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Different mechanism of LPS-induced vasodilation in resistance and
conductance arteries from SHR and normotensive rats
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1 The direct and endothelium-dependent effects of lipopolysaccharide (LPS) were investigated on
resistance and conductance arteries from normotensive Wistar (NWR) and spontaneously
hypertensive (SHR) rats.

2 In both NWR and SHR, LPS induced dose-dependent relaxations of the mesenteric vascular
bed, which were inhibited by L-NNA in SHR but not in NWR. Iberiotoxin (IBTX) inhibited the
responses to LPS in both groups, indicating the participation of high conductance Ca**-dependent
K™ channels.

3 In mesenteric artery rings, the resting membrane potentials and the hyperpolarizing responses of
NWR to LPS did not differ in endothelized and denuded preparations but L-NNA inhibited the
responses only in endothelized rings. These responses were reduced by bosentan, suggesting that
endothelin release may mask a possible hyperpolarizing response to LPS. The hyperpolarizing
responses to LPS were blocked by IBTX in both endothelized and de-endothelized NWR rings. In
the SHR only intact rings showed hyperpolarization to LPS, which was inhibited by IBTX and by
L-NNA.

4 In SHR aortic endothelized or denuded rings, LPS induced hyperpolarizing responses which, in
endothelized rings, were partially blocked by L-NNA, by IBTX or by glibenclamide, but totally
abolished by IBTX plus glibenclamide. No response to LPS was observed in NWR aortic rings.

5 Our results indicate that LPS activates large conductance Ca®*-sensitive K* channels located in
the smooth muscle cell membrane both directly and indirectly, through NO release from the
endothelium in NWR, whereas NO is the major mediator of the LPS responses in SHR resistance
vessels.
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Introduction

Sepsis and septic shock are very serious clinical problems,
frequently associated with a high mortality. The hypotension
and vascular hyporeactivity that occur during sepsis are
responsible for the progressive reduction in tissue perfusion,
which often culminates in the multiple organ distress
syndrome and death (Balk, 2000).

Lipopolysaccharide (LPS), a component of the outer
membrane of gram-negative bacteria (Bone, 1994), also
known as endotoxin, induces vasorelaxation and when
injected in experimental animals. These responses are thought
to be mediated by several substances that are released into
the circulating blood after LPS administration, such as
interleukins, tumour necrosis factor, leukotrienes, thrombox-
ane A,, platelet activating factor and bacterial exo- or
endotoxins (Bone, 1991). However, the overproduction of
nitric oxide (NO) is generally believed to be the most
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important factor responsible for the systemic vasodilatation
induced by LPS administration (Mitolo-Chieppa et al., 1996;
Yen et al., 1997, Hoang & Mathers, 1998; Chen et al., 1999).
Furthermore, nitrovasodilators are potent activators of Ca®*-
dependent K" channels in vascular smooth muscle cells,
which contribute to endotoxin-induced hypotension (Hall et
al., 1996; Chen et al., 2000; Taguchi et al., 1996; Bolotina et
al., 1994).

The spontaneously hypertensive rat (SHR) may be a good
model to study endotoxin-induced septic shock, since it
should be more resistant to the hypotensive effect induced by
the toxin. However controversial results were obtained with
this model. Bernard et al. (1998) found that the SHR has a
greater ability to resist endotoxin shock than normotensive
controls, which was not attributed to the hypertensive state,
since this strain seems to have its own genetically determined
immunoinflammatory response. On the other hand, Yen et al.
(1997) observed a shorter survival time in SHR after LPS
injection in comparison with normotensive rats. The higher



214 N.C. Farias et al

LPS-induced vasodilatation in SHR

mortality of SHR due to LPS was associated with over-
production of inducible NO synthase, which was harmful to
these animals, since they already have higher levels of plasma
nitrites (Wu & Yen, 1999).

The SHR was shown to present altered vascular responses
to various stimuli. For example, in the normotensive rat
mesenteric artery apamin-sensitive Ca’*-dependent K™
channels are the main ion channels activated by the
endothelium-dependent hyperpolarizing factor (EDHF) in
response to acetylcholine (Chen & Cheung, 1997), whereas
these channels seemed to be impaired in mesenteric vessels
from SHR (Borges et al., 1999). This is probably responsible
for the enhanced response to vasoconstrictor stimuli observed
in this strain (Feres et al., 1998).

On the other hand, England et al. (1993) and Liu et al.
(1997) reported an increase in large-conductance Ca®*-
sensitive K* channels in aortic muscle cells from SHR, when
compared with their normotensive controls. In contrast, in
aorta from normotensive rats, ATP-sensitive potassium
channels seem to be the only mediators of the relaxant
response to ap-adrenoceptors (Fauaz et al., 2000).

