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1 Male, Long Evans rats (350 ± 450 g) were anaesthetized and had pulsed Doppler probes and
intravascular catheters implanted to allow monitoring of regional (renal, mesenteric and
hindquarters) haemodynamics in the conscious state. Our main objectives were to:- assess the
e�ects of administering human recombinant tumour necrosis factor (TNF)-a and human
recombinant interleukin-1 (IL-1)b, alone and together; determine the in¯uence of pretreatment
with a mixture of antibodies to TNF-a and IL-1b on responses to co-administration of the
cytokines; ascertain if pretreatment with a mixture of the antibodies to TNF-a and IL-1b had any
in¯uence on the responses to lipopolysaccharide (LPS).

2 TNF-a (10, 100 and 250 mg kg71, in separate groups, n=3, 9 and 8, respectively) caused
tachycardia (maximum D, +101+9 beats min71) and modest hypotension (maximum D,
710+2 mmHg), accompanied by variable changes in renal and mesenteric vascular conductance,
but clear increases in hindquarters vascular conductance; only the latter were dose-related
(maximum D, +6+6, +27+9, and +61+12% at 10, 100 and 250 mg kg71, respectively).

3 IL-1b (1, 10, and 100 mg kg71 in separate groups, n=8, 8 and 9, respectively) evoked changes
similar to those of TNF-a (maximum D heart rate, +69+15 beats min71; maximum D mean blood
pressure, 714+2 mmHg; maximum D hindquarters vascular conductance, +49+17%), but with no
clear dose-dependency.

4 TNF-a (250 mg kg71) and IL-1b (10 mg kg71) together caused tachycardia (maximum D,
+76+15 beats min71) and hypotension (maximum D, 724+2 mmHg) accompanied by increases
in renal, mesenteric and hindquarters vascular conductances (+52+6%, +23+8%, and
+52+11%, respectively). Thereafter, blood pressure recovered, in association with marked
reductions in mesenteric and hindquarters vascular conductances (maximum D, 750+3% and
758+3%, respectively). Although bolus injection of LPS (3.5 mg kg71) caused an initial
hypotension (maximum D, 727+11 mmHg) similar to that seen with co-administration of the
cytokines, it did not cause mesenteric or hindquarters vasodilatation, and there was only a slow
onset renal vasodilatation. The recovery in blood pressure following LPS was less than after the
cytokines, and in the former condition there was no mesenteric vasoconstriction. By 24 h after co-
administration of TNF-a and IL-1b or after bolus injection of LPS, the secondary reduction in
blood pressure was similar (716+2 and 713+3 mmHg, respectively), but in the former group the
tachycardia (+117+14 beats min71) and increase in hindquarters vascular conductance
(+99+21%) were greater than after bolus injection of LPS (+54+16 beats min71 and
+43+9%, respectively).

5 Pretreatment with antibodies to TNF-a and IL-1b (300 mg kg71) blocked the initial hypotensive
and mesenteric and hindquarters vasodilator responses to co-administration of the cytokines
subsequently. However, tachycardia and renal vasodilatation were still apparent. Premixing
antibodies and cytokines before administration prevented most of the e�ects of the latter, but
tachycardia was still present at 24 h.

6 Pretreatment with antibodies to TNF-a and IL-1b before infusion of LPS (150 mg kg71 h71 for
24 h) did not a�ect the initial fall in blood pressure, but suppressed the hindquarters vasodilatation
and caused a slight improvement in the recovery of blood pressure. However, pretreatment with the
antibodies had no e�ect on the subsequent cardiovascular sequelae of LPS infusion.

7 The results indicate that although co-administration of TNF-a and IL-1b can evoke
cardiovascular responses which, in some respects, mimic those of LPS, and although antibodies
to the cytokines can suppress most of the cardiovascular e�ects of the cytokines, the antibodies have
little in¯uence on the haemodynamic responses to LPS, possibly because, during infusion of LPS,
the sites of production and local action of endogenous cytokines, are not accessible to exogenous
antibodies.
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Introduction

Cytokines, such as tumour necrosis factor-a (TNF-a) and

interleukin-1b (IL-1b) have been implicated in the cardiovas-
cular sequelae of endotoxaemia (see Cavaillon et al., 1992;
Parrillo, 1993; Blackwell & Christman, 1996; Galley &
Webster, 1996, for reviews). However, their detailed cardio-

vascular e�ects in vivo have not been well characterized and,
particularly, it is not known if co-infusion of TNF-a and IL-1b
produces cardiovascular changes similar to those seen with

lipopolysaccharide (LPS) administration. Therefore, the ®rst
objective of the present work was to determine any dose-
response relationships for the regional haemodynamic e�ects

of TNF-a and of IL-1b in conscious, unrestrained rats.
Subsequently, we compared the e�ects of co-administration
of the cytokines to those seen after a bolus injection of LPS.

