AcTA BIOMED 2007; 78; Suppl 1: 231-247

© MarTIOLI 1885

Introduction

Central nervous system recognition of peripheral
inflammation: a neural, hormonal collaboration

Stephen J. Hopkins
Injury Research Group, Clinical Sciences Building, Hope Hospital, Salford, Greater Manchester, M6 8HD-UK

Abstract. A key question in understanding communication between the immune system and the brain is:
how does the central nervous system (CNS) recognise the extent of inflammatory or other immune responses
taking place in peripheral tissues, so that it may respond appropriately? A variety of experimental models,
particularly of fever, hypothalamus pituitary adrenal axis (HPAA) activation and sickness behaviour have
been employed to investigate this. Although each of these responses is, at least in part, regulated in different
areas of the CNS, they all require common information about peripheral inflammation in order to mount a
coordinated response. Cytokines produced during the inflammatory response have been proposed as the im-
portant humoral mediators by which this is achieved. The experimental systems employed to investigate this
have been dominated largely by examination of responses to bacterial lipopolysaccharide (LPS), which pro-
duces robust responses but does not make it easy to track down communication pathways when the LPS
reaches the circulation. The data has been quite varied and several mediators and mechanisms have been con-
sidered responsible for interacting with the CNS, possibly because each plays a role at some level and their
importance depends on the experimental system being examined. Both cytokines and LPS are able to induce
the production of prostaglandins, which can in turn modify neural afferent pathways affecting CNS re-
sponses. Accompanying the variable dependence of these responses on neural regulation, the main endocrine
input that arises from inflammatory tissues seems attributable to interleukin-6 (IL-6). This may gain direct
access to the CNS but appears primarily to act by inducing the brain microvasculature to produce
prostaglandin E,, which then alters the activity of neurons controlling body temperature, HPAA and behav-
ioural responses. (www.actabiomedica.it)
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of common features, but there is a surprising lack of
agreement over the pathways and mechanisms invol-

Many research groups have turned their minds to
the issue of how the central nervous system (CNS) re-
sponds to inflammation. In doing so, temperature re-
gulation and the hypothalamus pituitary adrenal axis
(HPAA) response have been explored most widely (1-
4), but responses under the general heading of sick-
ness behaviour (e.g. activity, anorexia, somnolence, hy-
pereralgesia and allodynia) and immune regulation
have also contributed importantly to the field (5-9).
The mechanisms that link peripheral tissue inflamma-
tion to these CNS responses appear to have a number

ved. This review reflects primarily on experimental
studies of fever, the HPAA and behaviour, to examine
why this is the case and the extent to the data allow an
explanation of how effective communication between
inflammation and the CNS is achieved.

The experimental models

By far the most common inflammatory stimulus
used for investigation of CNS responses has been bac-
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terial lipopolysaccharide (LPS), usually injected intra-
venously (iv), or intraperitoneally (ip). The rational is
that it mimics infectious challenge, and sepsis when
injected systemically. However, whereas inflammation
usually starts as a localised tissue response to infection
or trauma, injected LPS may course throughout the
vasculature and act on organs such as the liver and
brain within minutes of challenge. This immediately
presents a problem when considering mechanisms by
which inflammatory signals pass from tissues to the
brain, because the Toll-like receptors (TLR) that re-
spond to LPS and other pathogen-derived molecules
are present in the circumventricular organs (CVOs),
choroid plexus and leptomeninges of the brain (10).
Some groups have placed stimuli more locally, either
intramuscular (im) or into an air pouch, or have injec-
ted substances, such as or turpentine (TPS) into tissues
(11-13), but such experiments have been the minority.

The advantage of studying fever is that the re-
sponses are quite easy to monitor continuously, in a re-
latively non-invasive manner. Such experimental stu-
dies have primarily been conducted in rats, mice and
guinea pigs, and the extreme variability in observed
responses merits some comment. In rats responses to
intravenous (iv) or intraperitoneal (ip) LPS are usual-
ly bi-phasic or tri-phasic (14-18), although the initial
phase sometimes appears attributable to stress, since it
is seen in animals injected with saline. In some cases,
however, a single phase of fever is apparent (19). Mi-
ce are principally resorted to for fever experiments so
that availability of gene deficient animals or species-
specific reagents can be exploited, and the responses in
these animals appear more complex. Small animals
have to work harder to maintain body temperature
and some groups find fevers in mice very difficult to
reproduce (personal communications). Some perform
their experiments in the thermoneutral zone, at about
30°C, and induce fevers while the mice are in their
inactive phase of the circadian cycle (13, 20), while
others appear to be able to induce fever at lower tem-
peratures (21, 22). In both situations the fevers seem
to have a single LPS-induced component, although
the experiments performed at higher environmental
temperatures often have a large immediate peak in
temperature, apparently due to stress. In guinea pigs,