Few studies have investigated the direct effect of LPS in
SHR vascular smooth muscles (Szabo et al., 1997, Wu et al.,
1994). Therefore, the aim of this study was to analyse the
direct effects of LPS on isolated SHR and NWR vascular
smooth muscles, with or without endothelium, and in the
perfused mesenteric bed, in the absence of plasma substances
known to be released in vivo by LPS in experimental animals.
In this study we used preparations representative of resistance
(mesenteric vascular bed), conductance (aortic artery rings)
and intermediate (mesenteric artery rings) vessels.

Methods
Animals

Experiments were carried out using male Okamoto & Aoki
(1963) spontaneously hypertensive rats (SHR) and normo-
tensive Wistar rats (NWR) from the Wistar Institute,
Philadelphia, PA, U.S.A., inbred at Escola Paulista de
Medicina, SP, Brazil. The rats were 20—30 weeks old and
weighed 250-350 g. Some animals were decapitated to
remove their mesenteric vascular bed, which was dissected
away from the intestine for perfusion pressure measurements.
Others were decapitated to remove the superior mesenteric
arteries and the thoracic aorta, which were cleaned of
adherent connective tissue and cut into rings (3—4 mm
length), for tension and electrophysiological measurements.
Care was taken to ensure that the endothelial layer was not
damaged during tissue preparation. All procedures complied
with the norms of the Ethics Committee for Research of the
Sao Paulo Hospital, Federal University of Sdo Paulo.

Mesenteric vascular bed

Mesenteric vascular bed preparations were set up as
previously described (McGregor, 1965; Ross, 1972). Under
ether anaesthesia, the abdomen was opened and the
pancreatic-duodenal, ileo-cholic and cholic branches of the
superior mesenteric artery were tied. The superior mesenteric
artery was separated from surrounding tissues in the region

of the aorta and a polyethylene cannula (PE 50) was inserted
distally into the artery at its origin from the abdominal aorta.
The connections of the superior mesenteric plexus to the
coeliac ganglia were severed and the intestine was removed by
cutting close to the intestinal border of the mesentery. The
mesenteric bed was perfused at a constant flow of
4.0 ml min~', using a peristaltic pump (Model 2115, LKB-
Multiperpex), with Krebs solution of the following composi-
tion (mM): NaCl 118; KCl 5.0; MgCl, 1.2; NaH,PO, 1.2;
NaHCOj; 15.5; CaCl, 2.0; glucose 11.0. The solution was
bubbled with a 5%C0O,—-95%0, gas mixture and maintained
at pH 7.4 and 37°C. The perfusion pressure was monitored
with pressure transducers (P-1000, Narco Bio-Systems)
connected to a physiograph (DMP-4B, Narco Bio-Systems)
and the pH was monitored continuously with a pH meter
(E350B, Metrohm) by means of a glass electrode inserted in
the perfusion system. After a 20-min period of stabilization,
perfusion pressure was raised to c.a. 150 mmHg by addition
of noradrenaline (6 uM) to the Krebs solution, in the absence
or in the presence of the inhibitor of nitric oxide synthase N*-
nitro-L-arginine (L-NNA, 50 or 500 uM), or in the presence of
iberiotoxin (IBTX 10 nM), an inhibitor of the large
conductance calcium sensitive potassium channel. Experi-
ments were also conducted in the presence of the NO-
sensitive guanylyl cyclase inhibitor 1H-(1,2,4)oxadiazol(4,3-a)
quinoxalin-1-one (ODQ 1 uM). After the pressure reached a
steady level (140—160 mmHg), in either NWR or SHR
preparations, concentration-response curves for the vasor-
elaxant effect of LPS (0.1 1.0 mg) were obtained by injecting
0.1 ml of solutions with the appropriate concentrations, at
15-min intervals, during the noradrenaline-induced tone.
Acetylcholine (2 ug) typically reduced perfusion pressure,
indicating the preservation of the endothelial cells (Furchgott
& Cherry, 1984).

Membrane potential

The superior mesenteric arterial rings and thoracic aorta were
placed in a 2-ml perfusion chamber and superfused at a rate
of 3 ml min~', with the respectives Krebs solutions (in mMm):
NacCl 118; KCI 5.0; MgCl, 1.2; NaH,PO4 1.2; NaHCO; 15.5;
CaCl, 2.0; glucose 11.0 (for the mesenteric rings) and NaCl
122; KCI1 5.9; MgCl, 1.25; NaHCOj3 15; glucose 11; CaCl,
1.25 (for the aortic rings), pH 7.4, 37°C, bubbled with the
mixture 5% CO,—-95%0,. Micropipettes (borosilicate glass
capillaries 1B120F-6, World Precision Instruments), were
made by means of a horizontal puller (Model PN-3,
Narishige, Tokio, Japan) and filled with 2 M KCI (tip
resistance 20—40 MQ and tip potential <6 mV). The
microelectrodes were mounted in Ag/AgCl half-cells on a
micromanipulator (Leitz, Leica) and connected to an
electrometer (Intra 767, WPI). The superior mesenteric
arterial rings and thoracic aorta, with and without
endothelium, were initially equilibrated for 2 h under an
optimal resting tension of 1.0 g, and the impalements of the
smooth muscle cells were made from the adventitial side. The
electrical signals were continuously monitored on an
oscilloscope (Model 54645A, Hewlett Packard) and recorded
in a potentiometric chart recorder (Model 2210, LKB-
Produkter AB). The successful implantation of the electrode
was evidenced by a sharp drop in voltage upon entry into a
cell, a stable potential (£3 mV) for at least 1 min after
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impalement, a sharp return to zero upon exit, and minimal
change (<10%) in microelectrode resistance after impale-
ment.

