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Endothelial cell protein kinase G inhibits release of EDHF
through a PKG-sensitive cation channel. Am J Physiol Heart
Circ Physiol 280: H1272–H1277, 2001.—The release of dila-
tor agents from vascular endothelial cells is modulated by
changes in cytosolic Ca21 concentration ([Ca21]i). In this
study, we demonstrate the presence of a Ca21-permeable
cation channel in inside-out membrane patches of endothe-
lial cells isolated from small mesenteric arteries. The activity
of the channel is increased by KT-5823, a highly selective
inhibitor of protein kinase G (PKG), while it is decreased by
direct application of active PKG. Application of KT-5823
induces Ca21 influx in the endothelial cells isolated from
small mesenteric arteries, and it also causes endothelium-
dependent relaxations in isolated small mesenteric arteries.
KT-5823-induced relaxations in small mesenteric arteries
are greatly reduced by 35 mM K1 or 50 nM charybdotoxin 1
50 nM apamin, suggesting that endothelium-derived hyper-
polarizing factor (EDHF) is the participating dilator. The
involvement of EDHF is further supported by experiments in
which the relaxations of small mesenteric arteries are shown
to be accompanied by membrane repolarization. These data
strongly argue for a major role of a PKG-sensitive cation
channel in modulating the release of EDHF from endothelial
cells in rat small mesenteric arteries.

intracellular calcium; nonselective cation channel; resistance
arteries; endothelium-derived hyperpolarizing factor

ENDOTHELIAL CELLS MODULATE smooth muscle tone in rat
mesenteric arteries through the release of nitric oxide
(NO) and endothelium-derived hyperpolarizing factor
(EDHF) (15, 17, 27). EDHF hyperpolarizes vascular
smooth muscle cells by opening K1 channels and, con-
sequently, closing voltage-dependent Ca21 channels,
thus causing relaxation (22). It appears that the im-
portance of EDHF varies along the vascular tree. While
the role of NO-mediated relaxations decreases with
vessel size, the importance of EDHF increases (1, 17,
27, 30). The importance of EDHF in smaller arteries
may thus explain why impairment of EDHF-mediated
relaxations appears to contribute to hypertension (10,
32).

Little is known about the control and regulation of
EDHF synthesis and/or release, mainly because the
chemical identity of EDHF has not been characterized.
Nevertheless, it is believed that the release of EDHF,
like that of NO, follows an increase in cytosolic Ca21

concentration ([Ca21]i) within the endothelial cells (6,
21). Extracellular Ca21 influx and intracellular Ca21

release have been shown to stimulate EDHF release (6,
11, 23, 25). Recently, a Ca21-permeable nonselective
cation channel was identified in rat aortic endothelial
cells (35). The activity of this channel was inhibited by
cGMP via a protein kinase G (PKG)-dependent phos-
phorylation pathway (35). It is possible that the Ca21

influx through this channel may elevate [Ca21]i and
stimulate EDHF release.

In the present study, we used KT-5823, a highly
specific inhibitor of PKG (13), to activate the PKG-
sensitive nonselective cation channel. We found that
KT-5823 treatment evoked Ca21 influx in the endothe-
lial cells isolated from small mesenteric arteries. In
isolated small mesenteric arteries, KT-5823 was able
to produce endothelium-dependent vasorelaxations.
The relaxant responses to KT-5823 in small mesenteric
arteries were sensitive to the inhibition of EDHF path-
way, suggesting that EDHF was the participating va-
sodilator.

MATERIALS AND METHODS

Measurement of [Ca21]i and Ca21 current in isolated en-
dothelial cells. Male Sprague-Dawley or Wistar rats were
stunned and killed by exsanguination. Segments of the su-
perior mesenteric artery and smaller branches were removed
and cleaned of adherent fat and connective tissue. The arter-
ies were cut into small sheets and placed in 0.2% collagenase
(Sigma Chemical) in PBS in a shaking incubator at 37°C for
45 min. After the enzyme digestion, the suspension was
centrifuged at 800 g for 5 min. Cells were then resuspended
in 90% RPMI 1640 and 10% fetal bovine serum (GIBCO-
BRL) and kept in an incubator at 37°C with 5% CO2. Con-
fluent cell monolayers were passaged using 0.25% trypsin
(Sigma Chemical) containing 2.5 mM EDTA. Only cells from
the first two passages were used. The identity of the endo-
thelial cells was confirmed by immunostaining. After fixation
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(4% formaldehyde in PBS for 2 h) and blocking (with 1% BSA
in PBS for 30 min), the cells were stained with a polyclonal
antibody against human von Willebrand factor (DAKO; di-
luted 1:400 in PBS with 1% BSA) overnight at 4°C. The slides
were washed in PBS and then incubated with FITC-labeled
goat anti-rabbit IgG (DAKO) for 1 h. For controls, some slides
were incubated in 1% BSA in PBS without the primary
antibody. Some slides were counterstained with 0.00003%
4,6-diamidino-2-phenylindole in 0.9% NaCl. After they were
washed in PBS, the slides were mounted in glycerol and
examined under a fluorescence microscope. More than 98% of
the cells were positively stained by the antibody against von
Willebrand factor, indicating that they were of endothelial
origin. In another control experiment, antibody against von
Willebrand factor did not stain smooth muscle cells in seg-
ments of rat aorta.

