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Temporal variation in endotoxin-induced vascular hyporeactivity in
a rat mesenteric artery organ culture model
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1 Endotoxin-induced vascular hyporeactivity to phenylephrine (PE) is well described in rodent
aorta, but has not been investigated in smaller vessels in vitro.

2 Segments of rat superior mesenteric artery were incubated in culture medium with or without
foetal bovine serum (10%) for 6, 20 or 46 h in the presence or absence of bacterial
lipopolysaccharide (LPS; 1-100 ug ml~—").

3 Contractions to PE were measured with or without nitric oxide synthase (NOS) inhibitors: L-
NAME (300 um), aminoguanidine (AMG; 400 um) 1400W (10 um) and GW273629 (10 um); the
guanylyl cyclase inhibitor, ODQ (3 uM); the COX-2 inhibitor, NS-398 (10 uM). Contractile responses
to the thromboxane A, mimetic, U46619 were also assessed.

4 In the presence of serum, LPS induced hyporeactivity at all time points. In its absence,
hyporeactivity only occurred at 6 and 20 h.

5 L-NAME and AMG fully reversed hyporeactivity at 6 h, whereas they were only partially
effective at 20 h and not at all at 46 h. In contrast partial reversal of peak contraction was observed
with 1400W (62% at 46 h), GW273629 (57% at 46 h) and ODQ (75% at 46 h). COX-2 inhibition
produced no reversal.

6 In contrast to PE, contractions to U46619 were substantially less affected by LPS.

7 We describe a well-characterized reproducible model of LPS-induced hyporeactivity, which is
largely mediated by the NO-cyclic GMP-dependent pathway. Importantly, long-term (2-day)
production of NO via iNOS is demonstrated. Moreover, conventional doses of L-NAME and AMG
became increasingly ineffective over time. Thus, the choice of inhibitor merits careful consideration
in long-term models.
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Ach, acetylcholine; AMG, aminoguanidine; cyclic GMP, guanosine 3’-5 cyclic-monophosphate; DMEM,
Dulbecco’s modified Eagle’s medium; ENDO, endothelium; FBS, foetal bovine serum; 1400W, N-(3-
(aminomethyl)benzyl)acetamidine; GW, GW273629; L-NAME, N®-nitro-L-arginine methyl ester; LPS,
lipopolysaccharide; NO, nitric oxide; NOS, nitric oxide synthase; NS-398, N-(2-(cyclohexyloxy)-4-
nitrophenyl)-methanesulphonamide; ODQ, 1H-(1,2,4)oxadiazole(4,3-a)quinoxalin-1-one; PE, phenylephrine;
RMA, rat mesenteric artery; SNAP, S-nitroso-N-acetyl-D,L-penicillamine; U46619, 9,11-dideoxy-9a, 1la-
methanoepoxy prostaglandin F»,

Introduction

Sepsis is the leading cause of morbidity and mortality in
critically ill patients with a mortality rate exceeding 50%
(Deitch, 1998). Gram-negative bacterial infections are
responsible for approximately 50% of cases of septic shock
(Thiemermann, 1997). This condition is characterized by an
exaggerated host systemic inflammatory response usually
leading to a high cardiac output, low systemic vascular
resistance circulation with a low blood pressure (Parillo,
1993). In such patients, therapy with an o; adrenergic agonist
is often required to reverse the hypotension. However,
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hypotension may be resistant to high doses of vasopressor
agents, a state known as vascular hyporeactivity. Adminis-
tration of endotoxin (lipopolysaccharide; LPS), a cell wall
component ubiquitous to Gram-negative bacteria, to animals
and human volunteers has been used extensively to mimic
Gram-negative sepsis (Thiemermann, 1997; Deitch, 1998).
In many models, endotoxin-induced vascular hyporeactivity
is associated with enhanced formation of nitric oxide (NO)
within the blood vessel, involving activation of mainly
inducible (iNOS) but also constitutive (eNOS) isoforms of
NO synthase (NOS) (Julou-Schaeffer et al., 1990; Thiemer-
mann, 1994). Once formed, NO can activate soluble guanylyl
cyclase resulting in vascular smooth muscle relaxation through
the formation of guanosine 3'-5’ cyclic-monophosphate (cyclic
GMP). Consistent with this, inhibition of NOS or soluble
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guanylyl cyclase has been shown to reverse vascular
hyporeactivity in vivo and in vitro, either partially (Yen et
al., 1995; Mitolo-Chieppa et al., 1996; Wu et al., 1998) or
completely (Julou-Schaeffer et al., 1990; Hall et al., 1996;
Scott et al., 1996). Endotoxin is known to induce the
expression of other enzymes, including cyclo-oxygenase
(COX-2) (Bishop-Bailey et al., 1997) suggesting that addi-
tional mechanisms are likely to contribute to endotoxin-
induced changes in vascular reactivity. For example, increased
prostanoid production and enhanced potassium channel
activity have been reported to contribute to the development
of hypotension and vascular hyporeactivity (Wu et al., 1995b;
Fatehi-Hassanabad et al., 1996; Clapp & Tinker, 1998).