Measurements of membrane potential of mesenteric rings
and thoracic aorta were obtained in Krebs solution before
and after stimulation of the vessels with LPS (10 ug ml~"), in
the presence or in the absence of L-NNA (50 um), or IBTX
(10 nm), or glibenclamide (1 uM) or bosentan (1 or 3 um).
The time of contact of the drugs with the preparations before
the impalements was 10 min. Cumulative dose-response
curves were obtained by measuring the membrane potential
during a 30-min interval after each stepwise increase in the
LPS concentration and 10-min incubation at the new
concentration.

The presence of a functional endothelium was tested in all
preparations by checking whether acetylcholine induced
hyperpolarization of the preparations, a response which is
characteristic for vessels with an intact endothelium (Furch-
gott, 1981).

Drugs

Noradrenaline hydrochloride, L-NNA, IBTX, acetylcholine
chloride (ACh), glibenclamide, lipopolysaccharide (LPS, from
Escherichia coli Serotype 0111:B4) and ODQ were purchased
from Sigma Chemical Co., St. Louis, MO, U.S.A. Bosentan
was a gift from Dr Martine Clozel, Actelion, Basel,
Switzerland. The inorganic salts were products of the highest
analytical grade from Merck Darmstadt.

Statistical analysis

All data are expressed as means+s.e.mean with the number
of animals in parentheses. Statistical analysis was carried out
by one-way analysis of variance (ANOVA) followed by the
Newman-Keuls test in the case of pairwise comparisons
between groups. When the data consisted of repeated
observations at successive time points, ANOVA for repeated
measurements was applied to determine differences between
groups. Where more than one impalement was made on the
same ring from the same rat, the measurements were
averaged and considered as n= 1. Differences were considered
significant when P<0.05.

Results
Relaxant responses of the mesenteric vascular bed to LPS

To study the direct effect of LPS on resistance vessels, we
chose the isolated mesenteric vascular bed, which plays an
important role in blood pressure maintenance (Cristensen &
Mulvany, 1993).

LPS induced similar concentration-dependent relaxant
responses in NWR and in SHR preparations pre-contracted
by noradrenaline, and no significant difference was observed
in the amplitude of the responses in the two strains (Figure
la).

To evaluate the participation of NO in the responses to
LPS, dose-response curves were performed in the presence of
50 uM L-NNA, in both strains. A significant inhibition was
observed only in SHR preparations (Figure 1b), indicating
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Figure 1 Dose-response curves for the vasorelaxation induced by
LPS in the perfused mesenteric vascular bed from NWR and SHR in
the absence (a) and in the presence of 50 uM or 500 um L-NNA or
1 pm ODQ (b), or 10 nm IBTX (c). The relaxations are expressed as
percentages of the initial tone maintained by perfusion with 6 um
noradrenaline. Symbols and error bars indicate means and s.e.means;
n=7-10 in each group. *P<0.05 versus respectives controls
(Newman-Keuls test).

the participation of the endothelium-derived relaxing factor
(EDRF) in the relaxant response of SHR but not NWR
preparations. To further ascertain that NO is not involved
in the response to LPS in NWR, the dose-response curves to
LPS were also done in the presence of 500 uM L-NNA. No
inhibition was observed (Figure 1b), ruling out the
participation of NO in the NWR response. To verify
whether the relaxant response to LPS in SHR is induced
by NO or through the guanylate cyclase pathway, dose-
response curves to LPS in SHR preparations were done in
the presence of 1 uM ODQ. No inhibition was observed
(Figure 1b), which indicates that NO is the mediator of this
response.

The role of potassium channels was investigated by
performing LPS dose-response curves in the presence of
potassium channel inhibitors. IBTX, an inhibitor of large-
conductance Ca’*-dependent K™ channels, blocked the
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responses in NWR as well as in SHR vascular beds (Figure
1c). Inhibitors of low-conductance Ca>*-dependent (apamin)
or ATP-dependent (glibenclamide) K* channels did not affect
the responses in preparations of either strain (results not
shown).

