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Protein kinase G regulates the basal tension and
plays a major role in nitrovasodilator-induced
relaxation of porcine coronary veins

H Qi'!, X Zheng!, X Qin', D Dou', H Xu!, JU Raj® and Y Gao'?
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Laboratory of Molecular Cardiovascular Sciences (Peking University), Ministry of Education, Beijing, China

Background and purpose: Coronary venous activity is modulated by endogenous and exogenous nitrovasodilators. The
present study was to determine the role of protein kinase G (PKG) in the regulation of the basal tension and nitrovasodilator-
induced relaxation of coronary veins.

Experimental approach: Effects of a PKG inhibitor on the basal tension and responses induced by nitroglycerin, DETA
NONOate, and 8-Br-cGMP in isolated porcine coronary veins were determined. Cyclic cGMP was measured with
radioimmunoassay. PKG activity was determined by measuring the incorporation of *2P from y-32P-ATP into the specific
substrate BPDEtide.

Key results: Rp-8-Br-PET-cGMPS, a specific PKG inhibitor, increased the basal tension of porcine coronary veins and decreased
PKG activity. The increase in tension was 38% of that caused by nitro-L-arginine. Relaxation of the veins induced by
nitroglycerin and DETA NONOate was accompanied with increases in cGMP content and PKG activity. These effects were
largely eliminated by inhibiting soluble guanylyl cyclase with ODQ. The increase in PKG activity induced by the
nitrovasodilators was abolished by Rp-8-Br-PET-cGMPS. The relaxation caused by these dilators and by 8-Br-cGMP at their
ECso was attenuated by the PKG inhibitor by 51-66%.

Conclusions and implications: These results suggest that PKG is critically involved in nitric oxide-mediated regulation of the
basal tension in porcine coronary veins and that it plays a primary role in relaxation induced by nitrovasodilators. Since nitric
oxide plays a key role in modulating coronary venous activity, augmentation of PKG may be a therapeutic target for improving
coronary blood flow.
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Introduction

The coronary venous system has long been considered a
passive conduit from which coronary blood flows into the
right atrium. There is accumulating evidence to show that
coronary veins exhibit potent contractile response to
vasoconstrictors such as noradrenaline, 5-HT, U46619,
endothelin-1 and KCI (Chilian at al., 1989; Cocks et al.,
1989a, b; Gulbenkian et al., 1994; Saetrum Opgaard et al.,
1996; Saetrum Opgaard and Edvinsson, 1997; Zhang et al.,
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2004) and marked relaxant response to vasodilators such as
sodium nitroprusside, isoprenaline, adenosine and vaso-
active intestinal peptide (Gulbenkian et al., 1994; Banitt
et al., 1995; Saetrum Opgaard et al., 1995; Saetrum Opgaard
and Edvinsson, 1997). Canine coronary veins demonstrate 5-
to 10-fold greater sensitivity to endothelin-1 than the
coronary arteries (Cocks et al., 1989a,b). In humans,
noradrenaline and ATP cause greater contraction of coronary
veins than that of coronary arteries (Saetrum Opgaard and
Edvinsson, 1997). These venous responses may contribute
importantly to the regulation of myocardial blood flow
and fluid filtration under physiological and pathophysio-
logical conditions (Tiefenbacher and Chilian, 1998; Tune
et al., 2004).



Endothelium-derived nitric oxide (EDNO) plays a pivotal
role in the regulation of the coronary circulation (Drexler,
1999). In porcine coronary veins, EDNO is released under
basal conditions and in response to bradykinin (Zhang et al.,
2004). Both in vitro and in vivo studies show that porcine
coronary venules dilate in response to flow stimuli in an
EDNO-dependent manner. Such a phenomenon may con-
tribute to the adjustment of postcapillary resistance to
maintain optimal myocardial perfusion and fluid filtration
across the capillary wall during cardiovascular stress, such as
physical exercise. However, when the veins are denuded of
endothelium, the dilation induced by flow is converted to
constriction, suggesting that when the vascular endothelium
is damaged, blood flow and oxygen transport to the heart
may be compromised during intense metabolic demands
(Kuo et al., 1993).

