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Evidence that nitric oxide does not mediate the
hyperpolarization and relaxation to acetylcholine in the rat
small mesenteric artery
'Christopher J. Garland & 2Grant A. McPherson

Baker Medical Research Institute, Commercial Rd, Prahran, 3181 Victoria, Australia

1 Acetylcholine caused a concentration-dependent smooth muscle hyperpolarization and relaxation in
rat small mesenteric arteries (diameter at 100mmHg 250-450mm) stimulated with noradrenaline (3 jM).
2 Nitric oxide (NO), generated from either NO-gas or from acidified sodium nitrite, also induced smooth
muscle hyperpolarization but only in the absence of active force. However, unlike the hyperpolarizations
to acetylcholine, those to NO were abolished either by prior smooth muscle depolarization caused by
noradrenaline, or by the K+ channel blocker, glibenclamide (3 gM).
3 Hyperpolarization and relaxation to acetylcholine were unaffected by prior exposure of the mesenteric
artery to either the cyclo-oxygenase inhibitor, indomethacin (10piM), or the nitric oxide synthase inhibitor,
NG-nitro-L-arginine (L-NNA, 100pUM).
4 Haemoglobin (1.5 pM), which binds and inactivates NO, blocked the hyperpolarizing and vasorelaxant
response to NO, but did not alter either response to acetylcholine.
5 These data show that, in the rat small mesenteric artery, membrane hyperpolarizations to NO and
acetylcholine are mediated by different mechanisms, and that the hyperpolarization induced by NO is not
involved in the responses to acetylcholine. In addition, they provide evidence that the acetylcholine
responses in this artery, which are endothelium-dependent, are not mediated by the release of NO.
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Introduction

Acetylcholine and related cholinomimetics cause both vasorel-
axation and hyperpolarization in vascular smooth muscle cells
by an endothelium-dependent mechanism (Bolton et al., 1984;
Chen et al., 1988; Feletou & Vanhoutte, 1988; McPherson &
Angus, 1991; Rand & Garland, 1991). Smooth muscle relax-
ation follows the stimulation of soluble guanylate cyclase by a
diffusible factor which is released from endothelial cells
(EDRF; see Angus & Cocks, 1989). EDRF is thought to be
nitric oxide (NO) or a derivative, as the relaxation to acetyl-
choline is blocked in the presence of compounds such as hae-
moglobin, which 'capture' NO (Angus & Cocks, 1989).
Hyperpolarization to acetylcholine also appears to be medi-
ated, at least in part, by the release of a diffusible factor
(Feletou & Vanhoutte, 1988). However, in contrast to the
relaxation induced by acetylcholine, hyperpolarization is not
blocked by either oxyhaemoglobin or methylene blue, which
has led to the suggestion that a factor(s) distinct from NO is
also released from the endothelium. This factor(s) has been
termed endothelium-derived hyperpolarizing factor (EDHF;
Chen et al., 1988; Huang et al., 1988; Taylor & Weston, 1988).
The idea that acetylcholine-induced hyperpolarization

reflects an endothelial cell action distinct from the release of
NO, is supported by the failure to demonstrate hyperpolar-
ization to NO in rabbit cerebral and canine coronary arteries
(Brayden, 1990; Komori et al., 1988). However, this is not a
consistent observation, as Tare et al. (1990) have demon-
strated a clear hyperpolarization and relaxation to NO in
uterine arteries. These data suggest an important role for NO
in both membrane and tension responses of the uterine artery
to acetylcholine.
To date, the majority of studies indicate that an increase in

membrane permeability to K+ is responsible for the
acetylcholine-induced hyperpolarization, although the type of