The majority of in vitro investigations into mechanisms of
vascular hyporeactivity have used aortic tissues from rodents
(Julou-Schaeffer et al., 1990; Wu et al., 1995a; Scott et al.,
1996, Hall et al., 1996). However, this is a large conduit
vessel that only makes a small contribution to systemic
vascular resistance. In contrast, inducing hyporeactivity in
smaller rodent blood vessels has proved very difficult. Using
vessels harvested from endotoxaemic animals (ex-vivo) or
vessels superfused with endotoxin, Mitchell et al. (1993) and
Glembot et al. (1995) were unable to demonstrate diminished
responses to vasoconstrictor agents. However, hyporeactivity
could be demonstrated in small mesenteric and femoral
vessels ex vivo, but only if the bathing medium contained L-
arginine, the precursor for NO synthesis. (Schneider et al.,
1992; 1994; Mitolo-Chieppa et al., 1996).

The ex vivo and in vitro models described to date differ in
the degree of hyporeactivity obtained and in the response to
blockade of NO synthesis. These differences may relate to the
species or origin of blood vessel, the endotoxin model under
investigation, the dose and duration of incubation with LPS,
or the type of NOS inhibitor used. We sought to develop a
reproducible in vitro model of hyporeactivity in a smaller
artery and chose to study a mesenteric vessel since the
mesenteric circulation is an important contributor to vascular
tone, receiving 30—40% of the total cardiac output. Using an
organ culture method, we investigated the effect of LPS on
vascular reactivity to the «; agonist, phenylephrine (PE) and
the thromboxane A, mimetic, U46619 in rat superior
mesenteric artery. We sought to characterize the response
to PE in terms of the dose and duration of LPS incubation,
the effect of serum and the role of the endothelium. The
contribution of the NO pathway was also assessed using a
variety of NOS inhibitors. Preliminary results have been
presented in abstract form (O’Brien et al., 1999; 2000a, b).

Methods
Model

Male Sprague-Dawley rats (280—300 g body weight) were
killed via cervical dislocation. The superior mesenteric artery
was dissected out and placed in sterile Hanks Balanced Salts
Solution. The artery was cleaned of connective tissue and cut
into four segments or eight rings. For fresh controls, rings
were immediately mounted in the organ bath containing
physiological saline solution (PSS) (the composition of which
was in mM: NaCl 112, KCl 5, NaHCO; 25, MgCl, 1,
KH,PO,4 0.5, NaH,PO4 0.5 and phenol red 0.03) gassed with

95% 0,/5% CO, at 37°C. In a few further experiments
vessels were incubated for 6 h in PSS containing 1 ug ml~!
LPS (Salmonella typhosa). Otherwise segments were incu-
bated in sterile Dulbecco’s Modified Eagle’s Medium
(DMEM) for 6, 20 or 46 h in an atmosphere of 95% air/
5% CO,. In all experiments (except where stated) the culture
medium was supplemented with foetal bovine serum (FBS,
10% v v "). LPS was added to the appropriate segments at
doses ranging from 1-100 pug ml~'. Following incubation in
culture medium, the tissues were transferred to an organ bath
chamber containing PSS. Rings of mesenteric artery were
attached to an isometric force transducer coupled to a
recorder. Tissues were subjected to a tension of 1.25 g and
permitted to relax to a resting tension of 0.8 g, the optimum
tension found in preliminary experiments. An equilibration
period of 1 h was allowed during which time tissues were
washed at 15 min intervals. Where appropriate, LPS was
added to the organ baths for the duration of the experiment.
Endothelial function was assessed by monitoring relaxation
to 5 uM acetylcholine (Ach) in rings precontracted with either
1 uM phenylephrine (PE) or 0.1 uM U46619. Endothelium
was considered present if there was greater than 50%
relaxation to Ach, and these responses to Ach were
maintained up to 46 h in culture medium. In some
experiments the endothelium was removed by gently passing
a small tungsten wire through the lumen of the ring prior to
mounting it in the organ bath.

Cumulative concentration-response curves were con-
structed to PE (107?—107° M) or U44619 (9,11-dideoxy-9e,
11o-methanoepoxy prostaglandin F,,) (107°—=10-° M), with
increasing doses added at 5 min intervals.