In various vessel types including coronary arteries, EDNO
and nitric oxide-releasing agents may relax the vessels
through activation of soluble guanylyl cyclase, followed by
elevation of ¢cGMP and activation of cGMP-dependent
protein kinase (PKG) (Francis and Corbin, 1994; Walsh
et al. 1995; Lohmann et al., 1997; Gao et al., 1999; Lincoln
et al., 2001; Qin et al., 2007). However, nitric oxide may also
cause relaxation through cGMP-independent as well as
PKG-independent mechanisms (Abderrahmane et al., 1998;
Janssen et al., 2000; Francis et al., 2005). The contribution of
PKG to the EDNO-mediated regulation of the basal tension
and of responses induced by nitrovasodilators is not well
understood. In coronary veins, although EDNO may be
critically involved in the responses to various stimuli,
the role of PKG has not been studied. By using selective
inhibitors of PKG and by combining vessel tension studies
with measurements of cGMP and PKG activity, this study
demonstrates that PKG is importantly involved in nitric
oxide-mediated regulation of basal tension of porcine
coronary veins and that it plays a primary role in relaxation
induced by nitroglycerin and nitric oxide.

Methods

Organ chamber study

Fresh pig hearts were obtained from a local abattoir. Middle
cardiac veins (outside diameter: 1.79 +0.42 mm, n=27) were
dissected free and placed into ice-cold modified Krebs-Ringer
bicarbonate solution (composition (in mM): NaCl, 118.3;
KCl, 4.7; CaCl,, 2.5; MgSOy4, 1.2; KH,PO,4, 1.2; NaHCOs3,
25.0; glucose, 11.1). Vessel rings were suspended in organ
chambers filled with 10ml Krebs-Ringer bicarbonate solu-
tion at 37°C and aerated with 95% O,-5% CO, (pH 7.4).
Each ring was suspended by two stirrups passed through the
lumen. One stirrup was anchored to the bottom of the organ
chamber; the other one connected to a strain gauge (Power-
Lab/8sp, ADI Instrument, Bella Vista, Australia) for the
measurement of isometric force (Gao et al., 1995; Wang
et al., 2006).

At the beginning of the experiment, the vessel rings were
stretched to their optimal basal tension (0.89+0.07g,
n=10). This was achieved by stepwise increases in tension
(0.2 g increment) until the contractile response to 100 mM
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KCI reached a plateau (2.13+0.39g, n=10, P<0.05). Then
1h of equilibration was allowed. Studies suggest that, at the
optimal basal tension, the vessel ring is likely to be stretched
to its optimum length for muscle contraction, that is, a
length at which actin/myosin intercalation is optimal for
tension generation (Gordon et al., 1966).

Effects of nitroglycerin (10°-3 x 10~*M), DETA NONOQate
(1077-107*M), 8-bromo-guanosine 3',5'-cyclic monophos-
phate (8-Br-cGMP; 1077-10"*M; a cell membrane-permeable
analogue of cGMP (Meyer and Miller, 1974)) and 8-bromo-
adenosine 3’,5'-cyclic monophosphate (8-Br-cAMP; 10~7-
107*M; a cell membrane-permeable analogue of cAMP
(Meyer and Miller, 1974)) were determined in vessels
preconstricted with U46619 (1077-2 x 1077 M), a thromboxane
A, analogue (Coleman et al., 1981) to a similar tension. The
responses to the above nitrovasodilators and the nucleotide
analogues were performed in the presence of indomethacin
(107°M) plus nitro-L-arginine (10~*M) to prevent the
involvement of endogenous prostaglandins and nitric oxide
(Cassin, 1980; Miilsch and Busse, 1990; Gao et al., 1996).
Indomethacin and nitro-L-arginine did not significantly
affect relaxation of the veins to DETA NONOate (data not
shown, n=4-6, P>0.05).

In some experiments, the effects of various inhibitors on
the basal tension and relaxant responses of the veins were
examined. The experiments of control vessels and those of
various treatments were conducted simultaneously. For each
vessel ring, only one vasodilator was tested.

