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Nitric oxide induced membrane
hyperpolarization in the rat aorta is not
mediated by glibenclamide-sensitive
potassium channels

Bert Vanheel and Johan Van de Voorde

Abstract: Using conventional intracellular microelectrode techniques, the membrane potepyiaf ascular smooth

muscle cells in isolated segments of thoracic rat aorta was measured. The influence of exogenous and of endothelium-derived
nitric oxide on thek,,, was assessed, and the involvement of glibenclamide-sensitive channels in the observed membrane
hyperpolarization was investigated. Exposures of the aorta strips to sodium nitroprussid&@to) caused a
concentration-dependent and endothelium-independent hyperpolarization. Maximal hyperpolarizatidh4sa¥/) was

obtained with 16> M sodium nitroprusside. Acetylcholine (£810° M) produced endothelium-dependent

hyperpolarizations. At low concentrations, a slBychange was elicited, which was sustained in the presence of the
vasodilator. Higher concentrations of acetylcholine caused hyperpolarizations consisting of an initial transient peak followed
by a more sustained component. Pre-exposuN&taitro-L-arginine (-NNA, 2 x 10 M), which depolarized,, by

2.5+ 0.7 mV, significantly attenuated the later component of hyperpolarization, indicating that it is NO dependent.
Glibenclamide (1& M) did not significantly affect the hyperpolarization induced by®Q0° M sodium nitroprusside nor

the maintained component of hyperpolarization induced by MOacetylcholine. It is concluded that the hyperpolarization
caused by exogenous or endogenous NO in the rat aorta is not mediated by activation of glibenclamide-sensitive potassium
channels.

Key words nitric oxide, endothelium, membrane potential, potassium channels, sodium nitroprusside.

Résumé: On a mesuré le potentiel de membraBg)(des cellules musculaires lisses vasculaires dans des segments d’aortes

de rats, en utilisant des techniques a microélectrodes intracellulaires conventionnelles. On a évalué I'éfetlaur I

monoxyde d’'azote dérivé de I'endothélium et exogéne, et examiné le role des canaux sensibles au glibenclamide dans
I'hyperpolarisation membranaire observée. Des expositions des bandes aortiques au nitroprussiate de sbdiomNg)0

ont provoqué une hyperpolarisation indépendante de I'endothélium et dépendante de la concentration. Une hyperpolarisation
maximale (5,7 0,4 mV) a été obtenue avec une concentration deNIOL’acétylcholine (108-10° M) a provoqué des
hyperpolarisations dépendantes de I'endothélium. A faibles concentrations, une lente variafigred&e induite, variation

qui a persisté en présence du vasodilatateur. Des concentrations plus élevées d'acétylcholine ont provoqué des
hyperpolarisations constituées d'une créte transitoire initiale suivie d'une composante plus soutenue. Une pré-exposition a la
NC-nitro-L-arginine (-NNA, 2 x 10* M), qui a dépolarisé E,, de 2,5+ 0,7 mV, a significativement atténué la composante

tardive d’hyperpolarisation, indiquant sa dépendance vis-a-vis le NO. Le glibenclamiéi#jli®a pas significativement

affecté I'nyperpolarisation induite par 610 M de nitroprussiate de sodium ni la composante soutenue d’hyperpolarisation
induite par 16° M d’acétylcholine. On conclut que I'hyperpolarisation induite par le NO endogéne ou exogéne dans l'aorte de
rat n’est pas véhiculée par I'activation des canaux potassiques sensibles au glibenclamide.

