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Abstract

We have previously shown that diabetes impaired cAMP-mediated endothelium independent
vasodilation of rat small coronary arteries.  Inhibition of Kv channel activity plays an important role in
the decrease of cAMP mediated vasodilation.  The present study investigated the effect of streptozotocin
(STZ)-induced diabetes on mRNA and protein expressions of Kv1.2 and Kv1.5 channels in vascular
smooth muscle cells of rat small coronary artery using RT-PCR, Western blot and immunohistochemistry
methods.  STZ-induced diabetes obviously impaired mRNA expression of Kv1.2 and Kv1.5 channel.  The
mRNA levels of Kv1.2 channel were 0.65 ± 0.08 and 1.02 ± 0.17 in STZ rats and control rats, respectively
(n = 7, P < 0.05).  Whereas the levels of Kv1.5 channel were 0.58 ± 0.05 and 0.94 ± 0.13 in STZ rats and
control rats, respectively (n = 7, P < 0.05).  Western blotting analysis showed that protein expression of
Kv1.2 channel was decreased significantly but not Kv1.5 channel.  Protein expressions of Kv1.2 channel
were 0.49 ± 0.04 and 0.70 ± 0.06 in STZ rats and control rats, respectively (n = 5, P < 0.05), but those of
Kv1.5 channel were 0.61 ± 0.12 and 0.59 ± 0.14 in STZ rats and control rats, respectively (n = 5, P >
0.05).  Immunohistochemistry identification indicated that immunological reaction of Kv1.2 channel
protein was attenuated, but Kv1.5 channel protein was not altered.  Positive staining intensity normalized
by gray values of Kv1.2 channel were 173 ± 13 and 131 ± 11 in STZ rats and control rats, respectively (n
= 5, P < 0.05), but those of Kv1.5 channel were 139 ± 16 and 141 ± 12 in STZ rats and control rats,
respectively (n = 5, P > 0.05).  These results suggested that impairment of cAMP-mediated endothelium
independent vasodilation of rat small coronary artery by STZ-induced diabetes was resulted from
decrease of mRNA and protein expressions of Kv channels, and which eventually leads to a reduced
current from Kv channels.
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Introduction

Voltage-dependent potassium (Kv) channels play

an important role in regulation of the resting membrane
potential of vascular smooth muscle cells (VSMCs) (1,
2, 5, 27).  The activation of Kv channels increases K+
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efflux, resulting in membrane hyperpolarization, which
leads to the closing of voltage-dependent Ca2+ channels,
decreasing Ca2+ influx, and induces vasodilation.
Therefore, the normal expression and function of Kv

channels are prerequisites for the maintenance of the
physiological function of VSMCs.  Altered expression
and activity of Kv channels of VSMCs have been linked
to dysfunction of many pathophysiological conditions
(13, 15, 22).

We have  previous ly  demonst ra ted  tha t
streptozotocin (STZ)-induced diabetes impaired cAMP-
mediated endothelium independent vasodilation of rat
small coronary arteries (RSCAs) (9).  Patch clamp
experiments have further demonstrated that STZ-
induced diabetes decreased Kv currents of VSMCs of
RSCAs,  therefore decreased cAMP-mediated
vasodilation resulted from reduced Kv channel activity
of VSMCs in diabetes (10).

It is well known that potassium channel was
divided into four types (Kv1, Kv2, Kv3 and Kv4) (8,
17).  The Kv1 of “Shaker-type” family channels are
densely expressed in VSMCs (11, 23).  The subtypes
Kv 1.2 and Kv 1.5 channels expressed highly in RSCAs
(6, 7).  Therefore, the study of gene and protein
expression changes of these two subtypes of Kv

channels in diabetes mellitus is very important for
understanding defects of vasomotion.

In the present study we have investigated the
effects of streptozotocin-induced diabetes on the gene
and protein expression of Kv channel in VSMCs of
RSCAs by using of RT-PCR, Western blot and
immunohistochemistry methods.