Radioimmunoassay of cGMP

Rings of porcine coronary veins with or without endothe-
lium were incubated in modified Krebs-Ringer bicarbonate
solution (37 °C, 95% 0,-5% CO,). After 30 min of equilibra-
tion, solvent nitro-L-arginine (10~*M) or 1H-[1,24]oxadiazo-
lo[4,3-a]quinoxalin-1-one (ODQ; 3 x10>M) was added.
Forty minutes later, isobutylmethylxanthine (107*M) was
added. After another 30min, solvent nitroglycerin
(3x107°M) or DETA NONOate (3 x10°M) was added,
respectively. Vessel rings were snap-frozen 10 min later with
liquid nitrogen, thawed in trichloroacetic acid (6%), homo-
genized in a glass mortar on ice, sonicated for S5s and
centrifuged (13000g) for 10min. The supernatant was
extracted with three volumes of water-saturated diethyl
ether and lyophilized. The lyophilized samples were resus-
pended in 0.5ml of sodium acetate buffer (0.05M, pH 6.2)
and the contents of cGMP were determined using cGMP kits
(Department of Nuclear Medicine of Shanghai University of
Traditional Chinese Medicine). The content of cGMP is
expressed as pmol per mg protein of vessel homogenate. The
protein content was determined based on the Bradford
dye-binding procedure (Bradford, 1976).

PKG activity assay

For PKG activity assay of intact coronary veins, the vessels
were first incubated in modified Krebs-Ringer bicarbonate
solution containing indomethacin (10~°M) and isobutyl-
methylxanthine (1073M) at 37°C (95% 0,-5% CO,) in the
presence or absence of nitro-L-arginine (10~*M), ODQ
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(3x107°M) or B-phenyl-1, N*-etheno-8-bromoguanosine-
3’5'-cyclic monophosphorothioate, Rp-isomer (Rp-8-Br-PET-
cGMPS; 3 x107° M). After 40 min of incubation, the solvent
nitroglycerin (3 x 107>M) or DETA NONOate (3 x 107>M)
was added, 10min later the tissue were snap-frozen with
liquid nitrogen, homogenized in a buffer containing 50 mm
Tris-HCI (pH 7.4 at 22 °C), 20 mM EDTA, 2 mM dithiothreitol,
1 mM isobutylmethylxanthine, 100 uM nitro-L-arginine and
10 M indomethacin. The homogenate was sonicated and
centrifuged at 13000¢ for 10 min at 4 °C. Protein content in
supernatant was measured by Bradford’s procedure, using
bovine serum albumin as a standard (Bradford, 1976).
Supernatants were assayed for PKG activity by measuring
the incorporation of 3?P from v-3P-ATP into a specific PKG
substrate BPDEtide (Alexis Corporation, San Diego, CA,
USA), a peptide (RKISASEFDRPLR) derived from the sequence
of the phosphorylation site in cGMP-binding cGMP-specific
phosphodiesterase (Colbran et al., 1992).

The assay was started by adding aliquots (20 ul) of super-
natant into a mixture (total volume, 50 pl) containing 50 mMm
Tris-HCl (pH 7.4), 20mM MgCl,, 1mM isobutylmethyl-
xanthine, 10uM indomethacin, 100pM nitro-L-arginine,
150 M BPDEtide, 1pM PKI (a synthetic PKA inhibitor;
Biomol Research Laboratories, Plymouth Meeting, PA) and
0.2mM v-32P-ATP (specific activity: 3000 Cimmol~'). The
mixture was incubated at 30°C for 10min. Reaction was
terminated by spotting 40 ul aliquots onto phosphocellulose
papers (2 x 2cm; P81 Whatman) and placed into ice-cold
75 mM phosphoric acid. The filter papers were washed, dried,
and counted with a liquid scintillation counter. Assays were
performed in triplicate with appropriate controls. PKG
activity is expressed as pmol of 3?P-incorporated into PKG
substrate min~' mg~" protein (Gao et al., 1999). Preliminary
experiments confirmed the linearity of PKG activity at the
protein concentration used within the incubation time.

For PKG activity assay of the homogenate preparations,
the assay was conducted similar to that for intact vessels,
except that vessels were not incubated prior to homogeniza-
tion and the activity of PKG was stimulated with solvent or
exogenous cGMP (3.16 uM) added in the assay buffer.

PKA activity assay

PKA activity assay was carried out in similar manner to that
of PKG, excepting that PKG substrate was replaced with a
specific PKA substrate, Kemptide (130puM; Alexis Corpora-
tion), cGMP was replaced with cAMP (3.16. uM), and PKI was
omitted. The linearity of PKA activity at the protein
concentration used within the incubation time was deter-
mined in preliminary experiments.

Data analyses

Data are shown as means+s.e. mean. When mean values of
two groups were compared, Student’s t-test for unpaired
observations was used. When the mean values of the same
group before and after stimulation were compared, Student’s
t-test for paired observations was used. Comparison of mean
values of more than two groups was performed with one-way
ANOVA test with Student-Newman-Keuls test for post hoc
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testing of multiple comparisons. Statistical significance was
accepted when the P-value (two-tailed) was <0.05. In all
experiments, n represents the number of animals.

