British Journal of Pharmacology (1997) 121, 841-847

O 1997 Stockton Press Al rights reserved 0007 -1188/97 $12.00

SIXTEENTH GADDUM MEMORIAL LECTURE DECEMBER 1996
Neuroimmune interactions: the role of cytokines

Nancy J. Rothwell

School of Biological Sciences, 1.124 Stopford Building, University of Manchester, Oxford Road, Manchester M13 9PT

Keywords: Cytokines; brain; immune system; fever; neurodegeneration

Introduction

The concept of the brain as an ‘immune privileged’ organ
has been modified significantly with the realization that in-
teractions between the nervous and immune systems are
important in many aspects of disease and injury. Peripheral
infection, inflammation and injury activate afferent neuronal
and homoral signals to the brain, which in turn influence or
regulate specific aspects of the host acute phase response.
Many molecules and pathways associated with immune or
inflammatory responses have been identified within the
central nervous system and are activated in response to
peripheral disease or injury and diverse neurological disor-
ders. Cytokines are polypeptide mediators most widely as-
sociated with the inflammation and immunity in the
periphery and play a key role in many of these interactions.
This review will focus mainly on the ‘proinflammatory cy-
tokines’, interleukin-1 (IL-1), IL-6 and tumour necrosis
factor « (TNFa), which are expressed by, and act on the
brain, and have been implicated in many aspects of neu-
roimmunology.

Central nervous system regulation of host defence
responses to peripheral disease

The host defence response, also known as the acute phase
response, includes changes on both local (eg inflammation
within specific tissues) and systemic functions. The central
nervous system regulates important aspects of this response
including fever, anorexia, hypermetabolism, neuroendocrine
changes (most notably activation of the hypothalamic-pi-
tuitary-adrenal, axis), alterations in behaviour, cardiovascu-
lar and reproductive function and even some aspects of
immune activation. Much of our understanding of the local
and afferent pathways regulating these changes has derived
from studies on fever. Fever is still one of the most widely
used diagnostic tools in clinical medicine, it is a phylogen-
etically old response which has even been observed in poi-
kilotherms, can be readily and continuously monitored in
free-moving subjects and animals by remote radiotelemetry,
and appears to share common mechanisms with several
central nervous system-dependent acute phase responses
(Kluger, 1991; Roberts, 1991).

Studies on fever and other neuroimmune responses in ro-
dents have most often used systemic (intraperitoneal or in-
travenous) administration of bacterial lipopolysaccharide as a
stimulus, which has provided much valuable information on
fever and other central nervous system responses to infection
(eg see Kluger, 1991). However, this approach has several
potential disadvantages. High doses of lipopolysaccharide are
required to induce fever in rats and mice, so injected lipopo-
lysaccharide could act at numerous sites including in the brain
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itself, and it is not possible to study local pathways or med-
iators within specific sites of infection or inflammation.
Nevertheless, lipopolysaccharide-induced fever is associated
with dramatic increases in circulating 1L-6 and release of cy-
tokines in the brain and is inhibited by blocking IL-1 actions at
both sites (Le May et al., 1990; Rothwell et al., 1991). We have
previously demonstrated that a sterile abscess induced by an
intramuscular injection of turpentine (which does not diffuse
into circulation) also elicits marked fever in the rat and, like
lipopolysaccharide, is associated with increases in circulating
IL-6 of many orders of magnitude (Turnbull et al., 1992;
Cooper et al., 1994; Miller et al., 1997b). Indeed circulating IL-
6 levels correlate with the rising phase of fever, although there
may be a threshold level for IL-6, or existence of co-factors
which are required to act synergistically with I1L-6 in pyro-
genesis (Turnbull, 1993).

However, in these and many other experimental systems,
little or no increase in circulating IL-1 is detected in circula-
tion, although blocking IL-1 by injection of a neutralizing
antibody or recombinant interleukin-1 receptor antagonist
(IL-1ra) significantly attenuates fever (Long et al., 1990; Miller
et al., 1997a). These data question the hypothesis that IL-1 is
the primary circulating endogenous pyrogen, but nevertheless
indicate an important role in fever and suggest that it may act
locally within infected or inflamed tissue.

In order to address these issues we have studied the effects
of administering pyrogens into a sterile, subcutaneous air
pouch which allows sampling of local cytokine production and
modification of cytokine activities within the air pouch without
direct effects of the stimulus on distant tissues. Injection of
lipopolysaccharide (100 ug kg™") into such an air pouch in the
rat elicits marked fever, of comparable magnitude to that seen
in response to intraperitoneal injection of lipopolysaccharide.
No increases in bioactive IL-1 or TNF« are identified in cir-
culation (Figure 1) in response to either stimulus, but the
bioactivity of both of these cytokines increases dramatically
(30—-1000 fold) in fluid sampled from the air pouch after li-
popolysaccharide (Miller, 1996; Miller et al., 1997a, b). TNF«
is the first cytokine detected (by 30 min after lipopolysac-
charide) in the air pouch, followed by significant increases in
IL-1 and IL-6. In agreement with earlier data on related
models of systemic infection or inflammation, circulating IL-6
is increased by over 60 fold in response to air pouch admin-
istration of lipopolysaccharide and the time course is consis-
tent with its direct involvement in fever. Increased 1L-6, but
not IL-1 or TNF« bioactivity, is also detected in cerebrospinal
fluid within 2 h of lipopolysaccharide administration (Miller,
1996). It is likely that at least some of the IL-6 found in cir-
culation and in the cerebrospinal fluid derives from the air
pouch itself. We have observed that human recombinant 1L-6
injected into an air pouch (in the absence of lipopolysacchar-
ide) can subsequently be measured in circulation and cere-
brospinal fluid in significant quantities by an immunoassay
which does not detect rat IL-6 (Miller, Rothwell, Pitcher &
Luheshi, unpublished observations) and IL-6 is transported
across the blood brain barrier (Banks et al., 1994; Luheshi et
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Figure 1 Cartoon depicting effect of injection of lipopolysaccharide