Experimental protocols

At least five superior mesenteric rings, taken from a
minimum of three animals, were used for each experimental
group. Except where indicated, all concentration-response
curves were constructed to PE using endothelium-intact rings.

Dose of LPS LPS, at doses of 1, 10 or 100 ug ml~' were
added to the culture medium and tissues incubated overnight
for a total of 20 h.

Duration of incubation Segments were incubated in the
presence or absence of LPS (1 ug ml™') for 6, 20 and 46 h
prior to mounting in the organ bath.

Effect of foetal bovine serum Rings were incubated with and
without LPS (1 ug ml~") for 6, 20 and 46 h in the presence
and absence of 10% FBS in the culture medium.

Role of endothelium Endothelium-intact or denuded rings
were incubated with and without LPS (1 ug ml~") for 20 h.

Nitric oxide synthase inhibition (a) Addition of N®-nitro-L-
arginine methyl ester (L-NAME) Rings were incubated with
and without LPS (1 ug ml~") for 6, 20 and 46 h. The non-
specific NOS inhibitor, L-NAME (300 uM) was added 25 min
prior to addition of PE.

(b) Addition of aminoguanidine Rings were incubated with
and without LPS (1 ug ml~") for 6, 20 and 46 h. The iNOS
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inhibitor, aminoguanidine (400 uM) was added 25 min prior
to addition of PE.

(c) Addition of N-(3-(aminomethyl)benzyl)acetamidine
(1400W) or GW273629 Rings were incubated with and
without LPS (1 ug ml~") for 20 and 46 h. The highly specific
iNOS inhibitors, 1400 W (10 um) and GW273629 (10 um)
were added 25 min prior to addition of PE.

Guanylyl cyclase inhibition Rings were incubated with and
without LPS (1 ug ml~") for 20 and 46 h. The selective
soluble guanylyl cyclase inhibitor, 1H-(1,2,4)oxadiazole(4,3-
a)quinoxalin-1-one (ODQ; 3 uM) was added 25 min prior to
addition of PE.

Cyclo-oxygenase-2 (COX-2) inhibition Rings were incu-
bated with and without LPS (1 ug ml~") for 20 h. The
selective cyclo-oxygenase-2 inhibitor, NS-398 N-(2-(cyclohex-
yloxy)-4-nitrophenyl)-methanesulphonamide (10 uM) was
added 25 min prior to addition of PE.

Effect of LPS on responses to the thromboxane A;
mimetic Rings, either endothelium-denuded or intact, were
incubated for 20 h with and without LPS (1 pug ml~') prior to
constructing concentration-response curves to U46619
(10-°=10-° Mm).

Concentration-response curves to the NO donor, SNAP Con-
centration-response curves to S-nitroso-N-acetyl-D,L-peni-
cillamine (SNAP) (107~ 10> M) were constructed following
precontraction with either 1 uM PE or 0.1 um U46619. Doses
of SNAP were added in cumulative fashion once contraction
to the agonist had stabilized.

Reagents and solutions

Hanks Balanced Salt Solution (Gibco, Paisley, U.K.) was
supplemented with 5 mM HEPES, 1 mM NaHCOs;, 50 units
ml~" penicillin and 50 pug ml~' streptomycin. Dulbecco’s
Modified Eagle’s Medium was supplemented with penicillin-
streptomycin solution (100 units ml~' and 100 ug ml~!,
respectively) and 2 mM L-glutamine (Gibco). Physiological
salt solution (PSS) used in tension experiments contained in
mM: NaCl 112, KCI 5, NaHCO; 25, MgCl, 1, KH,PO, 0.5,
NaH,PO,4 0.5 and phenol red 0.03. L-NAME, aminoguani-
dine, LPS (Salmonella typhosa), acetylcholine and PE were all
obtained from Sigma Chemical Company (Poole, Dorset,
U.K.). Foetal bovine serum was obtained from Gibco,
U46619 from Affiniti-Research (Exeter, U.K.) and 1400 W,
ODQ, NS-398 and SNAP from Alexis Corporation (Notting-
ham, U.K.). GW 273629 was kindly donated by Glaxo
Wellcome (Stevenage, U.K.).

Statistics

All data are represented as mean+standard error of the
mean (s.e.mean) of n observations. Statistical analysis was
performed using two way ANOVA with repeated measures
and where appropriate, corrected for multiple comparisons
against the control group (Bonferroni) or all groups (Student-
Newman Keuls) (SigmaStat, Jandel corporation, Chicago,
U.S.A.). The concentration of agonist causing a 50%

contraction or relaxation of the maximal response is
expressed as the log ECsy value and was calculated using
the Origin 6.0 program (Microcal, Northampton, MA,
U.S.A)). The log ECsy values were compared using a one
way ANOVA (with Bonferroni or Student-Newman Keuls
correction as appropriate). A P value <0.05 was considered
statistically significant.

