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Summary
Nitric oxide (NO) is an endogenous vasodilator and inhaled NO is a promising therapeutic agent for the 
treatment of pulmonary hypertension. However, NO's mechanism of action is not completely understood. 
Previous studies have shown that NO increases intracellular levels of cyclic guanosine 3',5'-monophosphate 
(cGMP) and that leads to activation of calcium-gated potassium channels in vascular smooth muscle cells. 
Resulting cell membrane hyperpolarization causes vasorelaxation. The potassium channel activation by NO is 
inhibited by a blockade of cyclic nucleotide-dependent protein kinases, suggesting a key role of these enzymes in 
NO-induced vasodilation. To further examine this mechanism, we tested the hypothesis that pharmacological 
stimulation of the cGMP-dependent protein kinase will simulate the activating effect of NO on potassium 
channels. Indeed, we found that (Sp)-guanosine cyclic 3’,5'-phosphorothioate (1 /¿M), a selective activator of the 
cGMP-dependent protein kinase, dramatically increased potassium currents measured by the whole-celi patch 
clamp technique in freshly dispersed pulmonary artery smooth muscle cells. These currents were inhibited by an 
inhibitor of calcium-gated potassium channels, charybdotoxin. Our results support the hypothesis that the effect 
of NO on potassium channels is mediated by the cGMP-dependent protein kinase.
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Introduction

NO is an important endogenous vasodilator in 
the pulmonary circulation (Archer et al. 1994a) and a 
promising therapeutic agent in pulmonary hypertension 
(Zapol et al. 1994). However, the mechanism of the 
NO-induced vasodilation is not completely understood. 
It is known that NO causes vasodilation by activating 
guanylate cyclase and by increasing cGMP levels in 
vascular smooth muscle (VSM) cells (Craven and 
DeRubertis 1978) but how exactly cGMP reduces 
vascular tone is less clear.

We have proposed a mechanism for 
NO-induced pulmonary vasodilation, schematically 
illustrated in Fig. 1. We hypothesize that cGMP 
synthesized by guanylate cyclase in response to NO or 
other stimuli activates cGMP-dependent protein 
kinase, which in turn phosphorylates and thus opens 
potassium channels in the VSM plasma membrane. 
Resulting K+ efflux leads to membrane

hyperpolarization, reduced Ca2 + influx through the 
voltage-gated calcium channels, and vasodilation. 
There is evidence for NO/cGMP-induced VSM 
hyperpolarization (Furchgott 1984, Tare et al. 1990, 
Garland and McPherson 1992, Krippeit-Drews et al. 
1992), K channel activation (Fujino et al. 1991, Archer 
et al. 1993b, Robertson et al. 1993, Archer et al. 1994b), 
and a decrease in intracellular Ca2 + concentration 
(Twort and van Breemen 1988). Recently, we have 
found that an inhibitor of the cyclic nucleotide- 
dependent protein kinases, N-[2-(methylamino)ethyl]- 
5-isoquinlinesulfonamide (H-8 ), prevents NO/cGMP- 
induced K channel activation, implying a role for the 
cyclic nucleotide-dependent protein kinases (Archer et 
al. 1994b). Here we present further evidence for the 
involvement of protein kinase, specifically the cGMP- 
dependent type, in the NO/cGMP-induced K channel 
activation. We stimulated cGMP-dependent protein
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kinase by its selective activator, (Sp)-guanosine cyclic 
3’,5’-phosphorothioate, (Sp)-cGMP[S] (Butt et al. 
1990), and found that it increased whole-cell K + 
currents (Ik), as described earlier with NO/cGMP.
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Fig. 1
Proposed mechanism of NO-induced vasodilation. The 
highlighted area shows the step studied in this report, 
i.e. the ability of cGMP-dependent protein kinase to 
activate K channels. See text for detailed discussion.