(LPS) systemically (intraperitoneally) or into a subcutaneous air
pouch injection on fever in the rat. Bacterial lipopolysaccharide (A),
LPS, 100 ugkg ™! or vehicle (O) was injected after intraperitoneally
(i.p.) or into a subcutaneous air pouch formed 6 days previously.
Body temperature was recorded by remote, radiotelemetry in free-
moving rats. Points shown are means and vertical lines indicate
s.e.mean, n=_3.

al., 1994). Although IL-1 and TNF levels are not increased in
cerebrospinal fluid, bioactivity of these cytokines is increased
in push/pull perfusates from the hypothalamus of rats treated
with lipopolysaccharide into an air pouch (Miller, Luheshi &
Rothwell, unpublished data) or intraperitoneally (Klir et al.,
1993).

Although IL-1 is probably not an important circulating
endogenous pyrogen, it does nevertheless appear to participate
directly in the development of fever. Injection of IL-Ira, a
recombinant form of the naturally occurring IL-1 receptor
antagonist, into the subcutaneous air pouch almost completely
abolishes the increases in core temperature and circulating 1L-
6 in response to lipopolysaccharide (LPS, Miller ef al., 1997a).
Intraperitoneal injection of IL-1ra causes more modest inhi-
bition of fever, which may be due to entry of the antagonist
into the central nervous system, since intracerebroventricular
(i.c.v.) injection of a 20 fold lower dose of IL-1ra also sup-
presses the febrile response to air pouch LPS, without affecting
circulating IL-6 production (Miller ez al., 1997a), and IL-1ra
can enter the brain by an active transport mechanism (Gu-
tierrez et al., 1994).

These data suggest that IL-1, TNFa and IL-6 are all pro-
duced locally within tissues in response to inflammation. IL-6
can be released into circulation and activate the brain either
directly (via active transport into the central nervous system,
Banks et al., 1994) or through release of other mediators. IL-1,
TNFao and IL-6 have all been detected in and can be produced
by cells in the brain (mainly glia) in response to systemic sti-
muli (Klir et al., 1993; Hopkins & Rothwell, 1995). These two
cytokines probably interact to induce an increase in set point
for body temperature via release of prostaglandins in the
preoptic arterior hypothalamus.

The additional role of neural afferents in the activation of
fever or other responses to a peripheral inflammation, pyro-
gens or cytokines has been proposed. We have shown that
injection of capsaicin (to cause C-fibre deafferentiation) in the
rat attenuates the early phase of the febrile response to tur-
pentine, but not lipopolysaccharide (Turnbull ez al., 1992).
Several groups have shown that subdiaphragmatic vagotomy
inhibits fever and behavioural responses to lipopolysaccharide
or IL-1 in the rat, indicating that the vagus is an important
pathway for afferent neuroimmune signals (eg Bluthe et al.,
1994; Watkins et al., 1994). However, there is some inconsis-
tency between data from different laboratories and we have
observed that although subdiaphragmatic vagotomy abolishes

lipopolysaccharide or IL-1 induced behavioural changes in
rats, it does not affect fever in the same animals (Luheshi,
Bluthe & Dantzer, unpublished data).

Mechanisms of cytokine actions in the brain

The evidence that cytokines act directly in the brain to elicit
biological responses such as fever is several fold. Firstly, in-
jection, i.c.v. or into the brain parenchyma, of IL-1a, IL-1p,
IL-6 or TNFu elicits maximal fever at doses several orders of
magnitude lower than systemic pyrogenic doses. Secondly,
inhibition of the actions of endogenous IL-1, IL-6 or TNF in
the brain (by intracerebroventricular injection of IL-1ra or anti
cytokine antibodies) reduces febrile responses to systemic
pyrogenic stimuli (Klir ez al., 1993; Cooper et al., 1994; Lu-
heshi et al., 1997).

The primary site of action of the pyrogenic cytokines in the
brain is presumed to be the preoptic arterior hypothalamus
and the fever induced by all of these cytokines is reduced or
prevented by co-administration of cyclo-oxygenase inhibitors
(2) (see Kluger, 1991). However, the nature and location of
brain IL-1 receptors which mediate such responses remains
enigmatic.

