to remain in the

insoluble fraction. However, there were no significant differ-

ences between arteries from control and diabetic rats, or

between untreated and agonist-treated preparations in the

amount of any of the isoforms remaining in the insoluble

fraction.

Equal amounts of protein were subjected to SDS–PAGE

on 11% polyacrylamide gels and the resolved proteins were

electrophoretically transferred to a nitrocellulose membrane.

Membranes were reversibly stained with Ponceau and were

then blocked with 5% nonfat milk/0.05% Tween-TBS and

incubated with the appropriate PKC isoform-specific (rabbit

polyclonal, 1 : 500, Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, U.S.A.) primary antibody overnight at 41C. Actin

was used as an internal control and membranes were incubated

with actin primary antibody (goat polyclonal, 1 : 200, Santa

Cruz Biotechnology, Inc.) in the manner described above. In

preliminary experiments, each of the antibodies for PKCa,
b2, d and e were tested against the purified standard for each

isoform, and no crossreactivity was detected. The same

dilution of each PKC isoform antibody and the same amount

of protein were used for all the control and diabetic samples.

These were found in preliminary experiments to give signals in

the linear range of the optical density vs protein concentration

curve. Immune complexes were detected following incubation

of membranes with horseradish peroxidase-conjugated anti-

rabbit (for PKC) or anti-goat (for actin) secondary antibody

(Santa Cruz Biotechnology, Inc.) for 2 h at room temperature

(1 : 20,000 in 3% nonfat milk) using an enhanced chemilumi-

nescence detection kit (Amersham Pharmacia, Piscataway, NJ,

U.S.A.). Band intensity was analyzed by densitometry and

normalized for actin on the same membrane. Total actin levels

and actin in the cytosol and particulate fractions were not

significantly different in mesenteric arteries from control and

diabetic rats (Figure 1a and b). Treatment with NA or ET-1

(Figure 1b) did not significantly affect cytosol or particulate

levels of actin in either animal group. As an alternative to

actin, some of the membranes were analyzed by the method

described by Ping et al. (1997), using the most predominant

band on the Ponceau-stained membrane. The results corrected

by this method and by actin were found to be similar.

Western blotting for CPI-17

Artery rings from control and diabetic animals were divided

into three groups. The first group remained untreated, the

second was treated with 30mM NA for 5min, and the third was

treated with 30mM calphostin C for 35min, with 30 mM NA

being added for the last 5min. The rings were then frozen by

immersion in acetone containing 10% trichloroacetic acid

(TCA) and 10mM dithiothreitol (DTT) cooled with dry ice,

and stored at �701C (Woodsome et al., 2001). Frozen tissues

were gradually warmed to �201C, then 41C and finally washed

several times with ice-cold acetone to remove the TCA. The

tissues were ground in a motor-driven glass homogenizer

(Kontes) in EGTA buffer containing DTT 20mM and 0.5%

SDS. Following centrifugation at 10,000� g for 15min, the

supernatant was collected and equal amounts of protein were

subjected to SDS–PAGE on 16% polyacrylamide gels. The

resolved proteins were electrophoretically transferred to a

polyvinylidene difluoride (PVDF) membrane. Membranes

were blocked with 5% nonfat milk/0.05% Tween-TBS over-

night and then incubated with the appropriate anti-CPI-17

(0.2 mgml�1) or anti-phospho-CPI-17 (Thr38, 2mgml�1) (rab-

bit polyclonal, Upstate, Charlottesville, VA, U.S.A.) primary

antibody for 3 h at room temperature. Actin was used as an

internal control and membranes were incubated with actin

primary antibody as described above. Membranes were then

incubated with horseradish peroxidase-conjugated anti-rabbit

(1 : 12,500 for total CPI-17 and 1 : 7575 for anti-phospho-CPI-

17 in 3% nonfat milk) or anti-goat (for actin, 1 : 20,000 in 3%

nonfat milk) secondary antibody (Santa Cruz Biotechnology,

Inc.) for 2 h at room temperature. Levels of phosphorylated

CPI-17 were expressed as a percent of total CPI-17 levels in

each group.
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Figure 1 (a) Total levels of actin in control and diabetic arteries
(n¼ 5 in each group). (b) Soluble and particulate levels of actin in
control (C) and diabetic (D) arteries in the absence (UT) and
presence of ET-1 (0.03 mM for 7min, n¼ 11). Each bar represents
mean7s.e.m.
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Statistical analyses