Methods

Experimental design. Ik was measured by the 
whole cell patch clamp technique in freshly dispersed 
rat pulmonary artery VSM cells. The patch pipette 
contained (Sp)-cGMP[S] (1 pM) in the experimental 
but not in the control group of cells (n = 4 and 5, 
respectively). The relationship between Ik and 
membrane potential (I/V) was measured immediately 
after the membrane rupture with the pipette (before 
significant drug diffusion throughout the volume of the 
cell could have occurred) and then every 2  min for 
20 min. The type of K channel involved was 
characterized by quantifying the inhibitory effects of

charybdotoxin (CTX; 200 nM), tetraethylammonium 
(TEA; 10 mM), and 4-aminopyridine (4-AP; 5 raM). 
CTX is an inhibitor of the calcium-dependent 
K channel (Kca channel), whereas 4-AP preferentially 
inhibits the delayed rectifier K channel. Low dose TEA 
is somewhat selective for the Kqj channel. The 
contribution of the ATP-sensitive K channels was 
excluded by high ATP concentration in the patch 
pipette (5 mM).

Cell isolation. Adult, male, specific pathogen 
free, Sprague Dawley rats were anaesthetized with 
Nembutal (50 mg/kg i.p.) and mechanically ventilated 
with air. After thoracotomy, the pulmonary artery was 
cannulated via the right ventricular incision. The lungs 
were then perfused for several minutes at ~ 1 0  ml/min 
with ice-cold Hank’s solution (pH = 7.3) containing 
NaCl (145 mM), KC1 (5 mM), MgCl2 (1.0 mM), 
HEPES (10 mM), and glucose (10 mM). The lungs 
were then removed from the body and placed in the 
same solution for 10-30 min. Using a dissecting 
microscope, 2-3 mm long rings of the left and right 
branches of the main pulmonary artery were isolated. 
They were placed in oxygenated, ice-cold Hank’s 
solution of the same composition as described above 
with added CaCl2 (0.05 mM). The connective tissue 
was removed and small pieces of artery were incubated 
for 30 min at 37 °C in a nominally Ca2 + -free saline 
solution, followed by a solution containing 50 pM 
CaCl2, bovine albumin (0.1 %) and protease type 
XXIV (0.02 %). After 35 min, segments were washed 
with Ca2 + -free solution and cells were separated by 
trituration. Cells were centrifuged (1000 rpm for 5 min) 
and resuspended in a saline solution containing 10 mM 
CaCl2.

Patch clamp measurements. Ik was measured 
at 22 °C using the standard whole cell patch clamp 
technique (Hamill et al. 1981, Archer et al. 1993a). The 
patch pipette had 1.5 pm outside diameter and 
resistance ~3 MQ, The pipette solution (pH = 7.2) 
contained KC1 (140 mM), MgCl2 (1.0 mM), HEPES 
(10 mM), ATP (dipotassium salt, 5 mM), 
phosphocreatine (disodium salt, 2 mM), and EGTA 
(1 mM). The cells were studied in a bath solution 
containing NaCl (145 mM), KC1 (5.4 mM), MgCl? 
(1.0 mM), CaCl2 (1.5 mM), HEPES (10 mM), and 
glucose (10 mM). Po2 was 140 mm Hg, pH was 7.4. 
This solution was perfused through the chamber 
housing the cells (on a microscope stage) at 2  ml/min.

The cells were held at a membrane potential 
of -70 mV. To measure the I/V  relationship, the cells 
were exposed to a series of depolarizing pulses (650 ms 
each, 10 s intervals) from +70 to -50 mV in 20 mV 
decrements. Resulting currents were amplified 
(Axopatch ID amplifier, Axon Instruments, Foster 
City, CA, USA), filtered at 2 kHz and recorded at 
2.5 kHz on a personal computer using pCLAM 5.1 
software and Labmaster TL-1 DMA interface. Series
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resistance was compensated (20-60 %) using the 
compensation controls.

Drugs. (Sp)-cGMP[S] was purchased from 
Biolog Life Sciences Institute (Bremen, Germany). 
CTX was from Calbiochem (La Jolla, CA, USA). All 
other drugs and reagents were from Sigma (St. Louis, 
MO, USA). All drugs were dissolved in normal saline.

