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Lack of effect of TNF antibodies on the cardiovascular sequelae
of lipopolysaccharide infusion in conscious rats

'John Waller, Sheila M. Gardiner, *Joby Jose & Terence Bennett
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1 The aims of the present study were to determine the profile of tumour necrosis factor (TNF) release,
and the effect of monoclonal antibodies to TNF, on the changes in regional haemodynamics and the
responses to vasodilator and vasoconstrictor challenges, during a continuous 24 h low dose infusion of
lipopolysaccharide (LPS) in conscious rats.
2 Male Long Evans rats were chronically instrumented for measurement of regional haemodynamics
(renal, superior mesenteric and hindquarters) and were challenged with 3 min infusions of acetylcholine
(22 nmol min-'), methoxamine (120 nmol min-'), salbutamol (0.83 nmol min-') and bradykinin
(14.4 nmol min-'). The rats were given either saline, or the TNF antibodies, TN3gl or TN3g2a, 1 h
before the start of a continuous infusion of LPS (150 pg kg -' h -') and were subsequently re-tested
with the vasodilator and vasoconstrictor challenges 2, 6 and 24 h after the start of the LPS infusion.
3 Prior to infusion of LPS, TNF was not detectable in the plasma. During continuous infusion of LPS
there was a transient elevation in plasma TNF levels, reaching a maximum (-2300 pg ml-') after
approximately 1 h, and returning to undetectable levels after approximately 3 h of LPS infusion.
4 In the saline pretreated group, after 1-2 h of LPS infusion, there was a small hypotension and a

marked renal vasodilatation; 6 h after the start of LPS infusion there was a minor elevation in MAP
above control levels, renal vasodilatation was maintained and a hindquarters vasoconstriction occurred;
after 24 h of LPS infusion, there was a hypotension and renal and hindquarters vasodilatation. There
were significant reductions in the tachycardic and renal vasodilator responses and an enhanced depressor
response to acetylcholine after 24 h of LPS infusion. LPS infusion also caused a generalized
hyporesponsiveness to the cardiovascular effects of methoxamine and salbutamol. The major changes
in response to bradykinin were reduced tachycardic and enhanced depressor responses throughout the
LPS infusion, a biphasic decrease and increase in renal conductance and enhanced hindquarters
vasodilatation at 24 h.
5 Pretreatment with either TN3gl or TN3g2a antibodies had no major effects on the changes in resting
haemodynamics, or on the changes in response to methoxamine, salbutamol or bradykinin challenges
during LPS infusion. However, the tachycardic responses to acetylcholine were generally preserved, and
its hypotensive effect after 24 h of LPS infusion was not enhanced after TN3gl or TN3g2a pre-

treatment. Thus, despite substantial, but transient, elevation of plasma TNF levels during continuous
LPS infusion, it appears that the majority of cardiovascular changes were dependent on factors other
than plasma TNF.
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Introduction

Septic shock is characterized by severe cardiovascular collapse
with hypotension, organ failure and ultimately death. In the
case of Gram-negative bacteraemia, the primary initiator of
this syndrome is thought to be lipopolysaccharide (LPS),
which activates host cells to produce numerous endogenous
mediators, including cytokines such as interleukins (IL), in-
terferons (IFN) and tumour necrosis factor (TNF) (see Billiau
& Vandekerckhove, 1991, for review).

Evidence for the involvement of TNF in sepsis comes from
reports of elevated plasma levels ofTNF in patients with septic
shock, and the fact that LPS administration can increase
plasma levels of TNF in healthy human subjects and animals
(see Van der Poll & Lowry, 1995 for review). In addition,
several studies have shown that administration of TNF to
animals results in the development of many of the character-
istics of septic shock, including hypotension, metabolic
acidosis and organ damage (Tracey et al., 1986; 1987b; Remick
et al., 1987; Schirmer et al., 1989). However, other studies have
indicated that TNF is not capable of initiating the character-
istics of septic shock in animals in the absence of LPS. Indeed,
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Rothstein & Schreiber, (1988) demonstrated that non-lethal
doses of LPS could cause death in mice when given in com-
bination with a non-lethal dose of TNF, suggesting a sy-
nergistic interaction. Similarly, work carried out in the rat
demonstrated that TNF could cause metabolic acidosis, hy-
potension and death only when given with a sublethal dose of
LPS (Neilson et al., 1989). The latter authors suggested that
the reports demonstrating the lethality of TNF when given
alone, could possibly be explained by endotoxin contamina-
tion of the TNF source, or pre-existing endotoxaemia in the
animals studied.

Perhaps the most convincing evidence for the involvement
ofTNF in animal models of endotoxaemia comes from studies
demonstrating that passive immunisation with TNF antibodies
reduces mortality (Beutler et al., 1985a; Tracey et al., 1987a;
Mathison et al., 1988; Hinshaw et al., 1990; Suitters et al.,
1994), and attenuates certain cardiovascular sequelae (Tracey
et al., 1987a; Mathison et al., 1988; Hinshaw et al., 1990;
Jesmok et al., 1992; Thiemermann et al., 1993).

