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Abstract

The role of inducible nitric oxide synthase (iNOS) in the acute activation of large-conductance, Ca2�-dependent K�

channels (BK channels) by Escherichia coli endotoxin (lipopolysaccharide, LPS) was studied in murine vascular smooth
muscle cells. Confocal laser scanning microscopy and patch clamp recordings were utilised. Within 2 h of donor rat sacrifice,
iNOS-like immunoreactivity could be detected in cerebrovascular smooth muscle cells (CVSMCs) enzymatically dispersed
from rat cerebral arteries. This staining was absent in cells fixed immediately after donor rat sacrifice. LPS was then applied
to the cytoplasmic face of inside-out membrane patches excised from rat CVSMCs within 2^4 h of donor rat sacrifice. It was
found that LPS (10^100 Wg/ml) rapidly and reversibly increased the open probability of BK channels in these patches. This
LPS response was not altered in the presence of the non-isoform specific NOS inhibitor Ng-nitro-L-arginine. LPS responses
were then compared in aortic smooth muscle (ASMC) BK channels derived from wild-type and iNOS-knockout (iNOS-KO)
mice. LPS activated BK channels in inside-out patches of ASMC membrane derived from both wild-type and iNOS-
knockout mice. These studies establish that LPS can activate BK channels by a mechanism quite independent of the well-
established pathway mediated by iNOS in vascular smooth muscle cells. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Inducible nitric oxide synthase (iNOS) [1,2] is ex-
pressed in vascular smooth cells (VSMCs) following
exposure to a variety of stimuli, including bacterial
endotoxin (lipopolysaccharide, LPS) [3^5], ageing [6],
hypertension [7], traumatic brain injury [8], pro-in-
£ammatory cytokines [9], anoxia [10] and ischaemia
[11,12].

Following iNOS induction, the L-arginine-nitric

oxide-guanosine-3P,5P-cyclic monophosphate-depen-
dent protein kinase (L-Arg-NO-PKG) pathway of
VSMCs is activated. NO synthesised from L-Arg by
iNOS activates soluble guanylate cyclase (sGC), lead-
ing to cGMP formation and activation of PKG
[13,14]. In turn, PKG phosphorylates a number of
target proteins, including large conductance, Ca2�-
dependent K� channels (BK channels) in VSMCs
[15^17]. Phosphorylation by PKG results in excessive
activation of BK channels, hyperpolarisation of the
VSMC membrane and abnormal dilation of systemic
and cerebral vessels [18,19]. These changes are be-
lieved to contribute to the pathophysiology of both
septic shock and bacterial meningitis [4,20,21].
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The important role of iNOS in mediating vascular
changes evoked by LPS has been veri¢ed in mice
de¢cient for the gene encoding this enzyme [22]. Ca-
rotid artery preparations from iNOS-knockout
(iNOS-KO) mice do not develop the LPS-induced
hyporesponsiveness to constrictor agents typically
seen in vessels from wild-type mice [23]. In addition,
LPS produces less hypotension in iNOS-KO mice
[24,25].

Previously, we reported a novel action of LPS on
the BK channels found in rat cerebrovascular
smooth muscle cells (CVSMCs) [26,27]. These studies
employed enzymatically dispersed CVSMCs main-
tained in vitro at 4³C for 2 days prior to use. It
was found that acute application of 100 Wg/ml Esche-
richia coli LPS to the cytoplasmic face of inside-out
patches of CVSMC membrane rapidly increased the
open probability of BK channels by about threefold
over control values [26]. When CVSMCs were pre-
incubated for 20 min in the presence of the non-iso-
form speci¢c NOS inhibitor Ng-nitro-L-arginine
(L-NNA, 50 WM), LPS application no longer altered
the open probability of BK channels. D-NNA, which
is much less active than L-NNA as a NOS antago-
nist, did not prevent BK channel activation by LPS.
However, incubation in the presence of the NOS
substrate L-arginine (L-Arg, 1 WM) doubled the in-
crease in Po seen on application of LPS [27].

Accordingly, it was suggested that NOS activation
might play a role in the acute stimulation of BK
channels by LPS [27]. Since iNOS is generally be-
lieved to be the major NOS isoform expressed in
VSMCS [6,28], the acute activation of BK channels
by LPS might require prior induction of iNOS in
vascular smooth muscle cells.

If iNOS activity is indeed essential for the acute
activation of BK channels by LPS, this response
should be absent in VSMCs derived from iNOS-
KO mice. Furthermore, BK channel activation by
LPS should always be suppressed by NOS inhibitors,
regardless of the protocol used for cell isolation. We
have now tested these predictions using freshly iso-
lated rat CVSMCs, studied within 2^4 h of donor rat
sacri¢ce, and aortic smooth muscle cells (ASMCs)
derived from both normal and iNOS-KO mice.