Statistics. Results are reported as the means ± 
S.E.M. The I/V  curves were evaluated and compared 
between groups with the repeated measures ANOVA 
using a StatView 4.02 computer program (Abacus 
Concepts, Berkeley, CA, USA). P<0.05 was considered 
statistically significant.
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Fig. 2
A selective activator of cGMP-dependent protein kinase, (Sp)-cGMP[S], opens charybdotoxin (CTX)-sensitive 
K channels. The upper row shows the families of K+ currents (Ik) elicited in one cell by a series of depolarizations 
from -70 to +70 mV (schematically illustrated in the upper left corner) immediately after obtaining a stable seal 
(control) and 18 min later after (Sp)-cGMP[S] diffused from the patch pipette into the cytosol. The middle row 
shows that Ik in the same cell is more sensitive to CTX than 4-aminopyridine (4-AP). The left lower panel shows 
the sensitivity of Ik in the same cell to low dose TEA. The right lower panel shows the relationship between 
membrane potential and Ik (mean ± S.E.M.) in a control group of cells (n = 5) and in cells exposed to 
(Sp)-cGMP[S] for 20 min. Note that the curves overlap when the cells are treated with CTX. The control, 
(Sp)-cGMP[S], and CTX curves differ significantly by repeated measures ANOVA (P<0.05). The inset in the 
frame shows, for comparison, an example of the Ik response to NO.
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Results

All of the cells studied displayed Ik dominated 
by Kca channel as judged from greater sensitivity to 
CTX and low dose TEA than to 4-AP (Fig. 2). The 
activation threshold potential of -40 mV was not 
altered by (Sp)-cGMP(S]. In the control group, Ik was 
stable for the entire study period ( > 2 0  min).
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Fig. 3
(Sp)-cGMP[S] increases K+ currents in a time- 
dependent manner. The upper panel shows K + 
currents elicited in a single cell by depolarization from 
-70 to +70 mV (schematically illustrated above the 
panel) in 2 min intervals starting 1 min after obtaining 
a seal (the lowermost trace). The lower panel shows 
the mean ± S.E.M. values for the whole group treated 
with (Sp)-cGMPfS] (n = 4) compared with the control 
group (n = 5). * P<0.05 vs. time = 1 min.

In the group of cells where the patch pipette 
contained (Sp)-cGMPfSj, the Ik was not significantly 
different from the control group immediately after a 
stable seal has been obtained, confirming that the two 
groups consisted of comparable cells. However, unlike 
in the control cells, the I k rose in the cells treated with 
(Sp)-cGMP[S] as the drug diffused from the pipette 
into the cytosol. The rise started right after obtaining a 
seal and continued throughout the entire study period 
(Fig. 3). By the 7th min Ik was significantly greater 
than immediately after obtaining a seal. The I/V  curves 
were compared statistically between control and (Sp)- 
cGMP[S] groups after 20 min, and the difference was 
found significant (Fig. 2). This effect of (Sp)-cGMP[S] 
resembled the previously described effect of NO and 
cGMP on these cells (Fig. 2 inset).

Discussion

In context of an effort to clarify the 
mechanism of NO/cGMP-induced vasodilation, this 
study tested the hypothesis that stimulation of cGMP- 
dependent protein kinase activates Kca channels in 
VSM isolated from the rat pulmonary artery. As 
expected, the relatively selective activator of cGMP- 
dependent protein kinase, (Sp)-cGMP[S], greatly 
increased Ik, and this effect was inhibited by CTX.

We and others have shown previously that 
agents which increase cGMP levels in VSM, including 
NO, activate K channels (Fujino et al. 1991, Archer 
et al. 1993b, Robertson et al. 1993, Archer et al. 1994b). 
In the pulmonary artery VSM cells, the K channels 
activated by NO/cGMP were inhibited by CTX but not 
by 4-AP (Archer et al. 1994b), indicating that the 
K channel sensitive to NO/cGMP is the Kc;a channel 
rather than delayed rectifier.

cGMP is a physiologic activator of the cGMP- 
dependent protein kinase, although it can also 
stimulate the cyclic adenosine 3’,5’-monophosphate 
(cAMP)-dependent protein kinase (Schmidt et al. 
1993). Cyclic nucleotide-dependent protein kinases are 
abundant in smooth muscles and phosphorylate many 
intracellular proteins (Thomas et al. 1990, Lincoln and 
Cornwell 1993). Cyclic nucleotide-dependent protein 
kinase mediation thus appears to be one possible 
mechanism of cGMP-induced K channel activation. 
An alternative option would be a direct gating of the 
K channel by cGMP, as described in the retinal rod 
photoreceptor cells (Kaupp 1991). Recently, we 
attempted to distinguish between these two possibilities 
by employing an inhibitor of cyclic nucleotide- 
dependent protein kinases, H-8 . We found that H-8  
prevented the Kca channel activation by NO/cGMP 
(Archer et al. 1994b), indicating that, in the pulmonary 
artery VSM cells, a functional cyclic nucleotide- 
dependent protein kinase is necessary for the effect of 
cGMP on the Kca channel. Thus cGMP-gated



1995 cGMP-Dependent Protein Kinase Activates Potassium Channels 43

K channel does not appear to exist in the pulmonary 
artery VSM cells. However, although H-8  
preferentially inhibits cGMP-protein kinase, it can also 
block the cAMP-protein kinase. Hence, those 
experiments could not conclusively distinguish between 
the role of cGMP- and cAMP-dependent protein 
kinases.