Two IL-1 receptors have been identified. All known ac-
tions of the two IL-1 ligands (IL-lo and IL-1f5) have been
ascribed to interaction with the Type I (IL-1RI, 80 kDa)
receptor, while the Type II IL-1RII (68 kDa) receptor is
believed to act as a ‘decoy’, which is shed from the membrane
and does not signal IL-1 actions (Sims ef al., 1993). mRNA
for the IL-1 RI has been identified in rodent brain, predo-
minantly in the dentate gyrus with little, if any, message in
the hypothalamus (Takao et al., 1990; 1992; 1993). Further-
more, radio-iodinated IL-1o or § show very little binding in
rat brain and some specific binding in the mouse brain, but
again not in the hypothalamus (Takao et al., 1990; 1992;
1993; Marquette et al., 1995). These seemingly discordant
findings may reflect methodological problems and the relative
insensitivity of radioligand binding, particularly since IL-1
can elicit biological responses in cells with as few as ten re-
ceptors. The failure to detect mRNA for IL-1RI in the hy-
pothalamus may also reflect poor sensitivity of in situ
hybridization and/or the existence of additional atypical or
novel IL-1 receptors. An accessory protein has recently been
identified which forms a dimer with the IL-1RI (Greenfeder
et al., 1995). This accessory protein has been identified in the
brain (including the hypothalamus), but does not co-localize
with IL-1RI in all brain regions (Liu et al., 1996).

Using biotinylated IL-1ra, which may be more sensitive
than binding of radioiodinated IL-1 and retains full biological
activity, we have detected specific ‘binding sites’ in the rat
hypothalamus. The binding of IL-Ira, which appears to be
predominantly on neurones, is fully displaced by excess IL-1ra,
IL-1o or IL-1p, indicating that it may reflect interaction with
IL-1 ‘receptors’ (Luheshi, Rothwell & Toulmond, unpublished
data). It is not yet known if these are the IL-1RI or other novel
receptors.

Several pieces of functional data are not consistent with the
proposal that IL-1RI mediates IL-1 actions in the brain on
fever. The dose-response profiles for development of fever in
the rat are identical for recombinant rat IL-la and f when
these cytokines are injected systemically in the rat. However,
when the same molecules are injected into the brain, IL-f is
significantly more potent (Rothwell & Hopkins, 1995 and
Figure 2). Furthermore, the actions of IL-1f in the brain on
fever are blocked by co-administration (intracerebroventricu-
lar) of either a monoclonal antibody (ALVA42) raised to the
IL-1RII (Luheshi et al., 1993), a corticotrophin releasing factor
(CRF) receptor antagonist (Busbridge et al., 1989) or recom-
binant lipocortin-1 (Carey et al., 1990), while responses to IL-
lo are unaffected by any of these treatments.

These data suggest that IL-1a and IL-1f may act on dif-
ferent brain receptors and through different mechanisms to
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Figure 2 Comparison of effects of injection of various doses of
recombinant rat interleukin-lo (IL-1¢) (@) and IL-15 (M) either (b)
intraperitoneally (i.p.) or (a) intracerbroventricularly (i.c.v.) on body
temperature measured by remote radiotelemetry in the rat. Data are
presented as area under the curve (AUC) for the temperature profile
over the two hour period immediately after injection of IL-1. Points
shown are means and vertical lines indicate s.e.mean, n=_8-10.

induce fever, possibly via novel and as yet unidentified recep-
tors (for summary of actions of cytokines on fever see Figure
3).

Interactions between cytokines and the hypothalamic
pituitary adrenal axis

It is well established that a number of cytokines are potent
activators of the axis, which can act at the level of the hypo-
thalamus, to induce expression and release of CRF, and at the
pituitary release adrenocorticotrophic hormone (ACTH). In
addition IL-1 can act through both of these mechanisms, and
in some cases via direct actions in the adrenal, to stimulate
glucocorticoid release (see Tkurnbull & Rivier, 1995; Buck-
ingham, 1996). Glucocorticoids feed back as potent inhibitors
of cytokine expression and action, not only on neuroendocrine
responses, but also on fever (Coelho et al., 1995). The anti-
pyretic effects of glucocorticoids are probably due, at least in
part, to inhibition of prostaglandin synthesis and we have
previously proposed that the peptide lipocortin-1 mediates
suppressive effects of glucocorticoids on fever in the brain and
periphery (Carey et al., 1990; Strijbos et al., 1993), which is
consistent with the proposed actions of this peptide on the
hypothalamic-pituitary adrenal axis (Buckingham, 1996).
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Figure 3 Figure indicating the role of proinflammatory cytokines
within sites of infection in tissues, in circulation and in the brain, on
the development of fever.

Glucocorticoids may also influence fever by suppression of the
synthesis and/or release of CRF. The actions of some cyto-
kines (IL-1p, IL-6 and IL-8) in the brain are dependent on
CRF. Interestingly fever induced by IL-8 is not affected by
cyclo-oxygenase inhibitors, but is reduced by dexamethasone
(Coelho et al., 1995).

Genetically obese rodents (ob/ob mice and fa/fa Zucker rat)
show marked alterations in hypothalamic-pituitary adrenal
activity and their obesity is significantly attenuated by adre-
nalectomy, glucocorticoid receptor antagonists or i.c.v. infu-
sion of CRF (see Rothwell, 1990). These mutants exhibit
significantly impaired febrile responses to i.c.v. injection of IL-
1p (Figure 4), but respond normally to IL-1¢, and the reduced
responses to IL-1f can be restored by adrenalectomy (Carnie
et al., 1989; Busbridge et al., 1990). Recently, the obesity of the
ob/ob mouse has been ascribed to a mutation in the ‘ob gene’
which results in a failure to produce its product, the peptide
leptin (Zhang et al., 1994), while fatty Zucker rats and dlb/dIb
mice have a mutation in the leptin receptor (Caro et al., 1996;
Chen et al., 1996; Tartaglia et al., 1996). Leptin, produced by
adipose tissue, is believed to regulate energy balance in normal
mammals by acting on the hypothalamus to control appetite
and energy expenditure (Frederich et al., 1995; Caro et al.,
1996; Tartaglia et al., 1996). Several pieces of evidence suggest
a possible relationship between leptin, cytokines and neu-
roimmune interactions.