K+-channel involved is not clear (see Longmore & Weston,
1990). Standen et al. (1989) showed in the rabbit middle cere-
bral artery, that the hyperpolarizations to acetylcholine, and a
number of other vasodilators, were sensitive to glibenclamide,
a compound which they showed could inhibit ATP-sensitive
K+ channels opened by cromakalim in vascular smooth
muscle cells. However, in isolated small mesenteric arteries
from the rat we have recently shown (McPherson & Angus,
1991) that acetylcholine causes a marked glibenclamide-
insensitive, endothelium-dependent hyperpolarization and
relaxation, suggesting different mechanisms of action of acetyl-
choline in the two vascular segments.
The purpose of the present study was to investigate the

possibility that the release of NO from endothelial cells was
responsible for the smooth muscle hyperpolarization to acetyl-
choline in the rat small mesenteric artery. We showed that
NO can produce hyperpolarization, but the mechanism
underlying this hyperpolarization is different from that in
response to acetylcholine. Further, the experiments indicate
that NO does not contribute to either the acetylcholine-
induced hyperpolarization or relaxation in this artery.

Methods

Isolation of resistance blood vessels

Wistar Kyoto (WKY) rat were killed by CO2 asphyxia. The
mesentery was rapidly removed and placed in ice cold Krebs
solution (composition in mM: NaCl 119, KCI 4.7, MgSO4
1.17, NaHCO3 25, KH2PO4 1.18, CaC12 2.5 and glucose 11)
gassed with 5% CO2 in 2 . A segment of rat small mesenteric
artery, 2mm in length, corresponding to a third to fourth
order branch from the superior mesenteric artery, was
mounted in a small vessel myograph as previously described
(Angus et al., 1988). Briefly, two 40,um wires were threaded
through the lumen of the vessel segment. One wire was
attached to a stationary support driven by a micrometer,
while the other was attached to an isometric force transducer.
Data were recorded on a dual-channel flat bed recorder
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(W&W Scientific Instruments, model 320) and on computer
disk. Vessels were allowed to equilibrate under zero force for
30min. Using the diameter of the vessel, calculated from the
distance between the two mounting wires, a passive diameter-
tension curve was constructed as previously described
(Mulvany & Halpern, 1977). From this curve the effective
transmural pressure was calculated. The vessel was set at a
tension equivalent to that generated at 0.9 times the diameter
of the vessel at 100mmHg. Non-linear curve fitting of the
passive diameter-tension curve was achieved by use of custom
written programmes for the IBM PC (NORMALIZE, GA
McPherson) which uses the Marquart-Levenberg modification
of the Gauss-Newton technique (McPherson, 1985). Vessel
diameters at an equivalent transmural pressure of 100mmHg
(D1o) are given in the text.

Electrophysiology

In experiments where the intracellular membrane potential
was monitored, the vessel was mounted as described above. A
conventional glass electrode (1 mm blanks, World Precision
Instruments Inc., New Haven, U.S.A.) filled with 0.5M KCI
(tip resistance approximately 100MQ) was used to impale a
single smooth muscle cell. The microelectrode was positioned
by a Burleigh Inchworm motor driven by a 6000 series con-
troller (Burleigh, U.S.A.). The microelectrode was advanced in
0.5gm steps until a stable impalement was achieved.
The bath containing the vessel (7 ml volume) was part of a

25 ml recirculating system which contained a jacketed organ
bath, where the Krebs solution was warmed and oxygenated.
Drugs could also be added at this site. This design allowed
cumulative steady-state concentration-effect curves to be con-
structed when assessing the electrophysiological effects of
acetylcholine. In some experiments the vessel was activated
with a sub-maximal concentration of noradrenaline (1-3, uM).
In these experiments changes in membrane potential and
active tension were recorded simultaneously. Concentration-
relaxation curves to acetylcholine showed a time dependent
decrease in sensitivity of about 3 fold between the first and
second curves. Subsequent curves (up to four) could be super-
imposed on the second. The second concentration-response
curve to acetylcholine was therefore used as the control
response in all studies.
NO containing solutions were prepared from either NO gas

or from acidified sodium nitrite. In the text these are referred
to as NOg and NOa respectively (see later). In view of the
unstable nature of NO, quantities of either were added to the
inlet port of the tissue bath from a gas tight syringe. The
amount added was expressed in terms of jmol injected in the
port. In some experiments infusions (Terfusion STC-521
syringe pump) of NOa were made into the inlet port of the
bath to simulate a steady-state application of the compound.