All data are presented as the mean7s.e.m. NA and ET-1

concentration–response curves were analyzed by nonlinear

regression using GraphPad Prism version 4.00 (GraphPad

Software, San Diego, CA, U.S.A.) for calculation of pD2 (�log

EC50) values and maximum responses (Rmax). In Western

blotting experiments, total levels of PKC isoforms in arteries

from diabetic rats were calculated relative to levels of the same

isoform in control arteries. Cytosolic and particulate levels of

PKC isoforms following NA and ET-1 treatment were

calculated relative to levels of the same isoform in the

corresponding fraction from untreated control arteries. Statis-

tical significance was evaluated by one-way or two-way

ANOVA followed by Newman–Keuls post hoc test for

multiple comparisons, using NCSS (NCSS, Kaysville, UT,

U.S.A.). A Po0.05 was considered statistically significant.

Results

Some characteristics of rats used in the present investigation

are shown in Table 1. Diabetic rats weighed significantly less

than their corresponding controls, and had much lower

serum insulin levels, associated with significant hyperglycemia.

STZ-treated rats also exhibited other symptoms of

diabetes including polydypsia, polyuria and increased food

intake. However, there was no significant difference in the

cross-sectional areas of arteries from the two groups of

animals.

Effect of PKC inhibitors on contractile responses
to NA and ET-1

Consistent with our previous reports, mesenteric arteries from

diabetic rats exhibited enhanced contractile responses to NA

(Figure 2a and b). Both the maximum contractile response

(Rmax) and the sensitivity (pD2 or –log EC50) of mesenteric

arteries from diabetic rats to NA were significantly greater

than the corresponding values obtained in mesenteric arteries

from control rats (Table 2). At the same time, there was no

change in contractile responses of mesenteric arteries from

diabetic rats to depolarization with 0.1M KCl in the presence

of 1mM phentolamine (0.770.1 g) compared to control

(0.670.1 g).

Incubation of mesenteric arteries with either 3mM Ro-

318220 or 3 mM calphostin C for 30min had no significant

effect on the contractile responses to 0.1M KCl plus 1mM
phentolamine. In the presence of Ro-318220, responses of

arteries from control rats to KCl plus phentolamine were

9978% and those from diabetic rats were 9574% of

responses in untreated arteries, while in the presence of

calphostin C, responses of arteries from control and diabetic

rats were 9075 and 9572%, respectively, of those in

untreated arteries. In mesenteric arteries from control rats,

neither Ro-318220 nor calphostin C had a significant effect on

the NA Rmax, but both inhibitors produced a shift in the

NA concentration–response curve, resulting in a significant

decrease in the NA pD2 value (Figure 2a and b, Table 2).

Ro-318220 and calphostin C had a greater inhibitory effect on

contractile responses of mesenteric arteries from diabetic rats

to NA, producing a significant decrease in both the pD2 value

and Rmax to NA. In the presence of Ro-318220, there was

no significant difference in NA pD2 values or Rmax between

Table 1 Characteristics of control and diabetic rats

Body weight (g) Blood glucose
(mmol l�1)

Serum insulin
(ngml�1)

Mesenteric artery cross-sectional
area (gmm�2)

Control (n¼ 29) 581.2754.8 7.970.5 7.170.5 0.3270.01
Diabetic (n¼ 32) 365.5762.6* 22.071.6* 0.570.1* 0.3070.03

Values represent mean7s.e.m. of number of animals in brackets.
*Po0.05 compared to control value (one-way ANOVA).
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Figure 2 Cumulative concentration–response curves to NA in
mesenteric arteries from control and diabetic rats in the absence
and presence of 3 mM Ro-318220 (a, n¼ 13) and calphostin C (b,
n¼ 8). Each point represents mean7s.e.m.
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arteries from control and diabetic animals (Figure 2a, Table 2).