Although cloned mouse BK channels have been
thoroughly studied [29,30], native BK channels in
mouse vascular tissues have received relatively little

attention [31]. Accordingly, we also investigated the
biophysical properties of BK channels found in
mouse ASMCs.

2. Materials and methods

CVSMCs were enzymatically dissociated from the
cerebral arteries of adult Wistar rats (250^300 g).
Arteries were incubated for 30 min at 37³C in
0.06% protease (Type XXIV, Sigma, St. Louis,
MO), 0.05% collagenase (Type 1A, Sigma) and
0.04% trypsin inhibitor (Type II-S, Sigma). Enzymes
were applied in Ca2�-free Tyrode's solution of com-
position (mM): NaCl 138, KCl 4.5, MgCl2 0.5,
Na2HPO4 0.33, HEPES 10, glucose 5.5; pH 7.4.
Cells were then washed and dispersed by trituration
in a holding solution of composition (mM): KOH
70, KCl 70, L-glutamate 50, taurine 20, MgCl2 0.5,
K2HPO4 1 EGTA 0.5, HEPES 10, creatine 5, pyru-
vate 5 and Na2ATP 5; pH 7.4. Cells were then plated
onto glass coverslips and maintained at 4³C in hold-
ing solution. Cells were used for recordings within 4 h
of donor rat sacri¢ce.

ASMCs were dispersed from the thoracic aortas of
wild-type CD1 white mice (4^6 weeks old) and from
homozygous C57BL/6-Nos2tm1Lau (iNOS-KO) mice
(6 weeks old, The Jackson Laboratory, Bar Harbor,
ME). Aortas were ¢rst washed in Ca2�-free Tyrode's
solution, cut into pieces, and incubated for 40 min at
37³C in this solution supplemented with 0.06% pro-
tease (Type XXIV, Sigma), 0.06% elastase (Type IIA,
Sigma), 0.05% collagenase (Type 1A, Sigma) and
0.04% trypsin inhibitor (Type IIS, Sigma). Aortic
fragments were washed and triturated in 1 ml of
holding solution, of composition described previ-
ously. Cells were plated onto glass coverslips and
maintained at 4³C in holding solution until use with-
in 4 h of donor mouse sacri¢ce.

Patch clamp recordings were obtained at 21^23³C.
Standard methods were used to isolate inside-out
membrane patches from relaxed CVSMCs and
ASMCs [32]. Patch electrodes were ¢lled with solu-
tion A of composition (mM): KCl 140, CaCl2 1.48,
HEPES 10, EGTA 3; pH 7.4 (free calcium concen-
tration 50 nM). The cytoplasmic face of inside-out
membrane patches was typically bathed in solution B
of composition (mM): KCl 140, CaCl2 2.78, HEPES
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10, EGTA 3; pH 7.4 (free internal calcium concen-
tration 0.65 WM). LPS (E. coli serotype 0127:B8) and
Ng-nitro-L-arginine (L-NNA) were obtained from
Sigma and dissolved in solution B prior to applica-
tion to the cytoplasmic face of isolated inside-out
membrane patches. In experiments involving
L-NNA, cells were pre-incubated in 100 WM
L-NNA for at least 15 min at 21³C, prior to patch
excision.

Single BK channel currents were recorded on vid-
eotape with a bandwidth of DC-2 kHz and analysed
using commercial software. Exponential terms were
¢tted to the observed open and closed time distribu-
tions. Current amplitude distributions were ¢tted by
Gaussian functions. The open probability, Po of sin-
gle BK channels was calculated from the relation
Po = (T1+2T2+TNTN)/NTtot, where N was the num-
ber of BK channels in the patch, Ttot the total record
duration, and T1, T2TTN the times when at least
1,2TN channels were open. BK channels were identi-
¢ed by their large conductance (s 190 pS in sym-
metrical 140 mM K�), block by 25 mM tetraethyl-
ammonium (TEA�) (Sigma) or by 5 nM free calcium
saline applied to the cytoplasmic membrane surface
[26]. Results were expressed as mean þ S.E.M and
analysis of variance (ANOVA) methods were em-
ployed to evaluate di¡erences between experimental
groups.

To determine the distribution of iNOS-like immu-
noreactivity in rat CVSMCs, rat brains were re-
moved, ¢xed immediately in 4% paraformaldehyde,
and preserved in phosphate-bu¡ered saline (PBS)
containing 20% sucrose. Forty-Wm thick cryostat sec-
tions showing transverse views through cerebral ar-
teries and were blocked by 30 min incubation at
21³C in PBS containing 10% goat serum, 1% bovine
serum albumin and 0.2% Triton X-100. Dispersed rat
CVSMCs prepared as noted previously were ¢xed
and blocked in similar fashion.