Data collection and analysis

Force and membrane potential data were captured by use of a
programme, DIGISCOPE (GA McPherson), custom written
for the IBM PC. This programme uses a DASH16 A/D card
(Metrabyte, U.S.A.) which collected and displayed data at
200Hz. Data were saved on hard disk and reproduced on a
Hewlett Packard 7470A plotter.

Concentration-effect curves were analysed by graphical pro-
cedures. Results in the text are the mean + s.e.mean for the
specified number of experiments.

Drugs

Nitric oxide stock solutions were prepared by injecting NO
gas into sealed vials containing cold distilled water which had
been degassed (30min) with helium (Palmer et al., 1987). Sub-
sequent dilutions were made in sealed vials with a gas-tight
syringe. NO gas was injected into the stock solutions in quan-
tities sufficient to produce a saturated solution based on the
solubility constant for NO in water at 1 ATM and 0°C (7.4 ml/
100 ml; Tracey et al., 1990). NO solutions were also prepared
from acidified sodium nitrite as previously described (Cocks &
Angus, 1990). A 100mm solution of sodium nitrite was pre-
pared in a sealed container in ice cold acidified (pH less than 2
with HCl) distilled water. The resultant solution was allowed
to stand for 10min. Dilutions were made with the same acid-
ified distilled water solution. In this case the concentration of
NO was assumed to be equivalent to the final concentration
of sodium nitrite in the solution.
Oxyhaemoglobin was prepared by reducing meth-

aemoglobin in the presence of sodium dithionite, and then
separating and collecting oxyhaemoglobin on a Sephadex
column. Oxyhaemoglobin was then quantified spectrophoto-
metrically, separated into aliquots and stored until required
(for up to 14 days) at -20°C (Martin et al., 1985).

Results

Electrophysiological and tension responses to
acetylcholine and nitric oxide (NO)

Acetylcholine Smooth muscle cells in the rat small mesen-
teric artery (D100 = 337 + 10mm, n = 22) had a resting mem-
brane potential of -57.0 + 1.2 mV (n = 42 cells, 16 different
vessels). In the absence of active tone, acetylcholine (0.01-
10pM) hyperpolarized these cells towards a membrane poten-
tial of -69 + 1 mV; an effect that was not sensitive to the
presence of glibenclamide (3#M) (Figure 1). Noradrenaline
(3pM) caused membrane depolarization to -35 + 2 mV
(n = 12 cells) in association with an increase in active force.
Figure 1 also shows simultaneous traces of changes in tension
and membrane potential in response to acetylcholine, in a
noradrenaline precontracted vessel (D100 = 336,um). Acetyl-
choline caused a concentration-dependent hyperpolarization
to -67 + 3 mV in the presence of the highest concentration of
acetylcholine used in this study (3pM), representing hyperpo-
larization of approximately 30mV. This hyperpolarization
was associated with over 90% reversal of the contractile
response. The absolute value for membrane potential attained
in the presence of acetylcholine (3puM) was similar whether
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The following drugs were used: acetylcholine bromide, hae-
moglobin, (-)-noradrenaline (+)-bitartrate (arterenol), NG-
nitro-L-arginine (Sigma); glibenclamide (Hoechst); sodium
nitrite (BDH, Analar grade). Nitric oxide and helium (research
grade) were both purchased from CIG Australia.