Although, in theory, antibodies to cytokines might be of
bene®t in endotoxaemia, clinical evidence for this is generally
lacking (see Parillo, 1993; Bernard, 1995; Baue, 1996; Galley &
Webster, 1996; Deitch, 1998, for reviews). Moreover, in

experimental animals, antibodies to TNF-a, for example, do
not always a�ect the cardiovascular responses to LPS
administration (e.g., Waller et al., 1995; Xie et al., 1997).

However, we are not aware of any in vivo assessment of the
e�ects of antibodies to TNF-a and IL-1b on the responses to
co-administration of the cytokines themselves, as a baseline

against which to judge any possible e�ect of a mixture of the
antibodies on responses to LPS. This is an important question
because there is evidence that anti-cytokine antibodies can act

as carrier proteins, thereby prolonging, rather than suppres-
sing, the actions of the cytokines (Finkelmann et al., 1993).
Therefore, the second objective was to determine the extent to
which treatment with di�erent doses of a mixture of antibodies

to TNF-a and IL-1b a�ected the cardiovascular responses to a
mixture of the cytokines.

Having delineated the in¯uence of a mixture of antibodies

to TNF-a and IL-1b on the cardiovascular e�ects of the
cytokines, we could then address the third aim of the study,
which was, by determining the ability of the antibody mixture

to in¯uence the cardiovascular e�ects of LPS infusion in
conscious rats, to test the hypothesis that these cytokines are
responsible for the cardiovascular events seen in this model of
endotoxaemia (Gardiner et al., 1995). We have shown that

with continuous infusion of LPS for 24 h, as here, there is a
peak in plasma TNF-a levels after 1 ± 2 h, with levels returning
to baseline by 3 h (Waller et al., 1995). In the same model we

have not detected any change in plasma IL-1 levels (Gardiner
et al., unpublished observations) but since plasma levels do not
straightforwardly re¯ect tissue levels, due to binding and/or

catabolism of the cytokines, that does not necessarily mean
increased production of IL-1 does not contribute to the
cardiovascular sequelae of LPS infusion. For this reason we

considered that any functional involvement of the cytokines,
either directly or indirectly, in the cardiovascular responses to
LPS infusion would be more likely detected through an e�ect
of the antibodies on the haemodynamic changes, than it would

by measurements of changes in the plasma levels of cytokines.
Some of the results herein have been published in abstract

form (Gardiner et al., 1997a,b), and presented to the British

Pharmacological Society (Gardiner 1998a,b).

Methods

All experiments were carried out on male, Long Evans rats
(350 ± 450 g) bred in the Biomedical Services Unit in

Nottingham. Animals were chronically instrumented with
pulsed Doppler ¯ow probes and intravascular catheters to
allow i.v. administration of substances, and the monitoring of

renal, mesenteric and hindquarters haemodynamics together
with systemic arterial blood pressure and heart rate (Gardiner
et al., 1996c). All surgery was carried out under sodium
methohexitone anaesthesia (Brietal Lilly, 40 ± 60 mg kg71, i.p.,

supplemented as required); the ¯ow probes were implanted at
least 2 weeks before the catheters, and the latter were
implanted at least 1 day before experiments were begun. The

following experiments were undertaken.

E�ects of TNF-a or IL-1b alone

TNF-a at doses of 10 (n=3), 100 (n=9), or 250 (n=8) mg kg71

was administered by i.v. infusion over 45 min (2 ml min71),

and recordings were made continuously during the infusion
period and each hour thereafter for 8 h, with a ®nal recording
made 24 h after the onset of infusion.

A similar protocol was followed with IL-1b at doses of 1

(n=8), 10 (n=8) and 100 (n=9) mg kg71. A control group of
rats (n=9) was infused with saline (2 ml min71) over 45 min,
and monitored as above.

