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Brain sites of action of endogenous interleukin-1 in the febrile
response to localized inflammation in the rat
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1. Interleukin (IL)-1 is a potent endogenous pyrogen which causes fever when injected into a
number of brain sites. However, the brain sites at which endogenous IL-1 acts to influence
body temperature remain equivocal. The aim of this study was to determine the effect of
local administration of the interleukin-1 receptor antagonist (IL-1ra) into specific sites in the
hypothalamus, and other brain regions known to contain receptors for IL-1, on the febrile
response of rats to peripheral injection of lipopolysaccharide (LPS) into a subcutaneous air
pouch (intrapouch, 1.r.0.) that does not lead to LLPS appearance in the circulation.

2. Injection of LPS (100 ug kg™, 1.r.0) induced a rise in body temperature which commenced
1+5 h after injection and was maximal at 3 h (38:9 4+ 0-2 °C, compared with 37:0 £ 0-1 °C at
0h, n=26, P<0001). Intracerebroventricular (r.c.v.) IL-1ra (500 ug in 5 ul) significantly
attenuated LPS fever (IL-1ra, 37:7 4 0-2 °C; saline, 389+ 0:2°C; n=6, P<0:001).
Unilateral microinjection of 1L-1ra (50 gg in 0-5 ul at 0 4+ 1 h) into the anterior hypothalamus
(AH), paraventricular hypothalamic nucleus (PVH), peri-subfornical organ, subfornical organ
(SFO) or hippocampus (dentate gyrus and CA3 region) also significantly reduced the fever
induced by LPS.

3.  The same dose of IL-1ra had no effect on fever when administered into the ventromedial
hypothalamus (VMH), organum vasculosum lamina terminalis (OVLT), CA1 field of the
hippocampus, striatum or cortex.

4. These data indicate that the action of endogenous 1L-1 in the brain during fever is site
specific, acting at the AH, PVH, SFO and hippocampus, but not the VMH, OVLT and
striatum or cortex.

of fever (Hori et al. 1988; Nakashima et al. 1989), and
(iv) blocking the action of brain IL-1 by central
administration of neutralizing anti-IL-14 antiserum (Klir
et al. 1994; Gourine et al. 1998) or the naturally occurring
interleukin-1 receptor antagonist (IL-1ra) (Luheshi et al.
1996; Miller et al. 1997) attenuates fever.

Fever, an adaptive host defence response to viral and
bacterial infections, and other inflammatory stimuli, relies
on co-ordinated neuroimmune interactions between the
periphery and the (Kluger, 1991). The pro-
inflammatory cytokines (interleukin (IL)-1, IL-6 and tumour
necrosis factor (TNF)-a), which are synthesized and released
from activated peripheral immune cells after exposure to
pathogens, play a pivotal role in this co-ordination (Kluger,
1991; Hopkins & Rothwell, 1995). Although several pro-
inflammatory cytokines have been implicated in fever, I1.-1

brain

The anterior hypothalamus is the major site of thermo-
regulation in the brain (see Kluger, 1991), and is believed to
be a primary target of IL-1 (Klir et al. 1994; Gourine et al.

is believed to play an important role in both the afferent and
central signalling mechanisms (see Kluger, 1991).

There is now considerable evidence that I1-1 acts directly in
the brain to cause fever: (i) IL-1 is synthesized in the brain
(mainly in the hypothalamus) in response to peripheral
injection of bacterial lipopolysaccharide (LPS) (Bandtlow et
al. 1990; Ban et al. 1992; Nguyen et al. 1998), (ii) injection
of low (picomolar) quantities of recombinant 1L-1 into the
brain elicits marked fever in rodents (Anforth et al. 1998),
(iii) IL-1 administration in vivo and in vitro alters the
activity of hypothalamic thermosensitive neurons, the
characteristics of which are consistent with the development

1998). Several pieces of evidence suggest, however, that it is
not the only brain region involved in thermoregulation, but
is a component of a more complex central thermoregulatory
process (Satinoff, 1978). For example, animals without a
hypothalamus can respond to thermal stresses (see Satinoft,
1978), and animals with the connections between forebrain
and hindbrain structures severed are capable of developing
fever (Liu & Shyy, 1980). Indeed, peripheral LPS injection
induces mRNA, bioactive and immunoreactive IL-1
expression in a number of extrahypothalamic regions, such
as striatum, cortex and hippocampus (Ban et al. 1992; Quan
et al. 1994; Nguyen et al. 1998) and receptors for 1L-1 have
been identified in the cortex and hippocampus (Farrar et al.
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1987; Yabuuchi et al. 1994; Gayle et al. 1997). Moreover,
injection of IL-1 into the striatum (Grundy et al. 1998)
leads to a marked and reproducible fever in rats.