In the presence of calphostin C, the NA pD2 value in arteries

from diabetic rats remained greater than that in control

arteries (Figure 2b, Table 2). However, calphostin C abolished

the significant difference in the NA Rmax between arteries from

the two groups of animals.

In contrast to NA, neither the maximum contractile

response nor the sensitivity of mesenteric arteries from diabetic

rats to ET-1 were significantly different from control (Figure

3a and b, Table 2). Incubation with Ro-318220 resulted in

marked attenuation of maximum responses to ET-1 in arteries

from both control and diabetic rats, without affecting the ET-1

pD2 value (Figure 3a, Table 2). Similar results were obtained

with calphostin C (Figure 3b), which significantly decreased

the ET-1 Rmax in arteries from both control and diabetic rats

(Table 2) without altering the sensitivity to this agonist. There

was no significant difference between arteries from control and

diabetic rats in response to ET-1 in the presence of either

antagonist.

Contractile responses of mesenteric arteries from control

and diabetic rats to direct activation of PKC with phorbol

12,13 dibutyrate (PdBu) were also compared. Responses to

PdBu, which were completely abolished by Ro-318220, were

not significantly different between arteries from control and

diabetic rats (Table 2).

Effect of diabetes on levels of PKC isoforms in mesenteric
arteries

PKCa, b2, d and e were all detected in mesenteric arteries from

both control and diabetic rats (Figure 4). No significant

differences in levels of PKCa or PKCd were detected between

arteries from control and diabetic rats. However, levels of

PKCb2 and PKCe in arteries from diabetic rats were increased

to 195726.9 and 140713.2%, respectively, of levels in control

arteries.

Table 2 NA, ET-1 and PdBu Rmax and pD2 values in mesenteric arteries from control and diabetic rats

Control Diabetic
Rmax pD2 Rmax pD2

g –log EC50 g �log EC50

Noradrenaline
Untreated (13) 1.3570.10 6.8470.1 1.8670.09* 7.1370.13*
Ro-318220 1.1570.09 6.4070.06** 1.4470.09** 6.6370.04**
Untreated (8) 1.5170.09 6.8170.06 1.9370.08* 7.1170.08*
Calphostin C 1.4370.23 6.4770.09** 1.1670.09** 6.8870.09*,**

Endothelin
Untreated (4) 1.5770.21 8.1670.14 1.9270.34 8.2470.17
Ro-318220 0.7670.12** 7.9770.08 0.6770.16** 7.9770.05
Untreated (5) 1.6670.11 8.4370.19 1.9470.20 8.2770.11
Calphostin C 0.8270.19** 8.0870.15 0.6970.12** 8.0770.18

Phorbol 12,13 dibutyrate
Untreated (8) 2.1370.27 7.2870.09 1.9770.29 7.3270.11
Ro-318,220 ND ND ND ND

Mesenteric arteries were isolated from control and diabetic rats and cumulative concentration response curves to NA, ET-1 and PdBu
were constructed in the absence and presence of PKC inhibitors, Ro-318220, 3mM for 30min, and calphostin C, 3 mM for 30min. Number
in parentheses represents number of animals. ND, not detectable.
*Po0.05 compared to corresponding control value, **Po0.05 compared to corresponding untreated value (two-way ANOVA followed
by Newman–Keuls post hoc test).
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Figure 3 Cumulative concentration–response curves to ET-1 in
mesenteric arteries from control and diabetic rats in the absence and
presence of 3mM Ro-318220 (a, n¼ 4) and calphostin C (b, n¼ 5).
Each point represents mean7s.e.m.