E�ects of TNF-a and IL-1b co-administration, compared
to LPS

TNF-a (250 mg kg71) and IL-1b (10 mg kg71) were infused
(both at 2 ml min71) simultaneously via two separate venous

catheters over 45 min in nine rats, and recordings were made
as above. The doses of the cytokines were selected on the basis
of their initial hypotensive e�ects (see Results), and the ®nding
from pilot experiments that, together, their early e�ect on

mean arterial pressure (MAP) matched that of a bolus
injection of LPS. Prior to administration of the cytokines,
this group of animals was given a bolus injection of saline to

control for antibody administration.
The model of endotoxaemia we have worked with involves

continuous i.v. infusion of a relatively low dose of LPS

(Gardiner et al., 1995), and this produces relatively small
changes in MAP. However, we found that bolus i.v. injection
(in 0.3 ml) of LPS at a dose of 3.5 mg kg71 (i.e., the amount
that we would normally infuse over 24 h at 150 mg kg71 h71;

Gardiner et al., 1995) produced early changes in MAP which
matched those seen with cytokine co-infusion, so a group
(n=9) of animals was given this bolus dose of LPS, over

10 s.

E�ects of antibodies to TNF-a and IL-1b

A mixture of sheep polyclonal antibodies to human
recombinant TNF-a and IL-1b (Ruetten et al., 1996) was

administered as a bolus dose (3 mg kg71, i.v.) to nine rats
1 h before the mixture of TNF-a and IL-1b. Since this dose
of the antibody mixture had little e�ect on the responses to
the cytokines (see Results), the experiment was repeated, but

with the antibody mixture at a dose of 300 mg kg71 (n=8),
which necessitated it being given as an infusion
(60 ml min71) over the 45 min before the cytokine mixture.

To control for the e�ects of the antibody mixture in the
absence of the cytokines, animals (n=9) were given the
antibody mixture (300 mg kg71) by infusion beginning 1 h

before infusion of saline (4 ml min71) over 45 min; record-
ings were then made as above.

Although pretreatment with the antibody mixture at a dose
of 300 mg kg71 reduced substantially the e�ects of the
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cytokine mixture given subsequently, not all cardiovascular
changes were abolished (see Results). A likely explanation of
this observation is that, in vivo, the antibody mixture was

unable to bind all the TNF-a and IL-1b administered before
the cytokines interacted with their receptors. Therefore, we
carried out a further experiment (n=8) to determine if
premixing the cytokines with the antibodies (300 mg kg71)

before administration was able to prevent all cardiovascular
changes. The antibodies (in 2.5 ml) were mixed with the
cytokines (in 0.2 ml), and the total volume was infused over

45 min. As a volume control for this protocol, saline (2.5 ml)
was premixed with the cytokine mixture (0.2 ml) and this was
infused over 45 min (n=8).

Finally, groups (n=8 in each) of rats were given the
antibody mixture at 3 or 300 mg kg71 starting 1 h before the
onset of LPS infusion (150 mg kg71 h71 at 0.4 ml h71, i.v.) for

24 h. As a control, a group of animals (n=9) was given a 24 h
infusion of LPS (as above) after saline administration.

Data analysis

Within-group analysis of data was by Friedman's test
(Theodorsson-Norheim, 1987), and between-group analysis

was by the Mann-Whitney U-test or the Kruskal-Wallis test, as
appropriate. A P value 50.05 was taken as signi®cant.

Cytokines, antibodies and LPS

Recombinant human TNF-a was purchased from R & D

Systems (Minneapolis, U.S.A.), and recombinant human IL-
1b from Peprotech (Rocky Hill, U.S.A.). For the haemody-
namic studies the cytokines were diluted with sterile saline and
frozen in aliquots prior to use. The TNF-a and IL-1b
antibodies were raised in sheep against human recombinant
TNF-a and IL-1b. Sheep were immunized monthly with 80 mg
each of TNF-a and IL-1b in Freund's complete adjuvant in the
primary immunization, and in the incomplete adjuvant for all
subsequent immunizations. Serum was obtained by centrifuga-
tion of the clotted blood and subjected to sodium sulphate

fractionation (18% wv71). The IgG fraction was then digested
to the fab fragments using solid phase papain, and the fab so
produced subjected to ion exchange chromatography. The
puri®ed material was then freeze-dried, and was dissolved in

sterile saline prior to administration. LPS (E. coli serotype
0127:B8) was purchased from Sigma (U.K.) and dissolved in
sterile saline.