the response to LPS is generally bi-phasic, with peaks

at approximately one and 3h after injection, whether
LPS is iv, ip or im, although responses seem more ra-
pid after the iv route (23, 24). Interestingly, injection
of iv LPS into humans induces a uniphasic fever,
peaking at about 3h (25, 26) and with a lag phase of
about an hour. These comments do not take into ac-
count other experimental differences, most notably
the different doses of LPS used, and are really here to
make the point that there is variability between the
experimental systems, even where the stimulus is so
apparently similar. It is therefore not surprising there
is some conflict over interpretation of data.

The nervous system

Before considering endocrine and other hormonal
factors involved in promoting these responses, a brief
acknowledgement of the role of neural afferent stimu-
lation is appropriate. This is clearly a major route of ac-
tivation for the HPAA, which can be activated rapidly,
without need to invoke any humoral signals from in-
flammatory foci. Neural afferent signals from periphe-
ral nociceptors and from higher centres in the CNS ra-
pidly integrate a response that triggers corticotrophin
releasing hormone (CRH) and vasopressin release
from the hypothalamus, following even the most mi-
nor stress and trauma (2). Although neural mechani-
sms of fever induction are less obvious, rapid stress-in-
duced increases in body temperature have already been
alluded to. These could hardly be ascribed to a systemic
hormonal mechanism and there is evidence that at lea-
st some types of stress induce true fevers (27). Sickness
behaviour also has an important neural component, a
major stimulus being the pain that frequently accom-
panies inflammation and this may be one of the most
important triggers (6, 28). However, neural signals ha-
ve acquired additional significance in the context of
sickness behaviour (29), as well as the other CNS re-

sponses, and will be described further below.

Peripheral cytokines

Circulating mediators of inflammatory and im-
mune responses have been considered as potential
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modifiers of CNS responses since the pioneering ex-
periments of Besedovsky and colleages in the 1970’
(30-32). These achieved particular attention when it
was demonstrated that interleukin (IL 1) could repro-
duce some of these actions and activate the HPAA in
particular (33, 34). Interestingly, cytokines are often
considered not to be true hormones, although they
clearly meet the necessary criteria (35). Certainly mo-
st cytokines do not seem to have an endocrine func-
tion, although some do. The lack of clarity over their
endocrine role has been a particular source of confu-
sion in considering the role of cytokines in inflamma-
tion, especially in terms of explaining effects on the
CNS. This issue is clearly compounded if one cannot
localise where the inflammatory stimulus that is indu-
cing these hormones is itself acting.

Including some 50 chemokines, and 30 inter-
leukins, the number of characterised cytokines is now
well in excess of 100 (36). Many of these are particu-
larly associated with regulation of the adaptive immu-
ne system and anti-viral responses, or act as growth
and repair factors, and the great majority act primarily
within the tissue where inflaimmation arises (37).
However, despite their number, the focus in terms of
the responses under discussion has remained quite
firmly with IL-1, IL-6 and tumour necrosis factor o
(TNFa) (2, 4, 6). [Note: for the purposes of this re-
view use of the term TNF generally means TNFa, but
is used where there is either uncertainty because an as-
say cannot distinguish it from other forms, or in re-

Table 1. Exemplar Actions of ‘Inflammatory’ Cytokines

spect of the receptor, which binds other forms. The
term 1L.-1 rather than IL-1f, is used for similar rea-
sons, or because the action described might be just as
true for IL-1a]. These cytokines exemplify the pleio-
tropy and redundancy that characterises many cytoki-
nes (Table 1), but it is important to note that ascribed
properties are generally pharmacological and do not
necessarily equate to a general physiological or
pathophysiological role. This mismatch has someti-
mes led to sweeping statements about action that
seem to defy the facts. Probably the most blatant of
these, still seen in many reviews and textbooks, is that
IL-1 circulates to the CNS and mediates a variety of
effects. If this occurs at all it is very rare, and occurs
primarily in experimental systems where either a high
dose of LPS or IL-1 itself has been injected. Just be-
cause IL-1 is produced in most inflammatory situa-
tions, is a key mediator of inflammation, and can in-
duce CNS activation, does not mean the IL-1 produ-
ced at the inflammatory site impacts directly upon the
CNS. Therefore, and as will be discussed further be-
low, the last four actions in the table generally do not
occur in respect of IL-1 or TNFa, unless these cy-
tokines are produced in the target tissue itself.
Whether triggered by infection or trauma, cells of
the monocyte/macrophage lineage are generally the
first to respond and produce these cytokines. They al-
so produce the only natural and well characterised
competitive cytokine antagonist, IL-1 receptor anta-