976 I. Mueed et al PKC and contractile responses of diabetic arteries

British Journal of Pharmacology vol 146 (7)



Effect of NA and ET-1 on cytosolic and particulate levels
of PKC isoforms in mesenteric arteries

Treatment with 30mM NA for 5min, the time required for the

sustained contractile response to this agonist to reach its

maximum in arteries from both control and diabetic rats, had

no significant effect on cytosolic or particulate levels of PKCa
in control arteries, but resulted in a marked increase in levels of

PKCa in the particulate fraction of mesenteric arteries from

diabetic rats to 190722% of levels in untreated control

arteries (Figure 5a). NA treatment had no detectable effect on

particulate levels of PKCb2 (Figure 5b) or PKCd (Figure 5c)

in mesenteric arteries from either control or diabetic rats.

However, NA did result in a small but significant increase of

PKCe in the particulate fraction of control mesenteric arteries,

to 12578% of those in untreated arteries (Figure 5d).

Particulate levels of PKCe in untreated arteries from diabetic

rats were significantly greater than those in untreated control

arteries, and treatment with NA resulted in a further

significant increase in PKCe particulate levels, to 230719%

of control. The NA-induced increase in PKCe in the

particulate fraction was significantly greater in mesenteric

arteries from diabetic rats than in corresponding control

arteries. In general, levels of PKC isoforms in the cytosolic

fraction decreased in parallel to the NA-induced increases in

particulate levels, but the changes were less marked than those

in the particulate fraction, and did not reach statistical

significance. This may have arisen in part because a greater

proportion of PKC is found in the cytosol under resting

conditions, in which case a relatively small decrease in cytosol

levels will result a more marked increase in levels in the

particulate fraction.

The effect of treatment of arteries from diabetic animals

with calphostin C (3 mM for 30min) on NA-induced changes in

particulate levels of PKCa and PKCe was also determined.

Calphostin C completely prevented the NA-induced increase

in particulate levels of both isoforms (Figure 6). No significant

changes in cytosolic levels of PKCa or PKCe were detected in

the presence of NA alone or with calphostin C.

Treatment with 0.03 mM ET-1 for 7min, the time required

for the sustained contractile response to this agonist to reach

its maximum, resulted in similar increases in particulate levels

of PKCa in mesenteric arteries from both control and diabetic

rats. Particulate levels of PKCa were increased by ET-1 to

192715% in control and to 180712% in diabetic arteries of

levels in untreated control arteries (Figure 7a). Like NA, ET-1

had no significant effect on soluble or particulate levels of

PKCb2 (data not shown). However, ET-1 produced significant

increases in particulate levels of PKCd in arteries from both

control and diabetic animals (Figure 7b). The ET-1-induced

increase in particulate PKCd was significantly less in diabetic

(11777%) than in control (15375%) arteries. In mesenteric

arteries from control rats, ET-1 treatment resulted in a

significant increase in levels of PKCe in the particulate

fraction, to 16677% of levels in the untreated control

(Figure 7c). A similar increase in particulate levels of PKCe
in response to ET-1, to 18178% of control, was also detected

in mesenteric arteries from diabetic rats. As was found with

NA, the ET-1-induced increases in particulate levels of PKC

isoforms were not associated with significant decreases in their

levels in the cytosolic fraction.

Effect of NA on phosphorylation of CPI-17

Since PKC-mediated CPI-17 phosphorylation has been sug-

gested to increase smooth muscle contractility, we investigated

whether the increased particulate levels of PKCa and e and

contractility in response to NA in mesenteric arteries from

diabetic rats was associated with increased phosphorylation of

this downstream target. No significant differences in total

protein levels of CPI-17 were detected between mesenteric

arteries from control and diabetic rats (Figure 8a). NA had no

significant effect on the phosphorylation of CPI-17 in control

arteries (Figure 8b). Levels of phosphorylated CPI-17 were

lower in untreated arteries from diabetic than control animals,

although this difference was not statistically significant.

However, NA produced a significant increase in CPI-17

phosphorylation in mesenteric arteries from diabetic rats,

and in the presence of NA, levels of phosphorylated CPI-17

were significantly greater in arteries from diabetic than control

animals. The NA-induced increase in CPI-17 phosphorylation

in mesenteric arteries from diabetic rats was blocked by the

same concentration of calphostin C (3 mM) that normalized the

contractile response of diabetic arteries to NA (Figure 8b),

and prevented the NA-induced increase in particulate levels

of PKCa and e (Figure 6).