Mots clés. monoxyde d’azote, endothélium, potentiel de membrane, canaux potassiques, nitroprussiate de sodium.
[Traduit par la Rédaction]

Introduction
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ecelved August 26, The membrane potentidE() of vascular smooth muscle cells

B. Vanheel and J. Van de Voorde Department of plays an important role in determining the tone of vessels.
Physiology and Physiopathology, University of Gent, Membrane potential largely determines the open probability of
De Pintelaan 185, B-9000 Gent, Belgium. the voltage-operated calcium channels and, hence, the influx
1 Author to whom all correspondence should be addressed of calcium ions from the extracellular medium necessary for
(e-mail: Bert.Vanheel@rug.ac.be). maintaining contractile activation. Moreovéi,, may change
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agonist-induced inositol-1,4,5-triphosphate SfIRaccumula- troprusside (SNP), which is another donor of NO, on e

tion (Quast 1993) and interfere with #hduced calcium re-  of the rat aorta. In addition, we examined the influence of

lease from intracellular stores (Ganitkevich and Isenberg glibenclamide on the hyperpolarization in response to endog-

1993). Modest changes &, within the physiological range  enous (endothelium derived) and exogenous (SNP generated)

profoundly affect tension (Nelson et al. 1990). NO to determine whether ATP-regulated kKhannels were
Vascular smooth muscle membrane potential can be modu-involved.

lated by several substances released from the endothelium.

Following stimulation of membrane receptors by various Methods

vasodilators such as acetylcholine, endothelial cells release the

endothelium-derived hyperpolarizing factor (EDHF). The na- Rats used in this study were treated in accordance with the principles

ture of this diffusable factor is as yet unknown. Although some and guidelines of the Canadian Council on Animal Care. Wistar

reports suggested the involvement of a cytochrome p45orats were ar_lesthetlzed Wlt_h an |ntraper|tom_aal injection of a lethal

monooxygenase derived metabolite of arachidonic acid dose of sodium pentobarbitone. The thoracic aorta was rapidly re-

) S ._ moved and placed in oxygenated cold Krebs—Ringer solution contain-
(Hecker et al. 1994; Bauersachs et al. 1994), inhibition of this ing, in mmol/L, NaCl, 135; KCI, 5. NaHCQ 20; CaC}, 2.5;

meta_boli_sm _does not influe_nce endc_)thelium-dependent hyper-MgSOﬂHzo’ 1.3; KH,PO,, 1.2; EDTA, 0.026: and glucose, 10. The
polarization in several arteries (Corriu etal. 1996; Vanheel and preparation was dissected free of connective tissue and cut into
Van de Voorde 1997). The hyperpolarization by EDHF is segments about 4 mm in length. Ring segments were carefully slit
caused by an increase irf ldermeability of the membrane of along the longitudinal axis. The vessel strips were pinned down,
the smooth muscle cells (Chen and Suzuki 1989). While in luminal side upwards, to the bottom of an experimental chamber, and
cerebral arteries the endothelium-dependent hyperpolarizatiorsuperfused with the Krebs—Ringer solution at 35°C. The solution was
seems to be mediated by activation of ATP-regulated K continuously gassed with a 95%,© 5% CG, gas mixture, and

(K a7p) channels (Brayden 1990; Plane and Garland 1993), in PHWas ~7.4. b al db ath
several vessels including the rat aorta (Van de Voorde et al. Transmembrane potentials were measured by penetrating the mus-

- . . cle strip from the luminal side with conventional intracellular mi-
1992) the hyperpolarization caused by EDHF is resistant to croelectrodes, pulled with a vertical pipette puller (model 750, David

glibenclamide, pointing to another mechanism, perhaps acti- kopf Instruments, Tujunga, Calif.). Filamented borosilicate glass tub-
vation of Ca-regulated K (K;) channels (Chen et al. 1991; ing (1 mm o.d., Hilgenberg, Germany) was used. Microelectrodes
Eckman et al. 1992). In addition to EDHF, endothelium- were filled with 1 M KCI. Their electrical resistance ranged from
derived nitric oxide (EDNO) and prostacyclin are liberated 25 to 60 MQ.

from the endothelium in response to acetylcholine and other

vasoactive agonists. EDNO diffuses to the underlying vascular Data collection and analysis

smooth muscle cells and activates soluble guanylyl cyclase,Primary criteria for successful cell impalement were an extremely
leading to increased smooth muscle cGMP levels and relaxa-Sharp voltage deflection on entering the cell and a fast return to the
tion. In some vessels, such as the uterine (Tare et al. 1990) an@@seline value on withdrawal of the microelectrode. Values of the
coronary (Parkington et al. 1993) artery from guinea-pigs and membrane potential were taken as the difference of the stabilized

: potential and the zero potential on withdrawal or dislodgement of the
the small mesenteric artery from rats (Garland and McPherson i~ oelectrode from the cell.

