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1 In this study the role of nitric oxide synthase (NOS) in the acute activation of large conductance,
Ca2+-activated K+ channels (BK channels) by internally applied E. coli lipopolysaccharide (LPS,
endotoxin) was examined in vascular smooth muscle cells.

2 Cerebrovascular smooth muscle cells (CVSMCs) were enzymatically dispersed from the middle,
posterior communicating and posterior cerebral arteries of adult Wistar rats and maintained at 48C for
2 ± 4 days before recording with standard patch-clamp techniques.

3 Acute application of LPS (100 mg ml71) to inside-out patches of CVSMC membrane isolated in a
cell-free environment rapidly and reversibly increased the open probability, Po of BK channels in these
patches by 3.3+0.30 fold.

4 Acute application of the nitric oxide (NO) donor sodium nitroprusside (SNP, 100 mM) to inside-out
patches of CVSMC membrane, studied in the presence of intact cells, also reversibly increased Po, by
some 1.8+0.2 fold over control.

5 Kinetic analysis showed that both LPS and SNP increased Po by accelerating the rate of BK channel
reopening, rather than by retarding the closure of open channels.

6 Neither LPS nor SNP altered the reversal potential or conductance of BK channels.

7 The NOS substrate L-arginine (1 mM) potentiated the acute activation of BK channels by LPS, while
the synthetic enantiomer D-arginine (1 mM) inhibited the action of LPS on BK channels.

8 The acute activation of BK channels by LPS was suppressed by pre-incubation of cells with No-nitro-
L-arginine (50 mM) or No-nitro-L-arginine methyl ester (1 mM), two competitive antagonists of nitric
oxide synthases. No-nitro-D-arginine (50 mM), a poor inhibitor of NOS in in vitro assays, had no e�ect on
BK channel activation by LPS.

9 These results indicate that excised, inside-out patches of CVSMC membrane exhibit a NOS-like
activity which is acutely activated when LPS is present at the cytoplasmic membrane surface. Possible
relationships between this novel mechanism and the properties of known isoforms of nitric oxide
synthase are discussed.
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Introduction

An important common factor in meningitis caused by Gram-
negative bacteria is the presence of lipopolysaccharide (LPS)

or endotoxin, an outer membrane component released after
lysis of the bacterial cells (Friedland et al., 1993; Rietschel et
al., 1994). LPS triggers the secretion of vasoactive cytokines

from activated neutrophils in the subarachnoid space (Saez-
Llorens et al., 1990; Townsend & Scheld, 1993). In part, these
cytokines may mediate the marked cerebrovascular changes

seen in infected patients, which include impaired autoregula-
tion, spasm and abnormal vasodilatation (Igarashi et al., 1984;
Yamashima et al., 1985; Beasley & Eldrige, 1994).

However, LPS also relaxes isolated cerebral and systemic

vessels studied in vitro (Marczin et al., 1993; Ueno & Lee, 1993).
This e�ect is apparently mediated by the L-arginine-nitric oxide
guanosine 3':5'-cyclic monophosphate (cyclic GMP) pathway,

in which nitric oxide (NO) is synthesized from L-arginine by
nitric oxide synthases (NOSs) (Bredt & Snyder, 1990; Knowles
& Moncada, 1994). Subsequent binding of NO to cyclic GMP-

dependent protein kinase (cyclic GMP-PK) (Ignarro, 1990;
Schmidt et al., 1993) results in the phosphorylation and
activation of large conductance, Ca2+-dependent K+ channels

(BK channels) in vascular smooth muscle cells (VSMCs)
(Robertson et al., 1993; Taniguchi et al., 1993; Bolotina et al.,

1994; Archer et al., 1994). These channels are believed to
control myogenic tone in blood vessels, an important

mechanism in the autoregulation of blood ¯ow in the brain
and other organs (Brayden & Nelson, 1992; Asano et al., 1993;
Nelson & Quayle, 1995).

Under normal conditions, basal levels of NO are generated
in the vascular system mainly by the Ca2+/calmodulin-
dependent constitutive NOS (eNOS) of endothelial cells

(Faraci & Brian, 1994; Huang et al., 1995). However, bath
application of LPS for several hours leads to the expression of
an inducible NOS (iNOS) in both vascular endothelia and
smooth muscle cells (Fleming et al, 1991; Miyoshi & Nakaya,

1994). It has been suggested that over-production of NO by
iNOS results in excessive activation of BK channels in
cerebrovascular smooth muscle cells (CVSMCs), leading to

the abnormal dilatation of cerebral vessels seen in meningitis
patients (Marczin et al., 1993; Schmidt et al., 1993).