Karlier studies, which set out to localize brain IL-1 action,
have utilized injection of the recombinant cytokine
(Morimoto et al. 1989; Walter et al. 1989; Murakami et al.
1990; Lesnikov et al. 1991; Sellami & de Beaurepaire,
1995). However, the action of recombinant cytokines may
reflect pharmacological effects, which do not necessarily
equate with sites of action of endogenous IL-1. Similarly,
expression of IL-1 in the brain has been studied in response
to intraperitoneal or intravenous injection of LPS, usually at
high doses (1 mg kg ™), which is likely to have direct actions
on the brain or influence blood—brain barrier permeability
to circulating cytokines.

The purpose of this study was to identify the sites of action
in the brain of endogenous 1L-1 in fever in rats, using a
stimulus which does not influence the brain directly. We
achieved this by administering LPS into a sterile,
subcutaneous air pouch. This procedure elicits marked fever
in rats, of comparable magnitude to that seen in response to
intraperitoneal injection of the same dose of LPS (see
Rothwell, 1997), in the absence of detectable LLPS in the
circulation (Cartmell et al. 1998). The sites of action of
endogenous IL-1 were tested by pre-treatment of specific
brain sites with human recombinant IL-1ra (hrIL-1ra).

METHODS

Male Sprague—Dawley rats (Charles River) (250—350 g) were used
in all experiments. Animals were housed at a constant ambient
temperature of 21 +2°C on a 12h:12h light—dark cycle (light
on from 08.00 to 20.00h). Food (pelleted rat chow, Beekay
International, UK) and water were provided ad libitum. All animal
procedures conformed with the requirements of the British Home
Office Animal Licensing Inspectorate (UK).

Surgery

Following induction of anaesthesia (3% halothane in oxygen;
Fluothane, Zeneca) and complete areflexia, each animal was placed
in a stereotaxic frame (Stoelting, IL, USA) with the incisor bar
height set at 3:3 mm below the interaural line (according to Paxinos
& Watson, 1986). A heating pad was placed beneath the animal to
maintain core body temperature. A 21-gauge thin-walled stainless
steel guide tube was implanted stereotaxically such that the tip of
the guide was positioned 1 mm above the microinjection site. The
following stereotaxic co-ordinates (relative to bregma; Paxinos &
Watson, 1986) were used for microinjection: organum vasculosum
lamina terminalis (OVLT; A+0-8, L0-0, V82 and A0-0, LO0-0,
V8:6 mm), peri-subfornical organ (septohippocampal nucleus,
A+0-8, L0-0, V4:5 mm), cortex (A+0-7, [.4:8, V3:0 mm), striatum
(P—0-3, L3:6, V55 mm), lateral cerebral ventricle (1.c.v.; P—0-8,
L1-5, V35 mm), subfornical organ (SFO; P—0-9, L0-0, V49 mm),
anterior hypothalamus (AH; P—1-4 to —1-8, L0-6, V85 mm), para-
ventricular hypothalamic nucleus (PVH; P—1-7, L0-6, V7:8 mm),
ventromedial hypothalamus (VMH; P—2-3 to —2-8, L.0'5, V9:5 mm)
and hippocampus (dentate gyrus, P—2:8, L1-0, V4:0 mm and
P—3:3, 105, V3:6 mm; CAl region, P—3-3, L2:2, V3:0 mm; CA3
region, P—3-3, L2:2, V3:7 mm; Fig. 1). Each animal was given an
intramuscular injection of terramycin (5 mg (0-1 ml)™, Pfizer)
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immediately after surgery and allowed a minimum of 7 days for
recovery.

Six days before the start of the experiment a subcutaneous air pouch,
for peripheral injection of LPS, was formed according to the
method described by Edwards et al. (1981). Briefly, animals were
anaesthetized (3 % halothane in oxygen) until complete areflexia and
20 ml of sterile air (0-2 gm Acrodisc, Gelman Sciences, Ann Arbor,
MI, USA) was injected into the subcutaneous tissue of the dorsal
midline, caudal to the scapulae. Three days after the initial pouch
formation, animals were briefly re-anaesthetized (approximately
1 min, with halothane as above) and the air pouch was reinflated
with 10 ml of sterile air, to maintain an open cavity. On day 6, LPS
or saline was injected directly into the air pouch of conscious
animals.