gonist (IL-1ra) and liberate soluble forms of the TNF

Locus of Action Biological Action TNF-a 1L-1 1L-6
Site of Tissue Inflammation COX-2 and iNOS synthase induction + ++ -
Endothelial cell activation + + +
Proteolytic enzyme induction + + -
Cytokine induction + ++ -
Lymphoid Tissues Lymphocyte regulation + +
Systemic
Acute phase protein induction + + 4
CRH/ACTH/ glucocorticoid + ++
Induction of fever + +
Cachexia/anorexia + -
Myelopoiesis + + i+

COX-2 = Cyclooxygenase 2; CRH = Corticotrpin releasing hormone; iNOS = inducible nitric oxide; ACTH = Adrenocorticotropic hormone. + and

— symbols represent relative capacity to effect action
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and IL-1 receptors that are able to bind and neutrali-
se TNFa and IL-1 respectively. A soluble form of the
IL-6 receptor is also produced (sIL-6R), although it
does not neutralise IL-6 and binds it in a biologically
active state (38). IL-1 and TNFa are able to induce
further IL-6 production in surrounding connective
tissue and endothelial cells, which explains why IL-6
is almost always found in far higher concentrations
than TNFa or IL-1 during an inflammatory respon-
se. As suggested above, IL-1 and TNFa are almost ne-
ver found in biologically significant amounts (39, 40)
in plasma, unless the stimulus (such as LPS) is present
systemically (26, 41). Since LPS and IL-1 activate si-
milar intracellular signalling pathways, via receptors
requiring related adapter proteins (42), it can be diffi-
cult to identify which is responsible for tissue activa-
tion (10). In contrast, high levels of synthesis, and pro-
tection by its soluble receptor (sIL-6R), partially ex-
plains why IL-6 is ideally suited to an endocrine func-
tion, its most well defined function in this respect
being to act as the major inducer of acute phase pro-
teins by hepatocytes (43). IL-1 and TNFa are also
able to do this, but physiologically this only happens
when the inflammatory stimulus, such as LPS; is able
to reach the liver and activate Kupffer cells to produ-
ce these cytokines directly (44).

Central cytokines

Rather than macrophages, the innate immune sy-
stem of the CNS is represented by microglial cells,
although there are also macrophages around many of
the blood vessels and these are certainly capable of
producing cytokines such as IL-land IL-6 (45-47).
Production by these cells is one of the few ways that
these cytokines can enter the CNS, since the blood
brain barrier (BBB) excludes entry of such proteins.
An exception is in regions where the BBB is not well
formed, such as around the circumventricular organs
(CVOs), the meninges and the choroid plexus. Tran-
sport of cytokines across the BBB has been described
(48, 49), but this is at such a low level it cannot be
considered a realistic means of entry, unless plasma cy-
tokine concentrations are maintained at a high con-
centration, and for most cytokines this is not the case.

Interpretation is again complicated where substances
such as LPS reach the brain microvasculature, but es-
sentially the only locus of action for blood cytokines,
should they reach the brain, is the brain vasculature

and the CVOs.

IL-1 and the CNS

Nevertheless, IL-1 has been demonstrated in the
brain, following injection of LPS. Van Dam et al. de-
tected IL-1f in brain after iv injection of 0.01-2.5
mg/kg LPS (The exact effective doses are not clear,
but the lowest was not effective (47)). The IL-1f im-
munostaining was observed mostly in blood vessel of
the meninges and choroids plexus, with some in non-
neuronal cells of parenchyma. Little was seen in the
hypothalamus and, where detected, was seen only af-
ter 4h. A few cells observed in parenchyma and in
subsequent experiments were observed to be interme-
diate between macrophage and microglial morpho-
logy (50). Quan et al. also only detected IL-1 activity
in brain at 6h (51). Other studies have found IL-1p in
homogenised hypothalamus at 3 to 4h after admini-
stration of LPS (52, 53), or IL-1f mRNA in whole
striatum or thalamus, and IL-1a mRNA in hippo-
campus (54), although blood was not perfused from
tissues in these experiments. For the most part, the ti-
me course of appearance of this IL-1f is rather later
than the CNS actions being discussed, although it
may be that IL-1 can act at sites other than the hy-
pothalamus, such as innervating noradrenergic
pathways (see Quan et al. for discussion (51)). Collec-
tively, this data suggests that IL-1 can be induced in
brain glial cells and perivascular macrophages, given
enough LPS in the brain circulation, but its distribu-
tion and timing do not suggest an important
pathophysiological role in most circumstances. The ti-
ming and untargeted distribution also indicate that it
is extremely unlikely to have been induced via neural
pathways.