However, we have recently shown (Hoang &Mathers, 1996)

that high concentrations of LPS (10 ± 100 mg ml71) applied to
the cytoplasmic face of the CVSMC membrane activates BK
channels within one minute, a time scale which is apparently

much too rapid to permit iNOS induction. Since the only
known link between LPS and BK channel function is NO
synthesis, we have now examined the e�ects of NOS substrates
and inhibitors on the acute activation of BK channels by

internally applied LPS. We have also compared the e�ects of1Author for correspondence.
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LPS on BK channel gating with those of the nitric oxide
donor, sodium nitroprusside (SNP) (Smith & Kruszyna, 1974;
Ivankovich et al., 1978). Preliminary accounts of some of these

results have appeared (Chen & Mathers, 1995; Hoang &
Mathers, 1996).

Methods

Cell separation

CVSMCs were enzymatically dissociated from the middle,
posterior communicating and posterior cerebral arteries of

adult Wistar rats (250 ± 300 g) by use of 0.1% trypsin and
0.3% collagenase (Wang & Mathers, 1993). Dispersed cells
were washed and resuspended in minimum essential medium

(Gibco, Grand Island, New York) containing 15% horse
serum (heat inactivated) and 10 mM HEPES (Gibco). Cells
were plated onto glass cover-slips pre-coated with poly-D-
lysine and laminin, and maintained for 2 ± 4 days at 48C before

recording. The positions of individual cells used for recording
were noted by their spatial relationship to surrounding cells in
the microscope ®eld of view. These cells were subsequently

identi®ed as CVSMCs by use of a monoclonal antibody
speci®c for smooth muscle a-actin (Wang et al., 1991).

Single-cell electrophysiology

Patch-clamp recordings took place at 21 ± 238C, within 1 ±

5 h of removal of cells from the incubator. Inside-out
membrane patches were excised from CVSMCs by use of
published methods (Hamill et al., 1981) and voltage-clamped
to a membrane potential, V=750 mV or V=+20 mV.

During experiments with LPS, excised, inside-out patches of
CVSMC membrane were completely isolated from all cells in
the culture dish by translocating the patch electrode to the

second, cell-free compartment of a dual-well recording
chamber. This prevented e�ects on BK channels by
vasoactive substances released from neutrophils and en-

dothelia in response to LPS application (Saez-Llorens et al.,
1990; Townsend & Scheld, 1993). In experiments in which
sodium nitroprusside was employed, excised, inside-out
membrane patches were studied in the culture dish of their

origin, since the presence of cells promotes the rapid
liberation of NO from this molecule (Ivankovich et al.,
1978). In view of the short half-life of NO in solution

(Bolotina et al., 1994), SNP-containing salines were kept
sealed from room air until immediately before use.

The solution bathing the exposed cytoplasmic face of

membrane patches could be replaced within 30 s by a saline
containing test agents. The identity of BK channels in our
membrane patches was con®rmed by their large conductance

(4200 pS) and block by 10 mM tetraethylammonium ions
(TEA+) or by 5 nM free Ca2+ saline applied to the cytoplasmic
membrane surface (Brayden & Nelson, 1992; Wang &
Mathers, 1993). This low calcium solution had the following

composition, in mM: KCl 140, CaCl2 0.267, EGTA 3, HEPES
10; pH 7.4.

Patch current (bandwidth dc-2 kHz, - 3 dB Bessel) and

voltage were analysed by use of commercial software
(Instrutech Corporation, U.S.A.). Simplex maximization of
likelihood was employed to ®t exponential components to the

observed open and closed time distributions. In order to
increase the e�ciency of curve ®tting, these distributions were
plotted as the square root of the number of observations
(ordinates) against the logarithm of the open or closed time

(abscissae). Frequency distributions of current amplitudes
were ®tted by Simplex methods to computer-generated
Gaussian functions.

The probability, Po of ®nding a single BK channel in the
open state during a recording of total duration, Ttot was
calculated from the relation Po=(T1+2.T2+...+N.TN)/N.Ttot.