Studies in mice have demonstrated that changing the iso-
type (Fc region) of a hamster anti-murine TNF monoclonal
antibody (TN3-19.12), previously shown to neutralize TNF in
vivo (Sheehan et al., 1989), alters the ability of the antibody to
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prevent LPS-induced mortality (Suitters et al., 1994). Thus,
substitution of the hamster Fc region with a murine gl
(TN3gl) Fc region produced an antibody which was more
effective at preventing mortality in mice (10% mortality after
72 h) after a lethal injection of LPS (100% mortality after
27 h), than substitution with a murine g2a (TN3g2a) Fc region
(90% mortality after 72 h). The differences in the protective
ability of the antibodies are thought to relate to the different
properties of the Fc regions. The antibody containing the gl
Fc region forms a simple antigen-antibody complex, neu-
tralizing, and hence preventing, the harmful actions of TNF.
However, the antibody containing the g2a Fc region can ac-
tivate both the complement cascade and Fc receptors on im-
mune cells leading to increased activation of the inflammatory
system with subsequent detrimental effects.
We have previously described the regional and cardiac

haemodynamic responses to administration of a continuous
low dose infusion of LPS in conscious rats (Gardiner et al.,
1992a; 1994; Waller et al., 1994). In addition, we also described
changes in responses to acetylcholine, methoxamine, salbuta-
mol and bradykinin during infusion of LPS (Waller et al.,
1994). These substances were chosen to allow assessment of a
wide range of mechanisms all of which have been reported to be
affected by endotoxaemia. Thus, haemodynamic responses to
acetylcholine, salbutamol and bradykinin all contain compo-
nents sensitive to inhibition of nitric oxide synthase (NOS)
(Gardiner et al., 1990d; 1991b). In addition, 1J2-adrenoceptors
are involved in the responses to bradykinin (Gardiner et al.,
1992b), but bradykinin also elicits responses insensitive to NOS
inhibition, or 02-adrenoceptor antagonism (Gardiner et al.,
1990d; 1992b). Methoxamine was used to assess the reported
development of hyporesponsiveness to a-adrenoceptor agonists
in endotoxaemia (e.g. Chernow et al., 1982; Guc et al., 1990).

The aims of the present study were, therefore, to determine
the plasma TNF profile, and to compare the effects of TN3g1
and TN3g2a pretreatment with saline pretreatment, on the
changes in regional haemodynamics and responses to vasoac-
tive agents, during a continuous low dose infusion of LPS in
the conscious rat.

Methods

Regional haemodynamics

All experiments were carried out in male Long Evans rats (350-
450g). Animals were anaesthetized (sodium methohexitone,
60 mg kg-', i.p., supplemented as required) and miniaturized
pulsed Doppler probes (Haywood et al., 1981) were implanted
around the left renal and superior mesenteric arteries and the
distal aorta below the level of the ileocaecal artery (to monitor
flow to the hindquarters) (Gardiner et al., 1990b,c,d). Probe
wires were led subcutaneously to the back of the neck and se-
cured. After 7-14 days in their home cages, the rats were an-
aesthetized (sodium methohexitone, 40-60 mg kg-', i.p.,
supplemented as required) and implanted with i.v. catheters in
the jugular vein for drug administration, and an i.a. catheter in
the distal abdominal aorta (via the caudal artery) for measure-
ment of mean arterial blood pressure and heart rate. The ca-
theters were then taken subcutaneously to the back of the neck.
Rats were fitted with a small harness to which a spring was
attached (through which the catheters ran) leading to a coun-
terbalanced arm. Finally, a custom-built probe wire connector
was attached to the spring which allowed all subsequent proce-
dures to be performed remote from the animals. Double channel
swivels (Blair et al., 1980) were used to allow overnight i.v. in-
fusion of saline or LPS, and also i.a. infusion of heparinized
saline (15 u ml-') to maintain catheter patency. During the
experiment, continuous recordings were made of heart rate,
mean and phasic blood pressure and mean and phasic renal,
mesenteric and hindquarters Doppler shift signals (using a
modified (Gardiner et al., 1990a) pulsed Doppler system
(Crystal Biotech, Holliston, U.S.A.)). Changes in regional vas-

cular conductances were calculated from mean Doppler shift
and MAP (Gardiner et al., 1990b,c,d).

Following a 30 min period of recording baseline cardio-
vascular variables, rats were challenged with 3 min infusions
(0.15 ml min-') of acetylcholine (22 nmol min-1), methox-
amine (120 nmol min-'), salbutamol (0.83 nmol min-') and
bradykinin (14.4 nmol min'), in random order, with at least
10 min between each infusion. The animals then received an
infusion (over 10 min) of either saline (2.5 ml; n = 8), TN3g1
(20 mg kg-' in 1.59 ml; n=8) or TN3g2a (20 mg kg-' in
2.5 ml; n = 8) followed 1 h later by a continuous, 24 h infusion
(0.3 ml h-') of LPS (150 pg kg'-l h-') in saline. Rats were
then challenged with acetylcholine, methoxamine, salbutamol
and bradykinin after 2, 6 and 24 h of LPS infusion. The ex-
perimental design meant that it was not possible to administer
more than one dose of each of the vasoactive substances. The
single doses were therefore chosen on the basis of our previous
work (Gardiner et al., 1991b; 1992b; Waller et al., 1994). The
doses of antibodies used in the present study were chosen on
the basis of previous work (Suitters et al., 1994), and pilot
experiments in which the appearance of detectable TNF in the
plasma in our model of endotoxaemia was completely pre-
vented (data not shown).