Membrane potential responses to LPS in mesenteric
artery rings

Intracellular recordings were used to measure the membrane
potential of smooth muscle cells through impalements of
microelectrodes from the adventitial side of rings from
superior mesenteric arteries. The resting membrane potential
of NWR rings with or without endothelium did not differ,
and similar hyperpolarizing responses to LPS were observed
in the two cases (Table 1). To determine whether these
responses could be due to the release of EDRF, the effect of
L-NNA on the hyperpolarizing response to LPS was tested.
L-NNA inhibited the responses in NWR rings with
endothelium (Figure 2a), but not in de-endothelized rings
(Figure 2b). However, the hyperpolarizations induced in
NWR rings, with or without endothelium, were both blocked
by 10 nM IBTX (Figure 2a,b), suggesting that LPS may act
by opening Ca’*-dependent K* channels in the smooth
muscle.

The unexpected lack of hyperpolarization response to LPS
in the presence of L-NNA in endothelized NWR rings might
be due to endothelin release by LPS. To investigate this
possibility, the effect of bosentan, an ETA/ETB antagonist,
was studied. Figure 3 shows that the inhibitory effect of L-
NNA on the response to LPS is reduced by bosentan,
suggesting that the release of endothelin by LPS may mask a
possible hyperpolarizing response to the toxin.

Although the resting membrane potential of SHR prepara-
tions was not significantly different in rings with or without
endothelium (Table 1), the hyperpolarizing responses to LPS
were only observed in endothelized rings (Figure 4a), being
inhibited both by L-NNA and by IBTX (Figure 4b).

Membrane potential responses to LPS in aortic rings

It has been shown that SHR aortic smooth muscle cell
membranes present an increased number of Ca’"-sensitive
K™ channels when compared to normotensive controls (Liu
et al., 1997; England et al., 1993). We used this conductance
artery as a model for comparison with the results obtained in
mesenteric arteries.

LPS showed no hyperpolarizing effect in NWR rings, with
or without endothelium (Figure 5).

In SHR aortic rings with endothelium a significant
depolarization was observed by addition of IBTX. In these
preparations the hyperpolarization induced by LPS was
partially, but significantly, inhibited by IBTX or L-NNA or
glibenclamide, but was totally inhibited by glibenclamide plus
IBTX (Figure 6a).

In de-endothelized SHR rings IBTX, but not L-NNA, also
caused a significant depolarization. In these preparations, the
hyperpolarizing effect of LPS was similar to that observed in
the rings with endothelium (Figure 6b). This response was
not affected by L-NNA, but was totally inhibited by IBTX.

01 RMP  ACh

13)

Membrane Potential (mV)
&
<

-604

(12)
*

0- RMP ACh LP

-10-
_20_-
30-
40

16y (12)
-501

Membrane Potential (mV)

604 02000 B
(10)
%

-70-

Figure 2 Membrane potentials measured in NWR mesenteric artery
rings with (a) or without (b) endothelium. The presence of
endothelium is indicated by the response to 10 um acetylcholine
(ACh). The resting membrane potential (RMP) and the effects of
10 ug ml~" LPS in the absence and in the presence of 50 uM L-NNA
or 10 nm IBTX are shown. For each mesenteric ring obtained from
individual rats (the number of which is shown in parentheses below
the bars), 5 to 12 cells were impaled, and the averages of the
respective measurements were used to obtain the means+s.e.means.
*P<0.05 versus respective RMP. 1P <0.05 versus the response to
LPS (Newman-Keuls test).

Table 1 Effect of LPS (10 ug ml~') on the membrane potential (in mV) of mesenteric arteries and aortic rings with and without

endothelium

Mesenteric arteries
With endothelium

Without endothelium

Aortic rings

With endothelium Without endothelium

RMP LPS RMP LPS RMP LPS RMP LPS
NWR —42.0+0.4 —59.3+0.4* —42.0+0.9 —61.3+0.4* —50.6+0.5 —49.340.5 —52.14£0.5 —51.5+0.3
SHR —32.7+0.7 —50.3+0.7* —28.5+2.2 —32241.0 —69.940.3 —89.740.3 —68.1+£0.9 —87.940.6

RMP, resting membrane potential; LPS, lipopolysaccharide. For each artery ring from individual rats (n=8), 5 to 12 cells were
impaled, and the averages of the respective measurements were used to obtain the mean +s.e.mean. *P<0.05 versus RMP (Newman—

Keuls test).
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Figure 3 (a) Concentration-response curves for the hiperpolariza-
tion induced by LPS on intact mesenteric arteries from NWR in the
absence (control) and in the presence of 50 um L-NNA or 3 um
Bosentan or 50 uM L-NNA plus 1 um Bosentan or 50 um L-NNA
plus 3 um Bosentan. *P <0.05 versus controls (Newman-Keuls test);
(b) Representative experimental trace of the record of smooth muscle
membrane potential from NWR mesenteric artery rings in the
absence (RMP) and in the presence of 10 ug ml~"' LPS.