Here, N is the total number of functional BK channels in the
patch, estimated under conditions which strongly favour
channel opening. T1, T2, ...TN were the times when at least
1,2 ... N channels were open.

Drugs and solutions

Patch electrodes (10 ± 15 MO resistance) were ®lled with
solution A of composition (in mM): KCl 140, CaCl2 1.48,
HEPES 10 and EGTA 3; pH 7.4 (free calcium concentration

50 nM). The cytoplasmic face of inside-out membrane patches
was normally exposed to solution B of composition (in mM):
KCl 140, CaCl2 2.86, HEPES 10 and EGTA 3; pH 7.4 (free
calcium concentration 1 mM).

LPS (E. coli serotype 0127:B8, Sigma, U.S.A.) was
suspended in solution B by vortexing immediately before its
application. Sodium nitroprusside (SNP), L-arginine (L-Arg),

D-arginine (D-Arg), No-nitro-L-arginine methyl ester (L-
NAME), No-nitro-L-arginine (L-NOARG) and No-nitro-D-
arginine (D-NOARG) were also obtained from Sigma and

dissolved in solution B before use. Cells were pre-incubated for
1 ± 2 h (L-NAME) or 15 ± 20 min (D-NOARG, L-NOARG) at
218C in the presence of the inhibitor, dissolved in solution B.

The same concentration of inhibitor was also present during
recordings made with inside-out membrane patches excised
from these cells.

Statistical analysis

Results are expressed as mean+s.e.mean. Parametric ANOVA

statistics were used to evaluate di�erences between experi-
mental groups, except in the case of normalized data, in which
the Kruskal-Wallis multiple comparison test was substituted.

A P value of less than 0.05 was held to be signi®cant. For
normalized data, the e�ects of agents on Po were expressed as a
percentage change from the corresponding control value taken
from the same membrane patch, i.e. % change in Po=[(Po(Drug)
7Po(Control))/Po(Control)]6100.

Results

SNP mimics the e�ects of LPS on the kinetics of BK
channel gating and both agents leave channel
conductance unchanged

As an initial test for the involvement of NO in the action of
LPS, the e�ects of endotoxin on the kinetics and conductance
of BK channels were compared with those of the NO donor,
SNP. LPS (100 mg ml71) was applied to inside-out patches of

CVSMC membrane completely isolated in a cell-free environ-
ment, while SNP (100 mM) was applied to membrane patches
studied in the culture dish of origin. Both agents rapidly and

reversibly increased Po in BK channels (Figure 1, Table 1).
Amplitude distributions for single channel currents seen in the
presence of LPS or SNP remained well described by single

Gaussian terms with modal values typical of BK channels in
the CVSMC membrane (not shown). Neither LPS nor SNP
altered the reversal potential or conductance of BK channels
(see Table 1).
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Open time distributions of BK channel currents studied in
control patches were well described by the sum of two
exponential functions, that is y=Aof.e

7t/t
of+Aos.e

7t/t
os. Here,

the fast and slow time constants tof and tos governed the
amplitude terms Aof and Aos respectively. In the presence of
100 mM SNP or of 100 mg ml71 LPS, open time distributions

remained of this form (Figure 2). Similarly, the mean open
time of BK channels, calculated from the relation topen=Aof/
(Aof+Aos).tof+Aos/(Aof+Aos).tos was unchanged on exposure
to SNP or LPS (Table 1).

Kinetic analysis was also performed for closed time
distributions of BK channel currents. In both the absence and
presence of SNP or of LPS, these distributions were well

described by the sum of two exponentials (Figure 3). Exposure
to SNP or to LPS had no e�ect on the time constant governing
the short duration channel closures, tcf. However, the time

constant which governed long duration closures, tcs was
signi®cantly reduced by application of SNP or of LPS, as was
the mean closed time of BK channels, tclosed (Table 2). These
results indicated that SNP and LPS exert qualitatively similar

e�ects on the kinetic properties of single BK channels in the
CVSMC membrane. Both agents increased Po by accelerating
the rate of channel reopening, rather than by retarding the

closure of open channels.