The leptin receptor is a member of the Class I cytokine
receptor family (including IL-6) (Tartaglia et al., 1996),
suggesting that it may share actions with these cytokines.
Indeed we find that leptin is a very potent pyrogen which,
when injected i.c.v. in rats, causes marked increases in body
temperature at doses which parallel those which induce hy-
pophagia (Luheshi, Gardner & Rothwell, unpublished data).
Furthermore, leptin expression is induced by lipopolysac-
charide, IL-1 or TNF (Grunfield et al., 1996), and leptin
increases expression of CRF in the hypothalamus (Schwartz
et al., 1996). Thus, leptin may influence energy balance and
body temperature in response to systemic infection and in-
jury and, therefore, play a key role, with cytokines, in
neuroimmune interactions and the metabolic effects of
chronic disease, such as loss of appetite, hypermetabolism
and cachexia.
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Figure 4 Effects of central (i.c.v.) injection of recombinant mouse
IL-1oc and IL-1f on body temperature measured by remote radio-
telemetry in (a) genetically obese, ob/ob mice and (b) fatty (fa/fa)
Zucker rats. Data are presented as area under the curve over the two
hour period immediately after injection of recombinant cytokine.
Vehicle has no effect. Means+s.e.mean are shown, n=38.
***P<0.001 vs lean.

Cytokines and brain disease

In addition to the role of cytokines in neuroimmune interac-
tions between peripheral tissues and the brain, these molecules
also participate in acute and chronic disease and injury within
the central nervous system itself. Constitutive expression of
normal cytokines in the brain is low or barely detectable, but
marked increases in several pro- and anti-inflammatory cyto-
kines occur rapidly after acute insult (see Hopkins & Rothwell,
1995). In experimental animals, mRNA, protein and bioactive
IL-1, IL-6, TNF and IL-8 are increased in response to cerebral
ischaemia, brain trauma, excitotoxins or experimental inducers
of inflammation such as lipopolysaccharide (see Hopkins &
Rothwell, 1995). Similarly, numerous clinical studies have
shown increases in these and other cytokines in cerebrospinal
fluid or brain tissue at post-mortem from patients with acute or
chronic neurological disease, including Alzheimer’s, Parkin-
son’s, multiple sclerosis and epilepsy as well as stroke, injury,
infection and inflammation (see Hopkins & Rothwell, 1995).
Increased expression of cytokines may of course be secondary
to brain damage and not necessarily directly involved in the
pathology. However, studies on experimental animals indicate
that some cytokines, most notably IL-1 (particularly I1L-15),
participate directly in acute neurodegeneration (see Rothwell
& Relton, 1993; Rothwell & Hopkins, 1995; Rothwell, 1996;
Rothwell et al., 1996). The expression of IL-1f in response to
cerebral ischaemia, injury or excitotoxins in rat brain occurs
within one hour of the insult, almost exclusively in microglia.
Increased protein persists for many days with later expression
detectable also in astrocytes and invading peripheral immune
cells (Davies & Rothwell, unpublished data). Experimental
interventions to increase or inhibit brain IL-1 activity drama-
tically influence the damage which ensues.

Intracerebroventricular injection of less than one picomol of
IL-1p increases, by approximately 100%, the infarct volume
resulting from focal cerebral ischaema (middle cerebral artery
occlusion) in the rat (Figure 5, Relton & Rothwell 1992;
Loddick & Rothwell, 1996). This exacerbation of damage is
probably not due to the pyrogenic effects of IL-1, since it is not
affected by cyclo-oxygenase inhibitors (Relton & Rothwell,
unpublished data). Furthermore, intracerebroventricular in-
jection of IL-6 also elicits fever, but in marked contrast to IL-1,
inhibits rather than enhances damage (Loddick, Turnbull &
Rothwell, unpublished data).

Inhibition of the processing or action of endogenous IL-1f
by i.c.v. injection of an inhibitor of interleukin-1 converting
enzyme (ICE which cleaves active IL-1p), or IL-1ra, reduces
ischaemic brain damage by 50—70% (Figure 5; Loddick &
Rothwell 1996; Loddick et al., 1996). Protection by IL-1ra is
not associated with changes in body temperature or cardio-
vascular parameters and, unusually in middle cerebral artery
occlusion damage, is reduced in the striatum as well as the
cortex (Loddick & Rothwell, 1996). Separate studies have re-
vealed that peripheral injection of higher doses of IL-1ra (50—
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Figure 5 Effects of i.c.v. injection of recombinant interleukin-1p (IL-
1f, 5ng), vehicle (control), IL-lra (10pug) or an ICE inhibitor
(ZVAD-DCB) on infarct volume (mm?®) measured histologically 24 h
after focal cerebral ischaemia (middle cerebral artery occlusion in the
rat). Means +s.e.mean are shown, n=8-12. ***P<(.001 vs vehicle.