Tissue sections and dispersed cells were double-la-
belled by incubation for 48 h at 4³C with the follow-
ing primary antibodies: monoclonal mouse IgG anti-
smooth muscle K-actin (1:7000, Sigma) and poly-
clonal rabbit anti-iNOS (1:100, BD Transduction
Laboratories, Mississauga, ON). Preparations were
then washed in PBS and incubated for 90 min at
room temperature with the following secondary anti-
bodies: goat anti-mouse IgG, Alexa-594 labelled

(1:7000, Molecular Probes, Eugene, OR) and goat
anti-rabbit IgG, Alexa-488 labelled (1:2000, Molec-
ular Probes). Labelled cells were viewed under a
Zeiss Axiophot indirect immuno£uorescence micro-
scope, or examined by confocal laser scanning mi-
croscopy (CLSM) using a Biorad MRC 600
equipped with NIH Image and Photoshop digital
image analysis software.

3. Results

The expression of iNOS in rat CVSMCs was in-
vestigated using immunocytochemical methods ap-
plied to brains ¢xed immediately after donor rat sac-
ri¢ce. Fig. 1 shows a transverse section through the
middle cerebral artery, co-labelled with £uorescent
probes for smooth muscle K-actin and iNOS immu-
noreactivity. As expected, extensive K-actin-like im-
munoreactivity was detected throughout the vessel
media (Fig. 1A). In contrast, iNOS-like immunore-
activity was essentially absent from the same tissue
section (Fig. 1B).

We next investigated the occurrence of iNOS-like
immunoreactivity in CVSMCs which had been enzy-
matically dispersed from rat cerebral arteries. Fig.
2A shows smooth muscle K-actin-like immunoreac-
tivity detected in a CVSMC ¢xed a total of 2 h after
donor sacri¢ce. Staining was present mainly under
the sarcolemma in these cells. Fig. 2B illustrates the
pattern of iNOS-like immunoreactivity in the same
cell. Extensive cytoplasmic labelling was detected in
most CVSMCs examined, with the central, nuclear
regions of these cells remaining unstained. Fig. 2C
shows the result of overlaying staining patterns for
both immunoprobes in this cell. The occurrence of
yellow/orange staining in the periphery indicated that
iNOS-like immunoreactivity was present in the actin-
rich region under the sarcolemma. This pattern of
staining was seen in the majority of CVSMCs exam-
ined. These results indicated that iNOS-like immuno-
reactivity is rapidly induced in rat CVSMCs upon
enzymatic dispersion of these cells from intact ar-
teries.

As a functional test for iNOS involvement in the
acute response of BK channels to LPS, we next com-
pared these responses in the absence and presence of
L-NNA. This competitive NOS antagonist inhibits
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the iNOS expressed in rat vascular smooth muscle
cells with an IC50 in the range of 1^10 WM [33].
These recordings employed inside-out patches ex-
cised from CVSMCs within 2^4 h of donor rat sac-
ri¢ce.

Fig. 3A shows the e¡ect of acutely applying 50 Wg/
ml LPS to the cytoplasmic face of an inside-out
patch of CVSMC membrane, voltage-clamped to a

membrane potential, Vm =330 mV. Within 30 s,
LPS markedly increased the open probability of the
single BK channel in this membrane patch. This ef-
fect rapidly reversed upon wash-out of endotoxin.

In Fig. 3B, this experiment was repeated employ-
ing dispersed CVSMCs which had been pre-incu-
bated for 30 min in 100 WM L-NNA prior to mem-
brane patch excision. This concentration of L-NNA

Fig. 2. Smooth muscle K-actin-like and iNOS-like immunoreactivities in the same rat CVSMC ¢xed 2 h after donor rat sacri¢ce. (A)
Smooth muscle K-actin-like immunoreactivity, visualised with a red £uorophore, was present under the sarcolemma. (B) iNOS-like im-
munoreactivity (green £uorophore) was seen throughout the cytoplasm, with sparing of the central nuclear region. (C) Overlay of im-
ages seen in A and B. Yellow/orange staining indicated co-localisation of both types of immunoreactivities in this cell. Images were
obtained using CLSM methods.