Single-channel currents in isolated endothelial cells were
measured by standard methods (19, 35) with an EPC-9
patch-clamp amplifier. The signal was sampled at 5.0 kHz
and filtered at 1 kHz for data analysis with TAC and TAC-fit
software. The probability of the channel being open (NPo)
was estimated from the total time spent in the open state
divided by total time of the record (5 continuous seconds). In
cell-attached patches, the patch membrane potential was
displaced 240 mV from its resting potential. In inside-out
mode, the patch potential was held at 2100 mV. The bath
solution contained sodium glutamate-saline (in mM: 142.5
sodium glutamate, 1 EGTA, 10 HEPES, pH 7.4), and the
pipette solution contained CaCl2-saline (in mM: 100 CaCl2,
10 HEPES, pH 7.4). In experiments involving active PKG,
the channel was first activated by application of negative
suction (220 mmHg) through the pipettes to prestretch the
membrane patches. This maneuver enabled the effect of PKG
to be assessed at a single-channel level. Active PKG was the
bovine recombinant isoform-1a (Calbiochem). Vehicle con-
taining 10 mM cGMP, 10 mM ATP, and 7 mM MgCl2 was

added before addition of active PKG, inasmuch as the vehicle
was required for PKG activation (3).

[Ca21]i was measured after endothelial cells were loaded
with the Ca21-sensitive fluorescent dye fluo 3-AM, as de-
scribed previously (20). Before use, cells were incubated for
1 h at room temperature in medium containing fluo 3-AM (10
mM) and Pluronic F127 (0.02%; Molecular Probes) in normal
physiological saline solution, which contained (in mM) 140
NaCl, 1 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES, pH
7.4. After they were washed in normal physiological saline
solution, the circular disks containing the cells were pinned
in a specially designed chamber, which was placed on the
stage of an inverted microscope (Diaphot 200, Nikon). Cells
were then exposed to KT-5823 (1 mM), and the fluorescence
signal at 488 nm was monitored and recorded using an
MRC-1000 laser scanning confocal imaging system with
MRC-1000 software. Data analysis was performed with Con-
focal Assistant and Metaflour.

Measurement of tension and membrane potential in iso-
lated arteries. Segments of the superior mesenteric artery
(;1 mm diameter, large artery) or secondary and tertiary
branches (diameter 5 150–250 mm, small arteries) were
dissected, and the surrounding connective tissue was care-
fully removed. The arteries were cut into rings ;2 mm long.
Superior mesenteric arteries were mounted in 10-ml organ
baths, and isometric tension was measured with an FT03
force-displacement transducer (Grass Instruments). Small
mesenteric arteries were mounted in a Mulvary-Halpern
myograph (model 400A, J. P. Trading) under a normalized
tension, as previously described (15). Before commencement
of the experiments, all artery segments were allowed to
equilibrate for ;60 min at 37°C. In some experiments, the
endothelium was mechanically disrupted with a small piece
of plastic tubing (large arteries) or with a human hair (small
arteries). Successful removal of the endothelial cell layer was
verified by the lack of any relaxant response to ACh (1 mM).