100 mg kg~") also reduces damage caused by middle cerebral
artery occlusion damage in the rat and mouse, even when
administered after the ischaemia. IL-1ra also inhibits oedema
and neutrophil invasion, increases the number of surviving
neurones and improves neurological score (Garcia et al., 1995;
Relton et al., 1995 and see Rothwell et al., 1996 for review).
Within the brain, the effects of IL-1 and IL-Ira on ischaemic
damage appear to be highly site-specific, since IL-1 injected
into the striatum enhances striatal and cortical damage, but is
ineffective when injected into the cortex, whereas, striatal in-
jection of IL-lra protects the striatum and cortex from
ischaemia, but does not reduce damage when administered
into the cortex (Stroemer & Rothwell, 1997).

These data indicate that IL-1 participates directly in focal,
permanent ischaemic brain damage, but further data show that
inhibition of IL-1 also markedly reduces brain damage caused
by global and reversible ischaemia in adult or neonatal ro-
dents, traumatic injury (lateral fluid percussion) (Toulmond &
Rothwell, 1995), excitotoxins (N-methyl-D-aspartate or
AMPA /kainic agonists) (Relton & Rothwell, 1992), heat
stroke (Lin et al., 1995) and clinical symptoms of experimental
allergic encephalomyelitis (see Martin et al., 1996; Rothwell,
1996). Thus, IL-1 has been implicated in diverse forms of brain
damage and may influence several processes which contribute
to neurodegeneration (see Rothwell, 1996).

Mechanisms of action of IL-1 in neurodegeneration

The precise mechanisms of action of IL-1 are not known and
may vary depending on the nature of the insult and probably
involve effects of neurones, glia and brain endothelial cells
(Figure 6). Some seemingly beneficial effects of IL-1 have been
obtained including, for example, inhibition of calcium entry
and glutamate release, enhanced a-aminobutyric acid (GABA)
activity and induction of neurotrophins (see Hopkins &
Rothwell, 1995; Rothwell, 1996). However, it seems that the
over-riding effects of IL-1 are detrimental.

IL-1 is not neurotoxic per se to healthy, unchallenged
neurones in vivo or in vitro. However, it markedly exacerbates
ischaemic or excitotoxic brain damage in vivo, apparently
through actions specifically in the striatum (see above). Inter-
estingly, this region, like the hypothalamus, shows a high
density of putative IL-1 receptors, as detected from the binding
of biotinylated IL-1ra (Luheshi, Rothwell & Toulmond, un-
published data). IL-1 can also enhance apoptosis in cultured
neurones and has been implicated directly in apoptosis
(Friedlander et al., 1996). Many effects of IL-1 in the brain are
exerted on glia and IL-1 is toxic to neurones co-cultured with
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glia (Chao et al., 1996; Kim & Tauber, 1996). IL-1 can induce
release of a variety of molecules from glia (eg nitric oxide,
arachidonic acid and its products, f-amyloid precursor protein
and complement), which may damage neurones directly or
exacerbate other insults (see Rothwell, 1996; Rothwell et al.,
1996). Furthermore, IL-1 could influence neurodegeneration
through effects on the cerebrovasculature, where it may influ-
ence blood brain barrier integrity, cause release of nitric oxide
and induce expression of adhesion molecules leading to neu-
trophil or macrophage invasion (see Rothwell & Relton, 1993;
del Zoppo et al., 1996; Rothwell, 1996; Rothwell et al., 1996).
The mechanisms of IL-1 action on neurodegeneration ap-
pear to be distinct from those on fever. However, CRF has
been implicated in both processes. Experimental focal cerebral
ischaemia or brain trauma causes induction of CRF mRNA at
the site of injury and in the armygdala (Wong et al., 1995; Roe,
McGowan & Rothwell, unpublished data), and administration
of CRF receptor antagonists inhibits ischaemic, excitotoxic
and traumatic brain injury in the rat (Figure 7; Lyons et al.,
1991; Strijbos et al., 1994; Wong et al., 1995; Roe & Rothwell,
unpublished data). It is not yet known if the expression or
actions of CRF in neurodegeneration are related directly to IL-
1, though this is an attractive hypothesis given the relationship
between these molecules in other responses to disease.

Therapeutic potential

Modification of cytokine expression and action has already
attracted intense interest because of the accepted involvement
of these molecules in so many diseases. The more recent de-
monstration of their key roles in neuroimmune interactions
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has opened further therapeutic potential for modification of
host defence responses to disease and for diverse neurological
conditions.

The most obvious therapeutic strategies are inhibition of
synthesis of proinflammatory cytokines or antagonism of
their receptors. The former may lack specificity and the
latter has, so far, yielded little success. However, experi-
mental data have indicated several attractive approaches for
modifying neuroimmune processes including endogenous
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kine binding proteins, soluble receptors etc), specific inhibi-
tors of processing (eg (ICE) inhibitors) or actions of
cytokines and the use of endogenous ‘anti-inflammatory
cytokines’ (eg IL-4, IL-10, IL-1ra). Research on neuroim-
mune interactions and the pharmacology of cytokines over
the next few years may therefore lead to novel therapeutic
approaches for the treatment of a number of peripheral and
neurological disorders.