Materials and Methods

Animal Preparation

The diabetes model was prepared as described
elsewhere (21).  Wistar rats aged 4~6 weeks, both
males and females weighing 176 ± 10 g, were provided
by the Animal Center, School of Medicine, Shandong
University.  Diabetes was induced by tail vein injection
of streptozotocin (STZ, 65 mg/kg body weight)
dissolved in sodium citrate buffer 0.1 M (pH 4.5).
Age matched control rats were injected with an equal
volume of citrate buffer solution.  Blood glucose
levels were measured on the third day, one week after
injection by blood glucose meter (One Touch Basic
Plus, Johnson-Johnson, Brunswick, NJ, USA).  STZ
injected rats with blood glucose levels 15 mM were
considered to be diabetes (STZ rats).  STZ rats and
matched control rats were housed for 6 weeks before
experiments.

Body weight in STZ-induced diabetes group
increased from 181 ± 3 g to197 ± 11 g, while that of the
control group increased from 176 ± 3 g to 319 ± 17 g

on the day of experiment.  Blood glucose levels in
STZ-induced diabetes group significantly increased
from 3.5 ± 0.3 mM to 27.1 ± 3.3 mM.  Blood glucose
levels in control group did not change on the day of
experiment.

Preparation of RSCAs

Rats were anesthetized with pentobarbital
sodium (60 mg/kg, ip).  The heart was taken out quickly
and put in 4°C HEPES solution containing (in mM)
NaCl 138.0, KCl 4.0, MgSO4 1.2, CaCl2 1.6, KH2PO4

1.2, EDTA 0.0026, glucose 6.0, HEPES 10.0, pH =
7.4.  RSCA (100-150 µm ID) was dissected in the
ventricle and put in Hepes buffer.

Isolation of Total RNA of VSMCs.

Total RNA was isolated using guanidine
isothiocyanate (GIT) method. Briefly, RSCAs was
homogenized in 0.5 ml of GIT denaturing solution,
and the lysates were centrifuged at 15,000 rpm for 10
min to remove tissue debris.  After addition of 0.1 ml
of chloroform, tubes were centrifuged at 15,000 rpm
for 10 min at 4°C.  RNA in the supernatant was
precipitated by adding 0.2 ml GIT and equal volume
of ice-cold isopropanol and pelleted by centrifugation
at 15,000 rpm for 10 min at 4°C.  The precipitate was
washed by 75% ethanol and centrifuged at 15,000
rpm for 10 min.  RNA precipitate was dissolved in 80
µl diethyl pyrocarbonate (DEPC) water for RT-PCR.

RT-PCR Analysis

Amplification of f irst-strand cDNA was
performed in 20 µl reaction mixture containing 11 µl
total RNA, 4 µl 5 × first strand buffer, 1 µl dNTP
(10 mM), 2 µl DTT (0.1 M) , 1 µl murine leukemia
virus reverse transcriptase (200 U/µl) (GIBCO-
BRL, Gaithersburg, MD, USA), and 1 µl reverse
primers (50 µM).  The reaction was carried out
at 37°C for 60 min and at 95°C for 10 min.  Twenty
µl of the first-strand cDNA reaction mixture were used
in a 100 µl PCR reaction mixture consisting of 10 µl
10 × PCR Buffer, 8 µl MgCl2 (25 mM), 1 µl dNTP (10
mM), 1 µl forward primer (50 µM), 58 µl DEPC water,
2 µl Taq DNA polymerase (1 U/µl) (GIBCO-BRL).
The reaction was carried out at 94°C for 1 min, at
58°C for 1 min and at 72°C for 1 min, 30 cycles.  After
PCR, 6 µl amplified products were subjected to
electrophoresis in a 1.5% acrylamide gel in Tris-borate-
EDTA buffer and visualized with ultraviolet radiation.
All primers were designed based on the common
region for different splicing isoforms of the selected
Kv genes.  The primers of Kv1.2: forward: 5'-
CATTTTGTACTACTACCAGTCTGGGG-3', reverse:
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5'-GGAGTGTCTGGACAACTTGAAAATCC-3', 643
bp. Kv1.5: forward: 5'-ATGCAGGGTCACTCCATC-
3',  reverse: 5'-GGCTTCTCCTCTTCCTTG-3', 340 bp.
β-actin: forward: 5'-AAGATCCTGACCGAGCGTGG-
3', reverse: 5'-CAGCACTGTGTTGGCATAGAGG-
3', 327 bp (Shanghai Bioengineering, Shanghai, China).