It is sometimes suggested that, where IL-1 can be
shown to modify CNS activity, it is likely to act direc-
tly on the CNS because low doses are effective in the
brain, whereas similar doses are ineffective in the pe-
riphery (6, 55). However, activity depends on concen-



CNS recognition of inflammation

235

tration, and since IL-1 has a plasma half-life in rats of
approximately 2.5 min (56), most peripherally admi-
nistered IL-1 will be cleared extremely rapidly, whe-
reas intracerebroventricular (icv) IL-1 will be cleared
more slowly. Specific antagonism of IL-1 in the brain
should provide better evidence for its action and we
found that fever induced by iv LPS was indeed inhi-
bited by intracerebroventricular (icv) IL-1ra (57). Si-
milarly icv IL-1ra can abolish depression of food in-
take and induction of hyothalamic IL-1f mRNA in-
duced by ip LPS (58). However, even in the latter ex-
periment, the 4 ug dose of IL-1ra would represent ap-
proximately 4000 times a biologically effective con-
centration of IL-1 (~100 pg/ml) if only 10% distribu-
ted to the peripheral tissue fluid. This might seem fan-
ciful, particularly if sustained by the misconception
that the BBB is significant as a barrier to substances
leaving the CNS as it is to those entering. However,
that this is not the case was demonstrated practically
and effectively in experiments where neutralising an-
tibodies administered icv blocked not only the central
but also the peripheral actions of TNFa or neuropep-
tides (59, 60).

IL-6 and the CNS

Partly on the basis that there was no good rela-
tionship between fever and IL-1 in plasma, and be-
cause a better relationship was emerging with IL-6,
Matt Kluger’s group used IL-1f neutralising antibo-
dies to show that, following LPS injection, IL-1f pro-
duction was necessary both for induction of fever and
for the appearance of IL-6 in plasma (14). The plasma
IL-6 concentration was closely related to the fever and
led them to suggest IL-6 was more likely to be the re-
sponsible circulating pyrogen. Subsequently they
showed that IL-6 was an effective pyrogen when gi-
ven icv (61) and that low concentrations of IL-6 could
be detected in the cerebrospinal fluid (csf). Contem-
poraneously, Blatteis et al., demonstrated that both icv
IL-6 and iv IL-6 could induce fever in guinea pigs
(62), confirming previous evidence from experiments
with rabbits that iv IL-6 was a pyrogen (63). Other
groups also showed that IL-6 could be detected in csf

, either after iv injection of LPS in cats (64), or rats

(65) or ip injection of LPS in rats (65). However, whe-
re comparisons were made, csf concentrations were
observed to be one or two orders of magnitude lower
than in plasma (61, 65).

In an attempt to reduce the effects of systemic
LPS we employed the subcutaneous air pouch model
in the rat and injected the air pouch with LPS (40). In
initial experiments we used TPS in the pouch but,
although it induced high fevers it this had the disad-
vantage of making bioassay of locally produced cy-
tokines almost impossible. The air pouch model
showed that IL-1, TNF and IL-6 were produced lo-
cally, with TNF being very rapidly induced and both
TNF and IL-6 being present at a high concentration.
However, only IL-6 reached a detectable concentra-
tion in the plasma and this showed a very similar time
course to the fever (Fig. 1 (40)). Subsequently it was
shown that adminisration of anti-IL-6 serum aboli-
shed the fever induced by intra-pouch LPS (66), but
these same experiments also showed that, although
human IL-6 injected into the pouch reached high
concentrations in plasma, it failed to induce fever un-
less a sub-pyrogenic dose of IL-1f was co-injected.