Results

E�ects of TNF-a or IL-1b alone

In this section, for clarity, the time points when any changes
were signi®cant (P50.05) are indicated in parentheses in the
text and not on the ®gures. The times given are from when the

cytokine administration started.
During infusion of saline, heart rate (HR) fell slightly (at

0.25 and 2 ± 9 h) as did mean arterial blood pressure (MAP;

at 0.25 ± 2 and 9 and 24 h) (Figure 1). Mesenteric vascular
conductance (MVC) decreased (at 1, 3 ± 7 and 9 h), but renal
vascular conductance (RVC) and hindquarters vascular

conductance (HVC) did not change signi®cantly (Figure 1).
TNF-a at 10 mg kg71 caused tachycardia (at 0.25 and 3 ±

4 h) and a fall in MAP (at 0.25, 1 and 5 h) (Figure 1).
There were reductions in MVC (at 0.75, 1 and 6 ± 8 h) and

HVC (at 0.25, 0.5, 3 and 6 ± 24 h), but no change in RVC
(Figure 1).

TNF-a at 100 mg kg71 caused an increase in HR (at 0.25,

0.75 and 3 ± 9 h) and a fall in MAP (at 0.75 and 5 ± 6 h) (Figure
1). There was an increase in RVC (at 0.25 and 0.75 ± 9 h);
MVC showed an increase (at 0.25 h), followed by a decrease

(2 ± 3 h), and a subsequent secondary rise (5 and 6 h) (Figure
1); HVC initially fell (at 0.25 h), then rose (at 0.75 h), and then
fell again (3 ± 6 h) (Figure 1).

TNF-a at 250 mg kg71 caused tachycardia (at 0.25 ± 0.75
and 3 ± 9 h) together with a reduction in MAP (at 0.75 ± 2 and
5 ± 8 h). There was an increase in RVC (at 0.25 and 0.75 ± 8 h).
MVC rose initially (at 0.25 h), fell thereafter (at 1 ± 3 h), and

then rose again (4 ± 6 h). HVC fell transiently (at 0.25 h), then
rose (at 0.75 ± 1 h) and then fell again (at 3 ± 6 h) (Figure 1).
Although TNF-a at 250 mg kg71 caused the greatest tachy-

cardia, fall in MAP and rise in HVC, with the exception of the
latter, none of the cardiovascular e�ects of this cytokine
showed a clear dose-dependency (Figure 1).

IL-1b at 1 mg kg71 caused an increase in HR (at 0.25 ± 1
and 4 ± 7 h) and a decrease in MAP (at 0.75 ± 2 h) (Figure 2).
RVC increased (0.25 ± 2 h), whereas MVC fell (2 ± 9 h), and

HVC showed a fall (at 0.25 h), followed by a rise (0.75 ± 1 h).
IL-1b at 10 mg kg71 evoked a tachycardia (at 0.25 ± 1 and

4 ± 24 h) and a fall in MAP (at 0.75 ± 2 and 6 ± 9 h) (Figure 2).
RVC rose (at 0.25 ± 6 h) and then fell (at 8 ± 9 h) (Figure 2);

MVC increased (at 0.25 ± 0.5 h). HVC fell (at 0.25 h) and then
increased (at 0.75 ± 1 h) (Figure 2).

IL-1b at 100 mg kg71, caused an increase in HR (at 0.25,

0.75 ± 1 and 4 ± 24 h) and a fall in MAP (at 0.75 ± 2 and 5 ±

Figure 1 Cardiovascular changes in conscious, Long Evans rats,
during and after administration (over 45 min) of saline (n=9) or
TNF-a (10 mg kg71, n=3; 100 mg kg71, n=9, or 250 mg kg71, n=8),
starting at time = 0. Note the variation in intervals on the time axis.
For clarity, statistics are given in the text, and s.e.means omitted;
values shown are means.
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24 h) (Figure 2). There was an increase in RVC (at 0.25 and
1 ± 9 h) and MVC (at 0.25 ± 0.5 and 4 ± 8 h) (Figure 2). HVC

fell (at 0.25 ± 0.5 h), rose (at 0.75 h) and then fell again (at 3 ±
5 h) (Figure 2). None of the e�ects of IL-1b showed clear dose-
dependency (Figure 2).