Fig. 1. Smooth muscle K-actin-like immunoreactivity, visualised with a red £uorophore and iNOS-like immunoreactivity (green £uoro-
phore) in the same transverse section of rat middle cerebral artery, ¢xed immediately on donor rat sacri¢ce. (A) Extensive labelling
for smooth muscle K-actin-like immunoreactivity was seen in the vessel media. (B) iNOS-like immunoreactivity was essentially absent.
Sections were visualised by CLSM methods.
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was also present in all solutions applied to the cyto-
plasmic face of excised patches. It can be seen that
application of 50 Wg/ml LPS to the cytoplasmic face
of this test patch again resulted in rapid and revers-
ible activation of the single BK channel present.

The results obtained from a number of experi-
ments of this type are summarised in Fig. 4. It can
be seen that LPS signi¢cantly increased the open
probability of single BK channels and that the mag-
nitude of this potentiation was una¡ected by the
presence of L-NNA. Similarly, L-NNA did not alter
the open probability of BK channels measured in the
absence of LPS.

These data were further analysed to determine the
e¡ects of LPS on the conductance and kinetic prop-
erties of single BK channels. LPS (50 Wg/ml) had no
signi¢cant e¡ects on the conductance of BK channels
(Control, 235 þ 23 pS; LPS, 239 þ 21 pS, n = 6
patches, Ps 0.05, ANOVA). When measured in the
presence of 100 WM L-NNA, again no change in con-
ductance was seen on application of LPS (L-NNA
alone, 251 þ 23 pS; L-NNA+LPS, 249 þ 22 pS,
n = 4, Ps 0.05, ANOVA).

The e¡ect of LPS on the distribution of open times
of single BK channels is shown in Fig. 5A. In both
the absence and presence of LPS, open time distri-

butions were well described by the sum of two ex-
ponential terms, that is y = Aofe3t=d of +Aose3t=d os .
Here, the fast and slow time constants dof and dos

governed the amplitude terms Aof and Aos, respec-
tively. Measurement of these parameters allowed cal-

Fig. 4. E¡ect of 50 Wg/ml LPS on the open probability of BK
channels studied in inside-out patches of rat CVSMC mem-
brane. n = 8 patches were studied in the absence of L-NNA,
data being obtained before (Control) and during application of
LPS (LPS). A further n = 6 patches were studied in the continu-
ous presence of 100 WM L-NNA, data being obtained before
(L-NNA) and during LPS application (L-NNA/LPS). *Signi¢-
cantly di¡erent from the Control value. **Signi¢cantly di¡erent
from the L-NNA value (P6 0.05, ANOVA), but not signi¢-
cantly di¡erent from the LPS value. All data were obtained at
Vm =330 mV with [Ca2�]i = 0.65 WM.

Fig. 3. E¡ect of LPS on single BK channels present in isolated, inside-out membrane patches excised from rat CVSMCs within 3 h of
donor rat sacri¢ce. LPS (50 Wg/ml) was applied to the cytoplasmic membrane face and both patches were voltage-clamped to
Vm =330 mV with [Ca2�]i = 0.65 WM. (A) Rapid, reversible activation of a single BK channel in a membrane patch studied in the ab-
sence of the NOS inhibitor L-NNA. (B) A second membrane patch studied in the presence of 100 WM L-NNA at the cytoplasmic
membrane face. Application of LPS to this patch also activated the single BK channel it contained. Numbers at right of these record-
ings indicate patch current levels when BK channels are closed (0) or open (1). Bandwidth of recordings DC-2 kHz.

BBAMEM 78144 31-8-01 Cyaan Magenta Geel Zwart

N. Yakubovich et al. / Biochimica et Biophysica Acta 1514 (2001) 239^252 243



culation of the mean open time of BK channels, us-
ing the relation dmean open = Aof /(Aof+Aos)dof+Aos/
(Aof+Aos)dos. As shown in Table 1, LPS had no sig-
ni¢cant e¡ect on the values of dof , dos and of
dmean open). L-NNA (100 WM) itself had no e¡ect on
the values of these parameters (Table 1). When mea-
sured in the presence of 100 WM L-NNA, again no
changes were seen in the values of dof , dos and
dmean open upon the application of 50 Wg/ml LPS (Ta-
ble 1). These observations indicate that neither LPS
nor L-NNA signi¢cantly alters the conductance or
the average lifetime of BK channels in the open state.

The e¡ect of LPS on the distribution of closed
times for single BK channel currents is shown in
Fig. 5B. In both the absence and presence of
50 Wg/ml LPS, closed time distributions were well
described by the sum of three exponential terms,

that is y � Acfe3t=d cf � Acme3t=d cm � Acse3t=d cs . Mea-
surement of these parameters allowed calculation
of the mean channel closed time as dmean close =
Acf /(Acf+Acm+Acs)dcf +Acm/(Acf+Acm+Acs)dcm+Acs/
(Acf +Acm+Acs)dcs. As shown in Table 1, LPS had no
e¡ect on the value of dcf or dcm. However, the time
constant governing long duration closures, dcs was
signi¢cantly reduced in the presence of LPS, as was
the value of dmean close (Table 1).