Reagents

The following drugs were used (unless otherwise specified,
all were obtained from Sigma, St Louis, MO, USA): 8-Br-cAMP
and 8-Br-cGMP ; Biolog Life Science Institute, La Jolla, CA,
USA), DETA NONOate (Cayman Chemical, Ann Arbor, MI,
USA), indomethacin, myristoylated PKI (Biomol Research
Laboratories, Plymouth Meeting, PA, USA), nitro-L-arginine,
nitroglycerin (Beijing Yimin Pharmaceutical Co. Ltd, Beijing,
China), ODQ, Rp-8-Br-PET-cGMPS (Biolog Life Science
Institute, Bremen, Germany), U46619 (Alexis Biochemicals,
San Diego, CA, USA).

ODQ was dissolved in DMSO (final concentrations:
<0.2%). Preliminary experiments showed that DMSO at
the concentration used had no effect on contraction to
U46619 and relaxation induced by nitric oxide, nitroglycerin
and 8-Br-cGMP in porcine coronary veins. Indomethacin
(107> M) was prepared in equimolar Na,COj3. This concentra-
tion of Na,CO3 did not significantly affect the pH of the
solution in the organ chamber. The other drugs were
prepared using distilled water.

Results

Organ chamber studies
Under basal conditions, Rp-8-Br-PET-cGMPS, a specific
inhibitor of PKG caused a concentration-dependent contrac-
tion of porcine coronary veins (Figure 1). The increase in
tension caused by Rp-8-Br-PET-cGMPS at 3 x 10>M was
384+9% of that caused by nitro-L-arginine (10*M;
0.28+0.06 g, P<0.05), an inhibitor of nitric oxide synthase.
The PKG inhibitor had no effect on the vessel tension in the
presence of nitro-L-arginine (10*m) (Figure 1 and Table 1).
0ODQ (3 x 1073 M), an inhibitor of soluble guanylyl cyclase,
increased the basal tension of the veins to about the same
extent as nitro-L-arginine. In the presence of nitro-L-
arginine, ODQ caused no further change in the tension.
Myristoylated PKI (6 x 10"°M), a cell-permeable inhibitor of
cAMP-dependent protein kinase, PKA, caused a moderate
increase in the basal tension (0.05+0.02g, P<0.05). The
presence of myristoylated PKI had no significant effect on
contraction induced by nitro-L-arginine (Table 1).
Relaxation induced by nitrovasodilators was determined
in porcine coronary veins preconstricted with U46619
(a thromboxane A, analogue) to a similar level of tension
(Table 2). Nitroglycerin and DETA NONOate caused
a concentration-dependent relaxation which was largely
abolished by ODQ (3 x 10™°M; Figure 2). In the presence of
Rp-8-Br-PET-cGMPS (3 x 10> M), the relaxation induced by
nitroglycerin and DETA NONOate at ECs, was attenuated by
63 and 66%, respectively. The relaxation was not signifi-
cantly affected by myristoylated PKI (6 x 10~°M) (Figure 2).
8-Br-cGMP caused concentration-dependent relaxation of
porcine coronary veins, which was more extensive than that
caused by 8-Br-cAMP (Figure 3). The relaxation induced by
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8-Br-cGMP at ECsy, was inhibited by Rp-8-Br-PET-cGMPS with endothelium was greater than that of vessels without

(3x1073M) by 51% but was not significantly affected by endothelium, vessels with endothelium treated with nitro-L-

myristoylated PKI (6 x 1075 M). The relaxation of the veins to arginine or those treated with ODQ (Figure 4). In the veins

8-Br-cAMP (3 x 10~°M) was inhibited by myristoylated PKI without endothelium (lower half of Figure 4), nitroglycerin

by 59% but was not significantly affected by Rp-8-Br-PET- (3 x 10~>M) and DETA NONOate (3 x 10~°M) increased the

cGMPS (3 x 105 M) (Figure 3). content of cGMP of porcine coronary veins by about five- to
six-fold. The effect of the nitrovasodilators was abolished by
ODQ (Figure 4).

c¢GMP assay
As shown in Figure 4, under basal conditions, the intracel-
lular content of cGMP of isolated porcine coronary veins PKG and PKA activity
The basal activities of PKG and PKA of porcine coronary
0.1 g|_ _ veins with endothelium are shown in Figure 5. The basal
' ' activity of PKG was significantly inhibited by nitro-L-
- A arginine (10~*M), ODQ (3 x 1073 M) and Rp-8-Br-PET-cGMPS
Rp-8-Br-PET-cGMPS (3x1075M), but was not affected by myristoylated PKI
(6 x 107°M). The basal PKA activity was not affected by
nitro-L-arginine (10~*M), ODQ (3 x 10> M) and Rp-8-Br-PET-
cGMPS (3x107°M), but was significantly inhibited by
0.2 - myristoylated PKI (6 x 10~°M) (Figure 5).