Measurement of body temperature

Core body temperature of the rats was measured by remote
biotelemetry (Data Quest IV system, Data Sciences, St Paul, MN,
USA), using pre-calibrated radiotransmitters (TA10TA-F40, Data
Sciences) implanted intraperitoneally at the same time as the
stereotaxic implantation of the guide cannulae (see above). Animals
were housed individually 24 h before the experiments. Transmitter
output frequency (in hertz) was monitored, at 10 min intervals, by
an antenna mounted in a receiver board situated beneath the cage of
each animal, and data were channelled into a peripheral processor
(BCM 100, Data Sciences) connected to an IBM-compatible personal
computer.

Experimental protocol

For all experiments, animals were injected intrapouch (1.r.0) with
either LPS (100 ug kg™ in a final concentration of 100 ug ml™;
Escherichia coli serotype 0128:B12; Sigma) or sterile, non-pyrogenic
saline (1 ml kg™), followed by central injection of either saline or
hrIL-1ra. Different groups of animals were used for each brain site
under investigation. In the dose—response phase of the experiments,
hriL-1ra (a gift from Amgen, Thousand Oaks, CA, USA) was
injected into the cerebral ventricle of conscious, unrestrained rats at
a final dose of 1, 10 or 50 ug in 0-5 ul saline, 100 gg in 1 ul or
500 ug in 5 pl. Saline injections were given in an identical manner.
All subsequent experiments, which involved microinjection into
discrete brain tissue sites, used a final injection volume of 0-5 ul.
The dose of hrlL-1ra chosen for these experiments (50 ug in 0-5 ul,
microinjections given at the time of LPS administration (0 h,
10.00 h) and again 1 h later (+1 h); total dose of hrIL-1ra injected,
100 ug) was the minimum dose of intracerebroventricular (1.c.v.)
hrIL-1ra which significantly attenuated the 6 h thermal response to
LPS injection 1.p.0. (Fig. 2B). The two injections of hrlL-1ra were
given 1 h apart as this time course was deemed successful in a
previous study (Luheshi et al. 1996). For microinjection, a 31-gauge
needle, connected by polyethylene tubing (0-38 mm i.d., 1:09 mm
o.d) to a 5 ul Hamilton gas-tight microlitre syringe (Hamilton, GB)
was lowered into the guide cannula so that it protruded 1:0 mm
beyond its tip into the tissue of the region under investigation.
Each microinjection was delivered unilaterally over a period of 30 s
in a volume of 0-5 ul of either the saline vehicle or hrlL-1ra (50 ug
in 0-5 ul). The needle was left in the guide tube for an additional
1 min to ensure dispersion of the injected substance within the
tissue. Data were excluded from analysis if: (i) the core body
temperature of the animal at the beginning of the experiment was
below 368 °C or above 37-3 °C, (ii) the guide cannula was obstructed
prior to central injection or (iii) an Evans Blue microinjection at the
end of the experiment (see below) showed that the injection was not
into the designated site. Less than 5% of the original animals were
excluded from data analysis for these reasons.
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Histology

At the end of the experiments, each rat was killed by terminal
anaesthesia (halothane, as before) and 05l Evans Blue was
injected into the respective brain site. Brains were rapidly removed,
snap-frozen in isopentane (approximately —40 °C) on dry ice, and
stored at —70 °C. Each brain was sectioned on a cryostat through
the plane of the microinjection sites. Coronal sections (rostro-
caudal; 20 gm every 100 gm throughout the area of injection) were
mounted onto 3-aminopropyltriethoxysilane-coated slides and
stained with Cresyl Fast Violet, following standard histological
procedures. The position of each cannula track and locus of
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microinjection were identified under light microscopy and ‘mapped’
in the coronal plane on anatomical reconstructions (Fig. 1).