L-NNA (100 WM) had no e¡ects on dcf , dcm, dcs or
dmean close and did not signi¢cantly alter the e¡ects of
LPS on the latter two parameters (Table 1). These
observations indicated that LPS increased BK chan-
nel open probability by accelerating the rate of re-
opening from long-duration channel closures. This
mechanism was completely unaltered in the presence
of the nitric oxide synthase inhibitor L-NNA.

Fig. 5. E¡ects of 50 Wg/ml LPS on the kinetics of a single BK channel in an inside-out patch of rat CVSMC membrane, voltage-
clamped to Vm =330 mV with [Ca2�]i = 0.65 WM. (A) Open time distributions obtained in Control (954 channel openings) and LPS-
containing salines (724 openings). Each distribution was well described by the sum of two exponential terms (smooth curves) using
the following ¢t parameters, de¢ned in the text. Control: dof = 0.12 ms; dos = 2.4 ms. LPS: dof = 0.16 ms; dos = 6.8 ms. (B) Correspond-
ing closed time distributions from the same recordings used in A. These distributions were well-described by the sum of three expo-
nential terms (smooth curves) using the following parameters. Control (961 closings) : dcf = 0.14 ms; dcm = 3.5 ms; dcs = 47.8 ms. LPS
(686 closings) : dcf = 0.10 ms; dcm = 0.90 ms; dcs = 5.4 ms.
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Fig. 6. Biophysical characterisation of single BK channel currents studied in inside-out membrane patches excised from ASMCs of
wild-type mice. (A) Reversible abolition of BK channel currents on reducing the concentration of free Ca2� bathing the cytoplasmic
membrane face from [Ca2�]i = 0.75 WM to [Ca2�]i = 5 nM. This patch was voltage-clamped to Vm = +30 mV. Channel closed and chan-
nel open current levels are indicated by 0 and 1, respectively. (B) Current^voltage relation of single BK channels exposed to symmetri-
cal 140 mM K� salines on both membrane faces. Data were obtained from n = 11 patches. The straight line ¢tted by linear regression
had a slope of 218 pS and a reversal potential of +2.3 mV. (C) Activation curve for single BK channel currents, obtained in the pres-
ence of [Ca2�]i = 0.75 WM. Data were derived from n = 11 patches. The smooth curve is the best-¢t Boltzmann relation, drawn to the
equation Po � 1=�1� e3K�Vm3V o�� with K = 0.15 mV31 and Vo = +43.8 mV. (D) E¡ect of membrane potential on the mean open time
(a) and mean closed time (b) of single BK channels. Data were obtained from n = 8 patches studied at [Ca2�]i = 0.75 WM.

Table 1
E¡ects of 50 Wg/ml LPS on the gating kinetics of BK channels studied in inside-out patches of rat CVSMC membrane

Parameter (ms) Control LPS L-NNA L-NNA+LPS

dof 0.7 þ 0.1 1.0 þ 0.2 0.9 þ 0.1 1.6 þ 0.5
dos 9 þ 2.3 14 þ 4.0 12 þ 2.5 18 þ 3.3
dmean open 7 þ 2.1 12 þ 3.4 10 þ 2.6 14 þ 3.5
dcf 0.7 þ 0.2 0.3 þ 0.1 0.5 þ 0.1 0.5 þ 0.2
dcm 23 þ 6.8 6 þ 2.9 19 þ 9.0 3 þ 0.7
dcs 350 þ 54 64 þ 27* 423 þ 72 31 þ 7**
dmean close 119 þ 40 7.2 þ 2.9* 110 þ 21 4.1 þ 2.3**

Patches were voltage-clamped to Vm =330 mV with [Ca2�]i = 0.65 WM. See text for explanation of symbols used. The table shows
kinetic parameters obtained from n = 7 patches untreated with L-NNA (Control vs. LPS) and n = 6 patches studied in the presence of
100 WM L-NNA (L-NNA vs. L-NNA+LPS). Values given are mean þ S.E.M. *Signi¢cantly di¡erent from the corresponding Control
value obtained in absence of LPS (P6 0.05, ANOVA). **Signi¢cantly di¡erent from the value obtained in the presence of L-NNA
only, but not signi¢cantly di¡erent from the value obtained with LPS only.
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To further study the putative role of iNOS in the
acute response of BK channels to LPS, a second
series of experiments was carried out on freshly dis-
persed ASMCs obtained from wild-type and iNOS-
KO mice. The biophysical properties of these chan-
nels were ¢rstly characterised in inside-out mem-
brane patches excised from wild-type ASMCs within
2^4 h of donor mouse sacri¢ce.