A
Nitro-L-arginine

A A
Rp-8-Br-PET-cGMPS Nitro-L-arginine

o w!thout NLA The basal activity of PKG and PKA of porcine coronary
o O with NLA veins without endothelium is shown in Figure 6. Nitrogly-
g‘ cerin (3 x 107>M) and DETA NONOate (3 x 107> M) caused a
= 01r-
c
2
.‘5 Table 1 Effects of pharmacological agents on the basal tension of
g 0.0 porcine coronary veins
5 Treatments Without nitro-L-arginine With nitro-L-arginine
Control ND 0.31+0.05
0.1 b , , | | | | oDQ 0.30+0.03 0.32+0.04
Rp-8-Br-PET-cGMPS 0.12+0.02 0.28+0.05*
Basal -7.0 -65 -6.0 -55 -50 -4.5 Indomethacin 0.0940.05 0.39+0.06*
Rp-8-Br-PET-cGMPS, log (M) Myristoylated PKI 0.054+0.02 0.32+0.06*
Figure 1 Upper;)anel: original traces of the effects of Rp-8-Br-PET- ND, not determined; ODQ, 1H-[1,24]oxadiazolo[4,3-a]quinoxalin-1-one;
c¢GMPS (3x107°M) and nitro-L-arginine (10~*M) on the basal Rp-8-Br-PET-cGMPS, B-phenyl-1, N*-etheno-8-bromoguanosine-3'5'-cyclic mono-
tension of porcine coronary veins. Lower panel: concentration- phosphorothioate, Rp-isomer.
dependent response of porcine coronary veins to Rp-8-Br-PET- The values shown are the mean (+s.e. mean) tension (in grams) from 7 to 14
cGMPS in the presence or absence of nitro-L-arginine (NLA, 10~*M). samples for each condition. The concentrations used were: nitro-L-arginine,
Data are shown as means+s.e. mean; n=4-9 for each group. 107*M; ODQ, 3 x 107°M; Rp-8-Br-PET-cGMPS, 3 x 10~°M; indomethacin,
*Significantly different from vessels treated with NLA (P<0.05). 10~° M; myristoylated PKI, 6 x 10-m.
Rp-8-Br-PET-cGMPS,  B-phenyl-1, N*-etheno-8-bromoguanosine- *Significant difference between vessels with and without nitro-L-arginine
3’5’-cyclic monophosphorothioate, Rp-isomer. (P<0.05).

Table 2 Tension levels of porcine coronary veins raised by U46619 prior to determination of vasodilating effects of nitroglycerin, DETA NONOate,
8-Br-cGMP and 8-Br-cAMP

Vessel groups Increase in tension (g) Myristoylated PKI
Control oDQ Rp-8-Br-PET-cGMPS

Nitroglycerin study 3.20+0.94 2.59+0.40 2.544+0.24 3.144+0.31

DETA NONOate study 2.92+0.30 2.52+0.25 3.73+0.44 3.124+0.32

8-Br-cGMP study 2.68+0.46 ND 3.50+0.37 3.42+0.67

8-Br-cAMP study 2.67+0.42 ND 3.02+0.53 3.33+£0.55

8-Br-cAMP, 8-bromo-adenosine 3',5'-cyclic monophosphate; 8-Br-cGMP, 8-bromo-guanosine 3’,5'-cyclic monophosphate; ND, not determined; ODQ, 1H-
[1,24]oxadiazolo[4,3-a]quinoxalin-1-one; Rp-8-Br-PET-cGMPS, B-phenyl-1, N?-etheno-8-bromoguanosine-3'5'-cyclic monophosphorothioate, Rp-isomer.