Results

Effect of endotoxin on the contractile responses to
phenylephrine

A typical cumulative concentration-response curve to pheny-
lephrine (PE) in rat superior mesenteric artery (RMA)
incubated in the presence and absence of 1 ug ml~' LPS for
(a) 6 h and (b) 20 h is shown in Figure 1. LPS induced marked
hyporeactivity to PE, causing a depression in the maximal
response and a shift to the right of the concentration-response
curve compared to control tissues. In contrast, we were unable
to induce significant hyporeactivity to PE if tissues were
incubated in PSS for 6 h in the organ bath in the presence of
1 ug ml~' LPS (n=35; P>0.05, two-way ANOVA).

The effect of varying the LPS concentration was
investigated in RMA incubated for 20 h in culture medium
supplemented with serum. LPS (1-100 ug ml~") induced
significant  hyporeactivity to PE (P<0.001, two-way
ANOVA; Figure 2) with the maximal response in the
presence of 1ugml' LPS being suppressed from
1.66+0.27-0.7+0.14 g (n=5-7). In addition, LPS caused
a rightward shift of the log ECso from —6.54+0.09 (control)
to —5.81+0.05, —5.64+0.07, —5.61+0.05, for 1, 10 and
100 ug ml~', respectively (n=5-7, P<0.001, one-way
ANOVA). However, the degree of hyporeactivity induced at
the different concentrations of LPS was similar.

Effect of the duration of incubation and the
presence of serum

Control tissues were incubated in the presence and absence of
FBS (10% v v~') for 6, 20 or 46 h. Over this time course,
peak responses to PE were comparable over the whole
concentration range to those observed in fresh controls
(P>0.05, two-way ANOVA; Figure 3a,c). However, contrac-
tions elicited from tissues incubated for 46 h in culture
medium with or without serum were much less sustained than
was observed at either 6 or 20 h. For example, at 1 um PE,
peak contractions over a 5 min period declined by 2% at 6 h,
9% at 20 h and 42% at 46 h. Moreover, when tissues were
incubated in the presence of LPS, there appeared to be a
differential effect on the contractile responses to PE. In
serum-free conditions, substantial hyporeactivity to LPS
(1 ug ml~") was evident at 6 and 20 h time points (maximal
response 0.47+0.13 g, and 0.754+0.09 g, respectively com-
pared to 1.56+0.16 g in controls; n=5-6, P<0.001, two-
way ANOVA), but not at 46h (maximal response
1.5540.17 g) (Figure 3d). However, in tissues incubated in
serum, LPS induced significant hyporeactivity at all time
points including 46 h (maximal response 0.21+0.05¢g
compared to 1.56+0.14 g in controls; n="7, P<0.001, two-
way ANOVA) (Figure 3b).
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Representative traces of the contractile responses to phenylephrine in rat superior mesenteric artery rings. Tissues were

incubated in the absence (control) or presence of 1 ug ml~! LPS for either (a) 6 h or (b) 20 h.
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Figure 2 Lipopolysaccharide (LPS) induces vascular hyporeactivity
in rat mesenteric artery. Tissues were incubated at 37°C in culture
medium (DMEM) containing 10% serum for 20 h in the absence
(control) and presence of either 1, 10 or 100 ug ml~' LPS.
Concentration-response curves to phenylephrine were obtained in
endothelium intact arterial rings and comparisons made in tissues
taken from the same animal. Data are expressed as the mean+
s.eemean of 5-6 observations from six animals. *=P<0.001
(ANOVA with Bonferroni correction) when compared to controls.

Effect of endothelium on contractile responses to
phenylephrine

In the absence of LPS, the presence of endothelium produced
a rightward shift in the concentration-response to PE
although the maximum contraction observed was similar in
both cases (Figure 4). The log ECsy was shifted from
—6.35+0.29 in endothelium-intact rings to —7.734+0.27 in
endothelium-denuded rings (n=6; P<0.01, two-way ANO-
VA). However, following 20 h incubation in LPS (1 pug ml™"),
the same level of hyporeactivity was observed regardless of
whether the endothelium was present or not (Figure 4).