The NOS substrate L-Arg potentiates the acute
activation of BK channels by LPS, while D-Arg inhibits
LPS action

Application of the nitric oxide synthase substrate L-Arg
potentiates NOS-mediated signalling in vascular tissues

(Miyoshi & Nakaya, 1994). Known NOS isoforms bind the
amino acid with a�nities in the range of 2 ± 4 mM (Schmidt et
al., 1993). The e�ect of micromolar concentrations of L-Arg on

BK channel activation by LPS was therefore examined.
When applied by itself (Figure 4a), L-Arg (1 mM) produced a

small, reversible increase in the openprobability ofBKchannels,

averaging 68+19%over control values (n=6patches,P50.05).
In addition, application of 100 mg ml71 LPS in the presence of
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Figure 1 Reversible activation of BK channels in two di�erent isolated, inside-out patches of CVSMC membrane by application of
(a) 100 mM SNP or (b) 100 mg ml71 LPS. These patches were voltage-clamped at a membrane potential, V=750 mV and each
patch contained a single BK channel. 0 and 1 denote channel closed and channel open states, respectively. The dashed lines indicate
mean channel current in the open state. Mean channel currents and open probabilities for records from which these sample traces
were obtained were as follows. Control 711.6 pA, 0.072; SNP 711.8 pA, 0.206; wash 711.8 pA, 0.051. Control 711.8 pA, 0.064;
LPS 711.5 pA, 0.412; wash 711.7 pA, 0.105. Bandwidth of recordings dc-1 kHz. [Ca2+]i=1 mM.

Table 1 E�ects of SNP (100 mM) or of LPS (100 mg ml71)
on the open probability, P0, conductance and mean open
time of BK channels

Drug Control Drug Wash P

Open probability
LPS
SNP

0.04+0.01
0.09+0.02

0.13+0.04
0.16+0.05

0.03+0.01
0.13+0.05

50.05
50.05

Conductance (pS)
LPS
SNP

219+12
225+13

223+10
239+10

218+11
230+11

NS
NS

Mean open time (ms)
LPS
SNP

8.9+1.2
10.2+1.9

10.2+1.8
10.8+2.4

8.2+2.1
10.4+2.0

NS
NS

The BK channels were studied in isolated, inside-out patches
of CVSMC membrane voltage clamped to a potential
V=750 mV with [Ca2+]i=1 mM. Both agents were applied
to the exposed, cytoplasmic face of the isolated membrane
patches by bath perfusion. Values given represent the
mean+s.e.mean for 6 patches studied in the LPS group and
10 patches studied with SNP. P50.05 indicates signi®cantly
di�erent from the corresponding control value (ANOVA)
while NS indicates not signi®cantly di�erent from control.
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1 mML-Argproduced a larger potentiation inPo than that seen in
the absence of the amino acid (Figures 4b and 5).

Nitric oxide synthases exhibit stereospeci®city in substrate

selection, and strongly favour the naturally occurring isomer
L-Arg over the synthetic enantiomer D-Arg (Knowles &
Moncada, 1994). The e�ects of D-Arg on BK channel

activation by LPS were therefore examined. Applied in the
absence of LPS, 1 mM D-Arg did not itself alter the open
probability of BK channels (mean increase over control,
0.8+31%, P40.05). However, when co-applied with

100 mg ml71 LPS, 1 mM D-Arg signi®cantly inhibited the e�ect
of LPS on BK channel activation (Figure 5).

The acute activation of BK channels by LPS is blocked
by the competitive NOS inhibitors L-NAME and L-
NOARG, but not by D-NOARG

The role of NO in LPS-induced enhancement of BK channel
opening was further studied with L-NAME, a competitive,
reversible antagonist of L-arginine binding to NO synthases