Statistical and data analysis

All data are presented as means + s.E.M. for the number of animals
given. Body temperature responses to microinjection of IL-1ra
were compared with body temperature responses to 1.p.0. injection
of LIPS and saline alone at that site as well as 1.p.0. saline and saline
or hrlL-1ra alone at that site. Responses were analysed for statistical
significance according to: (a) maximum body temperature attained
after each treatment and (b) the integrated hyperthermic response,
calculated as the deviation from baseline over the 6h period

-0-30

-0-90

Figure 1. Localization of sites of injection of IL-1ra

Frontal sections of the rat brain showing the distribution of individual sites microinjected with 0:5 ul saline
or 50 pg hrlL-1ra in 0-5 ul, at time 0 h and 1 h, illustrated according to the magnitude of the suppression
in body temperature in response to LPS 1.r.0. and hrIL-1ra into a particular brain site. A, <05 °C;
A, >05°C. CPu, caudate putamen (striatum); CTX, cortex; SHi, septohippocampal nucleus (peri-
subfornical organ); ac, anterior commissure; MS, medial septal nucleus; DBB, diagonal band of Broca;
2n, optic nucleus; OVLT, organum vasculosum lamina terminalis; LV, lateral ventricle; ox, optic chiasm;
SFO, subfornical organ; LPO, lateral preoptic area; MPO, medial preoptic area; SON, supraoptic nucleus;
AH, anterior hypothalamus; PaAP, paraventricular hypothalamus, anterior part; PVH, paraventricular
hypothalamus; LH, lateral hypothalamus, VMH, ventromedial hypothalamus; DG, dentate gyrus, CA1 &
CA3, fields of the hippocampus. The numbers on the right of the individual frontal sections indicate the
distances in millimetres from bregma (based on the anterior—posterior orientation of Paxinos & Watson,

1986).
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following peripheral (1.r.0) LPS injection (the 6 h fever index, in
°Ch). Differences between the groups were determined by analysis
of variance (ANOVA) followed by a Tukey—Kramer multiple
comparisons post hoc test. A two-tailed probability of P < 0-05 was
considered statistically significant.

RESULTS

Temperature responses

In all experiments, mean baseline temperature ranged
between 369 and 37:2°C and was similar for all groups
(data not shown). Intrapouch injection of saline alone and
saline or hrlL-1ra 1.c.v. caused no significant change in core
temperature (Fig.24 and B). Injection of LPS 1.p0. (0 h)
and saline 1.cv. (0 +1h) induced a rise in core body
temperature which commenced 1:5 h after injection and was
maximal at 3 h (389 +0:2°C, n=6, P<0:001 compared
with pre-injection body temperature). These data were not
significantly different from those after 1.p.0. injection of LPS
alone (P> 0:05, data not shown). The duration of the
febrile response, from the peak body temperature to the
completion of defervescence, exceeded 3 h (data not shown).

Effect of intracerebroventricular injection of hrIL-1ra
on body temperature

Injection of hrlL-1ra 1.cv. (at the time of LPS 1.P.0. and
again 1 h later) induced a dose-dependent suppression of the

A

Body temperature (°C)

60 0 50 120 180 240 300 360

Time (min)
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febrile response to LPS 1.r.0. (Fig. 2). The highest dose of
bhrIL-1ra (500 ug in 5pul) suppressed mean body
temperature to 37:7 + 0:2°C (n=15, P<0:001, ANOVA)
at 3 h after 1.p.o. injection of LPS, compared with animals
injected with LPS 1.P0. and saline 1.cv. (389 +0-2°C,
n=6). This was not significantly different from animals
injected with saline 1.p.0. and saline (at 3 h: 374 £+ 0-1 °C,
n==06, P> 005, ANOVA) or hrlL-1ra 1.cv (50 ug, 0 + 1 h;
at 3h: 37-3+ 01 °C, n=>5, P> 0:05, ANOVA). The body
temperature responses to 10, 50 or 100 ug of hrIL-1ra 1.c.v.
were significantly lower (at 3h: 37:94+02°C, n=4,
P<0-001; 3779+ 0:1°C, n=5, P<0:001; and 37-8 +
0:2°C, n=5, P<0:001, ANOVA, respectively) than that
observed in rats injected with LPS 1.p.0. plus saline 1.c.v.
(Fig. 24), but were not significantly different from each
other or from the group of animals injected with the highest
dose of hrIL-1ra (500 ug 1.c.v). The mean maximum body
temperature of rats injected with LPS 1.r.0. and 1 gg of
hrll-1ra was 383+ 0:2°C (Fig.24). There was no
significant difference in body temperature between animals
injected with LPS 1.P0. and the lowest dose of hrIL-1ra
(1 pg) or saline, 1.c.v. (P> 0-05, ANOVA). Compared with
animals injected with saline 1.p.0. and saline or hrIL-1ra
1.c.v., however, body temperature in this group of animals
(LPS 1.r.0. and 1 pg hrlL-1ra 1.0.v) was significantly higher
(P <0:01, ANOVA).