Plasma TNF levels

Male Long Evans rats (350-450g) were anaesthetized
(60 mg kg-', i.p. supplemented as required) and implanted
with i.v. (for LPS administration) and i.a. (for blood sampling)
catheters, as described above. Blood samples (%0.6 ml) were
obtained before and after the start of LPS infusion over 24 h
(with at least 2 h between each sample; maximum of 5 samples
per rat). Samples were then centrifuged immediately, the
plasma extracted and each sample was frozen (- 80'C) until an
ELISA was performed for TNF detection (Hewitt et al., 1995).
Briefly, samples were incubated in microtitre plates coated with
TN3 19.12 and captured rat TNFa was revealed with a rabbit
polyclonal raised against mouse TNF which cross-reacted with
rat TNF (Endogen). Bound antibody was revealed with
horseradish peroxidase conjugated donkey anti-rabbit IgG
(Jacksons) followed by TMB substrate.

Data analysis

Intra-group changes relative to the baseline, and changes in
responses to vasoactive substances based on the areas under or
over the curves (AUC or AOC during 3 min drug infusions),
were analysed by Friedman's test (Theodorsson-Norheim,
1987) or Wilcoxon's signed rank test as appropriate. Inter-
group changes were analysed by the Kruskal-Wallis test; a P
value <0.05 was taken to indicate a significant difference.
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Figure 1 Plasma TNF levels during a 24 h lipopolysaccharide
infusion (150 yg kg-1h-) in conscious Long Evans rats (nk 6 for
each time point). Values are means+ s.e.mean. Values of zero

represent plasma TNF levels below the detection level of the assay
used.
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Drugs

Acetylcholine chloride (Sigma), methoxamine hydrochloride
B.P. (Wellcome Foundation), and lipopolysaccharide (E. coli
serotype 0127:B8)(Sigma) were dissolved in isotonic saline.
Bradykinin (Bachem, U.K.), was dissolved in saline containing
1% bovine serum albumin, and salbutamol hemisulphate salt
(Sigma) was dissolved in saline containing ascorbic acid
(1 mmol 1-1). The hamster murine chimeric anti-TNF mono-
clonal antibodies (TN3gl and TN3g2a, Suitters et al., 1994)
(Celltech Therapeutics) were obtained in sterile antibody so-
lution (TN3gl:- 50 mM sodium acetate, 100 mM NaCl;
TN3g2a:- 50 mM sodium acetate) at pH 5.5.

Results

Plasma TNF profile during LPS infusion

Prior to infusion of LPS, TNF was not detectable in plasma
(Figure 1). Plasma levels of TNF reached a maximum
(-2300 pg ml-') approximately 1 h after the start of LPS
infusion, and were again undetectable after approximately 3 h
of LPS infusion (Figure 1).- ~~~~~~~~~~*
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Figure 2 Changes in resting heart rate (HR), mean arterial pressure
(MAP) and renal, mesenteric and hindquarters Doppler shift and
vascular conductance during a 24 h lipopolysaccharide infusion
(150 jgkg-lh-1) after saline (0) or TN3gl (0) pretreatment in
conscious Long Evans rats (n=8 in each group). Values are mean
with s.e.mean, *P<0.05 versus time 0 (Friedman's test).
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Figure 3 Changes in resting heart rate (HR), mean arterial pressure
(MAP) and renal, mesenteric and hindquarters Doppler shift and
vascular conductance during a 24 h lipopolysaccharide infusion
(150 ig kg- h-1) after saline (0) or TN3g2a (0) pretreatment in
conscious Long Evans rats (n =8 in each group). Values are mean
with s.e.mean, *P<0.05 versus time 0 (Friedman's test); A P<0.05
versus saline pretreated group (Kruskal-Wallis test).

Table 1 Resting cardiovascular variables before and 1 h after saline, TN3gl (20 mg kg-') or TN3g2a (20 mg kg') administration

TN3gl
I h Control

TN3g2a
I h Control

Heart rate (beats min-)
Mean arterial pressure (mmHg)
Renal flow (kHz)
Mesenteric flow (kHz)
Hindquarters flow (kHz)
Renal conductance

([kHz mmHg'] 103)
Mesenteric conductance

([kHz mmHg-'] 103)
Hindquarters conductance

([kHz mmHg'] 103)

Values means s.e.mean. n = 8. *P < 0.05 versus resting value.
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Saline
Control

351 +4
102+ 2
5.6+0.4
8.2 ± 1.0
3.9 + 0.2
55 + 3

80+9

38 + 3

342 + 5
99 +2
5.5 ±0.4
6.9 + 0.7*
3.7 ± 0.2
56+4

70 ± 8*

38 + 2

I h

335 + 7
102+2
5.1+0.3
6.7 +0.7
4.7 +0.6
49 + 3

66+ 7

46+6

331 + 8
98 +2
4.9 +0.3
5.7 + 0.7*
4.2+0.6
50 + 3

58 + 7*

43 +6

344+ 5
105 +2
5.9+1.1
6.7 +0.6
5.1 +0.6
56± 10

64+5

49 +6

344+7
99+ 3
5.6+0.8
6.2+ 0.7*
4.6+0.5
56+ 8

62+ 6
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Resting cardiovascular variables before and during
infusion of LPS after pretreatment with saline, or
TN3gJ, or TN3g2a

Resting cardiovascular variables, both before and 1 h after
saline, TN3gl or TN3g2a pretreatment are shown in Table 1.
Over the 1 h following saline or antibody administration there
was a significant reduction in mesenteric flow in all three
groups, associated with reductions in mesenteric vascular
conductance in the saline and TN3gl pretreated groups; these
changes have been described previously (Gardiner et al.,
1991a), and are likely to be attributable to the feeding pattern
of the rat. During infusion of LPS, the haemodynamic profile
was similar to that described previously (Figure 2) (Waller et
al., 1994).