(Schmidt et al., 1993; Knowles & Moncada, 1994). Cells were
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Figure 2 E�ects of 100 mM SNP (b) or 100 mg ml71 LPS (d) on the
open time distributions of BK channels in two inside-out patches of
CVSMC membrane voltage-clamped to V=750 mV with
[Ca2+]i=1 mM. These open time distributions were plotted as the
square root of the number of observations (ordinates) against the
logarithm of the open time (abscissae). (a and b) Open time
distributions obtained from the ®rst membrane patch in (a) control
(550 channel openings) and (b) SNP-containing salines (561 channel
openings). Both distributions were well described by the sum of two
exponential terms (smooth curves) with the following ®t parameters
de®ned in the text. Control: tof=2.1 ms; tos=13.4 ms. SNP:
tof=2.3 ms; tos=13.3 ms. Mean channel open times, topen calculated
as de®ned in the text, were 11.2 ms and 10.8 ms, respectively. The
arrows indicate the positions of tof and tos on the time axis. (c and d)
Open time distributions obtained from the second membrane patch
bathed in (c) control (613 channel openings) and (d) LPS-containing
salines (682 channel openings). Each distribution was well described
by the sum of two exponential terms (smooth curves) with the
following ®t parameters de®ned in the text. Control: tof=3.2 ms;
tos=17.3 ms. LPS: tof=6.1 ms; tos=27.8 ms. Mean channel open
times, topen were 11.9 ms and 18.0 ms for control and LPS data,
respectively.
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Figure 3 E�ects of 100 mM SNP (b) or 100 mg ml71 LPS (d) on
the closed time distributions of BK channel currents in two inside-
out patches of CVSMC membrane voltage-clamped to V=750 mV
with [Ca2+]i=1 mM. These closed time distributions were plotted as
the square root of the number of observations (ordinates) against
the logarithm of the closed time (abscissae). (a and b) Closed time
distributions obtained from the ®rst of these patches exposed to (a)
control saline (526 closings) or (b) SNP saline (500 closings). These
distributions were well described by the sum of two exponentials
(smooth curves) with the following parameters. Control:
tcf=0.4 ms; tcs=235 ms. SNP: tcf=0.5 ms; tcs=177 ms. Mean
channel closed times, tclosed were calculated as 146 ms and
103 ms for control and SNP data, respectively. The arrows indicate
the positions of tcf and tcs on the time axis. (c and d) Closed time
distributions obtained from the second patch exposed to (c) control
saline (556 closings) or (d) LPS saline (573 closings). These
distributions were well described by the sum of two exponentials
(smooth curves) with the following parameters. Control:
tcf=0.4 ms; tcs=172 ms. LPS: tcf=0.42 ms; tcs=103 ms. Mean
channel closed times, tclosed were calculated as 124 ms and 61 ms
for control and LPS data, respectively.

Table 2 E�ect of LPS (100 mg ml71) and SNP (100 mM) on
the time constants (ms) describing brief BK channel closings
(tcf) and long channel closings (tcs)

Control Drug Wash P

LPS
tcf
tcs
tclosed

0.4+0.1
284+46
151+32

0.4+0.1
122+22
46+12

0.4+0.1
267+61
160+46

NS
50.05
50.05

SNP
tcf
tcs
tclosed

0.6+0.1
313+26
120+32

0.7+0.1
188+15
71+18

0.5+0.2
302+21
101+28

NS
50.05
50.05

Also shown is the e�ect of these agents on the mean closed
time (ms) of BK channels (tclosed), as calculated from the
equation tclosed=Acf/(Acf+Acs).tcf+Acs/(Acf+Acs).tcs. Here,
Acf and Acs were the relative areas of the two exponential
terms ®tted to observed closed time distributions. Data were
obtained as in Table 1 from 6 patches studied with LPS and
10 patches studied with SNP. NS, not signi®cantly di�erent
from control. P50.05, signi®cantly di�erent than value seen
in corresponding control (ANOVA).
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pre-incubated for 1 ± 2 h in the presence of 1 mM L-NAME
before the membrane patch excision. L-NAME (1 mM) was
also present during recording from these patches. Under these

conditions, Po values measured in the presence of 100 mg ml71

LPS were not signi®cantly di�erent from values obtained
before the application of endotoxin (Figure 6).

Alkyl ester analogues of arginine are known (Buxton et al.,

1993) to act as muscarinic receptor antagonists at concentrations
of 50.1 mM, which are also required to inhibit e�ectively some
NOS-mediated pathways (Quian& Jones, 1995). Accordingly, we

repeated this experiment with the more potent NOS inhibitor L-
NOARG which blocks NOS activity with an IC50 of 10 ± 20 mM
and lacks anti-muscarinic e�ects (Dawson et al., 1991; Michel et
al., 1993). Cells were preincubated for 15 ± 20 min in 50 mM L-

NOARG, and the drug was also present at this concentration
during recording from excised membrane patches. Under these
conditions, 50 mM L-NOARG abolished the enhancement in Po
normally seen on application of 100 mg ml71 LPS (Figure 6).