The key role of IL-6 was supported by the obser-
vation that IL-6-deficient (IL-6 -/-) mice failed to
develop fevers in response to LPS or IL-1f admini-
stered ip, or IL-1P administered icv, but did respond
to icv IL-6 (20). Interestingly, subsequent experiments
showed IL-6 -/- mice could respond with a normal fe-
ver to iv LPS at a higher dose, but did not develop fe-

=39.0 E

L]

1 385 g'
E 3
=) 380 ©
=] =
5 H
=37.5 ﬁ

370 |

Time (h)

Figure 1. Kinetics of bioactive IL-6 induction in air pouch lava-
ge fluid (|) and plasma (®) compared to thermal responses of
rats (M) after intrapouch injection of 100 pg/kg LPS (n=3 to 4
rats per time point). Adapted from Miller et al., 1997 (Ref. 40).
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ver in response to intramuscular (im) TPS (13). In this
same series of experiments IL-f -/- mice did not de-
velop fevers to 100 ug/kg ip LPS or TPS but only had
slightly reduced fevers with LPS at 2.5 mg/kg ip, sug-
gesting again that LPS can mediate effects directly.
The IL-6 -/- mice were also resistant to fevers indu-
ced by TNFa (67).

Evidence has similarly accumulated implicating
IL-6 as the circulating mediator of HPAA activation,
except again where circulating LPS could be implica-
ted as acting directly (68). Although the LPS was
injected ip in these experiments, approximately 10% of
LPS administered appeared in the circulation within
15 min and its effect could be reduced by the iv injec-
tion of an LPS antagonist. This antagonist did not af-
tect IL-1f or IL-6 production in the peritoneal cavity
but reduced HPAA activation and plasma concentra-
tions of IL-6, indicating that most IL-6 was not pro-
duced in the peritoneal cavity. This contrasts with the
situation where inflammation remains localised. In ex-
periments with Andy Turnbull, injection of TPS into
a rat hind limb induced an increase in plasma IL-6
that was rapidly terminated by application of a tourni-
quet to the limb and the fall in IL-6 concentration in-
dicated that it had a plasma half life of < 1.5 min (69).
This rapid fall in plasma IL-6 demonstrated that IL-
6 was not induced systemically to any significant ex-
tent and confirmed that I1.-1 and TNFa were not
present in the circulation in biologically relevant
amounts since they would otherwise have sustained
IL-6 production in other tissues. In this same series of
experiments, administration of im TPS in mice
showed that IL-1, IL-6 and TNFa were induced in
the muscle, but only IL-6 was present in the plasma,
which was the same pattern we had seen with the rat
air pouch (40). A sustained increase in HPAA activity
was apparent, but where IL-6 -/- mice were used, or
anti-IL-6 serum was administered, the plasma ACTH
and corticosterone was significantly reduced at 8 to
18h (69), a time when the hind limb inflammation
had reached its peak. Neither the early stress-induced
response to TPS, nor the response to restraint stress,
was affected in IL-6 -/- mice, which is consistent
with the observation that the early HPAA response is
reduced by deafferentation of the medial basal hy-

pothalamus or neonatal capsaicin treatment, whereas

the later phase is resistant (70). It also explains why
others had suggested the HPAA was not affected by
IL-6, since their examination of the HPAA was at 1.5
to 2 h, when neural afferent input is still critical (13,
44,71). Other experiments have shown that activation
of the HPAA by lower doses of LPS, and by IL-1p,
are reduced in IL-6 -/- mice (72), as is the HPAA fol-
lowing viral infection (73). Earlier experiments had
indicated an important role for IL-1 in HPAA activa-
tion, but although they demonstrated a reduction in
HPAA activity following inhibition of IL-1 (73-75)
or in the absence of IL-1 (76), this could not support
the conclusion that IL.-1 had a direct effect on the
CNS. Our own experiments showed that IL-1 recep-
tor deficient mice had a reduced HPAA response, and
IL-1B -/- mice had previously been shown to be com-
pletely resistant to induction of TPS-induced fever
(77), but this could be attributed to the fact that they
failed to induce production of IL-6 (69). It is impor-
tant to stress that the case is certainly not being made
that IL-1 and TNFa are not important, or are less im-
portant in the inflammatory pathways that lead to
CNS activation. Our own studies and those of others
have certainly shown that this is not so (57, 67, 78).
But the data do indicate that IL-6 is the important
circulating mediator.