Kkw

*% Lid

* —+
b
> —i

6 h fever index (°C h)

saline 50 g saline 1ug 10pg 50 pg 100wy 500 ug

hrlL-1ra treatment 1.c.v.

Figure 2. Effect of intracerebroventricular injection of hrIL-1ra (various doses) on peripheral

LPS-induced fever in rats

Injection of lipopolysaccharide (LPS, 100 ug kg™) (filled symbols) or saline (open symbols) into a
subcutaneous air pouch (1.r.o) at time 0h, followed immediately by unilateral microinjection into the
cerebral ventricle (1.c.v) of saline or various doses of human recombinant interleukin-1 receptor antagonist
(hrIL-1ra), at time O h and 1 h. Baseline temperatures were not significantly different from one another at
time 0 h (P> 0-05, ANOVA). The results are presented as follows. 4, time curves (means + s.E.M.) of core
body temperature (°C) for: LPS 1.p.0. saline r.cv. (¢, n=10); LPS 1.r0, 1 gg hriL-1ra in 0:5 ul 1.cv.
(4, n=4); LPS 1.r0.,, 10 g hrlL-1ra in 0-5ul 1.cv. (¥, n=4); LPS 1.r0, 50 ug hrlL-1ra in 0:5 ul
1.cv.(®, n=>5); LPS 1.ro, 100 ug hrlL-1ra in 1 yl 1.cv. (W, n=>5); LPS 1r.ro, 500 pg hrlL-1ra in
5ul1cv. (%, n=>5); saline 1.r.o., saline 1.cv. (O, n=06); saline 1.r.0, 50 ug hrlL-1ra in 0-5 ul 1.0V.
(V, n=15). Dotted lines indicate injection times into the particular brain site. B, 6 h fever indices (°C h) for:
LPS 1.P.0., various doses of hrlL-1ra or saline r.c.v. (l); saline 1.p.0., hrIL-1ra or saline r.c.v. ((J). The order
of injections was randomized. For clarity, columns indicating the s.E.M. are shown only at 30 min intervals.
*¥*% P<0:001; ** P<0:01; * P < 0-05 compared with saline 1.p.0. and saline or hrlL-1ra 1.c.v., ANOVA.
T P <005 compared with LPS 1.r.0.and saline 1.c.v.,, ANOVA.
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The febrile response over the time course investigated (6 h  1.c.v. had no effect on the febrile response when compared
fever index, in °Ch) of rats injected with LPS 1.ro. and  with animals injected with LPS 1.P.0. and saline 1.c¥v.
hrlL-1ra (50-500 pg 1.0:v) was significantly attenuated (P> 0:05, ANOVA), but were significantly enhanced in
(P < 0-05, ANOVA) compared with those injected with LPS  comparison with animals injected with saline 1.p.0. and saline
1.r.o.and saline 1.c.v. (Fig. 2B). Doses of 10 or 1 ug hrIL-1ra (P <001, ANOVA) or hrIL-1ra (P <001, ANOVA) 1.cv.

A AH B PVH
39.07 39.0,
o
W 38.51
g
=
£ 38.0-
B
@
[=3
E 37.51
2
g
2 37.04 i
i} .
86,54 :
; - : . , . : T ; v r : T : .
60 0 60 120 180 240 300 380 -60 0 60 120 180 240 300 360
Time (minutes) Time (minutes)
c peri-SFC D SFC
2}
£
Q@
bord
=5
=
©
B
D
%
E
Qo
2
)
-
[=]
i}

60 0 60 120 180 240 300 360 60 0 60 120 180 240 300 360
Time (minutes) Time (minutes)

m

Hippocampus

Body temperature (°C})

50 0 60 120 180 240 300 360
Time (minutes)

Figure 3. Changes in body temperature of rats following microinjection of hrIL-1ra into various
brain sites