The pattern of haemodynamic changes observed during
infusion of LPS in the animals pretreated with TN3gl, or

TN3g2a, was similar to that seen in the animals pretreated with
saline. The only significant difference was observed in the
TN3g2a pretreated group, in which renal flow and con-

ductance were significantly higher than in the saline pretreated
group after 3 h of LPS infusion (Figure 3).
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Before pretreatment with saline, TN3gl or TN3g2a, acet-
ylcholine infusion caused a depressor and tachycardic response

associated with substantial increases in renal flow and con-

ductance, small reductions in mesenteric flow and con-

ductance, and a small increase in hindquarters conductance
(Figure 4). During LPS infusion in the saline pretreated group,

the changes in the responses to acetylcholine (Figure 4) were

similar to those reported previously (Waller et al., 1994). The
major features of note were inhibition of the tachycardic and
renal vasodilator responses at a time when the depressor re-

sponse was enhanced.
The profile of change in response to acetylcholine challenge

after the onset of LPS infusion in both antibody pretreated
groups was generally similar to that observed in the saline
pretreated group (Figure 4). The only differences observed in
the TN3gl pretreated group, compared to the saline pretreated
group, were that the tachycardic response in the former group

was not significantly reduced at any time point, the hypoten-
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Figure 4 Changes (areas under or over curves, 0-3 min) in heart rate (HR), mean arterial pressure (MAP) and renal, mesenteric

and hindquarters Doppler shift and vascular conductance in response to acetylcholine infusion (22 nmol min-1) before and during a

24h lipopolysaccharide infusion (150Qugkg-1 h-) after saline (open columns), TN3gl (stippled columns) or TN3g2a (solid
columns) pretreatment, in conscious Long Evans rats (n =8 in each group). Values are mean with s.e.mean, *P<0.05 versus time 0

(Friedman's test); * represents a significant response (P <0.05, Wilcoxon's signed rank test).
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sive response was not enhanced at 24 h, and there was a small
renal vasodilator response at 2 h, rather than the vasocon-
strictor response seen in the saline pretreated group (Figure 4).
The only differences observed in the TN3g2a pretreated group,
compared to the saline pretreated group, were apparent after
24 h of LPS infusion when the tachycardic, hypotensive, and
renal vasodilator responses were normal (Figure 4).

Responses to methoxamine before and during LPS
infusion after pretreatment with saline, or TN3gJ or
TN3g2a

Infusion of methoxamine before pretreatment with saline,
TN3gl or TN3g2a caused a pressor and bradycardic re-
sponse associated with reductions in mesenteric and hind-
quarters flows and conductances and a modest increase in
renal flow associated with a vasoconstriction (Figure 5). The
changes in the responses to methoxamine in the saline pre-
treated group during LPS infusion (Figure 5) were as de-
scribed elsewhere (Waller et al., 1994), namely reduced
bradycardic, pressor and renal, mesenteric and hindquarters
vasoconstrictor responses. Overall, these changes were un-
affected by pretreatment with either of the TNF antibodies
(Figure 5).
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Responses to salbutamol before and during LPS infusion
after pretreatment with saline, or TN3gJ, or TN3g2a

Prior to administration of saline, TN3gl or TN3g2a, salbu-
tamol infusion caused a depressor and tachycardic response
associated with substantial increases in hindquarters flow and
conductance, an increase in renal conductance, and a reduc-
tion in mesenteric flow associated with a small mesenteric va-
sodilatation (Figure 6). During LPS infusion in the saline
pretreated group, the changes in the responses to salbutamol
(Figure 6) were consistent with our earlier findings (Waller et
al., 1994), i.e., attenuated depressor, tachycardic and hind-
quarters vasodilator effects. This pattern was also seen in the
presence of either antibody (Figure 6).

Responses to bradykinin before and during LPS
infusion after pretreatment with saline, or TN3gJ, or
TN3g2a

Before pretreatment with saline, TN3gl or TN3g2a, brady-
kinin caused a tachycardic and depressor response, asso-
ciated with a substantial increase in mesenteric flow and
conductance and smaller increases in renal and hindquarters
flows and conductances (Figure 7). The changes in the re-
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Figure 5 Changes (areas under or over curves 0-3 min) in heart rate (HR), mean arterial pressure (MAP) and renal, mesenteric
and hindquarters Doppler shift and vascular conductance in response to methoxamine infusion (120 nmol min-1) before and during
a 24h lipopolysaccharide infusion (150pgkg-'h-') after saline (open columns), TN3gl (stippled columns) or TN3g2a (solid
columns) pretreatment, in conscious Long Evans rats (n =8 in each group). Values are mean with s.e.mean, *P <0.05 versus time 0
(Friedman's test); * represents a significant response (P<0.05, Wilcoxon's signed rank test).
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sponses to bradykinin in the saline pretreated group during
LPS infusion were complex (Figure 7), and similar to those
reported previously (Waller et al., 1994), with enhanced
depressor and reduced tachycardic responses, associated with
renal and hindquarters vascular effects which changed with
time.