Effect of nitric oxide synthase inhibitors on contractile
responses to PE in LPS treated tissue

To investigate the role of NOS enzymes, we used L-NAME
(a non-selective NOS inhibitor), aminoguanidine (a more
selective iNOS inhibitor) and the highly selective and potent
iNOS inhibitors 1400 W (Garvey et al., 1997) and
GW273629 (Dr Richard Knowles, Glaxo Wellcome, personal
communication). At 6 h, the addition of either aminoguani-
dine (400 uMm) or L-NAME (300 um) fully reversed LPS-
induced hyporeactivity (n=7-9) (Figure 5a). However, at
20 h no reversal was seen with L-NAME. By contrast,
partial reversal was achieved by aminoguanidine and 1400W
(10 um), the latter being more effective above 0.3 uM PE
(P<0.01, two-way ANOVA) (Figure 5b). At 46 h partial
reversal of hyporeactivity was only seen with 1400W,
whereas aminoguanidine and L-NAME had no effect (Figure
5¢). In control tissues, small but significant (P<0.05, two-
way ANOVA; n=5-7) increases in the contractile responses
to PE were seen in the presence of aminoguanidine (400 um)
at all time points, increasing the maximal response by 14, 26
and 19% to 1.75+0.16 g, 1.754+0.22 g and 2.06+0.12 g at
6, 20 and 46 h, respectively. Aminoguanidine had no effect
on PE contractions in fresh control tissues (data not shown).
The differential effects of these NOS inhibitors prompted us
to conduct a series of further investigations using
GW273629, another specific iNOS inhibitor, and ODQ, the
highly selective guanylyl cyclase inhibitor. Similar effects to
1400W were seen at 20 and 46 h with both compounds
(Figure 6a,b).

Comparison between the dose-response curves to U46619
and phenylephrine

There was no significant hyporeactivity to U46619 following
20 h incubation with LPS in endothelium-intact tissue,
although some hyporeactivity was induced by LPS in
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Figure 3 The effect of incubation time and serum on the hyporeactivity induced by LPS. Tissues were incubated in the absence
(controls, open symbols) or presence (closed symbols) of 1 ug ml~' LPS for 0—46 h, with (a,b) or without (c,d) serum in
endothelium intact rings. Data are expressed as mean +s.e.mean of 6—10 observations from 8—12 animals. *=P<0.001 (ANOVA

with Bonferroni correction) when compared to control.
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Figure 4 The effect of endothelium (endo) on contractile responses
to phenylephrine in rat mesenteric artery. Tissues were incubated in
culture medium with serum for 20 h with or without 1 ug ml~"' LPS.
Data are expressed as mean+s.e.mean of 7—9 observations from
10—12 animals. *=P<0.001 when compared to their respective
controls and #= P <0.05 when phenylephrine control responses are
compared (ANOVA with Student-Newman Keuls correction for
multiple comparisons).

endothelium-denuded tissue (Figure 7). When compared to
PE, the maximum response obtained to U46619 in LPS-
treated tissues was significantly greater in either the presence

(1.31+£0.13 ws 0.51+0.11 g; Figure 7a) or absence
(1.01+0.07 g vs 0.38+0.08 g; Figure 7b) of endothelium
(n=6-10; P<0.001, two-way ANOVA). In order to examine
whether the differential effect of LPS on these two contractile
agonists might relate to differences in the ability of NO to
inhibit responses, we examined the effect of the NO donor,
SNAP. Endothelium-intact tissues were precontracted with
either 1 uM PE (mean contraction 1.09+0.05 g; n=6) or
0.1 uM U46619 (mean contraction 1.33+0.08 g; n=2_8). Figure
8 shows that SNAP relaxed PE and U46619 induced
contractions with a similar potency, the log ECs, values
being —6.41+0.13 and —6.32+0.19 for U46619 and PE,
respectively (n=0).

Effect of COX-2 inhibition on endotoxin-induced
hyporeactivity

Since we did not achieve full reversal of endotoxin-induced
hyporeactivity using NOS inhibitors, we investigated the
effect of the COX-2 inhibitor NS-398. As shown in Figure 9,
NS-398 had no effect on the degree of vascular hyporeactivity
to PE following incubation with LPS for 20 h.

Discussion

We have demonstrated that in vitro incubation of rat superior
mesenteric artery in culture medium with LPS reproducibly
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Figure 5 The effect of the NOS inhibitors, aminoguanidine (AMG),
N®-nitro-L-arginine methyl ester (L-NAME), and N-(3-(amino-
methyl)benzyl)acetamidine (1400W) on LPS-induced hyporeactivity
in endothelium-intact tissue. Rings were incubated in culture medium
containing serum for (a) 6 h (b) 20 h and (c) 46 h in the absence
(open symbols) or presence of 1 ug ml~!' LPS (closed symbols)+
NOS inhibitor. Data are expressed as meants.e.mean of 8§—10
observations from 14—16 animals. ¥*P<0.001 when compared to
control and #= P <0.05 when compared to LPS alone (ANOVA with
Student-Newman Keuls correction for multiple comparisons).
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Figure 6 The effect of the specific iNOS inhibitors, 1400 W and
GW273629 and the selective soluble guanylyl cyclase inhibitor, ODQ
on LPS-induced hyporeactivity in endothelium-intact tissue. Rings
were incubated in culture medium containing serum for (a) 20 h and
(b) 46h in the absence or presence of 1 ugml~' LPS+iNOS/
guanylyl cyclase inhibitor. Data are expressed as mean +s.e.mean of
8—10 observations from 14-16 animals. *=P<0.001 when
compared to control and #= P <0.001 when compared to LPS alone
(ANOVA with Student-Newman Keuls correction for multiple
comparison).