Western Blot

RSCAs lysis was performed for 30 min at
4°C with lysis buffer containing 25 mM HEPES
(pH 7.6), 1% Triton X-100, 137 mM NaCl, 3 mM β-
glycerophosphate, 3 mM EDTA, 0.1 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride,
and lysates were centrifuged at 15,000 rpm for 20 min
at 4°C to remove nuclei and undisrupted cells.  Protein
concentration was determined using Bio-Rad protein
assay solution with BSA as standard.  Membrane
proteins were loaded and run on standard 10% SDS-
polyacrylamide gel in Tris-glycine electrophoresis
buffer [25 mM Tris, 200 mM glycine (pH 8.3), and
0.1% SDS].  Proteins were transferred to nitrocellulose
membrane in 192 mM glycine, 25 mM Tris (pH 8.3),
and 20% methanol at 100 V for 1.5 h in a water-cooled
transfer apparatus.  The membrane was blocked in a
blocking buffer, PBS containing 3% nonfat milk, at
room temperature for 1 h.  The membrane was then
probed overnight at 4°C with polyclonal antibodies
against Kv1.2 and Kv1.5 (Upstate Biotechnology, Lake
Placid, NY, USA) in the blocking buffer.  After the
membrane was washed three times with 5 min intervals
in PBS, the membrane was subsequently incubated
with either goat anti-rabbit IgG (Upstate Biotechnology)
for Kv1.2 and Kv1.5 conjugated with horseradish
peroxidase diluted to 1:2000 in the blocking buffer
for 2 h at room temperature.  After the membrane was
washed three times with 10 min intervals in PBS the
bound antibodies were detected using chemiluminescent
substrate kit (Amersham, Pittsburgh, PA, USA).

Immunohistochemistry

Myocardium tissue was fixed for 24 h in 4%
buffered paraformaldehyde, and sliced into thin
section (10 µm each).  Immunohistochemical staining
was performed using Streptavidin-biotin complex
(SABC) method.  The slice was incubated in 3% H2O2

for 10 min at room temperature to remove intracellular
peroxidase.  Then each slice was incubated in a
blocking solution (10% normal goat serum, 0.1%
Triton in 10 mM PBS, pH 7.4) for 20 min to block
non-specific staining.  The protein was probed
overnight at 4°C with polyclonal antibodies against
Kv1.2 and Kv1.5 (Upstate Biotechnology).  The slice
was washed three times with 3 min interval in PBS,
and incubated for 30 min at 37°C with HRP conjugated

goat-anti-rabbit IgG, and washed three times with 3
min interval in PBS again.  Finally the slice was stained
in diamino benzidine (DAB) mixture (10% H2O2, 5%
DAB in 50 mM Tris).  The staining intensity was
normalized by gray value calculating by Leica QwinV3
software.  The higher gray values of positive staining
indicated the lower protein concentration according
to this software setting.  The immunostaining was also
observed under fluorescence microscope (Leica,
Wetzlar, Germany).

Statistical Analysis

The data were expressed as mean ± SE.  Statistical
analysis of group difference was performed using
Student’s t-test.  A value of P < 0.05 was considered
to be statistically significant.

Results

mRNA Detection of Kv1.2 and Kv1.5 Channel of VSMCs
of RSCAs in STZ-Induced Diabetes

RT-PCR was applied to analyze the effect of
STZ-induced diabetes on gene expression of Kv1.2
and Kv1.5 channel.  The results from mRNA detection
showed that genes of Kv1.2 and Kv1.5 channel were
expressed in VSMCs of RSCAs in both control rats
and STZ rats (Fig. 1A).  Averaged densitometric
values normalized by β-actin of mRNA level of
Kv1.2 channel were 0.65 ±0.08 and 1.02 ±0.17 in
STZ rats and control rats, respectively (n = 7, P <
0.05), and that of Kv1.5 channel were 0.58 ±0.05 and
0.94 ±0.13 in STZ rats and control rats, respectively
(n = 7, P < 0.05) (Fig. 1B).  These results demonstrated
that the mRNA expression in STZ rats was decreased
significantly than that in control rats.