As a control of possible non-speci®c e�ects of L-NOARG
on BK channels, cells were pre-incubated in 50 mM D-NOARG

for 15 ± 20 min at room temperature, before membrane patch
excision. This agent was also present at the same concentration
during recording from these excised membrane patches. D-
NOARG has been shown to be considerably less active than L-

NOARG as an inhibitor of NOS in in vitro assays of enzyme
function (Wang et al., 1993). As shown in Figure 6, D-
NOARG had no e�ect on the acute activation of BK channels

by LPS.
We next omitted the cell pre-incubation step from this

experimental protocol, in order to determine the acute e�ects

of L-NAME and L-NOARG on BK channel gating in the
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Figure 4 (a) E�ect of 1 mM L-arginine (L-Arg) on the open
probability, Po of BK channels in an isolated, inside-out patch of
CVSMC membrane voltage-clamped to V=+20 mV with
[Ca2+]i=1 mM. The vertical scale bar indicates current levels when
zero (C) or 1 BK channel was open. In control saline, Po was 0.004,
and this increased to 0.006 in the presence of L-Arg. On return to
control saline, Po declined to 0.003. (b) Potentiation of LPS
activation of BK channels in the presence of L-arginine (L-Arg).
Traces were obtained from a second, inside-out patch, voltage-
clamped at V=+20 mV with [Ca2+]i=1 mM. The vertical scale bars
indicate current levels when zero (C) or 1 ± 6 BK channels were open
in this membrane patch. Replacement of control saline by a solution
containing 100 mg ml71 LPS increased Po from 0.019 to 0.082. When
1 mM L-Arg was co-applied with the LPS, Po increased further to
0.184. On return to control saline, Po recovered to a value of 0.035.

LPS/control


LPS+L-Arg/L-Arg


LPS+D-Arg/D-Arg

800


600


400


200


0

%
 in

cr
ea

se
 in

 P
o

Figure 5 E�ects of 1 mM L-arginine (L-Arg) or of 1 mM D-arginine
(D-Arg) on the increase in BK channel open probability, Po caused
by application of 100 mg ml71 LPS to isolated inside-out patches
of CVSMC membrane. All patches were voltage-clamped to
V=20 mV with [Ca2+]i=1 mM. Results were expressed as the
mean percentage increase in Po seen on replacement of control by
LPS solution (n=7 patches), of L-Arg saline by saline containing
both LPS and L-Arg (n=4), or of D-Arg saline by solution
containing both LPS and D-Arg (n=4). The Newman-Keuls test
indicated that the increase in Po seen on replacing L-Arg with
LPS+L-Arg saline was signi®cantly larger than that seen on
replacing control saline with LPS solution (*P50.05). In contrast,
the increase in Po seen on replacing D-Arg saline with LPS+D-Arg
solution was signi®cantly less than that seen on replacing control
saline with LPS solution (**P50.05).
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Figure 6 Inhibition of the potentiating e�ect of 100 mg ml71 LPS
on BK channel opening by the NOS inhibitors L-NAME (1 mM)
and L-NOARG (50 mM) but not by D-NOARG (50 mM). All patches
were voltage-clamped to V=20 mV with [Ca2+]i=1 mM. In
experiments with L-NAME, CVSMCs were pre-incubated with this
agent for 1 ± 2 h before the membrane patch excision. In
experiments with L-NOARG or D-NOARG, CVSMCs were pre-
incubated with one of these agents for 15 ± 20 min before the patch
excision. Results are expressed as the mean percentage increase in Po
seen on replacing control saline with LPS saline (n=33 patches), L-
NOARG saline with solution containing LPS+L-NOARG (n=5),
L-NAME saline with solution containing LPS+L-NAME (n=5) or
D-NOARG solution with saline containing LPS+D-NOARG (n=4).
The Newman Keuls test indicated that the mean increases in Po seen
in the presence of L-NOARG or L-NAME were signi®cantly smaller
than that seen on replacing control with LPS saline (*P50.05). In
addition, the increase in Po seen on replacing L-NOARG saline with
LPS+L-NOARG solution was not signi®cantly di�erent from zero
increase (**). On replacing D-NOARG saline with solution contain-
ing LPS+D-NOARG, the increase in Po was not signi®cantly
di�erent from that seen on replacing control saline with LPS
solution.
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absence and presence of LPS. Under these conditions,
inconsistent results were obtained, since only some patches
showed diminished LPS responses in the presence of acutely

applied NOS inhibitors. This indicated that the blocking
action of these agents on LPS responses required a period of
time for its development. The time-dependent block of a

putative NOS-mediated pathway by L-NOARG has previously
been observed during the endothelium-dependent relaxation of
rat aortic rings studied in vitro (Wang et al., 1993).