In addition to examples of CNS activation by IL-
6 described above, others have shown that infusion of
IL-6 can induce c-Fos in the hypothalamus (79) and
can directly activate the HPAA (80), However, the ef-
fect of IL-6 appeared relatively weak and generally less
potent than IL-1 or TNFa (80-82). Partly, this may be
explained by the short half-life, but IL-1 also has a
short half-life and it does not explain the lack of effi-
cacy of the IL-6 injected into the air pouch that was
mentioned above (66), because in that case the plasma
concentrations were sustained for a period of hours.
However, a number of other features may explain this.
Firstly, IL-6 does not induce other inflammatory cy-
tokines, whereas IL-1 and TNF are potent inducers of
IL-6 (83, 84). In fact IL-6 has anti-inflammatory ac-
tions in respect of its capacity to induce IL-1ra and the
soluble TNF receptor p55 (85), quite apart from its ac-
tion on the HPAA. This means that whereas IL.-1 and
TNF provoke the induction of a variety of other tissue
factors associated with inflammation (Table 1), and
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these may synergise with their actions, IL-6 has little
action in this respect. Enhancement of the action of
IL-6 by factors produced during inflammation was
hinted at above in terms of those air pouch experiments
where human IL-6 was only effective if co-injected
with a sub-pyrogenic dose of IL-1f (66). A similar ef-
fect was seen in behavioural experiments, where icv IL-
6 was only effective in reducing social exploration, or
prolonging immobility, when a sub-effective dose of
IL-1B was co-administered, although co-administra-
tion of icv IL-1f and IL-6 was not found necessary for
provoking fever or HPAA activation (86). A possible
explanation for this is the requirement for sIL-6R.
When the IL-6-binding receptor (IL-6R) binds IL-6
it is not able to activate cells unless a 130 KDa glyco-
protein co-receptor (gp130) is present. The gp130 is re-
sponsible for signal transduction, via phosphorylation
of the signal tranducers and activator of transcription,
STAT 1 and STATS3, by Janus kinases (87). Unlike
gp130, which is present on most cell types, IL-6R is
present on few cell types, including monocytes and he-
patocytes. However, as described earlier, it exists in a
soluble form (sIL-6R) that can bind IL-6 without neu-
tralising it, and distinct from the neutralizing action of
soluble receptors for IL-1 and TNEF. In fact the soluble
IL-6:sIL-6R complex is able to bind to gp130 on cells
that have no IL-6R themselves, such as endothelial cel-
Is, and addition of sIL-6R allows IL-6 to activate the-
se cells (88). When injected icv sIL-6R was able to
enhance the effect that IL-6 had in respect of inducing
tever and reducing food intake and locomotor activity
in rats (89). However, levels of membrane IL-6R ex-
pression can also be regulated. Glucocorticoids are able
to increase expression of IL-6R in hepatocytes (90),
and rats injected iv with LPS, IL-18, or even IL-6, ex-
press increased amounts of IL-6R in cerebral blood
vessels (91, 92). Control of IL-6R expression during
the inflammatory response, possibly by IL-6 itself, may
therefore be a key factor in responsiveness to IL-6.

Prostaglandins
The ability of cyclooxygenase (COX) inhibitors

to prevent the febrile response was understood clini-
cally long before their mechanism of inhibiting pro-

staglandin (PG) synthesis was known, or it was shown
that they could inhibit experimental fever (93). Howe-
ver, the first demonstration that PGE, caused fever
when injected into the third ventrical of cats and rab-
bits was in 1971. The role of PGs is more difficult to
dissect in the case of the HPAA, because of its actions
on the pituitary and adrenal, but the consensus is
clearly that there is an important action on the hy-
pothalamus (reviewed in (2)). Similarly, although their
importance in behavioural responses is less well di-
scussed (5), the ability of the COX inhibitors, indo-
methacin and piroxicam (but not aspirin) to inhibit
IL-1p effects on behaviour are described (94), and
those who have experienced the sickness that follows
being injected with endotoxin in the cause of science
can well attest the post experimental, restorative ac-
tion of aspirin (personal observations!).