In the present experiment we used an opposite 
approach: rather than inhibiting protein kinases, we 
utilized a selective activator of cGMP-dependent 
protein kinase to see whether it will mimic the effects 
of NO/cGMP on Kca channels. Our positive finding -  
Ik. dramatically increased by
(Sp)-cGMP[S] -  confirms that cGMP-dependent 
protein kinase has the ability to mediate the effect of 
cGMP on Kca channels, and suggests that an 
additional contribution by cAMP-dependent protein 
kinase is not necessary. Furthermore, although cGMP- 
dependent protein kinase may directly phosphorylate 
the K channel, the possibility that other proteins could 
be important intermediary kinase targets cannot be 
excluded (Minami et al. 1993).

The current results are an additional piece in 
the mosaic of experimental evidence (Archer et al. 
1994b) supporting the concept of NO-induced 
pulmonary vasodilation outlined in Fig. 1. The 
important role of Kca channels was proved by showing

that NO increases CTX-sensitive K currents in 
pulmonary artery VSM cells and that CTX reduces 
NO-induced relaxation of pulmonary artery rings. 
Similar effects of NO and cGMP on Kca channels, as 
well as the inhibition of the NO action by guanylate 
cyclase blocker methylene blue, indicate that the effect 
of NO is mediated by cGMP rather than by a direct 
effect of NO on K channels suggested by Bolotina et al. 
(1994). Preventing and mimicking the effect of NO, 
respectively, by H -8  and (Sp)-cGMP[S] support the 
obligatory involvement of cyclic nucleotide-dependent 
protein kinases, especially the cGMP-dependent type.

The NO-cGMP-protein kinase-Kca channel 
vasodilatory pathway investigated in this study probably 
may not be the only mechanism of NO/cGMP-induced 
vasodilation. It could act synergistically with other 
mechanisms, such as the protein kinase-dependent 
phosphorylation of the myosin light chain (Lincoln and 
Cornwell 1993) or reduction in calcium release from 
the sarcoplasmic reticulum mediated by cyclic ADP- 
ribose (Lee 1994).

Acknowledgments
The study was supported by the U.S. Department of 
Veterans Affairs, Minnesota Medical Foundation, and 
the National Institutes of Health Grant 1R29-HL45735.

References

ARCHER S.L., HUANG .1., HENRY T., PETERSON D., WEIR E.K.: A redox-based O2 sensor in rat pulmonary 
vasculature. Circ. Res. 73: 1100-1112, 1993a.

ARCHER S.L., HUANG J., WEIR E.K.: Cyclic guanosine monophosphate (c-GMP) and nitric oxide (NO) 
increase an outward K+ current in rat pulmonary vascular smooth muscle cells (abstract). Circulation 
8 8  (Suppl I): 1-477, 1993b.

ARCHER S., HAM PL V., MCKENZIE Z., NELSON D., HUANG J., SHULTZ P., WEIR E.K.: The role of 
endothelial-derived nitric oxide in normal and hypertensive pulmonary vasculature. Semin. Respir. Med. 
15: 179-189, 1994a.

ARCHER S.L., HUANG J.M.C., HAMPL V, NELSON D.P., SHULTZ P.J., WEIR E.K.: Nitric oxide and cGMP 
cause vasorelaxation by activation of a charybdotoxin-sensitive K channel by cGMP-dependent protein 
kinase. Proc. Natl. Acad. Sci. USA 91: 7583-7587, 1994b.

BOLOTINA V.M., NAJIBI S., PALACINO J.J., PAGANO P.J., COHEN R.A.: Nitric oxide directly activates 
calcium-dependent potassium channels in vascular smooth muscle. Nature 368: 850-853, 1994.