Single BK channel currents detected in an inside-
out membrane patch voltage-clamped to Vm = +30
mV are seen in Fig. 6. These currents were reversibly
suppressed by reducing the concentration of free
Ca2� perfusing the cytoplasmic membrane face
from [Ca2�]i = 0.75 WM to 5 nM (Fig. 6A). The single
channel current-voltage relation for mouse BK chan-
nels is shown in Fig. 6B. This plot yielded an average
slope conductance of 218 þ 5 pS (n = 11 patches) and
a reversal potential of +2.3 mV in symmetrical

140 mM K�, very close to the expected value of
0 mV.

Mouse BK channels exhibited strongly voltage-de-
pendent gating when examined in the presence of
solutions containing [Ca2�]i = 0.75 WM. Fig. 6C
shows the single channel activation curve obtained
by averaging data from n = 11 patches. These data
were well ¢t by the smooth curve drawn to the Boltz-
mann relation Po = {1+exp[3K(Vm3Vo)]}31. Here K
was a slope factor describing the steepness of voltage
dependence and Vo was the membrane potential at
which Po = 0.5. The best ¢t was obtained using
K = 0.15 mV31 and Vo = +44 mV. Fig. 6D indicates
that depolarisation raised the open probability of
mouse BK channels both by reducing the mean
channel closed time, and by increasing the mean du-
ration of these channels in the open state.

Fig. 7 demonstrates that mouse BK channels were

Fig. 7. E¡ect of TEA� on single BK channel currents recorded from an inside-out patch of ASMC membrane obtained from a wild-
type mouse. This patch contained one active BK channel. The ¢gure shows all-points histograms of patch current obtained before
(Control), during (25 mM TEA�), and after application of TEA� to the cytoplasmic membrane face (Wash). Each histogram contains
two peaks (arrows), corresponding to mean current amplitude when the channel is closed (V0 pA) and when it is open. Note that
TEA� application markedly reduced mean current in the open state. Each histogram is accompanied by a representative trace from
the data which generated it. In these traces, 0 denotes closed channel current while 1 denotes current in the open state. All data were
obtained at Vm = +30 mV with [Ca2�]i = 0.75 WM.
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susceptible to block by application of TEA� to the
cytoplasmic face of inside-out membrane patches.
Application of 25 mM TEA� to 5 patches voltage-
clamped at Vm = +30 mV resulted in a mean reduc-
tion in single channel current to 37 þ 7% of the con-
trol value. Similar biophysical properties have been
reported for single BK channels in vascular myocytes
of the rat [32,34] and of the rabbit [35,36].

Fig. 8. E¡ects of LPS on BK channels present in inside-out membrane patches of ASMC membrane derived from wild-type and
iNOS-KO mice. LPS (50 Wg/ml) was applied to the cytoplasmic membrane face and both patches were voltage-clamped to Vm = +30
mV with [Ca2�]i = 0.75 WM. Left-hand panels : rapid, reversible activation of a single BK channel in an ASMC membrane patch de-
rived from a wild-type mouse. Right-hand panels: data from an ASMC membrane patch derived from an iNOS-KO mouse. Applica-
tion of LPS to this patch also activated the single BK channel it contained. Numbers at right of these recordings indicate patch cur-
rent levels when BK channels are closed (0) or open (1). Bandwidth of recordings DC-2 kHz.

C

Fig. 9. E¡ect of 100 Wg/ml LPS on the open probability and
gating of BK channels studied in inside-out patches of ASMC
membrane derived from wild-type and iNOS-KO mice. (A)
Open probabilities obtained before (Control) and during appli-
cation of LPS (LPS) in patches derived from wild-type (left-
hand panel, n = 6) and iNOS-KO mice (right-hand panel, n = 5).
*Signi¢cantly di¡erent from the corresponding Control value.
**Signi¢cantly di¡erent from the corresponding Control value
(P6 0.05, ANOVA), but not signi¢cantly di¡erent from the
LPS value seen in wild-type mice. (B) Time constant of long-
duration channel closures, dcs obtained before (Control) and
during LPS application (LPS) in patches derived from wild-type
(left-hand panel, n = 5) and iNOS-KO mice (n = 5). *Signi¢-
cantly di¡erent from the corresponding Control value. **Signi¢-
cantly di¡erent from the corresponding Control value (P6 0.05,
ANOVA), but not signi¢cantly di¡erent from the LPS value
seen in wild-type mice. All data were obtained at Vm = +30 mV
with [Ca2�]i = 0.75 WM.
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Fig. 8 compares the LPS responses of BK channels
derived from the ASMCs of wild-type and iNOS-KO
mice. These inside-out membrane patches were volt-
age-clamped to Vm = +30 mV and 50 Wg/ml LPS was
applied to the cytoplasmic membrane face. LPS sig-
ni¢cantly increased the open probability of BK chan-
nels derived from both mouse strains. Moreover, the
degree of potentiation seen in Po did not di¡er be-
tween the two mouse strains (Fig. 9A). LPS had no
e¡ect on the conductance of BK channels from either
wild-type (Control, 207 þ 14 pS; LPS, 202 þ 14 pS,
n = 6, Ps 0.04, ANOVA) or iNOS-KO strains (Con-
trol, 202 þ 19 pS; LPS, 197 þ 19 pS, n = 5, Ps 0.05,
ANOVA). Control values of conductance also did
not di¡er between the two mouse strains.