The role of PGs in neural afferent signalling will
be considered below, but in respect of a link to circu-
lating mediators it is necessary to consider how they
might be produced to act on the CNS. One possibility
is that they are produced in the periphery and circula-
te to the brain. Certainly the PGE, concentration can
be shown to increase in the circulation following
injection of LPS. Some early, elegant experiments in
sheep showed that jugular vein infusion or intracaro-
tid injection of LPS produced a rapid increase in ca-
rotid artery and jugular vein PGE,, which was asso-
ciated with the first phase of a biphasic fever (95).
Injection of LPS into the femoral vein also produced
a fever, and increased PGE,in the jugular and femoral
veins, but PGE,was not detected in the carotid artery,
indicating that PGE, was unlikely to be reaching the
CNS during the fever. The importance of PGE, was
indicated because only PGE,, and not PGD or
PGF2a, induced a rise in temperature. The iv injection
of LPS into rabbits gave somewhat different results,
since two peaks of plasma PGE,were apparent, coin-
ciding with two peaks of LPS-induced fever (96).
Although this makes it clear that peripheral PGE;is
induced, and can cause fever, it has not been entirely
clear whether the concentrations induced by LPS are
sufficient, or access the CNS, and doubts over the ro-
le of circulating PGs continue (see (4, 97)). Part of the
objection is that the pulmonary circulation removes
them very efficiently, although examination of this did
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not conclude that circulating PGE,could not act as an
endocrine hormone (98, 99). In fact an early observa-
tion that LPS could itself increase the half life of
PGE, through the lungs has recently been lent support
by experiments showing that genes controlling tran-
sport and catabolism of PGE,are downregulated fol-
lowing injection of LPS (100). Accompanying data
showed increases in transcription of genes for secre-
tory phospholipase A,, the inducible form of COX
(COX-2) and microsomal PGE synthase in the liver,
lungs and hypothalamus, with the increase in COX-2
mRNA being maximal in the liver by 35 min and the
hypothalamus by 95 min (101).

Whether circulating PGs are important or not, it
is necessary to address what the stimulus might be for
their production. The possibility to which we must re-
turn, in the context of the majority of experiments, is
that LPS in the circulation acts directly on the CNS
or other tissues to induce PGs. In terms of direct ac-
tion on the brain, immunocytochemical staining re-
vealed PGE, in brain microvasculature, particularly
around the CVOs, and neuronal PGE,in the paraven-
tricular and supraoptic nuclei after iv administration
of a very high dose (2.5mg/kg) of LPS (102). Where
LPS can access the circulation it can induce cytokines
around the brain, and the pattern of IL-1f expression
after injection of LPS, particularly around blood ves-
sels and the CVOs, has been mentioned earlier. TNFa
gene expression has a very similar pattern, though
again this only becomes extensive and apparent in pa-
renchyma where very high LPS doses are used (103).
A more modest dose of ip LPS induced IL-6 gene ex-
pression around the choroid plexus and the CVOs
(92). So when LPS was found to induce COX-2 gene
expression in the microvasculature of the rat and mou-
se brain it was possible that the effect was direct (104,
105). However, IL-1p was found to induce similar
COX-2 gene expression in the brain microvasculature
of rats and mice, and TNFa produced more modest
expression (106, 107). The im injection of TPS also
induced COX-2 gene expression in brain capillaries,
with a similar time course to the limb inflammation,
although it was noted that administration of IL-6 did
not induce COX-2 gene expression (107). This latter
observation is interesting in light of a) the general
comments above about inactivity of IL-6 when given

alone; b) the demonstration that even peripheral re-
sponses to TPS are IL-6-dependent (44); c¢) we found
immunostaining of COX-2 in brain blood vessels of
normal but not IL-6 -/- mice injected im with TPS
(69); d) this group had themselves shown the IL-6R
could be induced by IL-6 and other inflammatory sti-
muli, and had suggested that this might be necessary
before IL-6 could act (92).

In addition to COX-2, brain endothelium ex-
presses microsomal PGE synthase (mPGES), the
enzyme that converts PGH2 to PGE after COX-2
converts arachidonate to PGH2. Like COX-2, mP-
GES is not expressed constitutively, but is expressed
following injection of IL-1f and in animals with adju-
vant-induced arthritis (108, 109). The importance of
this pathway is highlighted by the fact that animals
deficient in mPGEs do not develop fever after injec-
tion of LPS, although they do when PGE,is admini-
stered centrally (110). Once in the brain PGE,can po-
tentially bind a variety of receptor types, EP; to EP,,
but the key target for fever appears to be EP;, since
mice lacking this receptor, but not the others, fail to
develop fevers in response to PGE,, IL-1p or LPS
(22).