Changes in body temperature (means + s.E.m.) of rats following microinjection of saline (0-5 ul, O) or
hrIL-1ra (50 gg in 0-5ul, @) into the anterior hypothalamus (AH, n=06) (4), paraventricular
hypothalamus (PVH, n=>5) (B), peri-subfornical organ (peri-SFO, n=125) (C), subfornical organ (SFO,
n=>5) (D) or hippocampus (dentate gyrus, n =>5) (£)immediately (0 h) and at time 1 h after LPS injection
1.P.0. Dotted lines indicate injection times into the particular brain site. Injection of saline (O) or hrlL-1ra
(m) alone into each particular brain site, after saline (1 ml kg ™) 1.P.0., had no effect on body temperature.
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(Fig. 2B). The minimum dose of hrlIL-1ra 1.cv. (50 ug in
0-5ul, 04 1h) that significantly attenuated the 6h
thermal response to LPS 1.P.0. (Fig. 2B) was chosen for all
subsequent experiments which involved microinjection into
discrete brain tissue sites.

Effect of hrIL-1ra injection into different brain sites
on LPS-induced fever

The maximum core temperature induced by LPS (1.r.0) was
389 4+ 02 °C, and this febrile response was not affected by
injection of saline into any brain site (Fig. 34—FE). There were
no significant differences between the latency to maximum
level of fever (data not shown), nor the mean maximum rise
in body temperature, for groups injected 1.p.0. with LPS and
saline into any brain site. Injection of saline or hrlL-1ra
alone (in response to saline 1.r.0.) also had no effect on
body temperature (Fig. 34A—E). Unilateral microinjection of
hrIL-1ra (50 ug in 0-5 ul, 0 + 1 h) into the AH, including
the preoptic region (IL-1ra, 37:7 £+ 0-2 °C; saline, 38:8 +
0-1°C; n=6, P<0-001; Fig.34), PVH (IL-1ra, 37-7 +
0-1 °C; saline, 389+ 02°C; n=5, P<0001; Fig.3B),
peri-SFO  (IL-1ra, 37:6 +0-1°C; saline, 38:8 4+ 0-1 °C;
n=25, P<0001; Fig.3C), SFO (IL-1ra, 37-7 + 0:1 °C;
saline, 387+ 0:1°C; n=5, P<001; Fig.3D), dentate
gyrus (IL-1ra, 38:0 £+ 0-1 °C; saline, 389 + 0-:2°C; n=15,
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*
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P <0:01, Fig. 3E), or CA3 field of the hippocampus (IL-1ra,
377+ 0:3°C; saline, 386+ 0-2°C; P<0-01)
significantly decreased body temperature to 1.r.0. LPS to a
similar extent. The elevation in body temperature at 4—6 h
wag similar in animals injected with LPS 1.po. and either
saline or hrIL-1ra into the hippocampus (Fig. 3E), but was
significantly lower in animals injected with hrIL-1ra into
one of the other four ‘effective’ sites, compared with saline
injected at that same site (Fig. 34—D). No single site resulted
in complete abolition of fever after hrIL-1ra injection.

n=2>5,

In contrast, unilateral microinjection of hrlIL-1ra into the
VMH (IL-1ra, 38:7 4+ 0:2 °C; saline, 387 £+ 0:3 °C; n=25),
OVLT (IL-1ra, 38:6 £ 0-2 °C; saline, 38:9 + 0-2 °C; n = 5),
CA1 field of the hippocampus (IL-1ra, 38:8 + 0:2 °C; saline,
38:6+0:3°C; m=5), striatum (IL-1ra, 384+ 0-3°C;
saline, 385+ 0:1°C; n=06) or cortex (IL-1ra, 387 +
0-1 °C; saline, 387 + 01 °C; n=6) had no effect on LPS-
induced fever. Injection of saline or hrIL-1ra (in response to
saline 1.p.0) had no effect on body temperature when injected
into the VMH, OVLT, striatum or cortex (data not shown).

The integrated thermal response over the experimental
period (6 h fever index in °Ch) was similar for all groups
injected with LPS 1.r0. and saline into each brain site
(Fig.4). Injection of hrlL-1ra into the AH, PVH, SFO,

Figure 4. 6 h fever indices of rats

Six hour fever indices of rats injected peripherally (1.p.0)
with LPS (0 h), followed immediately by unilateral
microinjection of 0-5 ul saline ((J) or 50 pg hrlL-1ra in
0+5 ul (M) into a discrete brain region at time 0 h and 1 h.
Injection of saline or hrlL-1ra alone (after 1.r.0.saline) has
no lasting effect on body temperature (data not shown).
1.c.v., lateral cerebral ventricle; AH, anterior
hypothalamus; PVH, paraventricular hypothalamic
nucleus; SFO, subfornical organ; VMH, ventromedial
hypothalamus; OVLT, organum vasculosum lamina
terminalis. Data are presented as means + s.E.M.