The values shown are the mean (+s.e. mean) tension from 4 to 13 samples for each condition. All vessels were treated with nitro-L-arginine (1 0~*Mm) and
indomethacin (10> M). Other treatments were with ODQ, 3 x 10~ M; Rp-8-Br-PET-cGMPS, 3 x 10~° M; myristoylated PKI, 6 x 107°M. U46619 (1077-2 x 1077 m)
was used to increase the vessel tension to a constant level, about 60% of the maximal contraction obtained with U46619 (107°M; increase in tension:
5.17+£0.21g, n=6, P<0.05).

All values are expressed as means+s.e. mean, n=4-13.
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Figure 2 Relaxation of porcine coronary veins to nitroglycerin and DETA NONOate. Vessels were preconstricted to the same tension with
U46619 (Table 2). Data are shown as means+s.e. mean; n=4-10 for each group. *Significant difference between control and those treated
with Rp-8-Br-PET-cGMPS (3 x 107> M); tsignificant difference between control and those treated with ODQ (3 x 10> M) (P<0.05). Rp-8-Br-

PET-cGMPS, B-phenyl-1,
quinoxalin-1-one.
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Figure 3 Relaxation of porcine coronary veins to 8-Br-cGMP and 8-Br-cAMP. Vessels were preconstricted with U46619 (Table 2). Data are
shown as means+s.e. mean; n=4-13 for each group. *Slgnlflcant difference between control and treated with Rp-8-Br-PET-cGMPS
(3 x 107> M) (left panel) and treated with myrlstoylated PKI (6 x 107 M) (right panel) (P<0.05). 8-Br-cAMP, 8-bromo-adenosine 3’,5'-cyclic
monophosphate 8-Br-cGMP, 8-bromo- guanosme 3/,5'-cyclic monophosphate; Rp-8-Br-PET-cGMPS, B- phenyl 1, N?-etheno-8- bromoguano-

sine-3'5'-cyclic monophosphorothioate, Rp-isomer.

significant increase in the activity of PKG in these tissues and
this effect was inhibited by Rp-8-Br-PET-cGMPS (3 x 107> M).
The activity of PKA was not affected by nitroglycerin, DETA
NONOate or Rp-8-Br-PET-cGMPS (Figure 6).

In the homogenates prepared from coronary veins, the
increase in PKG activity caused by c¢cGMP had a linear
relationship up to 12pg protein content (Figure 7). We
therefore used 10 pg protein in our assays for PKG activity.
PKG activity was stimulated by ¢cGMP and cAMP in a
concentration-dependent manner. Cyclic AMP was much
less potent than cGMP as a stimulator for PKG, whereas
cGMP was a much weaker stimulator for PKA (Figure 7).

The maximal increase in the activity of PKG of porcine
coronary veins caused by cGMP (3.16 uM) was abolished by
Rp-8-Br-PET-cGMPS (3 x 107°M) but was not affected by
myristoylated PKI (6 x 107°M; Figure 8). This Figure also
shows that the maximal increase in the activity of PKA of the
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veins caused by cAMP (3.16 uM) was largely abolished by
myristoylated PKI (6 x 10~%M) but was not affected by Rp-8-
Br-PET-cGMPS (3 x 1075 Mm).

Discussion

In porcine coronary veins, there is a continuous release of
EDNO (Zhang et al., 2004). Consistent with this observation,
we found that nitro-L-arginine, an inhibitor of nitric oxide
synthase (Miulsch and Busse, 1990), caused a significant
increase in the basal tension of porcine coronary veins,
indicating that EDNO exerts a relaxing effect counteracting
the basal constrictor activity. The effect of nitro-L-arginine
could be fully prevented by ODQ, an inhibitor of soluble
guanylyl cyclase (Garthwaite et al., 1995), suggesting that
the inhibitory action exerted by EDNO on basal tension is