CAREY, F., FORDER, R., EDGE, M.D., GREEN, A.R., HORAN, M.A.,
STRIJBOS, P.J.L.M. & ROTHWELL, N.J. (1990). Lipocortin 1
fragment modifies the pyrogenic actions of cytokines in the rat.
Am. J. Physiol., 259, R266—R269.

CARNIE, J.A., JOHNSTON, J.A., BUSBRIDGE, N.J., DASCOMBE, M.J.
& ROTHWELL, N.J. (1989). Central effects of interleukin-1/ and
tumour necrosis factor o in brown adipose tissue thermogenesis
in genetically obese rats. Proc. Nutr. Soc., 48, 148A.

CARO, J.F., SINHA, M.K., KOLACZYNSKI, J.W., ZHANG, P.L. &
CONSIDINE, R.V. (1996). Leptin: The tale of an obesity gene.
Diabetes, 45, 1455 —1462.

CHAO, C.C., HU, S., SHENG, W.S., BU, D., BUKRINSKY, M.Il. &
PETERSON, P.K. (1996). Cytokine-stimulated astrocytes damage
human neurons via a nitric oxide mechanism. Glia, 16, 276 —284.

CHEN, H., CHARLAT, O., TARTAGLIA, L.A., WOOLF, E.A., WENG,
X., ELLIS, S., KAKEY, N.D., CULPEPPER, J., MOORE, K.J.,
BREITBART, R.E., DUYK, G.M., TEPPER, R.I. &« MORGENSTERN,
J.P. (1996). Evidence that the diabetes gene encodes the leptin
receptor: identification of a mutation in the leptin receptor gene
in db/db mice. Cell, 84, 491 -495.



846 N.J. Rothwell

Neuroimmune interactions: the role of cytokines

COELHO, M.M., LUHESHI, G., HOPKINS, S.J., PELA, LR. &
ROTHWELL, N.J. (1995). Multiple mechanisms mediate anti-
pyretic action of glucocorticoids. Am. J. Physiol., 38, R527—
R535.

COOPER, A.L., BROUWER, S., TURNBULL, A.V., LUHESHI, G.N.,
HOPKINS, S.J., KUNKEL, S.L. & ROTHWELL, N.J. (1994). Tumour
necrosis factor-o and fever after peripheral inflammation in the
rat. Am. J. Physiol., 36, R1431 -R1436.

FREDERICH, R.C., HAMANN, A., ANDERSON, S., LOLLMAN, B.,
LOWELL, B.B. & FLIER, J.S. (1995). Leptin levels reflect body lipid
content in mice: evidence for diet-induced resistance to leptin
action. Nature Med., 1, 1311 -1314.

FRIEDLANDER, R.M., GAGLIARDINI, V., ROTELLO, R.J. & YUAN, J.
(1996). Functional role of interleukin 1f (IL-1f) in IL-1f-
converting enzyme-mediated apoptosis. J. Exp. Med., 84, 717—
724.

GARCIA, J.H., LIU, K.F. & RELTON, J.K. (1995). Interleukin-1
receptor antagonist decreases the number of necrotic neurons
in rats with middle cerebral artery occlusion. Am. J. Pathol., 147,
1477—-1485.

GREENFEDER, S.A., NUNES, P., KWEE, L., LABOW, M., CHIZZO-
NITE, R.A. & JU, G. (1995). Molecular cloning and characteriza-
tion of a second subunit of the interleukin-1 receptor complex. J.
Biol. Chem., 270, 1357—-13765.

GRUNFIELD, C., ZHAO, C., FULLER, J., POLLOCK, A., MOSER, A.,
FRIEDMAN, J. & FEINGOLD, K.R. (1996). Endotoxin and
cytokines induce expression of leptin, the ob gene product in
hamsters. J. Clin. Invest., 97, 2152-2157.

GUTIERREZ, E.G., BANKS, W.A. & KASTIN, A.J. (1994). Blood-borne
interleukin-1 receptor antagonist crosses the blood brain barrier.
J. Neuroimmunol., 55, 153 —160.

HOPKINS, S.J. & ROTHWELL, N.J. (1995). Cytokines in the nervous
system I: Expression and recognition. Trends Neurosci., 18, 83—
88.

KIM, Y.S. & TAUBER, M.G. (1996). Neurotoxicity of glia activated by
gram-positive bacterial products depends on nitric oxide
production. Infect. Immun., 64, 3148 —3153.

KLIR, J.J., ROTH, J., SZELENYI, Z., MCCLELLAN, J.L. & KLUGER,
M.J. (1993). Role of hypothalamic interleukin-6 and tumour
necrosis factor o in LPS-fever in rat. Am. J. Physiol., 265, R512 -
R517.

KLUGER, M.J. (1991). Fever: role of endogenous pyrogens and
cryogens. Physiol. Rev., 71,93 —127.

LEMAY, L.G., VANDER, A.J. & KLUGER, M.J. (1990). Role of
interleukin-6 in fever in rats. Am. J. Physiol., 258, R798 — R803.

LIN, M.T., KAO, T.Y., JIN, Y.T. & CHEN, C.F. (1995). Interleukin-1
receptor antagonist attenuates the heat stroke-induced neuronal
damage by reducing ischemia in rats. Brain Res. Bull., 37, 595—
598.

LIU, C., TAKAO, T., HASHIMOTO, K. & DE SOUZA, E.B. (1996).
Interleukin-1 receptors in the nervous system. In Cytokines in the
Nervous. System., pp.21—40. Austin, Texas:RG Landes.