Western Blot Analysis of Kv1.2 and Kv1.5 Channel
Protein

Western blot was applied to analyze the effect
of STZ-induced diabetes on protein expression of
Kv1.2 and Kv1.5 channel.  The results showed that
protein expression of Kv1.2 channel in STZ rat was
decreased more significantly than that in control rat
(Fig. 2A).  Averaged densitometric values normalized
by β-actin of protein expression of Kv1.2 channel were
0.49 ±0.04 and 0.70 ±0.06 in STZ rats and control
rats, respectively (n = 5, P < 0.05).  But protein expression
levels of Kv1.5 channel were not altered in STZ rats
compared to control rats (0.61 ±0.12 and 0.59 ±0.14
in STZ rats and control rats, respectively, n = 5, P >
0.05) (Fig. 2B).  These results demonstrated that STZ-
induced diabetes had significant effect on protein
expression of Kv1.2 channel rather than Kv1.5 channel.
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Immunohistochemistry Identification of Kv1.2 and Kv1.5
Channel Protein

The result of immunohistochemistry experiment
on VSMCs of RSCAs are shown in Fig. 3.  The
photomicrograph of myocardium tissue immunostained
with polycloned antibody showed that positive stain
of Kv1.2 in STZ rats was weaker than that in control
rats.  Positive staining intensities normalized by gray
values of Kv1.2 channel were 173 ± 13 and 131 ± 11

Fig. 1. Gene expression of Kv1.2 and Kv1.5 in rat small coronary
smooth muscle cells.  A: The photograph of electro-
phoresis of RT-PCR amplification of Kv1.2 and Kv1.5
mRNA in acrylamide gel in control rats and streptozotocin
(STZ)-induced diabetic rats.  B: The densitometeric
value normalized by β-actin mRNA levels in rat small
coronary smooth muscle cells. STZ-induced diabetes
decreased Kv1.2 and Kv1.5 mRNA expression.  (DM:
STZ-induced diabetes.  *P < 0.05 vs. control, n = 7)
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Fig. 2. Protein expressions of Kv1.2 and Kv1.5 channel in rat
small coronary smooth muscle cells.  A: Western blotting
analysis of Kv1.2 and Kv1.5 channel protein with
polyclonal antibody against Kv1.2 and Kv1.5 in control
rats and STZ-induced diabetic rats.  B: The densitometeric
value normalized by β-actin of Kv1.2 and Kv1.5 channel
proteins level in rat small coronary smooth muscle cells.
STZ-induced diabetes decreased Kv1.2 proteins
expression.  (DM: STZ-induced diabetes.  *P < 0.05 vs.
control, n = 5)
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in STZ rats and control rats respectively (n = 5, P <
0.05).  But positive stain of Kv1.5 was not altered in
STZ rats compared to control rats (139 ± 16 and 141
± 12 in STZ rats and control rats respectively, n = 5,
P > 0.05) (Fig. 3, A and B).  The fluorescence further
showed that positive stain of Kv1.2 in STZ rats was
weaker than that in control rats (Fig. 4).  These results
demonstrated that STZ-induced diabetes had significant

inhibitory effect on Kv1.2 channel rather than Kv1.5
channel.

Discussion

In the present study we have found that [1] mRNA
expressions of Kv1.2 and Kv1.5 channel in VSMCs of
RSCAs were reduced in STZ-induced diabetes, [2]
protein expression of Kv1.2 channel in VSMCs of
RSCAs was decreased significantly in STZ-induced
diabetes, and [3] immunohistochemical reaction of
Kv1.2 channel but not Kv1.5 channel in VSMCs of
RSCAs was attenuated by STZ-induced diabetes.