mediated primarily by ¢GMP. This postulation is further
supported by a similar increase in basal tension of the veins
induced by ODQ and the fact that the difference in basal
cGMP content between coronary veins with and without
endothelium was eliminated not only by nitro-L-arginine but
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Figure 4 Upper panel: the intracellular content of cGMP of porcine
coronary veins with and without endothelium under basal condi-
tions, treated with nitro-L-arginine (NLA, 107*m) or ODQ
(3x107°M). Data are shown as means+s.e. mean; n=4-9 for
each group. *Significantly different from the basal value of vessels
with endothelium (P<0.05). Lower panel: the intracellular content
of cGMP of porcine coronary veins without endothelium stimulated
with nitroglycerin (3 x 107>M) or DETA NONOate (3 x 107> M) in
the absence or presence of ODQ (3 x 107> Mm). Data are shown as
means+s.e. mean; n=6-10 for each group. *Significantly different
from the basal value (P<0.05). ODQ, TH-[1,24]oxadiazolo[4,3-a]
quinoxalin-1-one.
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also by ODQ. Some studies have shown that nitric oxide may
exert its effect through cGMP-independent mechanisms
such as nitrosylation of the target protein (Abderrahmane
et al., 1998; Janssen et al., 2000). However, in the coronary
veins, nitric oxide appears to work solely via the cGMP
pathway. In our preliminary studies (H Qi and Y Gao,
unpublished observation), contraction of coronary veins
caused by nitro-L-arginine was not affected by the reducing
agent dithiothreitol, which is widely used to investigate
S-nitrosylation of various proteins (Vddndnen et al., 2005;
Han et al., 2006).

Cyclic GMP may act through PKG-dependent and -inde-
pendent mechanisms (Francis et al., 2005). In this study,
the basal activity of PKG in coronary veins with endothelium
was reduced by a similar extent after treatment with nitro-L-
arginine or ODQ and also by Rp-8-Br-PET-cGMPS, a specific
inhibitor of PKG (Butt et al., 1995). Hence, basal PKG activity
in the veins that is activated by EDNO seems mainly to be
due to activation of soluble guanylyl cyclase. However, the
contraction induced by complete inhibition of PKG with
Rp-8-Br-PET-cGMPS (3 x 1075M) was only about 38% of
that induced by nitro-L-arginine. Thus, PKG activity may
be only partially responsible for the effect of EDNO on the
basal tension of veins. Another possible mode of action for
cyclic GMP is by cross-activating PKA (Francis et al., 2005).
Such a possibility, however, seems unlikely in our
experiments as contraction of the coronary veins caused by
nitro-L-arginine was not affected by myristoylated PKI, a
specific inhibitor of PKA (Glass et al., 1989). Cyclic GMP may
also affect smooth muscle tone by directly acting on ion
channels such as potassium channels (Galindo et al., 2000,
2007). We found that BaCl, (3 x 1075M), 4-aminopyridine
(3x107*M), charybdotoxin (10~"M) and glibenclamide
(10~° M) (blockers of the delayed rectifier potassium channel,
voltage-gated potassium channel, calcium-activated potas-
sium channel, and ATP-sensitive potassium channel, respec-
tively (Nelson and Quayle, 1995)) had no influence on
contraction caused by nitro-L-arginine (H Qi and Y Gao,
unpublished observation).Whether or not cGMP may cause
its effect through other ion channels remains to be
determined.
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Figure 5 Effects of nitro-L-arginine (NLA, 10~* M), ODQ (3 x 107> M), Rp-8-Br-PET-cGMPS (3 x 10~° M) and myristoylated PKI (6 x 107®M) on
the activity of PKG and PKA of porcine coronary veins with endothelium under basal conditions. Data are shown as means +s.e. mean; n=10-
25 for each group. *Significantly different from control (P<0.05). Rp-8-Br-PET-cGMPS, B-phenyl-1, N?-etheno-8-bromoguanosine-3’5’-cyclic
monophosphorothioate, Rp-isomer; ODQ, 1H-[1,24]oxadiazolo[4,3-a]quinoxalin-1-one.
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In various vessel types, relaxation induced by endogenous
and exogenous nitric oxide is mainly mediated by an
increase in intracellular cGMP content resulting from
activation of soluble guanylyl cyclase. The elevation in
cGMP levels may activate PKG and thus cause vasodilation
(Ignarro, 1990; Moncada et al., 1991). In this study, both the
relaxation and elevation in cGMP levels in coronary veins
induced by two nitric oxide donors, nitroglycerin and DETA
NONOate, were largely eliminated by ODQ, indicating that
the actions of these dilators were primarily mediated by
cGMP via activation of soluble guanylyl cyclase. Relaxation
of the veins caused by nitroglycerin, DETA NONOate and
8-Br-cGMP at ECs,, was attenuated by Rp-8-Br-PET-cGMPS by
63, 66 and 51%, respectively. Hence, although cGMP may
affect vascular tone by acting on phosphodiesterases and on
cyclic nucleotide-gated ion channels (Lincoln et al., 2001;
Hofmann et al., 2006), it appears that PKG is the primary
mediator in nitrovasodilator-induced responses of porcine
coronary veins. In this study, the effectiveness and specificity
of Rp-8-Br-PET-cGMPS as an inhibitor of PKG was confirmed
by the observation that activation of PKG in intact veins by
nitroglycerin and DETA NONOate and in venous homo-
genates by cGMP, was fully inhibited at a concentration that
did not affect PKA activity. We have found that the protein
content of porcine coronary veins is markedly less than that
of coronary arteries (Qin et al., 2007). However, the responses
of veins to nitroglycerin, DETA NONOate and 8-Br-cGMP
were comparable to those of coronary arteries. Therefore, the
absolute PKG concentration may not predict the importance
of PKG in a tissue because PKG at low concentrations may
still catalyse critical phosphorylation events (Francis and
Corbin, 1994).