Figure 1 Effect of acetylcholine on rat small mesenteric artery in a

non-activated (a,b) and activated vessel. (a,b) Concentration-depen-
dent hyperpolarization to acetylcholine (-log M) in the absence (a)
and in the presence (b) of glibenclamide (Glib, 3pM). (cd) The effect of
acetylcholine on membrane potential (c) and tension development (d)
in a vessel preactivated with noradrenaline (NA, 3 gM).
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recorded in the absence or in the presence of depolarization
induced by noradrenaline (i.e. -69 versus -67 mV
respectively).

Nitric oxide In the absence of active tone, bolus applications
of NO, (0.1-1 ymol) caused a transient hyperpolarization of
between 3 and 9 mV (n = 16) which was dependent on the
dose injected into the bath (Figure 2a). A similar effect could
be mimicked by NOa generated from acidified sodium nitrite
solution. The hyperpolarization observed with NOa occurred
over a similar concentration-range (0.05-5 pmol) and varied in
amplitude to a maximum of 8.5 + 0.7mV (n = 8) (Figure 2b).
The hyperpolarization to NOg or NO, was reversibly blocked
by glibenclamide (3 pm, Figure 2). If NO3 or NO, were applied
against a background of noradrenaline-induced depolar-
ization greater than approximately 20 mV, hyperpolarization
to these compounds did not occur (Figure 3), although there
was a pronounced smooth muscle relaxation. Concentration-
relaxation curves constructed to either NO, or NOa (Figure
3), in the absence and presence of glibenclamide (3 Mm), were
not significantly different.

Because of the unstable nature of NO, the majority of the
studies described involved applying bolus injections close to
the vascular preparation. We wished to determine whether
similar results where obtained under steady state conditions
using a constant infusion of NO. Consequently, studies were
repeated with a constant infusion of NOa (2-16pumol min 1).
Under these conditions NO, caused a sustained hyperpolar-
ization which, like the more transient responses to bolus injec-
tions of NOa, could be blocked with glibenclamide (3pM).
(Figure 2c).
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Figure 2 Representative traces showing the effect of bolus injections
of NO on resting membrane potential in the rat small mesenteric
artery. Responses were obtained in the absence (left side) and presence
(right side) of glibenclamide (3 pM). (a) Dose-dependent hyperpolar-
izations to NO prepared from NO gas (NO3; pmol). (b) Dose-
dependent hyperpolarizations to NO generated from acidified
NaNO2 (NO,; pmol). (c) Hyperpolarization produced by infusions of
acidified NaNO2. In this case quantities of NO. are given as

ymol min - '. In this experiment the effect of acetylcholine (ACh 10p M)
was also assessed at the end of the experiment.
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Figure 3 (ab,c,d) Representative trace showing the responses to NO3
in the absence and presence (ac) of noradrenaline (NA, 3pM) to
induce active force: (ab) are the membrane potential and (cd) tension.
In the presence of active tone (ac) NO caused a marked relaxation
(c) in the absence of a change in membrane potential (a), while the
application of acetylcholine (ACh) was followed by a marked hyper-
polarization. Conversely, acetylcholine (-log M) caused a
concentration-dependent hyperpolarization and relaxation. In the
absence of active force (b,d) NO3 caused a marked hyperpolarizing
response (b). (e) Mean dose-relaxation response curves constructed in
rat small mesenteric arteries assessing the ability of nitric oxide (NO.)
to cause relaxation of tone induced by noradrenaline (3pM). Results
were obtained in the absence (0) or presence (0) of glibenclamide
(3 pM). Results are the mean obtained from 6 separate experiments;
s.e.mean shown by vertical bars.

Several control experiments were also performed to insure
that the mechanical and electrophysiological effect observed
with NO were not the result of the diluents, particularly in the
case of NOa which was made in acidified distilled water.
Figure 4 shows the result of one such experiment examining
the effect of NOa on membrane potential. The injection of
unacidified sodium nitrite or acidified distilled water were
without effect, while bubbling of the acidified sodium nitrite
solution (with 5% CO2 in 02 for 5min at room temperature)
markedly attenuated the hyperpolarizing response to NOa
(Figure 4).