E�ects of co-administration of TNF-a and IL-1b
compared to LPS

On the basis of the e�ects of TNF-a and IL-1b we examined
the responses to a co-infusion of TNF-a (250 mg kg71) and IL-
1b (10 mg kg71). The cytokine mixture caused an initial fall in

MAP, tachycardia and increases in RVC, MVC and HVC
(Figure 3). Thereafter, MAP recovered (at 3 ± 8 h) the
tachycardia and increase in RVC waned, and MVC and HVC

were reduced (Figure 3). Between 8 ± 24 h, MAP fell again and
HR increased, together with rises in RVC and, particularly,
HVC, and a fading of the reduction in MVC (Figure 3).

A bolus injection of LPS caused an initial fall in MAP
similar to that seen with the co-infusion of TNF-a and IL-1b,
but a slower increase in RVC, and no initial rise in MVC or

HVC (Figure 3). Between 2 ± 8 h, MAP recovered less after
bolus injection of LPS than after co-administration of the
cytokines, and the reduction in HVC was less marked after
LPS and there was no reduction in MVC (Figure 3). By 24 h

after bolus injection of LPS the increases in HR and HVC were
signi®cantly less than after co-administration of cytokines, but
the other changes were not di�erent between the groups

(Figure 3).

E�ects of antibodies to TNF-a and IL-1b

Administration of the antibody mixture at 3 mg kg71, starting

1 h before cytokine co-administration (as above), had no
in¯uence on the responses to the latter (data not shown).

After administration of the antibody mixture
(300 mg kg71) before saline infusion, there were slight

reductions in HR, RVC, MVC and HVC, but no change in
MAP (Figure 4).

Pretreatment with the antibody mixture at 300 mg kg71

inhibited the hypotension and the increases in MVC and
HVC caused by co-administration of TNF-a and IL-1b
(Figure 4); however, a tachycardia and an increase in RVC

still occurred. Although the rise in RVC at 2 h was reduced
(Figure 4), there was a progressive renal vasodilatation such
that, by 24 h, RVC was higher than in the group receiving

the cytokine mixture without antibody pretreatment (Figure
4).

Premixing the antibodies (300 mg kg71) and cytokines
before administration abolished most of the e�ects of the

cytokines, except for the rise in HR at 24 h (Figure 5).
Pretreatment with the antibody mixture at 3 mg kg71

had no e�ect on the responses to LPS infusion (data not

shown).

Figure 2 Cardiovascular changes in separate groups of conscious,
Long Evans rats, during and after administration (over 45 min) of
saline (n=9) or IL-1b (1 mg kg71, n=8, 10 mg kg71, n=8 or
100 mg kg71, n=9. Note the variation in intervals on the time axis.
For clarity, statistics are given in the text, and s.e.means omitted;
values shown are means.

Figure 3 Cardiovascular changes in separate groups of conscious,
Long Evans rats, during and after administration (over 45 min) of
saline (n=9) or TNF-a (250 mg kg71) plus IL-1b (10 mg kg71, n=9)
or bolus injection of lipopolysaccharide (LPS, 3.5 mg kg71, n=9) in
0.3 ml over 15 s, starting at time = 0. Values shown are means, and
for the groups receiving cytokines or LPS, the vertical bars show
s.e.mean. *P50.05 versus original baseline (Friedman's test). Note
the variation in the time scale.
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Pretreatment with the antibody mixture at 300 mg kg71

before infusion of LPS did not a�ect the initial fall in MAP, or
the increases in HR or RVC, but there was a reduction in the

rise in HVC (Figure 6). The attenuated increase in HVC was
associated with a quicker recovery of MAP (Figure 6), but
thereafter antibody pretreatment had no signi®cant in¯uence

on the cardiovascular e�ects of LPS infusion (Figure 6).