1992), nitric oxide (NO) also causes a hyperpolarization of the e electrical signal was continuously followed on an oscillo-
vascular smooth muscle cells. However, differences seem toscope and traced with a pen recorder set at 5 mm/min. In some experi-

exist between the mechanism of the EDHF-induced and thements the membrane potential signal was also digitized (DAP 800/2,
NO-induced hyperpolarization. The membrane hyperpolariza- Microstar Laboratories Inc., Bellevue, Wash.) and stored on hard
tion in response to NO only is present in passively stretched disk. In other experiments, the recorded pen traces were digitized
preparations (Parkington et al. 1993), in depolarized and con-off-ine (2 data points/mm, corresponding to a sampling rate of
stricted preparations (Tare et al. 1990; Parkington et al. 1995),0-17 Hz) with a digitizing tablet connected to a PC.
or only in the absence of active force (Garland and McPherson
1992), whereas the EDHF-induced hyperpolarization occurs,
although with varying magnltL_Jde, independently of PASSIVE OT e obtained from Sigma Chemical Co., St. Louis, Mo.
aCt'Ve tone (T_are et_al. 1990; Chen et al. 1991). In addition, Glibenclamide and sodium nitroprusside (SNP) were obtained from
both in the guinea-pig coronary artery and the rat small mes- \ierck, Darmstadt, Germany. Levcromakalim was a gift from
enteric artery the NO-induced but not the acetylcholine- Beecham Pharmaceuticals, Essex, U.K. These substances were added
evokedE,, change is completely blocked by glibenclamide from the appropriate stock solutions a few minutes before use. The
(Garland and McPherson 1992; Parkington et al. 1995). concentrations are expressed as final molar concentrations in the fluid
In previous work (Vanheel et al. 1994) we showed that the superfusing the preparation.
NO donors nitroglycerin (1@ M) and SIN-1 (3x 10—
10° M), the active metabolite of molsidomine, produce a Statistics
small sustained hyperpolarization of 1-2 mV in rat aortic Results are expressed as mearSEM; n indicates the number of
smooth muscle at rest (in the absence of constriction). More- @orta preparations, each obtglned from a (_jlﬁe_rer}t rat. Glibenclamide
over, by usingN®-nitro-L-arginine methyl estet (NAME) and was applied for at least 10 min before testing its influence on acetyl-

G . RS choline- or SNP-induced hyperpolarization. When the influence of
N®-monomethyL-arginine (-NMMA), inhibitors of endothe- glibenclamide on the acetylcholine-induced hyperpolarization was

lial NO synthesis, a component of hyperpolarization caused by iested, the means SE of all digitized data points of the membrane
endogenous NO could be identified as part of the membranepotential valuesr{ arrays of 200 integers) were calculated both in

electrical response to acetylcholine (Vanheel et al. 1994). In control conditions and after glibenclamide application. Only the data
the present study, we investigated the influence of sodium ni- from experiments in which the microelectrode was kept in the same

Drugs
Acetylcholine chloride andN®-nitro-L-arginine crystalline ¢NNA)
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cell throughout the whole experimental protocol (paired observa- Fig. 1. Original traces of the rat aortic smooth muscle membrane
tions) were taken. In the SNP experiments, a decrease @, fhe- potential €,,) response to acetylcholine (ACh) (A»310% M and

sponse to repeated applications of the NO donor was observed,B) 105 M in the absence and the presence of nitarginine
Therefore, values for thg,, change in the presence of glibenclamide (L-NNA, 2 x 104 M).