Effect of NG-nitro-L-arginine, indomethacin and
oxyhaemoglobin on responses to acetylcholine

N0-nitro-L-arginine (L-NNA) (100pM) applied 20-60min
before noradrenaline and present during the subsequent appli-
cation of acetylcholine, did not alter the depolarization to
noradrenaline (membrane potential -39 + 4 mV). Hyperpo-
larization and relaxation in response to acetylcholine was
unaffected by the presence of L-NNA (Figure 5).

Indomethacin (10pM), applied 10min before noradrenaline
and present throughout the subsequent application of acetyl-
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Figure 6 Mean concentration-response curve constructed to acetyl-
choline examining its ability to relax noradrenaline (3puM) pre-
contracted rat small mesenteric artery in the absence (0) and in the
presence (0) of oxyhaemoglobin (1.5 pM). Results are the mean from 8
experiments; s.e.mean shown by vertical bars.
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Figure 4 Representative trace showing the effect of diluents used to
make the acidified nitrite-derived NOa. Responses were obtained to
acidified nitrite solution (50pl of a 100pM stock solution which is
equivalent to a dose of 5pumol) (a), non-acidified nitrite solution (5Ojul
of a 100pM stock) (b) and acidified distilled water (50pl) used to make
up the acidified nitrite (c). In addition the response to acidified nitrite
(5pmol), which had been bubbled for 5 min at room temperature with
5% CO2 in 02, is also given (d).

haemoglobin. Figure 7 shows an original trace where the
effects of acetylcholine and NOaon a noradrenaline (3pM)-
preactivated blood vessel were examined. While acetylcholine
caused a marked relaxation and hyperpolarization, the pro-
nounced relaxation to NOa observed in absence of oxyhaemo-
globin (Figure 3) was not observed in its presence (Figure 7b).
In the absence of active tone, where NOa caused a membrane
hyperpolarizing effect, NOa responses were also sensitive to
the actions of oxyhaemoglobin (1.5 pM) (Figure 8).

choline, did not modify either the electrophysiological or the
functional responses to noradrenaline or acetylcholine (Figure
5). This was the case if indomethacin was present alone or in
the presence of L-NNA (100pM). Noradrenaline depolar-
ized (-34 + 2mV cf. -34 + 5 mV) and contracted
(2.3 + 0.1mNmm 1 cf. 2.3 + 0.4mNmm'-) the rat small
mesenteric artery in the absence and presence of indomethacin
respectively, indicating that indomethacin did not alter the
conditions from which the actions of acetylcholine were
assessed.

Incubation of segments of mesenteric artery with oxy-
haemoglobin (1.5 M for t min) did not modify the vasorelax-
ant response (n = 8) to acetylcholine (Figure 6).
Electrophysiological studies (n = 3) showed that the hyperpo-
larizing effects of acetylcholine were not sensitive to oxy-
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Discussion

There are two main conclusions from this work. First, that in
the rat small mesenteric artery, hyperpolarizations to acetyl-
choline and NO are caused by different mechanisms and
second, that NO does not have an obligatory role in the
endothelium-dependent responses to acetylcholine. The first
conclusion is based on the ability to affect the hyperpolar-
ization to either acetylcholine or NO differentially. The
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Figure 5 Mean concentration-effect curves constructed to acetyl-
choline in the rat small mesenteric artery in the absence (0) and pre-
sence (0) of (a,c) NG-nitro-L-arginine (100puM) or (b,d) indomethacin
(10uM). (ab) Membrane potential changes induced by acetylcholine.
Points are means of 8-14 observations in 6-8 experiments. (c,d).
Relaxation of noradrenaline-induced contraction with acetylcholine in
a separate series experiments. Results are mean from 6-8 separate
experiments; s.e.mean shown by vertical bars.
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Figure 7 (a) Representative trace showing the effect of NO. (0.5 and
5pmol) and acetylcholine (ACh, 0.1 and 1pM) on membrane (a) and
tension (b) recorded simultaneously in a noradrenaline (3 pM)-precon-
tracted rat small mesenteric artery pretreated with oxyhaemoglobin
(1.5 pM).
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Figure 8 Representative trace showing the effect of NO, on mem-
brane potential in a rat small mesenteric artery. The experiment was

performed in the absence of active tone. Responses to NO. (5 umol)
were obtained in the absence and presence of oxyhaemoglobin
(1.5 FM).