Discussion

The results of the present investigation demonstrate that the

enhanced reactivity of mesenteric arteries from diabetic rats to

NA is blocked by selective inhibition of PKC, and is associated

with increased particulate levels of PKCa and e, as well as
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greater PKC-mediated phosphorylation of CPI-17. These data

suggest that increased activation of the PKC/CPI-17 pathway

mediates the enhanced contractile response to NA in

mesenteric arteries from diabetic rats. On the other hand,

although PKC appears to contribute to a greater extent to ET-

1 than to NA-induced contractions in control mesenteric

arteries, no evidence was found for enhanced participation of

PKC in the response to ET-1 in mesenteric arteries from

diabetic rats.

Basal levels of PKC isoforms

It is now well established that increased levels and activity of

specific isoforms of PKC occur in the cardiovascular system in

diabetes, and evidence suggests that this may contribute to the

cardiovascular dysfunction associated with this condition

(Koya & King, 1998). The isoform that has most frequently

been found to be altered in the vasculature is PKCb2. For

instance, an increase in total PKC activity in the particulate

fraction was found to be associated with increased particulate

levels of PKCb2 but not PKCa in aorta from STZ-diabetic rats

(Inoguchi et al., 1992). Increased total levels of PKCb2 were

recently reported in coronary arteries (Tickerhoof et al., 2003)

and in small mesenteric arteries from diabetic rats (Wigg et al.,

2004). Consistent with these studies, we detected a two-fold

increase in total PKCb2 levels in superior mesenteric arteries

from diabetic rats. There was also a smaller but significant

increase in PKCe levels, but no change in expression of PKCa
or d in arteries from diabetic rats. This contrasts with a recent

report of increased expression of PKCa and d, but not PKCe,
in coronary arteries from diabetic rats (Tickerhoof et al.,

2003). Whether this reflects a difference due to the longer

duration of diabetes in the present study, or to differences

between arteries is not clear.

The precise mechanisms that lead to hyperglycemia-induced

increases in the expression and/or activity of PKC isoforms are

not clear. One of the major mechanisms proposed to lead to

increased PKC activation in arteries from diabetic rats is

enhanced de novo synthesis of DAG, resulting from glucose

being directly metabolized to DAG (Inoguchi et al., 1994). It

has been suggested that upregulation of PKC could also result

from the hyperglycemia-induced increase in the synthesis of

DAG, which might enhance transcription and translation of

PKC genes (Guo et al., 2003). Alternatively, the persistent

activation of PKC, associated with its translocation to the

cell membrane, could result in depletion of cytosolic PKC,

triggering an increase in PKC synthesis (Guo et al., 2003). The

reasons for the differential upregulation of the PKC isoforms

in diabetic tissues are also not clear but might be explained by

differences in protein stability, in rates of synthesis and
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degradation or in susceptibility to post-translational altera-

tions such as phosphorylation (Tickerhoof et al., 2003). Other

mechanisms proposed to lead to increased activity of PKC in

mesenteric arteries from diabetic rats include accumulation of

advanced glycosylation end-products and increased activation

of the renin–angiotensin system (Osicka et al., 2001).

Role of PKC in GPCR-mediated responses in mesenteric
arteries from control rats

The results of this investigation suggest that PKC may play a

more prominent role in the contractile response to ET-1 than

to NA in mesenteric arteries from control rats. Treatment of

arteries with the nonisoform selective PKC inhibitors Ro-

318220 and calphostin C produced a decrease in the NA pD2

value but had no effect on the NA Rmax, whereas both

antagonists reduced the ET-1 Rmax by more than 50%. Ro-

318220 is a potent and selective PKC inhibitor belonging to

the group of inhibitors known as bisindolylmaleimides, that

inhibit PKC by competing with ATP binding at the catalytic

site (Davis et al., 1989). Ro-318200 appears to be more

selective than its parent compound, staurosporine (Davis et al.,

1989) and unlike the latter does not appear to inhibit MLCK

(Mobley et al., 1994). Calphostin C, on the other hand, inhibits

PKC by interacting with the regulatory domain, competing at

the binding site for DAG and phorbol esters (Kobayashi et al.,
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1989). At the concentrations used, neither Ro-318220 nor

calphostin C had any effect on the contractile response to

Kþ -depolarization, suggesting that their inhibitory effects

were not due nonspecific actions. At the same time, Ro-318220

abolished the contractile response of mesenteric arteries to

PdBu, suggesting that it is effectively blocking PKC activity.