Fig. 1. Effect of KT-5823 on a Ca21-
permeable channel in isolated endo-
thelial cells. A–C: experiment on a cell-
attached membrane patch from an
endothelial cell isolated from superior
mesenteric artery. Patch potential was
240 mV displaced from its resting po-
tential. KT-5823 (1 mM) markedly in-
creased single-channel activity (B and
C). NPo, probability that the channels
are open. D: single-channel current-
voltage relationship of KT-5823-acti-
vated channel. E–H: experiment on an
inside-out patch from an isolated endo-
thelial cell. Patch potential was held at
2100 mV. Membrane patch was pre-
stretched to increase single-current ac-
tivity. Protein kinase G (PKG, 10 nM)
abolished this activity (F and H), and 1
mM KT-5823 restored it (G and H).
Pipette/bath solution contained Ca21

saline/sodium glutamate. NPo values
were measured at 5-s intervals.
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All agents were added directly to the bath and rapidly mixed
by gassing. Since phenylephrine-induced contraction was
rhythmic, the mean value taken from each oscillation was
used to indicate the contraction force in that particular time
period.

In a separate series of experiments for simultaneously
measuring tension and membrane potential, the artery seg-
ment was superfused (at 3.5–4.0 ml/min) with Krebs solution
that had been gassed (and mixed) with 95% O2-5% CO2 and
warmed to 37°C. Phenylephrine was added to the Krebs
solution reservoir, whereas KT-5823 (Calbiochem) and ACh
were bolus additions to the reservoir, with an approximate
dilution of 1:2 at the artery segment. Smooth muscle mem-
brane potential was measured with a glass microelectrode
advanced through the adventitial surface of the arterial seg-
ment. The electrodes were filled with 2 M KCl and had
resistances of 80–150 MV. Membrane electrical events were
recorded through a high-impedance direct-current preampli-
fier (Neurolog 102G). A sudden voltage decrease was taken to
indicate smooth muscle cell penetration.

All experiments were performed at 37°C in Krebs solution
(in mM: 118.0 NaCl, 25.0 NaHCO3, 3.6 KCl, 1.2
MgSO4 z7H2O, 1.2 KH2PO4, 11.0 glucose, 2.5 CaCl2). Indo-
methacin (2.8 mM; Sigma Chemical) was present in solution.
The Krebs solution was continuously aerated with 95%
O2-5% CO2. Since the relaxations evoked by KT-5823 re-

sulted in desensitization, a fresh artery was used for each
treatment, and each n value indicates a separate animal. In
some experiments, arteries were incubated in the presence of
Nv-nitro-L-arginine methyl ester (L-NAME; Sigma Chemical)
and/or apamin 1 charybdotoxin (synthetic forms; Latoxan)
for 15–20 min before addition of phenylephrine (at a concen-
tration to match the control level of contraction). Data were
stored at 2 Hz using a MacLab data acquisition system
(model 4e) coupled to a Macintosh Performa 475.

RESULTS AND DISCUSSION

KT-5823-induced Ca21 influx through a nonselective
cation channel. KT-5823 is a highly specific inhibitor
for PKG. It is membrane permeable. The IC50 for PKG
is 0.234 mM. For a structurally very similar enzyme,
protein kinase A, its IC50 is .10 mM (13). In cell-
attached membrane patches, treatment of isolated en-
dothelial cells with KT-5823 (1 mM) activated a Ca21-
permeable channel (Fig. 1, B and C). The activity of the
channel could be recorded in endothelial cells isolated
from rat aorta or from rat small mesenteric arteries.
Application of KT-5823 increased the mean NPo of the
channel from 0.01 6 0.01 to 0.10 6 0.03 (n 5 8, P ,
0.05). NPo was increased by mechanosuction through
the pipettes (Fig. 1E). Subsequent application of active
PKG to the cytoplasmic side of excised membrane

Fig. 2. Effect of KT-5823 on isolated endothelial cell intracellular
Ca21 concentration ([Ca21]i). Relative fluorescence intensity was
monitored in fluo 3-AM-loaded endothelial cells isolated from small
mesenteric arteries. Cells were placed in normal physiological saline
solution, which contained 1 mM CaCl2. A: 1 mM KT-5823 alone. B:
KT-5823 followed by 3 mM Ni21. Values are means 6 SE (n 5 5–7).