*** P<0-001; * P <005 compared with LPS 1.r.0.and
saline into the particular brain region, ANOVA.
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dentate gyrus (Fig.4A4) or CA3 field of the hippocampus
significantly attenuated (by 42, 41, 37, 39 and 37%,
respectively) the 6 h thermal response to LPS 1.P.0. but had
no effect when microinjected into the VMH, OVLT, striatum
or cortex (Fig.4B).

DISCUSSION

We have reported previously that central (1.cv)
administration of hrlIL-1ra significantly attenuates the
fever induced by peripheral LPS in rodents (Luheshi et al.
1996; Miller et al. 1997), thereby supporting the involvement
of endogenous brain IL-1 in the development of fever. The
results from the present study confirm these data and show
that 1L-1ra injected 1.c.v. attenuated (by 47 %), but did
not prevent, fever induced by injection of LPS into a
subcutaneous air pouch.

Injection of hrlL-1ra into the AH, PVH, SFO and
hippocampus also significantly attenuated the febrile
response to peripheral injection of LPS, by a similar extent
to 1.cv. injection, though injection of IL-1ra into the
hippocampus appeared to delay the febrile response. IL-1ra
had no effect when injected into the VMH, OVLT or
extrahypothalamic regions, namely the striatum or cortex.
Injection of hrIL-1ra alone into any of the brain sites
investigated did not alter core body temperature. It is
unlikely that the attenuation of the fever response, induced
by injection of IL-1ra into the brain, is due to diffusion into
the periphery, since the same dose was ineffective when
given systemically (data not shown).

Despite the attenuation of the febrile response, LPS-induced
fevers were not abolished by our manipulations. It is
unlikely that the depression of the febrile response was
incomplete simply because the dose of IL-1ra finally used was
insuflicient, since this dose of IL-1ra completely suppresses
IL-1-induced fever when IL-1 is administered centrally
(G. N. Lubheshi, personal communication). Moreover, 1.cv.
administration of a 10-fold higher dose of hrlL-1ra
suppressed fever to a similar extent as the final dose
(100 gg) used in this study (Fig. 2). The absence of a linear
dose—response relation between IL-1ra and suppression of
the fever suggests a maximal level at which IL-1ra can
suppress peripheral LPS-induced fever. Lipopolysaccharide
induces an array of cytokines, in particular TNF-a, IL-1
and IL-6, which are elevated in a temporal and causal
manner (Fong et al. 1989; Givalois et al. 1994; Luheshi
et al. 1996). The data presented here suggest that while
endogenous brain IL-1 contributes significantly to LPS-
induced fever, other pyrogenic mediators (such as IL-6) are
probably also involved.

The results of the current study provide further evidence
that endogenous IL-1 acts within the AH to mediate LPS-
induced fever. Our data further indicate that the PVH is a
potential site of endogenous IL-1 action during fever. Indeed
it has been shown recently that cells projecting from the
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PVH are activated by peripheral (intravenous) LPS (Elmquist
& Saper, 1996) and lesions of the PVH reduce the febrile
response to peripheral (intraperitoneal) LPS (Horn et al.
1994). However, endogenous IL-1 does not appear to act at
all hypothalamic sites. Despite the close proximity of the
PVH and VMH, injection of IL-1ra into the VMH had no
effect on the febrile response induced by peripheral LPS.
These data, coupled with microinjection of dye into the
various brain sites, indicate that attenuation of the peripheral
LPS-induced febrile response, by IL-1ra, is not due to
diffusion to other brain sites. The VMH is traditionally
associated with hunger and satiety, and is a site that is
particularly reactive to several thermally active substances
(Myers, 1974), including prostaglandin E, (Morimoto et al.
1988a; Simpson et al. 1994). However, it is thermally
insensitive to direct injection of exogenous cytokines (Mifiano

& Myers, 1991).