Our observations that the contractile response to NA was

associated with only a small increase in particulate levels of

PKCe, with no change in PKCa or d, and was not associated

with a detectable increase in phosphorylation of CPI-17, a

proposed downstream mediator of the Ca2þ sensitizing effects

of PKC, are consistent with a minor role for PKC in the NA

response. It is possible that other pathways, such as RhoA/

Rho kinase (Altmann et al., 2003), participate to a greater

extent in a-adrenoceptor-mediated contraction in control

mesenteric arteries. On the other hand, the much greater

increase in particulate levels of all three PKC isoforms by ET-1

is consistent with the results of the inhibitor studies, and

suggests that under normal circumstances, the ET-1 signaling

pathway may be more effectively coupled to PKC.

Role of PKC in GPCR-mediated responses in mesenteric
arteries from diabetic rats

While PKC may not contribute to a large extent to the

contractile response of control mesenteric arteries to NA,

it appears to mediate the enhanced contractile response of

mesenteric arteries from diabetic rats to this agonist, since both

Ro-318220 and calphostin C produced greater inhibition of

NA-induced contractions in diabetic than control arteries, and

normalized the significant difference in NA Rmax values found

in the absence of antagonist. The enhanced contractile

response to NA was also associated with increased particulate

levels of PKCa as well as with a greater increase in particulate

PKCe levels than in mesenteric arteries from control rats,

which were blocked following treatment with calphostin C.

This suggests that the enhanced contractile response to NA

may be mediated by increased activation of these isoforms.

This may result from increased production of DAG, since we

have previously found that the breakdown of PIP2 and the

production of inositol 1,4,5 trisphosphate (IP3) and phospha-

tidic acid, a phosphorylated product of DAG, are enhanced in

response to the same concentration of NA in aorta and

mesenteric arteries from diabetic rats (Abebe & MacLeod,

1991; 1992).

In contrast to the results in control arteries, treatment of

arteries from diabetic rats with NA produced an almost three-

fold increase in CPI-17 phosphorylation and this increase was

also blocked by calphostin C. These data suggest that the

significantly greater contractile responses to NA in diabetic

arteries arise via PKC-dependent phosphorylation and activa-

tion of CPI-17. While all PKC isoforms have been shown to

bind to CPI-17 in vitro, PKCa, d and e have the greatest ability
to phosphorylate and activate it (Eto et al., 2001; Zemlickova

et al., 2004). It is not clear how activated PKC in the

membrane fraction can phosphorylate CPI-17, which is

located in the cytosol. However, a number of possibilities

have been suggested. One is that CPI-17 lies in close proximity

to the plasma membrane where activated PKC is present and

can readily phosphorylate it. Once phosphorylated, CPI-17

then diffuses to the myofilaments to inhibit MLCP (Eto et al.,

2001). Alternatively CPI-17 may shuttle between membrane-

bound active PKC and MLCP (Ruegg, 1999). It is also

possible that activated PKC in the membrane is in equilibrium

with cytosolic PKC, and the amount of activated PKC in the

cytosolic fraction is sufficient to cause CPI-17 phosphorylation

(Ruegg, 1999).