second is based on the persistence of both the hyperpolar-
ization and relaxation to acetylcholine, after treatment of the
mesenteric artery with compounds that affect NO synthesis or
action (NO-synthase substrate inhibitor, oxyhaemoglobin or
glibenclamide).
The hyperpolarization caused by NO, but not acetylcholine,

could be blocked either by prior smooth muscle depolar-
ization or in the presence of the potassium channel blocker
glibenclamide. Why membrane depolarization should block
the NO-induce hyperpolarization is not clear, but it is similar
to the effect of depolarization on the responses to NO in the
guinea-pig uterine artery (Tare et al., 1990). In this artery,
smooth muscle depolarization with phenylephrine, to around
-30 mV, reduced the hyperpolarization to NO by over 70%.
However, in contrast to the present study, relaxation to NO
was also markedly reduced, as were both the hyperpolar-
ization and relaxation to acetylcholine. Tare and coworkers
(1990) suggested that their observations could be explained by
an increase in membrane conductance, which is responsible
for the depolarization, being sufficient to swamp the NO-
induced potassium conductance. The similar depression they
observed in both the acetylcholine-induced hyperpolarization
and relaxation was one piece of evidence indicating that NO
mediated the action of acetylcholine in the uterine artery. An
alternative explanation is that prior membrane depolarization
prevents the NO-activated K+-channels from opening. In this
situation, the channels would be similar to those comprising
the potassium selective inward rectifier found in arteriolar
smooth muscle (Edwards & Hirst, 1988). However, although
hyperpolarization was blocked at membrane potentials which
would prevent the opening of inwardly rectifying potassium
channels, the channels are not identical to those in guinea-pig
submucosal arterioles, as these latter channels were blocked in
the presence of millimolar concentrations of barium (Edwards
& Hirst, 1988) which failed to affect the acetylcholine-induced
hyperpolarization in rat small mesenteric artery (data not
shown). ATP-dependent K+ channels in other cell types show
inward rectification (Rorsman & Traube, 1990), which
together with the glibenclamide-sensitivity of the hyperpolar-
izations to NO in this study, might indicate an involvement
by this type of K+ channel. Whatever the precise explanation
for the reduction in hyperpolarization to NO, we did not

observe a voltage-dependent block of either the relaxation to
NO, or both the hyperpolarization and relaxation to acetyl-
choline. The magnitude of the hyperpolarizations to acetyl-
choline was in fact increased, as would be predicted by
depolarization shifting the membrane potential away from the
potassium equilibrium potential. These observations indicate
that different mechanisms are responsible for the NO- and
acetylcholine-induced hyperpolarizations in the mesenteric
artery, and also that the hyperpolarization to NO is not an
important mechanism in the relaxation response.