in the test group were compared with values for the hyperpolarization

obtained during a second exposure to SNP in control muscle strips, in _45A_ 10 min

the absence of the inhibitor. Statistical significance between mean _
values was evaluated using Studertt®st for paired or unpaired £
observations, as appropriate. Valuegpaf 0.05 were considered to E-55 W
o o ; o
indicate a significant difference between means.
.e5L  Achaxios ACh 3x10-8
t-NNA 2x10-4
B
Results -50
Influence of glibenclamide on EDNO-induced Z ool
hyperpolarization E
e — | |
Influence of endogenous NO ke ACh 105 . ACh 105
In rat aortic smooth muscle superfused with the control L-NNA 2104

Krebs—Ringer solution, a relatively stable and quiescent mem-

brane potential of -52.4 0.8 mV (h = 24) was recorded. The

addition of acetylcholine caused a concentration-dependentinfiyence of glibenclamide on exogenous NO induced
hyperpolarization. The membrane potential response to Iow  pyperpolarization

and to high concentrations of acetylcholine in the absence and

the presence aFNNA, which inhibits endothelial NO synthe-  |nfluence of sodium nitroprusside

sis, is shown in Fig. 1. The application 05210~*M L-NNA SNP caused a concentration-dependent hyperpolarization of
produced a slight depolarization of the restihg(mean value  the rat aortic smooth muscle cells, which was endothelium
2.5£0.7mV,n =8). After pre-exposure toNNA, the hyper- jndependent (Fig. 3A). Maximal hyperpolarization was ob-
polarization evoked by 3x10® M acetylcholine (3.7+ served with 16°-10°M SNP (5.4+ 0.8 mV, n= 11, and

0.3 mV,n = 4) was significantly inhibited (Fig. 1A). On the 57+ 0.4 mVv,n =13, respectively). On repeated application of
other hand, the initial peak hyperpolarization caused by NP, the membrane electrical response decreased (Fig. 3B),
10> M acetylcholine (10.% 1.5 mV) was not significantly  the second exposure to#0M of the NO donor provoking on

earlier findings in which the other NO synthase (NOS) inhibi-  magnitude of the firsE,, change in this group of preparations.
torsL.-NAME andL.-NMMA were tested (Vanheel et al. 1994),

we found that the recovery of the membrane potential in the |nflyence of glibenclamide

presence of acetylcholine was faster after inhibition of endog- The hyperpolarization in response to-46r 105 M SNP still
enous NO synthesis. After 10 min, thg reached alevel sig-  persisted after 10 min pre-exposure ta®RI glibenclamide
nificantly less negative than in the absence .l6NNA (Figs. 4A, 4B). The mean values for the hyperpolarization in
(Fig. 1B). Thus, at least part of the slow, maintained phase of response to a second application ofld SNP in the absence
the hyperpolarization induced by application of higher concen- ang the presence of glibenclamide were £.0.3 and 2.9+
trations of acetylcholine is due to action of endogenous NO g 6 mV (1 = 4), respectively. For 16 M SNP, these respective
liberated by the endothelium. values were 3.4 0.3 and 2.5: 0.6 mV (n = 4). Pre-exposure

to glibenclamide therefore had no significant effect on the hy-
Infl  libenclamid perpolarization induced by both concentrations of SNP. On the
niluence of gibenclamide ___ other hand, the same concentration of glibenclamide com-
In five experiments, we compared the hyperpolarization elic- pletely prevented the hyperpolarization induced by M

ited by 10° M acetylcholine in the absence and the presence |eycromakalim, a K+ channel openen(= 3, not shown).
of glibenclamide. Glibenclamide (fOM) was superfused for