Discussion

Most of the previous studies of the mechanisms responsible
for the hypotension induced by LPS were performed in
isolated arteries or organs from animals pre-treated with this
drug. In the present work we studied the direct effect of LPS
in isolated arteries from normotensive and from hypertensive
rats, avoiding the interference of plasma factors. Since EDRF
(NO) has been shown to play an important role in the
hyporeactivity induced by LPS (Li et al., 1997, Wu et al.,
1994; Thiemermann & Vane, 1990; Rees er al., 1990), the
direct effect of LPS was also tested in the presence of the NO
synthase inhibitor L-NNA.

The mechanisms underlying the vascular relaxation in-
duced by LPS differed in normotensive and SHR animals,
depending on the type of vessel studied.

In the NWR mesenteric vascular bed, preincubation with
L-NNA had no effect on the relaxant response to LPS
(Figure 1b), indicating that this response is not mediated
by NO. In this case, a direct effect on the smooth muscle
or the release of EDHF by the endothelium could be
involved, possibly through the activation of high-conduc-
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Figure 4 (a) Membrane potential measured in SHR mesenteric
artery rings, with or without endothelium, in the absence (RMP) and
in the presence of 10 ug ml~' LPS. (b) Effect of 10 ug ml~' LPS on
the membrane potential of intact SHR mesenteric artery rings in the
absence and in the presence of 50 uM L-NNA or 10 nm IBTX. For
each ring obtained from individual rats (the number of which is
shown in parentheses below the bars), 5 to 12 cells were impaled, and
the averages of the respective measurements were used to obtain the
mean and s.e.mean. *P<0.05 versus RMP. 1P<0.05 versus LPS
alone (Newman-Keuls test).
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Figure 5 Membrane potential measured in aortic rings from NWR,
with and without endothelium, in the absence (RMP) and in the
presence of 10 ug ml~' LPS. For each aortic ring obtained from
individual rats (the number of which is shown in parentheses below
the bars), 5 to 12 cells were impaled, and the averages of the
respective measurements were used to obtain the mean and s.e.mean.

tance Ca?"-dependent K* channels, since it was blocked
by IBTX.

The behaviour of the SHR mesenteric vascular bed
towards LPS differed from that of the NWR, in which
preincubation with L-NNA had no effect. In SHR prepara-
tions, L-NNA efficiently reduced the responses to LPS,

British Journal of Pharmacology vol 137 (2)
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Figure 6 (a) Effect of 10 ug ml~' LPS on the membrane potential
of SHR aortic rings with endothelium in the absence (RMP) or in the
presence of 10 nM IBTX, 50 um L-NNA, or 1 nm glibenclamide (Gli).
(b) Effect of 10 ug ml~' LPS on the membrane potential of SHR
aortic rings without endothelium in the absence (RMP) or in the
presence of 10 nm IBTX or 50 um L-NNA. For each aortic ring
obtained from individual rats (the number of which is shown in
parentheses below the bars), 5 to 12 cells were impaled, and the
averages of the respective measurements were used to obtain the
mean and s.e.mean. *P<0.05 versus RMP. 1P<0.05 versus LPS
alone (Newman-Keuls test).

indicating that these responses are largely mediated by NO,
which also activates the Ca’"-dependent K* channels
sensitive to IBTX. This was probably a direct effect of NO,
since it was not affected by the guanylate cyclase inhibitor.

To visualize the relaxant response to LPS in mesenteric
vascular beds, the preparations must be pre-contracted with
vasoconstrictor agonists which inhibit K* channels (Quayle
et al., 1997), blunting the relaxant response due to the
activation of these channels. To avoid this problem,
intracellular microelectrodes were used to obtain direct
measurements of the smooth muscle cell membrane potential
in mesenteric and aortic rings.

In the NWR mesenteric rings, with or without endothe-
lium, no differences were observed in the resting membrane
potential or in the hyperpolarizing responses to LPS (Figure
2). L-NNA blocked the responses of endothelized but not
those of de-endothelized NWR rings, indicating the participa-
tion of NO release, in contrast with the mesenteric vascular
bed results. This may be explained by the hyperpolarization
and vasodilatation being mostly due to NO (EDRF) in larger
arteries and to EDHF in small resistance arteries (Hwa et al.,
1994; Shimokawa et al., 1996).

The hyperpolarizing response to LPS in de-endothelized
NWR mesenteric rings suggest that the toxin acts directly on
the smooth muscle, without the mediation of NO release by
the endothelium. If this is the case, it should not be expected

that L-NNA would block the hyperpolarization of NWR
endothelized rings in response to LPS, as was observed
(Figure 2a). Therefore we investigated the possibility that
endothelin released by LPS might have a depolarizing effect
that would mask the direct effect on the smooth muscle.
Endothelin (ET-1) is a potent vasoconstrictor released by the
endothelium which is markedly increased in endotoxic shock,
but its role in sepsis remains obscure (Ishimaru et al., 2001).
Although no data in isolated vascular preparations have been
reported, studies involving LPS administration to toxaemic
rats showed complex responses that involved release of
endothelin-1 and different effects in the expression of ETA
and ETB receptors (e.g. Rossi et al., 2001). Our results
(Figure 3) show that bosentan, an antagonist of these
receptors, blocked the inhibition by L-NNA of the
hyperpolarizing response to LPS in endothelized NWR
mesenteric rings. This suggests that LPS induces the release
of both NO and endothelin, which have opposite effects on
the membrane potential. A better understanding of this
finding awaits further study.