Fig. 3. Effect of KT-5823 on phenylephrine (PE)-induced tension in
small mesenteric arteries. A: representative trace showing relax-
ation evoked by 1 mM KT-5823. Summary of responses to 1 mM (B) or
2 mM (C) KT-5823 is shown under control conditions (open bars),
after treatment with Nv-nitro-L-arginine methyl ester (L-NAME,
stippled bars), L-NAME 1 35 mM K1 (hatched bars), and L-NAME 1
apamin 1 charybdotoxin (cross-hatched bars), and in endothelium-
denuded arteries (solid bars). Values are means 6 SE (n 5 3–7).
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patches abolished the channel activity (Fig. 1, F and
H), with mean NPo from six different patches reduced
from 0.12 6 0.05 to 0.001 6 0.001 (n 5 6, P , 0.05).
Among these six patches, three had long-lasting tight
seals, which made the application of KT-5823 feasible.
KT-5823 reversed the channel inhibition due to PKG
(Fig. 1, G and H), with mean NPo increased from
0.001 6 0.001 to 0.06 6 0.04 (n 5 3, P , 0.05).
Current-voltage relationships of this channel were
generated from inside-out membrane patches when the
pipette/bath contained Ca21 saline/sodium glutamate
solution (Fig. 1D). On the basis of the current-voltage
relationship curves, the channel reversed at 22 6 4 mV
(n 5 5) and the single-channel conductance is esti-
mated to be 10 6 3 pS (n 5 5). When the pipette/bath
solution contained NaCl/KCl-saline, the reversal po-
tential was 2 6 4 mV and the single-channel conduc-
tance was 30 6 4 pS (n 5 6). With the use of the
constant field equation (34), the relative permeability

(P) ratio of the channel was calculated to be 5:1:1
PCa-PNa-PK.

We then tested the effect of KT-5823 on [Ca21]i in the
endothelial cells isolated from mesenteric arteries. In
cells isolated from the superior mesenteric arteries or
the smaller branches, application of KT-5823 (1 mM)
elicited a significant increase in [Ca21]i (n 5 7–18; Fig.
2A). The KT-5823-evoked increase in [Ca21]i was rap-
idly blocked by 3 mM Ni21, indicating an influx of
extracellular Ca21 (Fig. 2B). KT-5823 was unable to
initiate any rise in [Ca21]i if 3 mM Ni21 was continu-
ously present in the medium (n 5 4). Ni21 alone had no
significant effect on resting Ca21 concentration over
the time course of the experiments. These experiments
demonstrated that KT-5823, possibly through its ac-
tion on a PKG-sensitive cation channel, could stimu-
late Ca21 influx in the endothelial cells isolated from
small mesenteric arteries. This hypothesis assumes
the existence of PKG activity in isolated endothelial
cells, which was indeed demonstrated in our previous
study (20) as well as in other reports (9).

Role of the EDHF pathway. Phenylephrine (3 mM)
induced rhythmic smooth muscle contractions in small,

Fig. 4. Effect of KT-5823 on membrane potential. A: representative
traces of membrane potential (Em; top trace) and tension (bottom
trace) in a small mesenteric artery. Agents were not directly added to
the myograph bath, causing a delay in responses. B: summary of
peak responses to agents each added in the same sequence as shown
in A. Values are means 6 SE (n 5 4).

Fig. 5. Effect of ACh and cyclopiazonic acid (CPA) on phenylephrine-
induced tension in mesenteric arteries. Summary of responses to 1
mM ACh and 10 mM CPA in small (A and B) and superior (C and D)
mesenteric arteries is shown under control conditions (open bars),
after treatment with L-NAME (stippled bars), L-NAME 1 35 mM K1

(hatched bars), and L-NAME 1 apamin 1 charybdotoxin (cross-
hatched bars), and in endothelium-denuded arteries (solid bars).
Values are means 6 SE (n 5 3–9).
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endothelium-intact mesenteric arteries. Subsequent
addition of 1 or 2 mM KT-5823 stimulated a marked
and sustained relaxation (59.7 6 10.5 or 70.5 6 7.1%,
n 5 7; Fig. 3) that was not reversible. PKG is known to
be present in vascular endothelial cells and vascular
smooth muscle (2, 9, 28). Nevertheless, it appeared
that the relaxant responses to KT-5823 were caused by
the action of KT-5823 on endothelial cell PKG, rather
than on smooth muscle PKG. One reason was that
KT-5823 had no effect in precontracted but endothe-
lium-denuded vessels (6.1 6 11.5%, n 5 4). Another
reason was that an inhibitory action on smooth muscle
PKG would lead to constriction, rather than dilation,
since activation of smooth muscle PKG should dilate
blood vessels via stimulation of Ca21-activated K1 cur-
rents (4, 12), inhibition of Ca21 channels (18, 26), and
stimulation of Ca21-ATPase (36).