at least 10 min before investigating its influence on the acetyl-
choline-induced hyperpolarization. The mean hyperpolariza-
tions produced by acetylcholine in the absence and the Nitric oxide is released from the endothelium both under basal
presence of glibenclamide, obtained from all experiments in conditions and after stimulation with various vasodilators.
which both readings were obtained during the same cell im- EDNO activates muscular guanylyl cyclase, resulting in in-
palement, are shown in Fig. 2. (For a typical experiment, see creased cGMP levels and relaxation. In the guinea-pig uterine
Fig. 4B.) The Kytp channel inhibitor had no significant effect  artery, it has been shown that NO also causes membrane hy-
onthe resting,, (Fig. 2). In the presence of glibenclamide, the perpolarization (Tare et al. 1990). In the rat small mesenteric
mean peak hyperpolarization was slightly but not significantly artery, NO applied either as NO gas or acidified NgN@used
decreased. In addition, the later phase of the acetylcholine-hyperpolarization as well (Garland and McPherson 1992). A
induced hyperpolarization, in which EDNO participates, was small-amplitude hyperpolarization has also been shown to oc-
not significantly affected. cur in response to high concentrations of NO gas{(15° M)

Discussion
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Fig. 2. Mean endothelium-dependent hyperpolarization of the Fig. 3. Influence of sodium nitroprusside (SNP) on the membrane
membrane potentiaEy,) in response to acetylcholine (ACh, potential €) of the rat aorta. (A) After removal of the

10° M) in the absence (continuous lines) and the presence (broken endothelium, acetylcholine (ACh) induced but not SNP-induced
lines) of glibenclamide (16 M). Mean values (boldface lines)SE hyperpolarization is greatly suppressed. (B) During repeated
(lightface lines) from 5 experiments are shown in whightraces exposure to SNP (t®M), the membrane hyperpolarization

in control conditions and in the presence of glibenclamide were decreases.

obtained during the same cell impalement. Neither mean peak A 10 min
hyperpolarization nor the sustained component oBhehange in -40 —

the presence of acetylcholine is significantly affected by

EY
glibenclamide pre-exposure. E 0l w
=50 i u?

2 min
~ [
I -60 t ) L 3
ACh10-5 SNP 105
B
L -50r
r )
= E -0}
E-s0} £
£ w
“eoor 7ol
L 1 L 1 [l
L SNP 10-5 ACh10-8 SNP 10-5