induces substantial vascular hyporeactivity to the o;-agonist,
phenylephrine (PE). In contrast, contractions to the throm-
boxane mimetic, U46619 were only weakly affected by LPS
under similar experimental conditions. Depression of the
contractile response to PE was unaffected by the concentra-
tion of LPS used (1-100 ug ml~"), although responses were
dependent upon incubation time. We noted that serum
prolonged the effects of LPS, causing marked depression of
the contractile response even at 46 h whereas, without serum,
responses had fully recovered by this time. Moreover,
hyporeactivity did not depend upon the presence of an intact
endothelial layer. We investigated the contribution of the
NOS pathway using inhibitors with varying selectivity
towards the different NOS isoforms. While these inhibitors
fully reversed the LPS-induced hyporeactivity at 6 h, the
effects of these agents varied thereafter. Inhibition of soluble
guanylyl cyclase substantially reversed (75—85%) the hypo-
reactivity at 20 and 46 h, while inhibition of the COX-2
pathway had no effect.
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Figure 7 The effect of LPS on phenylephrine or U46619 (thromboxane A, agonist) induced contractions in the presence (a) and
absence (b) of endothelium. Tissues were incubated in culture medium containing serum for 20 h in the absence (open symbols) or
presence of 1 ug ml~!' LPS (closed symbols). Data are expressed as the mean +s.e.mean of 8—10 observations from 12— 14 animals.
*=P<0.001 (ANOVA with Student-Newman Keuls test for multiple comparison) when compared to their respective controls.
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Figure 8 Mean concentration-response curves for S-nitroso-N-
acetyl-D,L-penicillamine (SNAP) evoked relaxation of phenylephrine
(1 um) and U-46619 (0.1 um) contractions in endothelium-intact
rings. Data are expressed as the mean+s.e.mean of eight observa-
tions from six animals.

A variety of models have been developed to study vascular
hyporeactivity in sepsis utilizing LPS, Gram-negative, Gram-
positive bacteria, or pro-inflammatory cytokines (Fink &
Heard, 1990; Deitch, 1998). Examples include in vivo models
(e.g. Julou-Schaeffer et al., 1990; Rees et al., 1998) and organ
bath models using vessels either incubated in LPS (Mckenna,
1990; Hall et al., 1996), or harvested from endotoxaemic
animals (Schneider et al., 1992; Yen et al., 1995; Wu et al.,
1995a) and septic patients (Tsuneyoshi et al., 1996). Although
vascular hyporeactivity is a consistent feature, highly variable
responses are seen in the level of hyporeactivity achieved and
its reversal by inhibitors targeted against either NO,
prostanoids or K* channels. The mechanisms underlying
this highly complex condition are yet to be fully clarified. A
reproducible laboratory model of hyporeactivity would assist
investigation; we thus sought to develop such a model and to
characterize the response to incubation with LPS.

Substantial evidence suggests that NO is an important
mediator of vascular hyporeactivity in sepsis (Thiemermann,
1994; 1997). In septic patients, elevated levels of nitrate/nitrite
(breakdown products of NO) have been measured (Ochoa et
al., 1991), and administration of the non-selective NOS

inhibitor, L-NMMA produced significant elevations in blood
pressure with a concomitant 60—80% reduction in cathe-
colamine requirements (Grover et al., 1999). Similar findings
have also been reported in rodent models (Thiemermann,
1994; 1997; Rees et al., 1998). Enhanced NO production may
result from activation of eNOS in the early stages of the
septic insult (<1 h) followed by expression of iNOS
commencing after 2—3 h (Thiemermann, 1994; 1997). Con-
sistent with a major role for iNOS, vascular hyporeactivity in
arteries removed from animals treated with LPS for 12 h was
only observed in wild-type but not iNOS-deficient mice
(Gunnett et al., 1998). Moreover, long-term exposure to LPS
results in changes in iINOS, but not eNOS expression
(Bishop-Bailey et al., 1997).