LODDICK, S.A. & ROTHWELL, N.J. (1996). Neuroprotective effects of
human recombinant interleukin-1 receptor antagonist in focal
cerebral ischaemia in the rat. J. Cereb. Blood Flow Metab., 16,
932-940.

LODDICK, S.A., MACKENZIE, A. & ROTHWELL, N.J. (1996). An ICE
inhibitor, z-VAD-DCB attenuates ischaemic brain damage in the
rat. NeuroReport, 7, 1465—1468.

LONG, N.C., OTTERNESS, I., KUNKEL, S.L., VANDER, AlJ. &
KLUGER, M.J. (1990). The roles of interleukin-1$ and tumour
necrosis factor in lipopolysaccharide-fever in the rat. Am. J.
Physiol., 259, R724—-R728.

LUHESHI, G.N., GAY, J. & ROTHWELL, N.J. (1994). Circulating IL-6
is transported into the brain via a saturable transport mechanism
in the rat. Br. J. Pharmacol., 111, 146P.

LUHESHI, G., HOPKINS, S.J., LEFEUVRE, R.A., DASCOMBE, M.J.,
GHIARA, P. & ROTHWELL, N.J. (1993). Importance of brain IL-1
type II receptors in fever and thermogenesis in the rat. Am. J.
Physiol., 265, ES85—ES91.

LUHESHI, G., STEFFERL, A., TURNBULL, A., HOPKINS, S., DAS-
COMBE, M. & ROTHWELL, N.J. (1997). The febrile response to
tissue inflammation involves both peripheral and brain IL-1 and
TNFo in the rat. Am. J. Physiol., (in press).

LYONS, M.K., ANDERSON, R.E. & MEYER, F.B. (1991). Cortico-
trophin releasing factor antagonist reduces ischemic hippocam-
pal neuronal injury. J. Cereb. Blood Flow Metab., 545, 339 —342.

MARQUETTE, C., VAN DAM, A.M., BAN, E., LANIECE, E., CRA-
MEYROLLEARIS, P., FILLION, M., BERKENBOSCH, F. &« HAOAR,
F.. (1995). Rat interleukin-1 beta binding sites in rat hypothala-
mus and pituitary gland. Neuroendocrinology, 62, 362 —369.

MARTIN, D., RELTON, J.K., MILLER, G., BENDELE, A., FISCHER, N.
& RUSSELL, D. (1996). Cytokines as therapeutic agents in
neurological disorders. In: Cytokines in the Nervous System. ed.
Rothwell, N.J., pp. 163-p169. Austin, Texas: RG Landes.

MILLER, A.J. (1996). The role of cytokines in mediating the febrile
response to inflammation. PhD thesis University of Manchester.

MILLER, A.J., HOPKINS, S. & LUHESHI, G. (1997a). Sites of action of
IL-1 in the development of fever and cytokine responses to tissue
inflammation in the rat. Br. J. Pharmacol., (in press).

MILLER, Al.J., LUHESHI, G., ROTHWELL, N.J. & HOPKINS, S.
(1997b). Local cytokine induction by LPS in the rat air pouch
and its relationship to febrile response. Am. J. Physiol., (in press).

RELTON, J.K., MARTIN, D., THOMPSON, R.C. & RUSSEL, D.A.
(1995). Peripheral administration of interleukin-1 receptor
antagonist inhibits brain damage after focal cerebral ischemia
in the rat. Exp. Neurol., 138, 206—212.

RELTON, J.K. & ROTHWELL, N.J. (1992). Interleukin-1 receptor
antagonist inhibits ischaemic and excitotoxic neuronal damage in
the rat. Brain Res. Bull., 29, 43—46.

ROBERTS, N.J. (1991). The immunogical consequences of fever. In
Fever, Basic Mechanisms and Management. ed. Mackowiak, P.A.,
pp. 125—142. New York: Raven Press.

ROTHWELL, N.J. (1990). Central effects of CRF on metabolism and
energy balance. Neurosci. Behavioural Rev., 14,263 -271.

ROTHWELL, N.J. (1996). The role of cytokines in neurodegeneration.
In Cytokines and the Nervous System. ed. Rothwell, N.J., pp.
145-162. Austin, Texas: R.G. Landes.

ROTHWELL, N.J., BUSBRIDGE, N.J., LEFEUVRE, R.A., HARDWICK,
A.J., GAULDIE, J. & HOPKINS, S.J. (1991). Interleukin-6 is a
centrally acting endogenous pyrogen in the rat. Can. J. Physiol.
Pharmacol., 69, 1465—1469.

ROTHWELL, N.J. & HOPKINS, S.J. (1995). Cytokines and the nervous
system II: Actions and mechanisms of action. Trends Neurosci.,
18, 130-136.

ROTHWELL, N.J.,, LODDICK, S.A. & STROEMER, P. (1996).
Interleukins and cerebral ischaemia. In Neuroprotective Agents
and Cerebral Ischaemia. Int. Rev. Neurobiol., 40, 281 —298.

ROTHWELL, N.J. & RELTON, J.K. (1993). Involvement of inter-
leukin-1 and lipocortin-1 in ischaemic brain damage. Cerebro-
vasc. Brain Metab. Rev., 5, 178 —198.