Although cGMP may exert its effect through activation of
PKG, it may also activate PKA (Francis et al., 1988; Lincoln
et al., 1990). For instance, relaxation of guinea-pig tracheal
smooth muscle induced by 8-Br-cGMP is partially blocked by
inhibitors of PKA (Algara-Suarez and Espinosa-Tanguma,
2004). In our present study, PKA activity in venous homo-
genate was moderately stimulated by cGMP in comparison
to its stimulation by cAMP. However, the PKA activity in
isolated coronary veins was not significantly affected by
either nitroglycerin or DETA NONOate at concentrations
that had induced about 85% relaxation. Moreover, myris-
toylated PKI, a specific inhibitor of PKA (Glass et al., 1989), at
a concentration that reduces PKA activity below basal levels,
did not significantly affect either basal tension or the
relaxations induced by nitroglycerin, DETA NONOate or
8-Br-cGMP. These results suggest that, at least under
physiological conditions, PKA does not appear to be
critically involved in the regulation of basal tension in
porcine coronary veins nor be involved in relaxation
induced by nitrovasodilators and cGMP. These results are
consistent with results from our previous studies as well as of
others (Gao et al., 1999; Dhanakoti et al., 2000; Bonnevier
etal., 2004; Qin et al., 2007). In PKG I knockout mice but not
in normal mice, relaxation of aorta induced by DEA-NO was
affected by PKA inhibitor Rp-8-Br-cAMPS (Sausbier et al.,
2000). Studies show that cGMP cross-activates PKA at about
a 1000-fold higher concentration (Kawada et al., 1997; Lee
et al., 1997; Bonnevier et al., 2004) and it is postulated that
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cGMP-dependent activation of PKA may not be operative
under physiological conditions. Under pathophysiological
circumstances when nitric oxide production is very high,
activation of PKA by c¢cGMP may act as an additional
regulatory mechanism that produces generalized hypoten-
sion (Sausbier et al., 2000; Bonnevier et al., 2004).

The coronary venous system has largely been considered as
a passive conduit for coronary blood to flow into the right
atrium. However, as coronary veins are connected with
coronary arteries and capillaries in series and as coronary
veins exhibit marked responses to various vasoactive agents,
the veins may actively contribute to the regulation of the
coronary circulation (Chilian at al., 1989; Cocks et al.,
1989a, b; Gulbenkian et al., 1994; Banitt et al., 1995; Saetrum
Opgaard et al., 1995, 1996; Saetrum Opgaard and Edvinsson,
1997; Zhang et al., 2004). Studies show that coronary veins
may be more sensitive to noradrenaline, ATP and endo-
thelin-1 than coronary arteries (Cocks et al.,, 1989a,b;
Saetrum Opgaard and Edvinsson, 1997). Hence, under some
circumstances, coronary veins may play a greater role than
the arteries in regulating coronary blood flow. With regard to
the role of EDNO in the coronary venous system, there is a
study showing that flow-induced dilation of porcine cor-
onary venules is mediated in an EDNO-dependent manner
and that the venular dilation induced by flow is converted to
constriction when the endothelium is denuded (Kuo et al.,
1993). This suggests that EDNO may play an important role
in ensuring adequate blood flow and oxygen transport to the
heart during intense metabolic demands (Kuo et al., 1993).
In this study, nitroglycerin and nitric oxide caused a marked
relaxation of porcine coronary veins, which is comparable to
that of coronary arteries (Qin et al., 2007). Our study suggests
that the relaxation of porcine coronary veins to nitrovaso-
dilators is primarily mediated by PKG. If applicable to
humans, it may be of clinical significance since augmenta-
tion of PKG may be a therapeutic target to relax the coronary
veins and improve coronary blood flow.
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