This idea is also supported by the different effect that gli-
benclamide displayed against the hyperpolarization to either
NO or acetylcholine in the rat small mesenteric artery. In this
and previous studies we have found that the hyperpolarization
and relaxation to acetylcholine are not blocked by glibencla-
mide, although glibenclamide could block similar responses to
cromakalim (McPherson & Angus, 1991). In addition, we now
show that, in contrast to the hyperpolarization to acetyl-
choline, that to NO in this artery can be blocked with gliben-
clamide. Apart from indicating that acetylcholine and NO
responses may be mediated by different membrane mecha-
nisms, the result may also indicate that the NO-induced
hyperpolarization occurs after activation of ATP-dependent
K+ channels. In cell types other than vascular smooth muscle,
glibenclamide is known to block ATP-dependent K+ channels
(see Rorsman & Trube, 1990). ATP-dependent K+-channels,
which can be activated by cromakalim and blocked by gliben-
clamide, have been described in excised patches from rabbit
and rat mesenteric artery. It has been suggested that these
channels could provide an important mechanism for produc-
ing hyperpolarization and subsequent relaxation in vascular
smooth muscle (Standen et al., 1989). Support for this idea
comes from experiments with the rabbit middle cerebral
artery, where glibenclamide antagonizes both the hyperpolar-
ization and relaxation to acetylcholine (Brayden, 1990). Some
caution is needed however, before assuming that because
hyperpolarization in vascular smooth muscle can be induced
by cromakalim and blocked by glibenclamide, it is necessarily
mediated by ATP-dependent K+ channels. For example, gli-
benclamide is several orders of magnitude less potent (aM) at
blocking hyperpolarization and relaxation in vascular smooth
muscle than it is in stimulating the release of insulin from pan-
creatic fl-cells, by blocking ATP-dependent K+ channels (nM
region, Sturgess et al., 1988; Zunkler et al., 1988). This sug-
gests that in these two cell types, the channels are not identi-
cal. In addition in experiments using cells dispersed from the
rabbit portal vein, cromakalim can activate a K+ channel
which is not ATP-dependent, and which closely resemble the
K+ channels that are responsible for delayed rectification
(Beech & Bolton, 1989).

It would also appear that, in the rat mesenteric artery of the
size we studied (approximately 350pm), NO contributes very
little in the responses to acetylcholine. Both L-NNA and oxy-
haemoglobin had no significant effect on either the relaxation
or the hyperpolarization to acetylcholine although the results
from these studies should be viewed with some caution. While
L-NNA has been shown to inhibit potently NO-synthase
present in endothelial cells, both in vitro and in vivo (Rees et
al., 1990), one assumption that we have made is that L-NNA
can enter the rat small mesenteric artery endothelial cell and
that it is a substrate for the NO-synthase in this cell. From the
present studies we cannot confirm this. However the results
with oxyhaemoglobin also suggests that NO has a small role
in the acetylcholine mediated relaxation and hyperpolar-
ization in the rat small mesenteric artery. We found oxy-
haemoglobin failed to effect the actions of acetylcholine at
concentrations (1.5 pM) that abolished the effects of NO.

That acetylcholine-mediated hyperpolarization is
oxyhaemoglobin-insensitive has been reported previously by
Chen et al. (1988). The finding that the relaxation response
shows a similar resistance is somewhat unusual and is sugges-
tive of another factor (apart from NO) mediating either one or
both of the effects of acetylcholine. In contrast to our findings,
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previous work on rat mesenteric arterial preparations has pro-
vided some evidence that NO is at least partially involved in
the relaxation response to acetylcholine. For example Fur-
chgott and co-workers (Furchgott et al., 1987), using a per-
fused rat mesenteric preparation, showed acetylcholine relax-
ation responses to be partially sensitive to haemoglobin
(10Mm). In addition, other studies have shown acetylcholine
responses in a blood-perfused mesenteric preparation, are sen-
sitive to methylene blue (Randall & Hiley, 1988). The reasons
for these differences are unclear at present. We have subse-
quently repeated some experiments with haemoglobin (41M,
data not shown), the maximum concentration practically
achievable in our system, and have found that vasorelaxation
and hyperpolarizing responses to acetylcholine are resistant.
The vessels characterized using the perfused mesenteric bed
would be of a smaller diameter than those used by us. One
possibility is that these smaller vessels use NO to a greater
extent to cause the vasorelaxant action. We are currently
testing this hypothesis. In any case, the finding that the con-
centration of haemoglobin used in the majority of our studies
successfully abolished responses to NO suggests the concen-
tration of haemoglobin was sufficient.