The gene of potassium channels was expressed
in all exciting and nonexcitable cells.  Kv channels
had higher expression in VSMCs than other tissue
(3).  Recently four types of Kv channels, Kv1, Kv2,
Kv3 and Kv4, have been detected in smooth muscle
cells according to molecular biology (4, 8, 12,17, 18).
Meanwhile, some subunits in each type of Kv channels
have been identified.  Xu et al. found Kv1.2, Kv1.3,
Kv1.5, Kv2.1 and Kv2.2 expressions in rat mesenteric
arteries (25).  In rat aorta and human pulmonary
artery Kv1.1 and Kv1.6 expressions were found (20,
26).  Kv1.2 and Kv1.5 expressed highly in rat coronary

Kv1.2, Contol Kv1.2, DMA

Kv1.5, Contol Kv1.5, DMB

C
Fig. 4. Fluorescence of immunohistochemistry identification of

Kv1.2 and Kv1.5 channel protein in rat small coronary
smooth muscle cells.  A: photomicrograph of rat small
coronary artery immunostained with polycloned anti-
body against Kv1.2 in control rats and STZ-induced
diabetic rats.  Magnificant ×40 (scale bar = 20 µm).
B: photomicrograph of rat small coronary artery
immunostained with polycloned antibody against Kv1.5
in control rats and STZ-induced diabetic rats.

Fig. 3. Immunohistochemical identification of Kv1.2 and
Kv1.5 channel proteins in rat small coronary smooth
muscle cells.  A: photomicrograph of rat small coronary
artery immunostained (brown) with polycloned anti-
body against Kv1.2 in control rats and STZ-induced
diabetic rats.  Magnificant ×40 (scale bar = 20 µm).
B: photomicrograph of rat small coronary artery
immunostained (brown) with polycloned antibody against
Kv1.5 in control rats and STZ-induced diabetic rats.
C: Staining intensity normalized by gray value of posi-
tive stain.  Streptozotocin induced diabetes decreased
Kv1.2 protein expression.  (DM: STZ-induced diabetes.
*P < 0.05 vs. control, n = 5)

Kv1.2, Contol Kv1.2, DMA

Kv1.5, Contol Kv1.5, DMB
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and pulmonary artery (6, 7).
In present studies we have shown that the mRNA

detection experiment demonstrated that mRNA
expressions of Kv1.2 and Kv1.5 channel in VSMCs of
RSCAs were reduced in STZ-induced diabetes.  Under
different pathophysiological state there is heterogeneity
in gene expression of K+ channels.  Lu et al. reported
that mRNA expressions of KATP and KCa channels were
impaired in coronary arteries of Zucker Diabetic Fatty
rats (15).  In aorta of streptozotocin induced diabetes
rat mRNA expression of KATP channels was decreased
(19).  Miura et al. showed that mRNA expression of
KATP channels was impaired in human coronary arteries
in diabetes (16).  Hypoxia impairs Kv current and mRNA
and protein expression of Kv1.5 channels in human
pulmonary artery (24).

In our experiments we have shown that Western
blot analysis demonstrated protein expression of
Kv1.2 channel but not Kv1.5 channel in VSMCs of
RSCAs was decreased in STZ-induced diabetes.  Li et
al. demonstrated an impairment of protein expression
of Kv1.2 and Kv1.5 channels in VSMCs of RSCAs
after 24 h incubation with high glucose (14).  They
reported that high glucose was able to increase
nitration of Kv1.2 but not that of Kv1.5 channel.  This
result could be linked to short-term exposure to high
glucose increasing production of ONOO–.  In the
present study, the cause of the changed mRNA
expressions and unchanged protein expressions in
Kv1.5 channel is not known but may be due to the
specificity of different Kv channels.

Immunohistochemical experiment indicated that
STZ-induced diabetes reduced immunological
reaction of Kv1.2 channel but not that of Kv1.5 channel.
These results were consistent with our Western blot
analysis.  The fluorescence of the positive staining of
Kv 1.2 channel of STZ rats is decreased compared to
that of control rats by visual observation.  The reduced
mRNA and protein expression of Kv1.2 channel
suggested that STZ-induced diabetes induced an
impairment of Kv activity and defect of vasodilation
of small coronary arteries.

In summary, molecular biology studies indicated
that STZ-induced diabetes impaired cAMP-mediated
endothelium independent vasodilation and Kv channels
dysfunction via an inhibition of mRNA and protein
expression of Kv channels.
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