After the start of LPS infusion in the TN3gl and TN3g2a
pretreated groups, the changes in the responses to bradykinin
were similar to those observed in the saline pretreated group

(Figure 7).

Discussion

The present study shows that a continuous, low dose infusion
of LPS resulted in a rapid (within 1 h) peak in plasma TNF
levels, with a return towards baseline after approximately 3 h.
Moreover, the LPS-induced changes in resting cardiovascular
variables, and changes in response to acetylcholine, methox-
amine, salbutamol and bradykinin challenges, seen during LPS
infusion, were only very modestly affected by pretreatment

with the TNF monoclonal antibodies TN3gl, or TN3g2a.
Previous studies have demonstrated increases in plasma le-

vels of TNF in a variety of animal models of endotoxaemia,
e.g., following caecal ligation and puncture (Eskandari et al.,
1992), or administration of LPS (Beutler et al., 1985b; Waage,
1987; Mathison et al., 1988), or bacteria (Tracey et al., 1987a;
Silva et al., 1990). The profile of plasma TNF changes de-
scribed in the present study, i.e., a rapid (1 h) elevation in
plasma TNF, with levels returning to control values after 3 h,
is similar to that described by Waage (1987), who reported that
administration of LPS i.v. to conscious rats, as either a bolus
(200 Mg kg- '), a bolus (200 Mg kg- ') followed by a continuous
infusion (-40 Mg kg-' h-'), or as a continuous infusion
(-% 360 Mg kg-' h '), resulted in the same transient elevation in
plasma TNF levels.

Interestingly, the cardiovascular changes in the present
study began after about 1 h, but thereafter developed pro-

gressively through to 24 h. Thus, there was an apparent dis-
sociation between the change in plasma TNF levels and the
magnitude of the cardiovascular changes observed. One pos-

sible explanation is that the early elevation in plasma TNF
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Figure 6 Changes (areas under or over curves 0-3 min) in heart rate (HR), mean arterial pressure (MAP) and renal, mesenteric
and hindquarters Doppler shift and vascular conductance in response to salbutamol infusion (0.83 nmol min- 1) before and during a

24h lipopolysaccharide infusion (150.ugkg-lh-1) after saline (open columns), TN3g1 (stippled columns), or TN3g2a (solid
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caused the activation of other systems, which were responsible
for the subsequent haemodynamic changes (Billiau & Vande-
kerckhove, 1991). However, if this were the case, one would
expect TNF antibody pretreatment to abolish the haemody-
namic changes observed during LPS infusion, but this did not
happen.

It is notable that there were no consistent differences be-
tween the actions of the TNF antibodies with the gl and g2a
substituted Fc regions, despite the gl TNF antibody being
substantially better at preventing LPS-induced mortality in
mice (Suitters et al., 1994). Other groups have examined the
effectiveness of TNF antibodies in several different models of
endotoxaemia, and most reports agree that TNF antibodies
are capable of reducing mortality rates in endotoxaemia
(Beutler et al., 1985a; Tracey et al., 1987a; Mathison et al.,
1988; Hinshaw et al., 1990; Suitters et al., 1994). However, the
ability of TNF antibodies to prevent the cardiovascular se-
quelae associated with endotoxaemia is not quite so clear.
There are several reports indicating that TNF antibody treat-
ment can protect against the development of rapid and sub-

stantial reductions in mean arterial pressure following
administration of relatively large bolus doses of LPS (Mathi-
son et al., 1988; Thiemermann et al., 1993), or bacteria (Tracey
et al., 1987a; Hinshaw et al., 1990; Jesmok et al., 1992).
However, in a study of prolonged endotoxaemia in the baboon
(Emerson et al., 1992), TNF antibody pretreatment attenuated
the early (2-4 h), transient reductions in mean arterial pres-
sure and total peripheral resistance, but had no significant ef-
fect on haemodynamics over the subsequent 5 days. Schlag et
al., (1994) demonstrated that TNF antibody treatment, 4 h
after the start of bacterial infusion in baboons, had no effect on
haemodynamics during the first 24 h, and Fielder et al., (1992)
demonstrated that TNF antibody treatment, 30 min after LPS
administration in rhesus monkeys, had no major effects on the
haemodynamic profile observed. Interestingly, in the studies of
Emerson et al., (1992), Fielder et al., (1992) and Schlag et al.,
(1994), TNF antibodies conferred beneficial effects on mor-

tality rates. Hence, it may be that the protective effects ofTNF
antibody treatment in endotoxaemia are independent of
changes in haemodynamic status.
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Of the various vasodilator and vasoconstrictor challenges
used, we found responses to acetylcholine were the most af-
fected by antibody pretreatment, with the tachycardic response
to acetylcholine being generally preserved, and its hypotensive
effect after 24 h of LPS infusion not being enhanced. Pre-
viously, we (Waller et al., 1994) suggested that the augmented
hypotensive effect of acetylcholine after 24 h of LPS infusion
may have been due to an inability of cardiac output to increase
above pre-existing elevated levels (Gardiner et al., 1994), since
there was no enhanced hyperaemia in any of the vascular beds
monitored. TNF is reported to have myocardial depressant
actions in vivo (Natanson et al., 1989; Eichenholz et al., 1992)
possibly through expression of the inducible isoform of NOS
(iNOS) in the myocardium (Schulz et al., 1992). Thus, sup-
pression of the myocardial depressant actions of TNF, by the
TNF antibodies, could explain why the hypotensive effect of
acetylcholine, was normalized.