While it is likely that the acetylcholine-mediated hyperpo-
larization of the rat small mesenteric artery is not the result of
NO liberation, it is currently unclear what factor or mecha-
nism is responsible for the phenomenon. Previous studies have
shown that the hyperpolarization and relaxation responses to
acetylcholine can be blocked differentially (see introduction)
by oxyhaemoglobin and methylene blue, leading to the sug-
gestion that at least two factors are released from the endothe-
lium on stimulation with acetylcholine (Chen et al., 1988;
Feletou & Vanhoutte, 1988; Nishiye et al., 1989; Taylor &
Weston, 1990). One causes hyperpolarization (EDHF) and the
other relaxation (EDRF). The results from this study suggest
the possibility of a third factor/mechanism which does not
rely on NO as the signal carrier. The fact that indomethacin
did not reduce hyperpolarization to acetylcholine in this and
other studies (Chen et al., 1988; Feletou & Vanhoutte, 1988),
indicates that any unidentified hyperpolarizing factor is prob-
ably not a product of cyclo-oxygenase activity. An alternative
or additional possibility, is that acetylcholine may directly
hyperpolarize endothelial cells, and this hyperpolarization
may spread electrotonically through the arterial media,
closing voltage-operated calcium channels and inducing relax-
ation (Mekata, 1986). Such a process would, by definition,
operate through voltage-dependent K+ channels. Support for
this idea comes from the finding that acetylcholine can
directly hyperpolarize endothelial cells, and the knowledge
that areas of close contact, which might support electrical
transmission, are present between endothelial and vascular
smooth muscle cells (Busse et al., 1988; Spagnoli et al., 1982;

Taugner et al., 1984). The only study to date which has
directly investigated this possibility involved simultaneous
intracellular recording from an endothelial cell and a neigh-
bouring smooth muscle cell in pig coronary artery (Beny,
1990). Although bradykinin hyperpolarized both the endothe-
lial and smooth muscle cell, this appeared to be, in both cells,
a direct effect of bradykinin, as the injection of either current
or lucifer yellow into endothelial cells, failed to provide any
evidence for coupling between these cells. However, this does
not mean that such coupling is not important in other vessels,
particularly smaller resistance arteries. A variation in coupling
between different arteries may go some way towards explain-
ing the variation in both the size and duration of hyperpolar-
ization caused by acetylcholine.

Lastly, some other technical considerations are worth con-
sidering. First we generated NO from two separate sources,
NO gas and acidified nitrite, because we were concerned that
the results obtained with NO generated from acidified nitrite,
may be complicated by the presence of other nitro com-
pounds. However, results obtained examining the actions of
both NO preparations on the rat small mesenteric artery were
similar, suggesting this was not the case. In addition we
showed acidified distilled water and unacidified sodium nitrite,
both major contaminants, were without effect on the rat small
mesenteric artery. We were also concerned that NO liberated
from the endothelium by acetylcholine has characteristics dif-
fering from NO injected near the vessel using a flow through
perfusion system. In the first case, the smooth muscle cells
underlying the endothelium would be exposed to a steady
state level ofNO released in close apposition to the muscle by
acetylcholine. However, when injected into the bath the tissue
would be exposed to a transient amount of NO. We feel this
was not a complicating issue since, in experiments where NO
was applied under steady state conditions via an infusion
pump, the responses showed the same characteristics as when
applied in a bolus fashion.

In summary, these data show that NO can hyperpolarize
smooth muscle cells in the rat mesenteric artery, but by a dif-
ferent membrane mechanism to acetylcholine. Further, they
indicate that any NO which is released by acetylcholine
stimulating the endothelium has an insignificant role in the
subsequent pronounced smooth muscle hyperpolarization and
relaxation. The mechanisms underlying these responses are
not clear and require further investigation.
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