An important new finding in our in vitro model was the
variable response over time to NOS inhibitors. Complete
reversal was achieved with NOS inhibitors at 6 h, although
sensitivity to these agents decreased over time. L-NAME
completely lost its effect at 20 h, though 1400W, GW273629
and aminoguanidine remained -effective. At 46 h, only
1400W and GW273629 produced a partial reversal of LPS-
induced hyporeactivity. In addition, the guanylyl cyclase
inhibitor, ODQ reversed the hyporeactivity at the two later
timepoints to a similar extent. Partial reversal implies that
either incomplete NO blockade is occurring or that NO-
independent mechanisms produce hyporeactivity at 20 and
46 h. The former may be due to either inadequate NOS
inhibition, NOS-independent generation of NO, or release of
NO from nitrosylated thiols (e.g. albumin). An inadequate
dose of AMG or L-NAME may explain the lack of effect at
the later timepoints. However, we did observe full reversal
with both these agents at 6 h using the same doses. These are
well above the reported ICsy values for inhibition of NOS,
being 30 uM and 11 uM, respectively for aminoguanidine and
L-NAME against iNOS and 0.6 uM for L-NAME against
eNOS (Wu et al, 1995a). We recently found that a
combination of NOS inhibitor and NO scavenger was
required to inhibit NO production in rat mesenteric and
hepatic arteries (Chauhan ez al., 2000). Furthermore, NO
release induced by LPS in rat aortic segments after 48 h in
culture medium was found to be only partially inhibited by
1 mM L-NAME, though fully by a protein synthesis inhibitor
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Figure 9 The effect of the specific COX-2 inhibitor, NS-398 on
LPS-induced hyporeactivity in endothelium-intact tissue. Rings were
incubated in culture medium containing serum for 20 h in the
absence or presence of 1 ug ml~' LPS+NS-398 (10 um). Data are
expressed as mean+s.e.mean of six observations from seven animals.
*=P<0.00l1 when compared to control (ANOVA with Student-
Newman Keuls test for multiple comparisons).

(Bishop-Bailey et al., 1997). While this latter observation
suggests that NO production was probably occurring through
iNOS, continued production of NO and/or its metabolites
may lead to the formation of NO stores within the blood
vessel (Muller er al., 1998). The generation of nitrated/
nitrosylated compounds by reaction of NO or its metabolites
with either components of the tissue bathing medium or
complexes in blood vessels is well recognized (Dowell &
Martin, 1998; Muller et al., 1998; Stubauer er al., 1999;
Amirmansour et al., 1999). This may also be responsible for
the greater hyporeactivity seen when serum was added to the
incubation medium. Such a mechanism was recently
proposed to explain L-NAME-resistant vascular hyporeac-
tivity (Muller et al., 1998).

We were surprised to find a continuing effect, albeit partial,
of 1400W and GW273629 at 46 h, whereas no reversal was
observed with either AMG or L-NAME. This could simply
reflect the greater potency of these agents, the ICsy for
GW273629 being 2 uMm (R Knowles, personal communica-
tion) and the apparent inhibitory constant for 1400W being
2 nM (Garvey et al., 1997). Although we cannot exclude other
actions of these agents. However, the similar effect of ODQ,
which at 3 uM is considered to be a specific inhibitor of
soluble guanylyl cyclase, suggests that the continued hypo-
reactivity is largely mediated by NO activating guanylyl
cyclase and generating cyclic GMP. A further factor may be
that 1400W is an irreversible inhibitor of iNOS (Garvey et
al., 1997).

As we were unable to achieve full reversal with NO
pathway inhibitors at the later timepoints, we investigated the
effect of NS-398 a selective COX-2 inhibitor (Futaki et al.,
1994). We failed to show any reversal of hyporeactivity using
this agent in tissues incubated with LPS for 20 h. The
production of prostaglandins E, and F, has been demon-
strated in vitro in LPS-treated rat aortic tissues, and this was
successfully blocked by the same dose of NS-398 (Bishop-
Bailey et al., 1997). Although blockade of the inducible and/
or constitutive cyclo-oxygenase pathways rarely reverses
hypotension (Bernard et al., 1997; Leach et al., 1998), it

does partially reverse LPS-induced hyporeactivity (Mckenna,
1990; Gunnett et al., 1998). In terms of other proposed
mechanisms, K* channel inhibitors can reverse some LPS
effects, both in vitro (Hall et al., 1996; Muller et al., 1998)
and in vivo (Wu et al., 1995b), though the type of K™ channel
involved depends on the model (Clapp & Tinker, 1998).