The responses induced by LPS in either endothelized or de-
endothelized NWR mesenteric rings were both blocked by
IBTX, in agreement with previous reports that the NO
produced by vascular expression of inducible NO synthase
activates Ca®"-dependent K* channels in vascular smooth
muscle (Murphy & Brayden, 1995; Taguchi et al., 1996). In
fact, the inhibitory effect of IBTX, observed in either
endothelized or de-endothelized arteries, indicates that these
Ca’"-dependent K* channels are located in the smooth
muscle.

In SHR mesenteric rings, LPS caused hyperpolarization
only in endothelized preparations (Figure 4) suggesting that it
did not directly stimulate potassium channels in the smooth
muscle. Indeed, these channels were shown to be impaired in
the SHR (Borges et al., 1999).

The above assumptions are in agreement with the report
that the ability of acetylcholine to relax the SHR mesenteric
vascular bed through EDHF is impaired while there is a
parallel increase in NO release (Mantelli er al, 1995).
Furthermore, Feres et al. (1998) also verified that the
impaired hyperpolarizing response to stimulation of a5-
adrenoceptors in SHR is compensated by the increased
endothelial production of NO in this strain (Wu & Yen,
1999).

The results in the NWR mesenteric vascular bed lead us to
conclude that LPS induces relaxation by directly opening
Ca?"-dependent K* channels located in the smooth muscle
cell membrane, whereas in SHR, these effects are mediated by
NO.

Our results indicate that LPS induces hyperpolarization in
NWR mesenteric rings by opening smooth muscle Ca?"-
dependent K* channels both directly and indirectly through
release of NO from the endothelium. In SHR rings, the
indirect effect through NO release from the endothelium
predominates.

Regarding the NWR aorta, LPS did not cause hyperpolar-
ization in either endothelized or de-endothelized preparations,
indicating that the toxin does not act on the ATP-sensitive
K* channels that were shown to predominate in aortic
smooth muscle (Fauaz et al., 2000).

In contrast, the SHR aorta is a good model to study the
direct effect of LPS, since it presents an increased expression
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of Ca’*-sensitive K* channels (Liu et al., 1997). These
channels in SHR are constitutively open, since a significant
depolarization was observed by the addition of IBTX, which
would stimulate the sodium/potassium pump, shown to be
hyperactive in this strain (Silva et al., 1994). These conditions
would contribute to the hyperpolarized state of SHR aortic
rings. The resting membrane potential did not differ between
endothelized and de-endothelized SHR aortic rings, and in
both conditions similar hyperpolarizing responses to LPS
were observed. The endothelized ring responses were partially
affected by the NO inhibitor L-NNA, by IBTX or by
glibenclamide, but total inhibition was only observed by the
combination of IBTX plus glibenclamide. This indicates that
LPS was also able to open the ATP-sensitive K* channels
present in SHR aorta (Landry & Oliver, 1992). Since in the
de-endothelized SHR aortic rings IBTX totally inhibited the
hyperpolarization induced by LPS, the activation of ATP-
dependent potassium channels observed in intact rings was
probably due to NO release from the endothelium.

In conclusion, our results in the resistance vessels
(mesenteric vascular bed) suggest that relaxation induced by
LPS in NWR is due to direct activation of large conductance

References

BALK, R.A. (2000). Severe sepsis and septic shock. Definitions,
epidemiology, and clinical manifestations. Crit. Care Clin., 16,
179-192.

BERNARD, C., MERVAL, R., ESPOSITO, B. & TEDGUI, A. (1998).
Resistance to endotoxin shock in spontaneously hypertensive
rats. Hypertension, 31, 1350—1356.

BOLOTINA, V.M., NAJIBL, S., PALACINO, J.J., PAGANO, J. & COHEN,
R. (1994). Nitric oxide directly activates calcium-dependent
potassium channels in VSM. Nature, 368, 850 —852.

BONE, R.C. (1991). The pathogenesis of sepsis. Ann. Intern. Med.,
115, 457-469.

BONE, R.C. (1994). Gram-positive organisms and sepsis. Arch.
Intern. Med., 154, 26 —34.

BORGES, A.C.R., FERES, T., VIANNA, L.M. & PAIVA, T.B. (1999).
Effect of cholecalciferol treatment on the relaxant responses of
SHR arteries to acetylcholine. Hypertension, 34, 897-901.