SCHWARTZ, M.W., SEELEY, R.J., CAMPFIELD, A., BURN, P. &
BASKIN, G. (1996). Identification of targets of leptin action in
rat hypothalamus. J. Clin. Invest., 98, 1101 —1106.

SIMS, J.E., GAYLE, M.A., SLACK, J.L., ANDERSON, M.R., BIRD, T.A.,
GIRI, J.G., COLOTTA, F., RE, F., MANTOVANI A., SHANEBECK,
K., GRABSTEIN, K.H. & DOWER, S.K. (1993). Interleukin 1
signalling occurs exclusively via the type I receptor. Proc. Natl.
Acad. Sci. U.S.A., 90, 6155-6159.

STRIJBOS, P.J.L.M., HORAN, M.A., CAREY, F. & ROTHWELL, N.J.
(1993). Impaired febrile responses of aging mice are mediated by
endogenous lipocortin-1 (annexin-1). 4m. J. Physiol., 265,
E289-E297.

STRIJBOS, P.J.L.M., RELTON, J.K. & ROTHWELL, N.J. (1994).
Corticotrophin-releasing factor antagonist inhibits neuronal
damage induced by focal cerebral ischaemia or activation of
NMDA receptors in the rat brain. Brain Res., 656, 405—408.

STROEMER, R.P. & ROTHWELL, N.J. (1997). Cortical protection by
localised striatal injection of IL-1ra following cerebral ischaemia
in the rat. J. Cereb. Blood Flow Metab., (in press).

TAKAO, T., CULP, S.G., NEWTON, R.C., DE SOUZA, E.B. (1992). Type
I interleukin-1 (IL-1) receptors in the mouse brain-endocrine-
immune axis labelled with 125;-recombinant human IL-1
receptor antagonist. J. Neuroimmunol., 41, 51— 60.

TAKAO, T., NEWTON, R.C. & DE SOUZA, E.B. (1993). Species
differences in ['*°I] interleukin-1 binding in brain, endocrine
and immune tissues. Brain Res., 623, 172—176.

TAKAO, T.,TRACEY, D.E., MITCHELL, W.M., DE SOUZA, E.B. (1990).
Interleukin-1 receptors in mouse brain: Characterisation and
neuronal localisation. Endocrinology, 127, 3070—3078.

TARTAGLIA, L.A., DEMBSKI, M., WENG, X., DENG, N., CULPEPPER,
J., DEVOS, R., RICHARDS, G.J., CAMPFIELD, L.A., CLARK, F.T.,
DEEDS, J., MUIR, C., SANDER, S., MORIARTY, A., MOORE, K.J.,
SMUTKO, J.S., MAYS, G.G., WOOLF, E.A., MONROE, CA. &
TEPPER, R.I. (1996). Identification and expression cloning of a
leptin receptor, OB-R. Cell, 83, 1263 —-1271.

TOULMOND, S. & ROTHWELL, N.J. (1995). Interleukin-1 receptor
antagonist inhibits neuronal damage caused by fluid percussion
injury in the rat. Brain Res., 671, 261 —266.



N.J. Rothwell

Neuroimmune interactions: the role of cytokines 847

TURNBULL, A.V. (1993). Mechanisms of the febrile and pituitary-
adrenal responses to tissue injury in the rat. PhD Thesis,
University of Manchester.

TURNBULL, A.V., BROUWER, S., COOPER, A.L., GIBSON, S.,
HOPKINS, S.J., WHITE, A. & ROTHWELL, N.J. (1992). Mechan-
isms of the acute response to injury and inflammation in the rat.
J. Endocrinol., 135, P93.

TURNBULL, A.V., BROUWER, S., HOPKINS, S.J. & ROTHWELL, N.J.
(1993). The involvement of endogenous glucocorticoids and
interleukin-6 in the febrile response to localised inflammation. J.
Physiol., 467, 215P.

TURNBULL, A.V. & RIVIER, C.L. (1995). Regulation of the HPA axis
by cytokines. Brain Behav. Immunol., 9, 253 —275.

WATKINS, L.R., WIERTELAK, E.P., GOEHLER, L.E., MOONEYLEI-
BERGER, K., MATINEZ, J., FURNESS, L., SMITH, K.P. & MAIER,
S.F. (1994). Neurocircuitry of stress-induced hyperalgesia. Brain
Res., 69, 283 -299.

WONG, M.L., LODDICK, S.A., BONGIORNGNO, P.B., GOLD, P.W., DE
SOUZA, E., LICINIO, J. & ROTHWELL, N.J. (1995). Focal cerebral
ischaemia induces CRH mRNA in rat cerebral cortex amygdala.
NeuroReport, 6, 1785—1788.

ZHANG, Y., PROENCA, R., MAFFEI, M., BARONE, M., LEOPOLD, L.
& FRIEDMAN, J. (1994). Positional cloning of the mouse obese
gene and its human homologue. Nature, 372, 425-432.

DEL ZOPPO, G.J., OKADA, Y., HARING, H.P., TAGAYA, M.
WAGNER, S. & SCHMID-SCHONBEIN, G.W. (1996). The role of
adhesion molecules in acute cerebral ischaemia. In Pharmacology
of Cerebral Ischaemia. ed. Krieglstein, J. & Oberpichler-
Schwenk, H., pp. 393-404. Stuttgart: Med Pharm.

( Received March 21, 1997
Revised April 14, 1997
Accepted April 15, 1997)