The continued presence of LPS within the incubation
medium prolonged the duration of vascular hyporeactivity.
Animal models given a bolus of LPS have demonstrated
shorter-lived effects. In mice given iv. LPS, maximum
haemodynamic effects were seen at 12 h, which corresponded
with peak iNOS activity (Rees et al., 1998). Surviving animals
showed some recovery by 18 h, which corresponded with a
fall in iNOS activity. In rats receiving intraperitoneal LPS,
levels of mRNA for iNOS peaked at 4—8 h, decreasing
markedly thereafter (Lui er al., 1997). In similar models,
maximum induction of iINOS occurred at 6 h returning
almost to control levels by 24 h (Mitchell et al., 1993; Fricker
et al., 1997). However, arterial and venous mesenteric
vascular beds removed from these animals at 6 h were not
hyporeactive to PE, U44619, endothelin-1 or 5-HT. In
contrast, using an in vitro organ culture model in rat aorta,
the expression of iNOS and COX-2 remained elevated over
the entire 10-day duration in the presence of LPS (Bishop-
Bailey et al., 1997). Although vascular hyporeactivity was not
assessed, nitrate/nitrite levels peaked on day 2 and 9. There
was hyporeactivity at 46 h in our model when LPS was
added to culture medium containing serum. Thus we
speculate that continued presence of LPS in the incubation
media prolongs the period of iNOS induction in blood vessels
compared to a bolus dose administered to rodents. We have
been unable to find an organ bath experiment utilizing vessels
incubated in LPS or harvested from endotoxaemic rats that
have extended beyond 24 h exposure.

We and others have previously demonstrated that 6 h
incubation of aortic rings with LPS in the organ bath is
sufficient to produce substantial hyporeactivity to PE (Hall et
al., 1996). We were unable to reproduce this effect in
mesenteric rings unless we incubated tissue in culture media.
This implies that the medium contains a factor(s) which
promotes/enhances LPS activation of cells within the blood
vessel. To date, no in vitro model of hyporeactivity has been
described using mesenteric vessels. Studies have demonstrated
hyporeactivity ex vivo, albeit inconsistently, where the
mesenteric artery is harvested from rats 4-6h after
treatment with LPS (Mitchell er al., 1993; Schneider et al.,
1992). We acknowledge that this artery is not a resistance
vessel however, using our model, we have successfully
demonstrated vascular hyporeactivity in third order human
mesenteric arteries (unpublished observations).

The addition of serum to the incubation medium enhanced
and prolonged the effects of LPS. Serum contains LPS
binding protein and soluble CD14 which have key roles in
LPS-induced cellular activation and production of pro-
inflammatory cytokines (Schletter et al., 1995). LPS binding
protein transfers LPS to soluble CD14 and the newly formed
LPS-CD14 complex can, in turn, activate endothelial and
vascular smooth muscle cells to release transcription factors
responsible for the induction of various proteins (Arditi et al.,
1993; Loppnow et al., 1995). The situation is somewhat
different in macrophages and monocytes which already
contain membrane bound CDI14 receptors that can be

British Journal of Pharmacology vol 133 (3)



A.J. O'Brien et al

Vascular hyporeactivity in rat mesenteric artery 359

activated directly by LPS (Schletter et al., 1995). However,
CD14-independent mechanisms also contribute to LPS
induction of iINOS expression and NO production in
macrophages (Matsuno et al, 1998). Such a mechanism
may well account for the profound hyporeactivity we
observed with LPS in the absence of serum.

We found no dose-dependent effect of LPS in our model,
implying complete activation of mechanisms inducing hypo-
reactivity at the lowest dose used (1 pug ml~'). While the LPS
concentrations we used are similar to most other in vitro
studies (Glembot et al., 1995; Scott et al., 1996; Muller et al.,
1998), they still exceed those found in the plasma (mean peak
0.5 ng ml~') of septic humans (Danner et al., 1991). Levels
can rise up to 10 ng ml~' in septic patients with meningitis
(Brandtzaeg et al., 1992). There has been one study of
concentration-dependent depression of vascular contractility
at much lower concentrations of LPS (1-100 ng ml~") in
aortic rings incubated for 16 h (Mckenna, 1990).

Denuding vessels of endothelium did not affect the level of
vascular hyporeactivity we observed with LPS, suggesting
that the medial and/or adventitial layers are principally
responsible for continued hyporeactivity once the vessel has
been transferred to the organ bath. This is consistent with
previous studies showing that an intact endothelium is not
necessary for endotoxin-mediated vascular suppression
(McKenna 1990; Julou-Schaeffer et al., 1990; Hall et al.,
1996). Interestingly, recent data in rat aorta suggest that the
adventitia is responsible for the majority of iNOS expression,
NO production and medial hyporeactivity following exposure
to LPS (Kleschyov et al., 1998; Zhang et al., 1999).

As observed previously in pig mesenteric and pulmonary
artery (Perez-Vizcaino et al., 1996), we also found that the
thromboxane A, mimetic, U46619 was substantially less
affected by LPS compared to PE. In an attempt to explain
these differences, we postulated that contractions to U46619
would be less sensitive to the relaxing actions of NO.
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