Discussion

The results of the present study have shown that the
cardiovascular e�ects of TNF-a and IL-1b are not dose-

dependent, and not simply additive. Furthermore, although
co-administration of TNF-a and IL-1b produces a reasonable
simulation of the e�ects of bolus administration of LPS on

MAP and HR, the associated regional haemodynamic e�ects
di�er. Additionally, we have demonstrated that pretreating
animals with antibodies to TNF-a and IL-1b prevents most,
but not all, of the cardiovascular e�ects of cytokine co-

administration. However, pretreatment with antibodies to
TNF-a and IL-1b before infusion of LPS suppresses the early
rise in HVC and promotes the recovery from the fall in MAP,

but has no other e�ects on the responses to LPS.

Our ®ndings on the cardiovascular actions of TNF-a
indicate that, at a dose of 250 mg kg71, it evokes signi®cant,

but modest, hypotension accompanied by clear tachycardia,
and dilatation in the renal and, particularly, hindquarters
vascular beds. A hypotensive, vasodilator e�ect of TNF-a is

consistent with some observations (e.g. Takahashi et al., 1992;
Foulkes & Shaw, 1992; Baudry et al., 1996), but not with
others (e.g., Neilson et al., 1989; Turner et al., 1989; Morimoto

et al., 1992; Wang et al., 1994; Xie et al., 1997), although the
consensus has been that TNF-a is responsible for many of the
cardiovascular sequelae of septic shock (see Tracey & Cerami,
1994, for review). From our results it is clear that an apparent

lack of an e�ect of TNF-a on MAP (Morimoto et al., 1992)
could result from its multifactorial actions (see Tracey &
Cerami, 1994; Bazzoni & Beutler, 1996) resulting in stimula-

tion of opposing vasodilator and vasoconstrictor in¯uences. In
this context, the ability of TNF-a to induce renal and
hindquarters vasodilatation, in the absence of clear mesenteric

vasodilatation is notable because TNF-a stimulates endothelin
production (see Goto et al., 1996, for review), and elsewhere
we have shown that endogenous endothelin causes particularly

marked mesenteric vasoconstriction (Gardiner et al., 1996a,b
and c).

Although the cardiovascular actions of IL-1b are less
contentious than those of TNF-a, inasmuch as there is

agreement that IL-1b does have cardiovascular e�ects, some
have found IL-1b has pressor actions (e.g., Morimoto et al.,
1992; Bataillard & Sassard, 1994; Watanabe et al., 1996), while

others have shown convincing depressor e�ects (see Dinarello,

Figure 4 Cardiovascular changes in conscious Long Evans rats
pretreated with a mixture of antibodies to TNF-a and IL-1b
(300 mg kg71 administered over 45 min) starting 1 h before admin-
istration (over 45 min) of TNF-a (250 mg kg71) plus IL-1b
(10 mg kg71) (n=8) or saline (n=9). For comparison, data from
the group of animals administered TNF-a (250 mg kg71) plus IL-1b
(10 mg kg71) 1 h after pretreatment with saline (see Figure 3) have
been plotted again. The vertical bars show s.e.mean; *P50.05 versus
original baseline (Friedman's test). Note the variation in the time
scale.

Figure 5 Cardiovascular changes in conscious Long Evans rats
during and after administration (over 45 min) of saline (2.5 ml; n=8)
or antibodies to TNF-a and IL-1b (300 mg kg71; n=8) premixed
with TNF-a (250 mg kg71) plus IL-1b (10 mg kg71). The vertical bars
show s.e.mean; *P50.05 versus original baseline (Friedman's test).
Note the variation in the time scale.
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1994, for review; Lin et al., 1997). As for TNF-a, the wide-
ranging actions of IL-1b, involving simultaneous stimulation
of pressor and depressor mechanisms (e.g., Gulick et al., 1989;
Yoshizumi et al., 1990; Niijima et al., 1991; Robert et al., 1992;
Morimoto et al., 1992; Bataillard & Sassard, 1994; Watanabe

et al., 1996; see Dinarello, 1994, for review) likely account for
the complexity of its haemodynamic e�ects, and our inability
to detect a dose-dependency in the haemodynamic e�ects of

IL-1b. However, it is surprising we saw only depressor
responses to IL-1b over a dose range of 1 ± 100 mg kg71, since
this range covers the doses used by those who have reported

only pressor e�ects of IL-1b (Morimoto et al., 1992; Bataillard
& Sassard, 1994; Watanabe et al., 1996). In spite of this clear
di�erence, we did observe biphasic increases in HR in response

to IL-1b, as found by Morimoto et al. (1992), Bataillard &
Sassard (1994), and Watanabe et al. (1996).