The acute application of 1 mM L-NAME to isolated inside-

out patches was found to have no signi®cant e�ects on either
the open probability or conductance of BK channels in these
patches (control Po=0.04+0.01, L-NAME, 0.03+0.01; con-

trol conductance, 219+12 pS, L-NAME, 218+22 pS, n=6,
P40.05, ANOVA). Similarly, acute application of 50 mM L-
NOARG also had no e�ects on these parameters (control

Po=0.02+0.01, L-NOARG, 0.03+0.01; control conductance,
246+5 pS, L-NOARG, 246+6 pS, n=4, P40.05, ANOVA).

Discussion

Acute application of LPS or of the known NO releaser SNP

rapidly and reversibly increased the open probability of BK
channels in inside-out patches of CVSMC membrane. Both
agents accelerated the kinetics of BK channel opening, leaving

the closing kinetics and conductance of BK channels unaltered.
The e�ects of SNP on BK channel function were as noted in a
previous study performed on rat aortic smooth muscle

(Bolotina et al., 1994). No evidence was found for activation
of small conductance, Ca2+-dependent K+ channels by SNP, as
shown in rat mesenteric artery smooth muscle (Tang & Zhang,
1993), since the amplitude distributions of the single channel

currents remained well described by single terms typical of BK
channels.

The activation of BK channels by LPS was suppressed by

the competitive NOS inhibitors L-NAME and L-NOARG,
but not by the less active inhibitor D-NOARG, and was
potentiated in a stereospeci®c manner by the NOS substrate

L-arginine. These results are consistent with the view that
LPS action was mediated by a NOS-like enzyme present in
isolated, inside-out patches of CVSMC membrane. These
observations also decrease the likelihood that LPS activates

BK channels by a simple, direct interaction with the channel
protein.

NO synthases exist in three known isoforms in vascular

tissues, namely nNOS and eNOS, constitutively expressed in
perivascular neurones and in endothelial cells, respectively,
and iNOS, induced by exposure to LPS and/or cytokines in

smooth muscle cells, endothelia and macrophages (Schmidt
et al., 1992; 1993; Knowles & Moncada, 1994). Following
pre-incubation with externally applied LPS for several hours,

smooth muscle cells of porcine coronary arteries generate
NO when supplied with exogenous L-arginine in the bathing
solution, presumably as a result of iNOS induction.
Furthermore, the NO so produced rapidly activates BK

channels in cell-attached patches of smooth muscle
membrane (Miyoshi & Nakaya, 1994; Taguchi et al.,
1996). However, induction of iNOS requires 1 ± 4 h exposure

of cells to endotoxin and involves protein synthesis, tyrosine
kinase activity and transcription of the TNF-a gene (Julou-
Schae�er et al., 1991; Salter et al., 1991; Szabo et al., 1993).

Given the very short latency period seen in the present
response to LPS, and its occurrence in an isolated
membrane preparation, it is unlikely that our results were
due to the acute induction of iNOS by LPS.

Attempts to detect the presence of constitutive NOS in
vascular smooth muscle by use of cytochemical methods have
to date yielded con¯icting results. Vascular smooth muscle cells

from normal adult rats generally fail to react to anti-sera raised
against eNOS (FoÈ stermann et al., 1991; Loesch et al., 1994) or
iNOS (Buttery et al., 1994). However, eNOS-like immunor-

eactivity has been observed in arterial smooth muscle of new-
born Wistar rats (Loesch & Burnstock, 1995). In addition,
nicotinamide-adenine-dinucleotide phosphate (NADPH)-de-
pendent diaphorase activity, which frequently colocalizes with

NO synthase in other tissues (Schmidt et al., 1992; Gabbott &
Bacon, 1993), is found in the smooth muscle cells of large-
diameter cerebral arteries of adult rats (Gabbott & Bacon,