Since the restings,, is within the range in which current
-70- : iR ! through C&" channels shows strong voltage dependence
(Nelson et al. 1990), the small hyperpolarization to low con-
centrations of acetylcholine is expected to contribute to the
in the rabbit basilar artery (Rand and Garland 1992). While endothelium-dependent relaxation of preconstricted vessels.
these findings seemed at first to be in contrast with earlier Indeed, a hyperpolarization of similar magnitude induced by
studies (Komori et al. 1988; Brayden 1990) in which no effect the endothelium-independent,& channel opener cromaka-
of NO on E,, was found, a more recent study on coronary lim induces some (about 10%) relaxation of norepinephrine-
arteries from several species showed that the membranepreconstricted aortic rings (Vanheel and Van de Voorde
electrical response to NO could be dependent on the degree 0fl996). Higher acetylcholine concentrations presumably stimu-
passive membrane stretch (Parkington et al. 1993). In the latteriate the release of an additional, distinct, hyperpolarizing fac-
study, acetylcholine caused a membrane hyperpolarizationtor (EDHF), of which either the release or the effect is more
consisting of an initial pealg,, change, as a result of the transient. This is in agreement with other studies. In the
release of EDHF, followed by two slower components caused perfused rat mesenteric bed, hemoglobin (which inactivates
by NO (sensitive ta-NAME) and prostacyclin (sensitive to  endogenous NO) and methylene blue (which both inhibits ac-
indomethacin), respectively. The third component could be tivation of guanylyl cyclase and inactivates NO) were found to
mimicked by addition of iloprost, a stable analogue of prostacyclin. be more effective in blocking the relaxation to low concentra-
In the cited study the latter phases of the acetylcholine-indbged  tions of acetylcholine (near complete inhibition) than to higher
change were present only in stretched preparations, andconcentrations of the vasodilator (only about 40% inhibition)
became progressively larger at increasing muscle tension.(Khan et al. 1992). Thus, in the mesenteric bed, acetylcholine-
However, in vessels from the rat, iloprost had no effecEgn evoked relaxation is mediated by NO and, at higher concentra-
possibly as a result of an absence of prostacyclin receptorstions, additionally by a hyperpolarizing factor distinct from
on coronary artery smooth muscle cells in this species NO and inhibited by 25 mM K perfusion (Parsons et al.
(Parkington et al. 1993). We showed earlier that, in the aorta 1994). In the rat coronary microcirculatiaaNNA diminished
of the rat, part of the maintained hyperpolarization induced by the duration but not the maximum of the dilator response to
larger concentrations of acetylcholine is inhibited ENAME bradykinin, indicating that the release of EDNO causes the
and .-NMMA (Vanheel et al. 1994). In the present experi- sustained rather than the initial phase of the observed decrease
ments, we found a similar effect of another inhibitor of NO in coronary perfusion pressure (Bauersachs et al. 1994).
synthaser-NNA, which lacks the antimuscarinic activity as In the present experiments on the aortic muscle strip, high
reported for.-NAME. This clearly indicates that the endothe- concentrations of SNP (18-10° M) induced a limited hyper-
lial release of NO is responsible for part of the smooth muscle polarization, which was endothelium independent. A siggll
E,, change in response to higher concentrations of acetyl-change by large concentrations {4®) of SNP was also
choline. In addition, the present results show that lower con- noted in the rabbit basilar artery (Rand and Garland 1992).
centrations of acetylcholine (1-8108 M), which already Given the small magnitude of th&,, changes obtained with
induce endothelium-dependent relaxation in preconstrictedthese SNP concentrations, and the uncertain amount of stretch
aortic rings (Van de Voorde et al. 1992), apparently mainly exerted on the muscle strip when mounting the preparation,
produce the slower component of hyperpolarization (Fig. 1A), our findings are not necessarily inconsistent with earlier re-
which is sensitive to inhibition of endogenous NO production. ports, in which no effect of (lower concentrations of) SNP on
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Fig. 4. Membrane potentialH,,) traces of rat aorta showing the enhancing influence of NO, not requiring the cGMP pathway,
influence of pre-exposure to M glibenclamide on the has been shown (Bolotina et al. 1994). On the other hand, it
hyperpolarization induced by sodium nitroprusside (SNP). (A) SNP  has been shown in rabbit thoracic aorta that NO and SNP cause
10°and 105 M were cumulatively applied. (B) SNP 1M and a time- and concentration-dependent stimulation of ouabain-
acetylcholine 16 M were sequentially applied. sensitive®®Rb uptake (Gupta et al. 1994). The mechanism for
A 10 min this NO-induced stimulation of NaK* ATPase was inde-
40 — pendent of the ability of NO to increase the intracellular cGMP
concentration but might involve Na—H exchange activation
2 50l (Gupta et al. 1994). The relatively slowly developing hyper-
t polarization observed with low concentrations of acetyl-
u choline in the present study (Fig. 1) might equally be explained
-eor by a similar action of NO in the rat aorta.
| In conclusion, the major new finding in this study is that in
7ol L Lo the rat aorta both endogenous and exogenous NO produce a
8 ACh 100 SNPI0S102 L Swotes small membrane hyperpolarization which is not inhibited by
“50r GLIBENCLAMIDE 10-5 glibenclamide (16 M), an inhibitor that completely antago-
2 nizes the effect on the membrane potential of thgdchannel
< -60} opener levcromakalim. The lack of inhibition of the NO-
w

induced hyperpolarization by glibenclamide contrasts with the
results obtained in the mesenteric artery from the same species

| I— 1 e SS— |

SNP 10-6 ACh105 ~ SNP106 ACh10% (Garland and McPherson 1992). These observations suggest

that NO-induced membrane hyperpolarization can result from
different mechanisms in different vessel types, the physiologi-
cal significance of which has yet to be determined.

E,, of the rat aorta (Taylor et al. 1988) has been described. In
addition, we found the magnitude of hyperpolarization to de- Acknowledgements
crease with repeated exposures to SNP. )
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