Kinetic analysis was performed to determine the
e¡ects of LPS on gating parameters. As found pre-

viously for rat channels, BK channels derived from
wild-type mice displayed open time distributions
which were well described by the sum of two expo-
nential terms (Fig. 10A). Closed time distributions
required the sum of three exponentials (Fig. 10B).
Again as found in the rat, application of LPS altered
only the time constant governing long-duration
channel closures, dcs, decreasing the value of this pa-
rameter, and hence lowering the value of dmean close

(Table 2 and Fig. 9B).
The gating behaviour of BK channels derived from

iNOS-KO mice was qualitatively and quantitatively
similar to that seen in channels obtained from wild-
type mice (Table 2). Application of LPS to these
channels again reduced the value of dcs, lowering
dmean close but leaving all other kinetic parameters un-
changed (Table 2 and Fig. 9B). Therefore the e¡ect

Fig. 10. E¡ects of 50 Wg/ml LPS on the kinetics of BK channels in an inside-out patch of ASMC membrane, derived from a wild-
type mouse. This patch was voltage-clamped to Vm = +30 mV with [Ca2�]i = 0.75 WM. (A) Open time distributions obtained in Control
(532 channel openings) and LPS-containing salines (791 openings). Each distribution was well-described by the sum of two exponential
terms (smooth curves) using the following ¢t parameters, de¢ned in the text. Control : dof = 3.9 ms; dos = 13.2 ms. LPS: dof = 1.7 ms;
dos = 6.7 ms. (B) Corresponding closed time distributions from the same recordings used in A. These distributions were well-described
by the sum of three exponential terms (smooth curves) using the following parameters. Control (522 closings) : dcf = 1.1 ms; dcm = 31.2
ms; dcs = 223 ms. LPS (660 closings) : dcf = 0.9 ms; dcm = 3.4 ms; dcs = 14.5 ms.
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of LPS on BK channel kinetics was quite independ-
ent of the expression of iNOS in mouse ASMCs.

4. Discussion

iNOS-like immunoreactivity was not observed in
the smooth muscle cells of cerebral arteries ¢xed
within a few minutes of donor rat sacri¢ce. This is
in agreement with previous studies on these blood
vessels in healthy young rats [11,12]. However,
iNOS-like immunoreactivity was detected in dis-
persed CVSMCs examined about 2 h after donor
sacri¢ce. Rat CVSMCs also show evidence of iNOS
expression within 2 h of enzyme induction by trau-
matic brain injury [12]. However, the appearance of
iNOS mRNA and iNOS protein typically proceeds
with a slower time course in the majority of vascular
smooth muscle preparations studied to date. Thus a
24-h delay has been reported for detection of iNOS
mRNA following traumatic brain injury in mice [8].
Similarly, a 6-h lag exists between the stimulation of
rat ASMCs by endotoxin or cytokines and the ap-
pearance of iNOS mRNA and enzyme activity in
these cells [4].

The nature of the factors responsible for the rapid
expression of iNOS in rat CVSMCs remains unclear.
The rapid induction of iNOS in isolated rat cerebral
arteries is partially inhibited by the LPS-binding anti-
biotic polymyxin B [37]. Hence the presence of free
LPS in the bathing media may play a role in iNOS
induction, as previously suggested [38].