Injection of IL-1ra into the SFO, but not the OVLT,
significantly attenuated fever induced by peripheral LPS.
Both brain sites are highly vascularized circumventricular
organs (CVOs) (Dellmann, 1985; Gross et al. 1986), and are
potential routes whereby peripherally produced, circulating
pyrogens could access the brain to initiate fever (Blatteis,
1992; Zeisberger & Merker, 1992; Maness et al. 1998). The
present data suggest that endogenous IL-1, therefore, acts at
sites in the SFO, but not the OVLT, to elicit fever in response
to peripheral administration of LPS. This observation
indicates the involvement of neural afferent rather than
humoral signals (which have been proved to act at the
OVLT) in the development of febrile responses to systemic
stimuli (see Elmquist et al. 1997). While the OVLT does not
appear to be a site of action for endogenous IL-1 in
response to local inflammation, our data do not preclude
the importance of the OVLT as a potential access point for
other pyrogens and/or neuroactive substances (Morimoto
et al. 1988b; Stitt, 1991; Vallieres & Rivest, 1997; Scammell
et al. 1998) which influence body temperature. Several
studies are consistent with the hypothesis that this region
translates blood-borne signals conveyed by the endogenous
pyrogen into brain signals (see Blatteis, 1992; Elmquist et al.
1997). However, data from the present study are supported
by findings of reduced systemic (intravenous) LPS-induced
fevers in rats with lesions of the SFO but not the OVLT
(Takahashi et al. 1997), induction of immunoreactive IL-18
in the SFO during endotoxin fever (Nakamori et al. 1994)
and changes in protein synthesis in the SFO within 1 h after
subcutaneous injection of I1L-14 (Williams et al. 1994).

Although the hypothalamus is considered to be the primary
site of thermoregulatory control in the brain, actions at
other brain sites cannot be excluded. Receptors for I1.-1 are
distributed widely throughout the rat brain (Farrar et al.
1987; Yabuuchi et al. 1994; Gayle et al. 1997) and the
extensive distribution of mRNA (Ban et al. 1992; Buttini &
Boddeke, 1995), immunoreactive (van Dam et al. 1992;
Neuyen et al. 1998) and bioactive (Quan et al. 1994) IL-1
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expression, in response to systemic LPS, suggests multiple
potential sites of endogenous IL-1 action in the rat brain.
Although there is no direct evidence from this study, other
studies have shown CVOs, meninges and choroid plexus to
be sites of IL-1 expression after systemic LPS (Nakamori
et al. 1994, 1995). The cell types expressing IL-1 in these
regions include macrophages, microglia and perivascular
cells. Marked induction of IL-1 in microglia throughout the
entire brain parenchyma has also been observed (van Dam
et al. 1992; Wong et al. 1997), but in these studies the doses
of LPS injected were > 25-fold the dose used to induce fever
in the present study. The observed IL-1 expression, therefore,
may be due to the direct action of LPS and/or endogenous
pyrogens on the brain.

Injection of hrlIL-1ra into the hippocampus (dentate gyrus
or CA3 region), but not the striatum or cortex, significantly
attenuated the LPS-induced fever. It is unlikely that IL-1ra
injected into the hippocampus diffused to the AH and
thereby attenuated the hyperthermia, since the equivalent
volume of injected dye was subsequently localized in the
hippocampus. Stimulation of the hippocampus may directly
influence neurones in the AH (Hori et al. 1982) and this
region is particularly sensitive to IL-1 action in response to
peripheral LPS injection (Weidenfeld et al. 1995). The failure
of IL-1ra, when injected into the striatum, to attenuate
LPS-induced fever further suggests that the sites of action
of endogenous IL-1 in fever may be dissociated from the
sites of action of exogenous IL-1. We have found, as with
1.c.v.injection, that direct administration of exogenous IL-1
into the striatum induces a pronounced increase in body
temperature (Grundy et al. 1998), which can be inhibited by
pretreatment with flurbiprofen, a cyclooxygenase inhibitor
(R. I. Grundy, personal communication). These findings
dissociate the effects of IL-1ra in neurodegeneration, which
appear to be localized in the striatum (Lawrence et al. 1988;
Stroemer & Rothwell, 1997), from its actions in fever. The
various actions of endogenous IL-1 in the brain, therefore,
appear to be both stimulus dependent and site specific.

In conclusion, the present data indicate that the febrile
response to subcutaneous injection of LPS results from the
action of endogenous IL-1 at several specific brain sites. Our
data do not negate the importance of the action of
additional pyrogens and/or neuroactive substances, which
may participate in the febrile response.
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