Overall, TNFAb administration conferred no protective
effect on the development of hyporesponsiveness to methox-
amine or salbutamol during LPS infusion. Previous studies
have demonstrated that TNF antibodies can attenuate the
development of hyporesponsiveness to noradrenaline in aortic
rings taken from anaesthetized rats challenged with LPS
(Thiemermann et al., 1993). In that model, the hyporespon-
siveness to noradrenaline is thought to be related to the in-
duction of iNOS. However, we (Waller et al., 1995) have
reported that the development of vascular hyporesponsiveness
to methoxamine in our model is unaffected by aminoguani-
dine, and hence may not involve iNOS.

It was suggested in our earlier study (Waller et al., 1994)
that the hyporesponsiveness to salbutamol may have been due
to reduced fl2-adrenoceptor sensitivity (Auclair et al., 1983;
Van Heuven-Nolsen et al., 1986), secondary to elevated cir-
culating catecholamines (Chernow et al., 1982; Schaller et al.,

1985). However, since it has been reported that TNF anti-
bodies can attenuate the release of catecholamines after ad-
ministration of bacteria (Tracey et al., 1987a), our present
findings indicate that the subsensitivity to salbutamol may be
due to factors other than sympathoadrenal activation, or TNF
release.

The haemodynamic responses to bradykinin, and the effect
of LPS thereon, are difficult to interpret (Waller et al., 1994),
but they were essentially unaltered by pretreatment with both
TNF antibodies. Hence, it seems that these changes are in-
dependent of the increase in plasma TNF. It is interesting that
the tachycardic response to bradykinin, unlike that of acet-
ylcholine, was not affected by the TNF antibodies.

The fact that endotoxaemia involves a complex interaction
of numerous mediators which appear to have similar actions
(see Billiau & Vandekerckhove, 1991, for review) is perhaps
one explanation why removal of one mediator (i.e. TNF) in
such a dynamic situation does not have dramatic effects on the
haemodynamic profile observed. Overall, the results of the
present study demonstrate that a continuous low dose infusion
of LPS in the conscious rat results in a transient elevation of
plasma TNF. Neutralization of plasma TNF with monoclonal
antibodies has no consistent effect on resting regional hae-
modynamics and has only minor effects on the responses to a
wide range of vasoactive agents.

The authors would like to thank Celltech U.K. for the generous gifts
of TN3gl and TN3g2a. We would also like to thank Mr P.A. Kemp
and Miss J.E. March for their technical assistance. J.W. is funded by
a Medical Research Council studentship. The work was supported
by a British Heart Foundation Grant.

References

AUCLAIR, M-C., VERNIMMEN, C., CARLI, A. & LECHAT, P. (1983).
Depressed isoprenaline vascular response in endotoxic rats. Eur.
J. Pharmacol., 90, 143 - 145.

BEUTLER, B., MILSARK, I.W. & CERAMI, A.C. (1985a). Passive
immunization against cachectin/tumor necrosis factor protects
mice from lethal effect of endotoxin. Science, 229, 869-871.

BEUTLER, B., MILSARK, I.W. & CERAMI, A. (1985b). Cachectin/
tumor necrosis factor: production, distribution, and metabolic
fate in vivo. J. Immunol., 135, 3972-3977.

BILLIAU, A. & VANDEKERCKHOVE, F. (1991). Cytokines and their
interactions with other inflammatory mediators in the pathogen-
esis of sepsis and septic shock. Eur. J. Clin. Invest., 21, 559 - 573.

BLAIR, R., FISHMAN, B., AMIT, Z. & WEEKS, J.R. (1980). A simple
double channel swivel for infusions of fluids into unrestrained
animals. Pharmacol. Biochem. Behav., 12, 463 -466.

CHERNOW, B., RAINEY, T.G. & LAKE, C.R. (1982). Endogenous and
exogenous catecholamines in critical care medicine. Crit. Care
Med., 10, 409-416.

EICHENHOLZ, P.W., EICHACKER, P.Q., HOFFMAN, W.D., BANKS,
S.M., PARRILLO, J.E., DANNER, R.L. & NATANSON, C. (1992).
Tumor necrosis factor challenges in canines: patterns of
cardiovascular dysfunction. Am. J. Physiol., 263, H668 - H675.

EMERSON, T.E., LINDSEY, D.C., JESMOK, G.J., DUERR, M.L. &
FOURNEL, M.A. (1992). Efficacy of monoclonal antibody against
tumor necrosis factor alpha in an endotoxemic baboon model.
Circ. Shock, 38, 75-84.

ESKANDARI, M.K., BOLGOS, G., MILLER, C., NGUYEN, D.T.,
DEFORGE, L.E. & REMICK, D.G. (1992). Anti-tumor necrosis
factor antibody therapy fails to prevent lethality after cecal
ligation and puncture or endotoxemia. J. Immunol., 148, 2724-
2730.

FIEDLER, V.B., LOOF, I., SANDER, E., VOEHRINGER, V., GALANOS,
C. & FOURNEL, M.A. (1992). Monoclonal antibody to tumor
necrosis factor-a prevents lethal endotoxin sepsis in adult rhesus
monkeys. J. Lab. Clin. Med., 120, 574- 588.