Alternatively, the rapid induction of iNOS in rat

CVSMCs may be initiated by the stress and hypoxia
which accompany removal of blood vessels from the
donor rat. Stress activates immediate early genes [39],
products of which can bind to the promoter region
of the iNOS gene and enhance iNOS expression [4].
In addition, an hypoxia-responsive element is known
to exist in the iNOS promoter region [40]. These
regulatory features may contribute to the protective
e¡ect of iNOS in minimising long-term neurological
de¢cits following brain injury [8].

iNOS exists both as a free cytoplasmic enzyme and
in a post-translationally modi¢ed form which asso-
ciates strongly with organellar membranes [41]. In
VSMCs, iNOS exists mainly in the latter form and
is closely associated with the sarcoplasmic reticulum
and cytoplasmic vesicles [42]. In accord with these
¢ndings, the present study revealed the presence of
iNOS-like immunoreactivity in an actin-rich, sub-sar-
colemmal domain in rat CVSMCs. This domain con-
tains the super¢cial sarcoplasmic reticulum, which in
VSMCs is known to approach within 50 nm of the
sarcolemma [43].

In marked contrast to earlier results obtained from
cells held in vitro at 4³C for 48 h [27], the LPS
response of freshly isolated CVSMCs was not
blocked in the presence of the non-isoform speci¢c
NOS inhibitor, L-NNA. Moreover, LPS was also
found to rapidly activate BK channels in patches of
ASMC membrane derived from iNOS-KO mice.
These new observations show that neither the expres-
sion nor the activation of iNOS is a prerequisite for
the acute stimulation of BK channels by endotoxin.

Therefore, LPS can activate BK channels by an

Table 2
E¡ects of 50 Wg/ml LPS on the gating kinetics of BK channels studied in inside-out patches of mouse ASMC membrane

Parameter (ms) Wild-type mouse iNOS-KO mouse

Control LPS Control LPS

dof 1.9 þ 0.4 1.1 þ 0.3 1.0 þ 0.3 1.0 þ 0.3
dos 15 þ 4.2 12 þ 4.8 7 þ 1.4 10 þ 1.2
dmean open 12 þ 4.0 10 þ 4.3 6 þ 1.6 8 þ 1.2
dcf 0.8 þ 0.1 0.6 þ 0.2 0.8 þ 0.1 0.5 þ 0.2
dcm 26 þ 7.4 11 þ 2.4 30 þ 13 7 þ 2.2
dcs 207 þ 59 46 þ 9* 114 þ 20 31 þ 11**
dmean close 70 þ 15 14 þ 2.9* 91 þ 16 9 þ 2.8**

Patches were voltage-clamped to Vm = +30 mV with [Ca2�]i = 0.75 WM. See text for explanation of symbols used. The table shows
kinetic parameters obtained from wild-type mice (n = 5 patches) and iNOS-KO mice (n = 5 patches). Values given are mean þ S.E.M.
*Signi¢cantly di¡erent from corresponding Control value obtained in absence of LPS (P6 0.05, ANOVA). **Signi¢cantly di¡erent
from the iNOS-KO Control value, but not signi¢cantly di¡erent from the LPS value obtained from wild-type mice.
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iNOS-independent mechanism in vascular smooth
muscle cells. At present, the nature of this novel
mechanism remains unclear. However, the fact that
LPS exerts its e¡ect rapidly when applied to the cy-
toplasmic membrane surface suggests the possible
involvement of cytoplasmic or membrane spanning
domains in the BK channel protein itself.

Such domains are known to play important roles
in determining the open probability of BK channels.
A cytoplasmic region in the S9-S10 domain of the
pore-forming K-subunit contributes to the calcium
sensitivity of BK channels [31,44]. In addition, the
membrane spanning domain S0 of the K-subunit is
unique to the BK channel. It is also essential for the
enhanced calcium sensitivity seen in the presence of
the regulatory L-subunit [45] which is expressed in
vascular smooth muscle cells [31]. LPS may therefore
serve as a useful probe to study the interactions of
BK channel subunits and the roles of speci¢c protein
domains in channel function.

It remains unclear why, in rat CVSMCs main-
tained in vitro for some time, the LPS response can
develop sensitivity to block by NOS inhibitors. How-
ever, there is growing evidence that some types of
VSMC express constitutive as well as inducible forms
of NOS. Thus the neuronal isoform of NOS (nNOS)
has been detected in peripheral vessels of the hamster
[46], in developing lung vessels of the sheep [47], in
bovine carotid arteries [48], and in rat aorta [49].
Human VSMCs also express a constitutive isoform
of NOS [50].

nNOS and its subtypes readily form plasma mem-
brane-associated complexes with other enzymes, cy-
toskeletal proteins and ion channels [51]. Assemblies
of this type, formed in rat CVSMCs during mainte-
nance in vitro, may give rise to novel binding sites
for arginine analogues in this preparation. Alterna-
tively, L-NNA-sensitive LPS responses may involve
an NOS-independent membrane protein which binds
arginine analogues and which apparently regulates
constriction in rat VSMCs [52].
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