The receptor through which NA produces these actions on

PKC and CPI-17 was not specifically examined in the present

investigation. However, we have previously established that

the enhanced contractile response of mesenteric arteries from

diabetic rats to NA can be detected in the presence of a

b-blocker and blockers of both neuronal and extraneuronal

uptake (Harris & MacLeod, 1988), suggesting that alterations

in these processes are not responsible for the increased NA

response. Furthermore, we have also demonstrated that both

the enhanced contractile response and the increase in inositol

phosphate production in response to NA in mesenteric arteries

from diabetic rats arise from stimulation of a1-adrenoceptors,
based on pharmacological studies with selective antagonists

(Abebe et al., 1990; Abebe & MacLeod, 1992). Additional

evidence that the effects of NA arise from stimulation of

a1-receptors comes from our observation that phenylephrine,

which is known to have greater selectivity for a1 than for a2 or
b receptors, also produces both enhanced contractile responses

and increased particulate levels of PKCa and e in mesenteric

arteries from diabetic compared to control rats (Mueed and

MacLeod, unpublished observations).

In contrast to NA, there was no evidence for an enhance-

ment of the contractile response to ET-1 in mesenteric arteries

from diabetic rats, nor was there any indication that the

contractile response of diabetic mesenteric arteries to ET-1

was more dependent on PKC than that of control arteries,

since both Ro-318220 and calphostin C produced a similar

magnitude of block of contractile responses to ET-1 and ET-1

produced a similar increase in particulate levels of PKCa and e
in mesenteric arteries from control and diabetic animals. The
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reason that PKCd levels in the particulate fraction were

actually lower in response to ET-1 in arteries from diabetic

than control rats is not known, but since the contractile

response to this agonist was unaffected, the other two isoforms

may play a more important role in this process. The lack of

increase in the contractile response of mesenteric arteries from

diabetic rats to ET-1 is not consistent with previous reports in

aorta and coronary arteries of diabetic rats, which indicated

that vasoconstrictor responsiveness to this agonist was

increased, and that the increase could be blocked by inhibition

of PKC (Hattori et al., 1999; Tickerhoof et al., 2003).

However, it is in agreement with a report that contractile

responses of endothelium-denuded mesenteric arteries from

diabetic rats to ET-1 are unchanged (Arikawa et al., 2001).

Differences in the effects of diabetes on contractile responses

to stimulation of GPCR in different arteries have previously

been reported (James & Hodgson, 1995). Although the reason

for this is not known, these results demonstrate that the

upregulation of PKCb2 and e in mesenteric arteries from

diabetic rats is not associated with a generalized increase in the

ability of GPCR agonists to activate PKC. Rather, it appears

the activation of PKC by agonists is not enhanced unless the

production of DAG itself is enhanced, and this appears to

occur as a result of a selective change in the pathway coupling

a1-adrenoceptors to phosphoinositide hydrolysis. This change

appears to be due to the diabetic state, since enhanced

contractile responses to NA were normalized by treatment of

diabetic rats with insulin (MacLeod, 1985).

Despite the increased basal levels of PKCb2 and e, there was
also no generalized increase in contractile responses of

mesenteric arteries from diabetic rats to direct activation of

PKC with PdBu. Although this is somewhat surprising, there is

no evidence that PKCb2, the isoform most strongly upregu-

lated, participates in calcium sensitization or contraction, and

we found no evidence that agonists elevate particulate levels of

this isoform in either control or diabetic arteries. This is not

the case for PKCe. However, it is possible that the effects of

the relatively small increase in PKCe in mesenteric arteries

from diabetic rats cannot be detected due to the activation of

all DAG-dependent PKC isoforms (including those that are

unchanged) in response to PdBu.

The smooth muscle cell plays an important role in

maintaining and regulating vasomotor tone, and abnormalities

in vascular reactivity have been implicated as potential

contributors to the cardiovascular complications of diabetes.

In this study, we have shown that inhibitors of PKC

normalized the enhanced contractile responses of the diabetic

arteries to NA, and demonstrate for the first time, to our

knowledge, that a-adrenoceptor-mediated increase in particu-

late levels of specific PKC isoforms and phosphorylation of

CPI-17 are also enhanced in arteries from diabetic animals.

These data are consistent with a contribution of increased

activation of PKC to the enhanced contractile responses of

arteries from diabetic rats to stimulation of a-adrenoceptors.
This appears to result from a selective change in a-
adrenoceptor-mediated signalling in arteries from diabetic

animals, since similar changes were not seen in response to ET-1.
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