GARDINER, S.M., COMPTON, A.M., BENNETT, T. & HARTLEY, C.J.
(1990a). Can pulsed Doppler technique measure changes in aortic
blood flow in conscious rats? Am. J. Physiol., 259, H448 -H456.

GARDINER, S.M., COMPTON, A.M., BENNETT, T., PALMER, R.M.J.
& MONCADA, S. (1990b). Control of regional blood flow by
endothelium-derived nitric oxide. Hypertension, 15, 486-492.

GARDINER, S.M., COMPTON, A.M., KEMP, P.A. & BENNETT, T.
(1990c). Regional and cardiac haemodynamic effects of N -
nitro-L-arginine methyl ester in conscious, Long Evans rats. Br.
J. Pharmacol., 101, 625-631.

GARDINER, S.M., COMPTON, A.M., KEMP, P.A. & BENNETT, T.
(1990d). Regional and cardiac haemodynamic responses to
glyceryltrinitrate, acetylcholine, bradykinin and endothelin-l in
conscious rats: effects of NG-nitro-L-arginine methyl ester. Br. J.
Pharmacol., 101, 632-639.

GARDINER, S.M., COMPTON, A.M., KEMP, P.A., BENNETT, T.,
FOULKES, R. & HUGHES, B. (1991a). Regional haemodynamic
effects of prolonged infusions of human a-calcitonin gene-related
peptide in conscious, Long Evans rats. Br. J. Pharmacol., 103,
1509-1514.

GARDINER, S.M., KEMP, P.A. & BENNETT, T. (1991b). Effects ofN -
nitro-L-arginine methyl ester on vasodilator responses to
acetylcholine, 5'-N-ethylcarboxamidoadenosine or salbutamol
in conscious rats. Br. J. Pharmacol., 103, 1725- 1732.

GARDINER, S.M., KEMP, P.A. & BENNETT, T. (1992a). Regional
haemodynamic changes during chronic infusion of lipopolysac-
charide (LPS) in conscious rats. Br. J. Pharmacol., 107, 290P.

GARDINER, S.M., KEMP, P.A. & BENNETT, T. (1994). Cardiac
haemodynamic effects of chronic lipopolysaccharide (LPS)
infusion in conscious rats. Br. J. Pharmacol., 112, 27P.

GARDINER, S.M., KEMP, P.A., BENNETT, T., BOSE, C., FOULKES, R.
& HUGHES, B. (1992b). Involvement of f32-adrenoceptors in the
regional haemodynamic responses to bradykinin in conscious
rats. Br. J. Pharmacol., 105, 839-848.

GUC, M.O., FURMAN, B.L. & PARRATT, J.R. (1990). Endotoxin-
induced impairment of vasopressor and vasodepressor responses
in the pithed rat. Br. J. Pharmacol., 101, 913 -919.

HAYWOOD, J.R., SHAFFER, R.A., FASTENOW, C., FINK, G.D. &
BRODY, M.J. (1981). Regional blood flow measurement with
pulsed Doppler flowmeter in conscious rat. Am. J. Physiol., 241,
H273 - H278.



J. Waller et a! TNF and endotoxaemia 2495

HEWITT, G., HALLIDAY, I., MCCAIGUE, M., CAMPBELL, G., ROW-
LANDS, B., DIAMOND, T. (1995). Mortality, endotoxaemia and
cytokine expression following intermittent and continuous
hepatic ischaemia. Br. J. Surg., (in press)

HINSHAW, L.B., TEKAMP-OLSON, P., CHANG, A.C.K., LEE, P.A.,
TAYLOR, F.B., MURRAY, C.K., PEER, G.T., EMERSON, T.E.,
PASSEY, R.B. & KUO, G.C. (1990). Survival of primates in LD10o
septic shock following therapy with antibody to tumor necrosis
factor (TNFa). Circ. Shock, 30, 279 - 292.

JESMOK, G., LINDSEY, C., DUERR, M., FOURNEL, M. & EMERSON,
T. (1992). Efficacy of monoclonal antibody against human
recombinant tumor necrosis factor in E. coli-challenged swine.
Am. J. Pathol., 141, 1197-1207.

MATHISON, J.C., WOLFSON, E. & ULEVITCH, R.J. (1988). Participa-
tion of tumour necrosis factor in the mediation of Gram negative
bacterial lipopolysaccharide-induced injury in rabbits. J. Clin.
Invest., 81, 1925 - 1937.

NATANSON, C., EICHENHOLZ, P.W., DANNER, R.L., EICHACKER,
P.Q., HOFFMAN, W.D., KUO, G.C., BANKS, S.M., MACVIT'TIE, T.J.
& PARRILLO, J.E. (1989). Endotoxin and tumour necrosis factor
challenges in dogs simulate the cardiovascular profile of human
septic shock. J. Exp. Med., 169, 823-832.

NEILSON, I.R., NEILSON, K.A., YUNIS, E.J. & ROWE, M.I. (1989).
Failure of tumor necrosis factor to produce hypotensive shock in
the absence of endotoxin. Surgery, 106, 439-443.

REMICK, D.G., KUNKEL, R.G., LARRICK, J.W. & KUNKEL, S.L.
(1987). Acute in vivo effects of human recombinant tumor
necrosis factor. Lab. Invest., 56, 583 - 590.