1993), the vessels employed in the present study.
A number of functional studies have failed to detect

constitutive NOS enzymatic activity in vascular smooth muscle

cells (Bredt & Snyder, 1990; Fleming et al., 1991; Nozaki et al.,
1993). However, the marked facilitatory e�ects of NOS
inhibitors on contractions in endothelium-denuded strips of
aorta and carotid artery suggest that some VSMCs do indeed

possess a constitutive form of NOS (Charpie & Webb, 1993;
Yeh et al., 1996). Additionally, the NO produced by this Ca2+-
calmodulin dependent enzyme may serve as an autocrine

inhibitor of contraction in vascular smooth muscle (Wood et
al., 1990). It is conceivable, therefore, that rat cerebrovascular
smooth muscle cells may also possess a NOS-like enzyme which

is activated when LPS is present at the cytoplasmic membrane
face.

All known NOS isoforms are complex enzymes, which

required the presence of ¯avin adenine dinucleotide (FAD),
¯avin mononucleotide (FMN) and (6R)-5,6,7,8-tetrahydro-
biopterin (BH4) as cofactors for NO synthesis, in addition to
the cosubstrates NADPH and O2, the substrate L-arginine and

the calcium-binding protein calmodulin (CaM) (Schmidt et al.,
1993; Knowles &Moncada, 1994). Of these compounds, FAD,
FMN, BH4 and CaM exhibit high a�nity binding to at least

one of the known NOS isoforms, and in these cases can remain
tightly bound, even after puri®cation of the enzyme to
homogeneity (Cho et al., 1992b; Nathan & Xie, 1994;

Sennequier & Stuehr, 1996).
However, all known NOS isoforms bind both L-arginine

and NADPH with relatively low a�nity (Kd*0.1 ± 20 mM)
(FoÈ stermann, 1994; Knowles & Moncada, 1994). In addition,

only iNOS exhibits high a�nity binding for the CaMmolecule,
which is essential for the activity of all NOS isoforms (Schmidt
et al., 1993).

Therefore, it might be expected that rapid dialysis of these
molecules would occur in an excised, inside-out patch of cell
membrane. However, responsiveness to LPS was clearly

present in membrane patches which had been completely
excised from their parent cells.

In some vascular smooth muscle preparations (Fujino et al.,

1991), though not in others (Robertson et al., 1993), excised
patches of VSMC membrane retain the cyclic GMP-dependent
protein kinase of vascular smooth muscle in a functional state.
However, cyclic GMP is generated in VSMCs via an NO-

sensitive, soluble guanylate cyclase (Beasley, 1990; Moro et al.,
1996), and hence this pathway step is also potentially
vulnerable to membrane patch excision.

Based on the properties of known NOS isoforms, therefore,
there are di�culties in accepting the hypothesis that our results
re¯ected the acute activation of a NOS-like enzyme by LPS.

One possible resolution of this paradox is to postulate that the
CVSMC membrane contains a truncated, NOS-like molecule
which retains the L-arginine binding domain of NOS, but lacks
the domains needed for cofactor binding. In principle, this
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molecule could interact directly with the BK channel protein,
eliminating the need for NO synthesis.

Alternatively, a functionally complete NOS may exist in

CVSMCs as part of a submembranous signalling complex, as
recently suggested for the NOSs of neuronal (Brenman et al.,
1996) and skeletal muscle membranes (Kobzik et al., 1994).

These complexes are stabilized through PDZ domains (Cho et
al., 1992a; Adams et al., 1995), may incorporate other
enzymes, cytoskeletal proteins and ion channels (Brenman et
al., 1995; Kornau et al., 1995) and could conceivably be

retained in membrane patches which have been completely
excised from their parent cells (Horber et al., 1995).

It was possible that the present results re¯ected iNOS pre-

induction or de-di�erentiation of CVSMCs during their 2 ± 4

day period in vitro. However attempts to test these hypotheses
proved unsuccessful, due to the poor attachment of freshly
isolated CVSMCs to the substrates employed. Although these

possibilities remain as viable hypotheses, we feel that the low
temperature employed in our study would have kept such
changes to a minimum. Whatever the mechanism which

underlies the action of endotoxin on BK channels, it seems
likely that LPS represents a useful probe for the future study of
channel modulation by sub-membranous elements.

This work was supported by a grant from the Heart and Stroke
Foundation of British Columbia and the Yukon.
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