As mentioned above, IL-1b, like TNF-a, caused changes
in regional vascular conductances indicative of activation of

dilator and constrictor mechanisms. Such opposing actions
may explain why Lin et al. (1997) failed to observe any
signi®cant e�ect of IL-1b on total peripheral resistance. In

our experimental model, any lesser ability of IL-1b to cause
arteriolar vasodilatation (Baudry et al., 1996) was not
apparent, although greater reduction in noradrenaline

sensitivity following IL-1b compared to TNF-a (Baudry et
al., 1996) could have contributed to the overall similarity in
the regional haemodynamic changes following the two
cytokines. Since we used recombinant cytokines that were

obtained from an E. coli expression system, we cannot

exclude the possibility of low level contamination with LPS
(see Rothwell et al., 1996). However, it is unlikely that LPS
was responsible for the e�ects of TNF-a and IL-1b reported

here since they di�ered in several respects from those seen
following administration of LPS by bolus injection or by
infusion.

Considering the relatively modest haemodynamic e�ects of

TNF-a and IL-1b alone, their super-additive e�ect on co-
administration (see Dinarello, 1994; Tracey & Cerami, 1994,
for review) was clearly apparent. Interestingly, while the nadir

of the initial fall in MAP was similar to the sum of the maximal
hypotensive e�ects of TNF-a and IL-1b separately, the
integrated hypotensive and associated renal vasodilator e�ects

seen with co-administration of the cytokines were signi®cantly
greater than additive. Thereafter, there were substantial
reductions in MVC and HVC, that were not seen with either

cytokine alone, and these e�ects were accompanied by a rapid
recovery in MAP to above resting levels. The pro®le and time
course of these e�ects (see Gardiner et al., 1996b,c) are
consistent with a possible synergistic interaction of TNF-a and
IL-1b to enhance endothelin production (see Corder et al.,
1995). The relatively greater reductions in MVC and HVC, and
the less sustained increase in RVC, following co-administra-

tion of cytokines in the pretreatment, compared to the
premixing schedules (compare Figures 4 and 5), was probably
due to the greater dilution of the cytokines with saline in the

premixing schedule.
By 24 h after co-administration of the cytokines there was

an increase in HR, a decrease in MAP, and a hindquarters

vasodilatation, while no such e�ects were apparent after TNF-
a or IL-1b alone. In the light of the evidence that TNF-a and
IL-1b activate the same set of transcription factors (see Eder,
1997, for review), such synergism is not unexpected, although

the ®nding that cardiovascular consequences of interactions
between TNF-a and IL-1b can occur 24 h after administration
of the cytokines is notable. Previously we have reported that

the marked renal and hindquarters vasodilatation, seen 24 h
after the onset of LPS infusion, is not accompanied by
increased activity of inducible nitric oxide synthase (Gardiner

et al., 1995), and recently we provided evidence that the
inducible form of heme oxygenase (HO-1) might be
responsible for the delayed vasodilatation (Tomlinson et al.,
1998). Hence, it would be of interest to determine if the

synergism between TNF-a and IL-1b results in delayed
expression of HO-1.

Co-administration of TNF-a and IL-1b produced initial

changes in HR and MAP that were little di�erent from those
following bolus injection of LPS. However, the early nadir in
MAP following LPS bolus was not accompanied by regional

vasodilatation, so, presumably the hypotension was due to a
fall in cardiac output, unlike the picture seen with LPS
infusion, when cardiac output shows a marked increase

(Gardiner et al., 1995). In experiments in which bolus
administration of LPS is used as a model of endotoxaemia, it
is generally assumed that any fall in MAP is a sign of
vasodilatation (e.g., SzaboÂ et al., 1993). The present ®ndings

indicate that such an assumption could be misleading, at least
during the early period after bolus injection of LPS.