CHEN, G. & CHEUNG, D.W. (1997). Effect of K+ channel blockers
on ACh-induced hyperpolarization and relaxation in mesenteric
arteries. Am. J. Physiol., 272, H2306-H2312.

CHEN, S.J., WU, C.C., YANG, S.N., LIN, C.I & YEN, M.H. (2000).
Abnormal activation of K* channels in aortic smooth muscle of
rats with endotoxic shock: electrophysiological and functional
evidence. Br. J. Pharmacol., 131, 213-222.

CHEN, S.J., WU, C.C. & YEN, M.H. (1999). Role of nitric oxide and
K+ channels in vascular hyporeactivity induced by endotoxin.
Arch. Pharmacol., 359, 493 —499.

CRISTENSEN, K.L. & MULVANY, M.J. (1993). Mesenteric arcade
arteries contribute substantially to vascular resistance in
conscious rat. J. Vasc. Res., 30, 73—79.

ENGLAND, S.K. WOOLDRIDGE, T.A., STEKIEL, WJ. & RUSCH, N.J.
(1993). Enhanced single-channel K™ current in arterial mem-
branes from genetically hypertensive rats. Am. J. Physiol., 264,
H1337-H1345.

FAUAZ, G., FERES, T., BORGES, A.C.R. & PAIVA, T.B. (2000). Alpha-
2 adrenoceptors are present in rat aorta smooth muscle cells, and
their action is mediated by ATP- sensitive K+ channels. Br. J.
Pharmacol., 131, 788 —794.

FERES, T., BORGES, A.C.R., SILVA, E.G., PAIVA, A.C.M. & PAIVA,
T.B. (1998). Impaired function of alpha-2 adrenoceptors in
smooth muscle mesenteric arteries from spontaneously hyper-
tensive rats. Br. J. Pharmacol., 125, 1144—1149.

FURCHGOTT, R.F. (1981). The requirement for endothelial cells in
relaxation of arteries by acetylcholine and some other vasodila-
tors. Trends Pharmacol. Sci., 2, 173—-176.

Ca?*-sensitive K™ channels located in the smooth muscle cell
membrane. In the SHR, LPS causes relaxation indirectly,
mainly through NO release from the endothelium, which is
also able to open Ca®*-sensitive K* channels.

In medium size vessels (mesenteric arteries), our results
indicate that the hyperpolarization induced by LPS in NWR
is due to both direct and indirect (through NO release from
the endothelium) activation of the Ca?*-sensitive K™*
channels, while in SHR the response is only due to NO
release from the endothelium.

In aortic rings, LPS induces hyperpolarization only in the
SHR, by direct activation of Ca?*-sensitive and ATP-
dependent K* channels, or indirectly, through NO release
from endothelium.

This study was supported by grants and fellowships from the
Brazilian National Research Council (CNPq) and by the Sao
Paulo State Research Foundation (FAPESP). The technical
assistance of Nelson Alves Mora is gratefully acknowledged.

FURCHGOTT, R.F. & CHERRY, P.D. (1984). The muscarinic receptor
of vascular endothelium that suberves vasodilatation. Trends
Pharmacol. Sci., 5, 45—48.

HALL, S., TURCATO, S. & CLAPP, L. (1996). Abnormal activation of
K + channels underlies relaxation to bacterial lipopolysaccharide
in rat aorta. Biochem. Biophys. Res. Commun., 224, 184—190.

HOANG, L.M. & MATHERS, D.A. (1998). Internally applied
endotoxin and the activation of BK channels in cerebral artery
smooth muscle via a nitric oxide-like pathway. Br. J. Pharmacol.,
123, 5-12.

HWA, J.J., CHIBAUDI, L., WILLIAMS, P. & CHATTERJEE, M. (1994).
Comparison of acetylcholine-dependent relaxation in large and
small arteries of rat mesenteric vascular bed. Am. J. Physiol., 266,
H952-H958.

ISHIMARU, S., SHICHIRI, M., MINESHITA, S. & HIRATA, Y. (2001).
Role of endothelin-1/endothelin receptor system in endotoxic
shock rats. Hypertens. Res., 24, 119-126.

LANDRY, D.W. & OLIVER, J.A. (1992). The ATP-sensitive K+
channel mediates hypotension in endotoxemia and hypoxic lactic
acidosis in dog. J. Clin. Invest., 89, 2071 —2074.

LI S., FAN, S.X. & MCKENA, T.M. (1997). Vascular smooth muscle
cells on matrigel as a model for LPS-induced hypocontractility
and NO formation. Am. J. Physiol., 272, H576 —H584.

LIU, Y., PLEYTE, K., KNAUS, H.G. & RUSCH N.J. (1997). Increased
expression of Ca®*-sensitive K" channels in aorta of hyperten-
sive rats. Hypertension, 30, 1403 —1409.