The relaxant responses to KT-5823 (1 mM) were not
significantly affected by L-NAME (100 mM), an NO
synthase inhibitor (Fig. 3). This may indicate a lack of
involvement by NO in the KT-5823-induced relax-
ations. On the other hand, the relaxations to KT-5823
were blocked by 35 mM K1 (3.2 6 6.5% maximal
relaxation, n 5 4) or by the Ca21-activated K1 channel
blockers charybdotoxin and apamin (both at 50 nM,
19.5 6 6.8% maximal relaxation, n 5 4; Fig. 3, B and
C). It is well documented that treatment by .25 mM
K1 (5, 7, 21, 33) or by the combination of charybdotoxin
and apamin (8, 14, 16) can effectively abolish the action
of EDHF. Our results, therefore, suggest that KT-
5823-induced relaxations in small mesenteric arteries
are mediated by EDHF.

This hypothesis was further supported by the mem-
brane hyperpolarizations of smooth muscle in response
to KT-5823 treatment. Figure 4 showed experiments in
which vessel tension and smooth muscle membrane
potential were measured simultaneously. Phenyleph-
rine depolarized the smooth muscle cells in these ar-
teries from 255.8 6 2.0 to 240.8 6 3.6 mV (n 5 4).
KT-5823 (1 mM) evoked sustained repolarizations that
were slow in onset (18.3 6 2.8 mV, n 5 4) and gradu-
ally returned toward the resting membrane potential
(Fig. 4). The subsequent application of ACh (1 mM)
stimulated further hyperpolarizations so that the
membrane potentials approached K1 equilibrium po-
tential (279.1 6 3.2 mV, n 5 4).

Relationship between artery size and KT-5823-
evoked responses. While KT-5823 induced endotheli-
um-dependent relaxations in small mesenteric arteries
(100–300 mm diameter), it had no effect on the superior
mesenteric artery (;1 mm diameter). In contrast, Fig.
5 showed that ACh and cyclopiazonic acid (CPA)
evoked maximal relaxations in large and small mesen-
teric arteries. In small mesenteric arteries, ACh- or
CPA-induced relaxant responses resembled the KT-
5823-induced response, in that L-NAME had no effect
but inhibition of the EDHF pathway completely abol-
ished the response. These results support the notion
that EDHF is the main vasodilator in rat small mes-
enteric arteries. The relaxant responses to ACh or CPA
in superior mesenteric arteries, however, exhibited dif-

ferent properties. In these large superior mesenteric
arteries, ACh- or CPA-induced relaxations were sensi-
tive to inhibition of the NO pathway as well as the
EDHF pathway. Figure 5 showed that L-NAME re-
duced the relaxations to ACh or CPA by 20–30%.
Further inhibition of EDHF pathways almost abol-
ished the relaxant responses to ACh and CPA (Fig. 5).
This result is consistent with numerous previous re-
ports in which the contribution of NO has been shown
to decrease and that of EDHF to increase as vessel size
decreases (27, 29, 31).

It appears that KT-5823 is less effective in releasing
vasodilators from endothelial cells than ACh or CPA.
KT-5823 was not able to induce relaxation in the large
superior mesenteric arteries. In small mesenteric ar-
teries, KT-5823 could cause only 60–70% (Fig. 3) re-
laxation in phenylephrine-contracted arteries. In addi-
tion, the relaxant responses developed with a slow time
course (6.0 6 0.7 min, n 5 7; Fig. 3). This was different
from the response to ACh or CPA, in which the relax-
ations were complete and the responses appeared im-
mediately after addition of the chemicals. One possible
explanation for these discrepancies is that KT-5823 is
able to stimulate only a small Ca21 influx; as a conse-
quence, the amount of vasodilators released from en-
dothelial cells may be low. The released vasodilators
may not be sufficient to cause measurable relaxations
in large arteries that contain many smooth muscle
layers. In contrast, ACh or CPA not only stimulates
Ca21 influx but also evokes Ca21 release from intracel-
lular Ca21 stores (24). The quantity of vasodilators
released may be relatively higher. Consequently, these
dilators are able to elicit fast and complete relaxations
in small mesenteric arteries. For the same reason, they
may relax the large superior mesenteric arteries.

In conclusion, we have demonstrated that a highly
selective PKG inhibitor, KT-5823, can induce endothe-
lium-dependent relaxations in isolated rat small mes-
enteric arteries. The relaxations are mediated by
EDHF. A likely scenario is that KT-5823 activates
Ca21 influx across the plasma membrane through its
action on a PKG-sensitive cation channel. The subse-
quent rise in intracellular Ca21 may stimulate the
production/release of EDHF, which then causes the
endothelium-dependent relaxations. Our data suggest
that the release of EDHF can be regulated indirectly by
the activity of endothelial PKG through a PKG-sensi-
tive cation channel.
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