ROTHSTEIN, J.L. & SCHREIBER, H. (1988). Synergy between tumor
necrosis factor and bacterial products causes hemorrhagic
necrosis and lethal shock in normal mice. Proc. Natl. Acad. Sci.
U.S.A., 85, 607-611.

SCHALLER, M.D., WAEBER, B., NUSSBERGER, J. & BRUNNER, H.R.
(1985). Angiotensin II, vasopressin, and sympathetic activity in
conscious rats with endotoxaemia. Am. J. Physiol., 249, H1086-
H1092.

SCHIRMER, W.J., SCHIRMER, J.M. & FRY, D.E. (1989). Recombinant
human tumor necrosis factor produces hemodynamic changes
characteristic of sepsis and endotoxemia. Arch. Surg., 124, 445-
448.

SCHLAG, G., REDL, H., DAVIES, J. & HALLER, I. (1994). Anti-tumor
necrosis factor antibody treatment of recurrent bacteremia in a
baboon model. Shock, 2, 10 - 18.

SCHULZ, R., NAVA, E. & MONCADA, S. (1992). Induction and
potential biological relevance of a Ca2 + -independent nitric oxide
synthase in the myocardium. Br. J. Pharmacol., 105, 575-580.

SHEEHAN, K.C.F., RUDDLE, N.H. & SCHREIBER, R.D. (1989).
Generation and characterization of hamster monoclonal anti-
bodies that neutralize murine tumor necrosis factor. J. Immunol.,
142, 3884-3893.

SILVA, A.T., BAYSTON, K.F. & COHEN, J. (1990). Prophylactic and
therapeutic effects of a monoclonal antibody to tumor necrosis
factor-a in experimental Gram-negative shock. J. Infect. Dis.,
162, 421-427.

SUITTERS, A.J., FOULKES, R., OPAL, S.M., PALARDY, J.E., EM-
TAGE, J.S., ROLFE, M., STEPHENS, S., MORGAN, A., HOLT, A.R.,
CHAPLIN, L.C., SHAW, N.E., NESBITT, A.M. & BODMER, M.W.
(1994). Differential effect of isotype on efficacy of anti-tumor
necrosis factor a chimeric antibodies in experimental septic
shock. J. Exp. Med., 179, 849-856.

THEODORSSON-NORHEIM, E. (1987). Friedman and Quade tests:
BASIC computer program to perform non-parametric two-way
analysis of variance and multiple comparisons on ranks of several
related samples. Comput. Biol. Med., 17, 85-99.

THIEMERMANN, C., WU, C.C., SZABO, C., PERRETTI, M. & VANE,
J.R. (1993). Role of tumour necrosis factor in the induction of
nitric oxide synthase in a rat model of endotoxin shock. Br. J.
Pharmacol., 110, 177- 182.

TRACEY, K.J., BEUTLER, B., LOWRY, S.F., MERRYWEATHER, J.,
WOLPE, S., MILSARK, I.W., HARIRI, R.J., FAHEY III, T.J.,
ZENTELLA, A., ALBERT, J.D., SHIRES, G.T. & CERAMI, A.
(1986). Shock and tissue injury induced by recombinant human
cachectin. Science, 234, 470-474.

TRACEY, K.J., FONG, Y., HESSE, D.G., MANOGUE, K.R., LEE, A.T.,
KUO, G.C., LOWRY, S.F. & CERAMI, A. (1987a). Anti-cachectin/
TNF monoclonal antibodies prevent septic shock during lethal
bacteraemia. Nature, 330, 662-664.

TRACEY, K.J., LOWRY, S.F., FAHEY III, T.J., ALBERT, J.D., FONG,
Y., HESSE, D., BEUTLER, B., MANOGUE, K.R., CALVANO, S.,
WEI, H., CERAMI, A. & SHIRES, G.T. (1987b). Cachectin/tumor
necrosis factor induces lethal shock and stress hormone responses
in the dog. Surg. Gynecol. Obstet., 164, 415-422.

VAN DER POLL, T. & LOWRY, S.F. (1995). Tumor necrosis factor in
sepsis: mediator of multiple organ failure or essential part of host
defense? Shock, 3, 1 - 12.

VAN HEUVEN-NOLSEN, D., FOLKERTS, G., DE WILDT, D.J. &
NIJKAMP, F.P. (1986). The influence of bordetella pertussis and
its constituents on the beta-adrenergic receptor in the guinea pig
respiratory system. Life Sci., 38, 677-685.

WAAGE, A. (1987). Production and clearance of tumor necrosis
factor in rats exposed to endotoxin and dexamethasone. Clin.
Immunol. Immunopathol., 45, 348-355.

WALLER, J., GARDINER, S.M. & BENNETT, T. (1994). Regional
haemodynamic responses to acetylcholine, methoxamine, salbu-
tamol and bradykinin during lipopolysaccharide infusion in
conscious rats. Br. J. Pharmacol., 112, 1057-1064.

WALLER, J., GARDINER, S.M. & BENNETT, T. (1995). Aminoguani-
dine does not diminish lipopolysaccharide-induced vascular
hyporesponsiveness to acetylcholine or methoxamine in con-
scious rats. Br. J. Pharmacol., 114, 27P.

(Received May 15, 1995
Revised June 29, 1995

Accepted June 30, 1995)