MANTELLI, L., AMERINI, S. & LEDDA, F. (1995). Roles of nitric
oxide and endothelium-derived hyperpolarizing factors in
vasorelaxant effect of acetylcholine as influenced by aging and
hypertension. J. Cardiovasc. Pharmacol., 25, 595—-602.

MCGREGOR, D.D. (1965). The effect of sympathetic nerve stimula-
tion on vasoconstrictor responses in perfused mesenteric blood
vessels of the rat. J. Physiol., 177, 21 -30.

MITOLO-CHIEPPA, D., SERIO, M., POTENZA, M.A., MONTAGNANI,
M., MANSI, G., PECE, S., JIRILLO, E. & STOCLET, J.C. (1996).
Hyporeactivity of mesenteric vascular bed in endotoxin-treated
rats. Eur. J. Pharmacol., 309, 175—182.

MURPHY, M.E. & BRAYDEN, J.E. (1995). Apamin-sensitive K*
channels mediate an endothelium-dependent hyperpolarization
in rabbit mesenteric arteries. J. Physiol., 489, 723 —-734.

OKAMOTO, K. & AOKI, K. (1963). Development of a strain of
spontaneously hypertensive rats. Jap. Circ., 27, 282—292.

British Journal of Pharmacology vol 137 (2)



220 N.C. Farias et al

LPS-induced vasodilatation in SHR

QUAYLE, J.M., NELSON, M.T. & STANDEN, N.B. (1997). ATP-
sensitive and inwardly rectifying potassium channels in smooth
muscle. Physiol. Rev., 77, 1165—1232.

REES, D.D., CELEK, S., PALMER, R.M.J. & MONCADA, S. (1990).
Dexamethasone prevents the induction by endotoxin of nitric
oxide synthase and associated effect on vascular tone. An insight
into endotoxic shock. Biochem. Biophys. Res. Commun., 173,
541—-547.

ROSS, B.D. (1972). Perfusion Techniques in Biochemistry. 356 —
394 pp. Oxford: Clarendon Press.

ROSSI, G.P., SECCIA, T.M. & NUSSDORFER, G.G. (2001). Reciprocal
regulation of endothelin-1 and nitric oxide: relevance in the
physiology and pathology of the cardiovascular system. Int. Ver.
Cytol., 209, 241-272.

SHIMOKAWA, H., YASUTAKE, H., FUJII, K., OWADA, MK,
NAKAIKE, R. FUKUMOTO, Y., TAKAYANAGI, T., NAGAO, T.
EGASHIRA, K., FUJISHIMA, M. & TAKESHITA, A. (1996). The
importance of the hyperpolarizing mechanism increases as the
vessel size decreases in endothelium-dependent relaxations in rat
mesenteric circulation. J. Cardiovasc. Pharmacol., 28, 703—-711.

SILVA, E.G., FREDIANI-NETO, E., FERREIRA, A.T., PAIVA, A.C. &
PAIVA, T.B. (1994). Role of Ca+ dependent K-channels in the
membrane potential and contractility of aorta from sponta-
neuosly hypertensive rats. Br. J. Pharmacol., 113, 1022 —1028.

SZABO, C., CUZZOCREA, S., ZINGARELLI, B., O'CONNOR, M. &
SALZMAN, A.L. (1997). Endothelial dysfunction in a rat model of
endotoxic shock. J. Clin. Invest., 100, 723 —735.

TAGUCHI, H., HEISTAD., D.D., CHU, Y., RIOS, C.D., OOBOSHI, H. &
FARACI, F.M. (1996). Vascular expression of inducible nitric
oxide synthase is associated with activation of Ca + + -dependent
K+ channels. J. Pharmacol. Exp. Ther., 279, 1514—1519.

THIEMERMANN, C. & VANE, J.R. (1990). Inhibition of nitric oxide
synthesis reduces the hypotension induced by LPS in the rat in
vivo. Eur. J. Pharmacol., 182, 591 —595.

WU, C.C, SZABO, C., CHEN, S.J., THIEMERMANN, C. & VANE, J.R.
(1994). Activation of soluble guanylyl cyclase by a factor other
than nitric oxide or carbon monoxide contributes to the vascular
hyporeactivity to vasoconstrictor agents in the aorta of rats
treated with endotoxin. Biochem. Biophys. Res. Commun., 201,
436—-442.

WU, C.C. & YEN, M.H. (1999). Higher level of plasma nitric oxide in
spontaneously hypertensive rats. Am. J. Hypertens., 12, 476—
482.

YEN, M.H.,, LIU, Y.C., HONG, H.J., SHEU, J.R. & WU, C.C. (1997). Role
of nitric oxide in lipopolysaccharide-induced mortality from
spontaneously hypertensive rats. Life Sci., 60, 1223 —-1230.

( Received June 11, 2002
Accepted June 19, 2002)

British Journal of Pharmacology vol 137 (2)



	fig_xref1
	tab_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xref
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39