During the 1 ± 8 h after bolus injection of LPS, the recovery

in MAP was less brisk and to a slightly lower level than seen
with the co-administration of TNF-a and IL-1b, and there was
no accompanying fall in mesenteric vascular conductance after

LPS, in contrast to the substantial fall seen after the cytokines.
As alluded to above, one likely explanation for this di�erence
is that co-administration of TNF-a and IL-1b causes more
e�ective stimulation of endothelin production than does bolus

Figure 6 Cardiovascular changes in conscious Long Evans rats
during a continuous infusion of lipopolysaccharide (LPS;
150 mg kg71 h71 starting at time 0), 1 h after pretreatment with
saline (n=9) or a mixture of antibodies to TNF-a plus IL-1b
(300 mg kg71; n=8). The vertical bars show s.e.mean; *P50.05
versus original baseline (Friedman's test). Note the variation in the
time scale.
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injection of LPS, at least under the conditions of our
experiments.

By 24 h after bolus injection of LPS, the tachycardia and

hindquarters vasodilatation were signi®cantly less than after
co-administration of the cytokines, but otherwise haemody-
namics in the two groups were remarkably similar. Clearly any
di�erences could be attributed to imperfect matching of the

doses of LPS and cytokines, and in that sense we cannot
dismiss the possibility that, in another protocol, it would be
possible to simulate faithfully the full haemodynamic sequelae

of bolus injection of LPS by co-administration of TNF-a and
IL-1b.

Pretreatment with antibodies to TNF-a and IL-1b at a dose
of 3 mg kg71 had no discernible e�ects on the cardiovascular
responses to the cytokines. Clearly, the antibodies were active,
since at a dose of 300 mg kg71 they prevented the hypotensive

and mesenteric and hindquarters vasodilator e�ects of, and
delayed the development of the renal vasodilator response to,
co-administration of the cytokines. The relative resistance to
antibody pretreatment of the renal vasodilator response to the

cytokines may have been due, in part, to incomplete binding of
the latter to the antibodies in vivo, since premixing cytokines
and antibodies caused almost complete inhibition of the renal

vasodilatation. However, even under these conditions, the
antibodies did not prevent the delayed (at 24 h) tachycardia
caused by the cytokines; the explanation for this is unclear, but

there is some evidence that anti-cytokine antibodies can act as
carrier proteins, thereby prolonging the in vivo e�ects of
exogenous cytokines (Finkelman et al., 1993).

Against the background of this series of observations, the
failure of antibody pretreatment to in¯uence many of the
cardiovascular consequences of LPS infusion is capable of
several di�erent interpretations. One is that the antibodies do

not bind to rat cytokines, but this seems unlikely, because the

same antibodies caused substantial inhibition of the cardio-
vascular changes, and elevation in plasma cytokine levels, in
anaesthetized rats following bolus injection of LPS (Ruetten et

al., 1996). In the light of this observation it could be suggested
that bolus injection of LPS activates cytokine cascades in a
way not seen with LPS infusion. However, we have shown that
LPS infusion (as here) causes substantial elevation of plasma

TNF-a levels (Waller et al., 1995). So, another interpretation is
that only those e�ects of LPS infusion that were changed by
antibody pretreatment (i.e., the initial hindquarters vasodilata-

tion and the recovery from the initial fall in MAP) involved
TNF-a and/or IL-1b. In a previous study, using hamster/
murine chimeric anti-TNF monoclonal antibodies we observed

little e�ect on the cardiovascular sequelae of LPS infusion, and
suggested the majority of changes were due to factors other
than plasma TNF (Waller et al., 1995). A similar conclusion

with regard to the involvement of TNF-a in the hypotensive
e�ect of bolus injection of LPS in anaesthetized rats has been
reached recently by Xie et al. (1997). However, neither they,
nor we, from our present or previous (Waller et al., 1995)

results, can discount the possibility that the relative lack of
e�ect of antibodies to cytokines in models of endotoxaemia are
a re¯ection of the inability of the antibodies to gain access to

local sites of synthesis and action of the endogenous cytokines.
Indirect support for this proposal could be taken from the
recent ®ndings of Yamamoto et al. (1997) who reported that

FR 167653, which inhibits the production of TNF-a and IL-1b
in vivo, reduced the mortality and hypotension caused by LPS
in rabbits.

Whatever the explanation of the relative lack of e�ect of
cytokine antibodies on the cardiovascular sequelae of
experimental endotoxaemia, the present results provide no
evidence that they might be clinically useful in the treatment of

septic shock.
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