BUTT E., VAN BEMMELEN M., FISCHER L., WALTER U., JASTORFF B.: Inhibition of cGMP-dependent 
protein kinase by (Rp)-guanosine 3’,5’-monophosphorothioates. FEBS Lett. 263: 47-50, 1990.

CRAVEN P.A., DeRUBERTIS F.R.: Restoration of the responsiveness of purified guanylate cyclase to 
nitrosoguanidine, nitric oxide, and related activators by heme and heme proteins: evidence for the 
involvement of the paramagnetic nitrosyl-heme complex in enzyme activation. J. Biol. Client. 253: 
8433-8443, 1978.

FUJINO K., NAKAYA S, WAKATSUKI T., MIYOSHI Y., NAKAYA Y., MORI H., INOUE L: Effects of 
nitroglycerin on ATP-induced Ca2 +-mobilization, Ca2 +-activated K channels and contraction of cultured 
smooth muscle cells of porcine coronary artery./. Phamiacol. Exp. Ther. 256: 371-377, 1991.

FURCHGOTT R.F.: Role of the endothelium in the response of vascular smooth muscle to drugs. Annu. Rev. 
Pharmacol. Toxicol. 24: 175-197, 1984.

GARLAND J.G., McPFIERSON G.A.: Evidence that nitric oxide does not mediate the hyperpolarization and 
relaxation to acetylcholine in the rat small mesenteric artery. Br. J. Phamiacol. 105: 429-435, 1992.



44 Hampl et al. Vol. 44

HAMILL O.P., MARTY A., NEHER E., SAKMANN B., SIGWORTH F.J.: Improved patch-clamp techniques 
for high resolution current recordings from cells and cell-free membrane patches. Pfliigers Arch. 391: 
85-100, 1981.

KAUPP U.B.: The cyclic nucleotide-gated channels of vertebrate photoreceptors and olfactory epithelium. Trends 
Neurosci. 14:150-157, 1991.

KRIPPEIT-DREWS P., MOREL N., GODFRAIND T.: Effects of nitric oxide on membrane potential and 
contraction of rat aorta./. Cardiovasc. Pharmacol. 20 (Suppl. 12): S72-S75, 1992.

LEE H.C.: A signaling pathway involving cyclic ADP-ribose, cGMP, and nitric oxide. News Physiol. Sci. 
9 :134-137, 1994.

LINCOLN T.M., CORNWELL T.L.: Intracellular cyclic GMP receptor proteins. FASEB J. 7: 328-338, 1993.
MINAMI K., FUKUZAWA K., NAKAYA Y., ZENG X.-R., INOUE I.: Mechanism of activation of the Ca2 + - 

activated K+ channel by cyclic AMP in cultured porcine coronary artery smooth muscle cells. Life Sci. 
53:1129-1135, 1993.

ROBERTSON B.E., SCHUBERT R., HESCHELER J., NELSON M.T.: cGMP-dependent protein kinase 
activates Ca-activated K channels in cerebral artery smooth muscle cells. Am. J. Physiol. 265: C299-C303, 
1993.

SCHMIDT H.H., LOHMANN S.M., WALTER U.: The nitric oxide and cGMP signal transduction system: 
regulation and mechanism of action. Biochim. Biophys. Acta 1178:153-175, 1993.

TARE M., PARKINGTON H.C., COLEMAN H.A., NEILD T.O., DUSTING G.J.: Hyperpolarization and 
relaxation of arterial smooth muscle caused by nitric oxide derived from the endothelium. Nature 
346: 69-71, 1990.

THOMAS M.K., FRANCIS S.H., CORBIN J.D.: Characterization of a purified bovine lung cGMP-binding cGMP 
phosphodiesterase./. Biol. Chem. 265: 14964-14970, 1990.

TWORT C.H., VAN BREEMEN C.: Cyclic guanosine monophosphate-enhanced sequestration of Ca2 + by 
sarcoplasmic reticulum in vascular smooth muscle. Circ. Res. 62: 961-964, 1988.

ZAPOL W.M., FALKE K.J., HURFORD W.E., ROBERTS J.D.: Inhaling nitric oxide: a selective pulmonary 
vasodilator and bronchodilator. Chest 105 (Suppl.): S87-S91, 1994.

R eprin t Requests
V. Hampl, Ph.D., Research Service (151), VA Medical Center, One Veterans Drive, Minneapolis, MN 55417, USA