Neural input revisited

One of the conundrums that confront analysis of
results in this area is the extreme rapidity with which
the CNS responds to inflammation. In the case of the
HPAA the case is probably clearest, because of the
undisputed importance of well described neural
pathways at the early stage of responses, and in this re-
spect it is somewhat puzzling that the role of cytoki-
ne-mediated input to this response has been evaluated
at a time that neural input can be expected to be do-
minant (13, 44, 71). Aside from CNS responses that
impact on peripheral immune regulation, and have
even more protracted kinetics, the more difficult re-
sponses to tease apart are behavioural and fever re-
sponses. In respect of fever the difficulties of explai-
ning responses in terms of hormonal mediation are
well described by Clark Blatteis (4, 97). In essence, the
principal difficulty is that fever is often observed well
before there could be significant induction of cytoki-
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nes or COX-2, either in the periphery or the CNS.
Since neurally mediated activation seems the only me-
chanism fast enough to account for this, a number of
investigations have explored this possibility, with va-
riable results.

The main target of investigation has been the va-
gus. Consistent with the hypothalamus being the
main target for activation by inflammatory stimuli,
Wan et al., showed that icv and ip LPS increased the
number of c-Fos stained neurons in the paraventricu-
lar nucleus and that increase in plasma corticosterone
concentration followed a similar pattern (111). In sub-
sequent experiments they showed that c-Fos induc-
tion by LPS was inhibited by both indomethacin and
the glutamate N-methyl-D-aspartate receptor anta-
gonist MK801, although only MK801 inhibited c-Fos
induction by foot shock (112). When these animals
were subject to subdiaphragmatic vagotomy (SVGX)
this reduced c-Fos induction that followed admini-
stration of ip LPS, but it had no effect if the LPS was
given iv, and increased the c-Fos after foot shock, sug-
gesting that circulating LPS activated the CNS via
another route and other neural afferent pathways are
able to activate the hypothalamus after vagotomy. Re-
duction of the corticosterone response, following
SVGX but not hepatic vagotomy (HVGX), was also
shown in response to an ip challenge with IL-1f and
was accompanied by an inhibition of the hypothala-
mic noradrenaline depletion that normally accompa-
nies an HPAA response (113). Similar results were
shown in experiments where c-Fos expression, indu-
ced by a low dose of ip LPS, was reduced by SVGX
but not HVGX (114). A reduction in the plasma
ACTH response accompanied the SVGX effect on c-
Fos, although the ACTH response to a higher dose of
LPS was less affected and plasma corticosterone was
not affected by SVGX after either LPS dose.

The first vagotomy experiments with fever are
perhaps most remarkable by virtue of the huge stress-
induced hyperthermia apparent prior to ip injection of
IL-1p (15). SVGX reduced fever attributable to
IL-1 injection, but also abolished the stress-induced
fever. In contrast, administration of IL-1ra abolished
only the IL-1B-induced phase of fever. As with the
HPAA axis, HVGX was without effect on either ele-

ment of the temperature increase. In guinea pigs

SVGX was shown to reduce the febrile response to ip
LPS and this was accompanied by a reduction in
PGE, recovered from the anterior hypothalamus by
microdialysis (115). Similar results were obtained by
Goldbach et al., when the LPS was given ip, but fever
induced by im LPS was not affected (116). In respect
of behavioural responses, SVGX attenuated the reduc-
tion in activity of rats observed after ip injection of
LPS and it also appeared to reduce the expression of
IL-18 mRNA in the brain (117). In further experi-
ments, social interaction was employed as a behaviou-
ral measure and was assessed 2 weeks after the same
rats had been used to examine their fever response to
LPS (118). Although SVGX had not had an impact
on the fever response, the depressed social interactions
caused by LPS were reversed. In a rare study of the ef-
fect of vagotomy in mice, the effect of SVGK on both
behaviour and the HPAA was examined (119). Beha-
viour was assessed in terms of food intake, sweetened
milk intake and locomotor activity, which were all re-
duced by ip IL-1p and LPS. SVGX slightly attenua-
ted the response to IL-1f, but had no effect on re-
sponses to LPS. In contrast, the plasma corticosterone
and ACTH increases induced by ip IL-1f were not si-
gnificantly affected by SVGX, although the increase
induced by LPS was attenuated. The picture is the-
refore not entirely clear, and would perhaps be helped
by some dose response studies, but deafferentation of
the vagus (in fact efferents are removed as well) cer-
tainly can reduce responses, particularly where lower
doses of LPS or IL-If are administered ip.

Apart from its important role in conveying infor-
mation from the viscera, the vagus has the advantage
of being relatively easy to dissect, but the question ari-
ses as to whether it is a special case. To test this some
interesting experiments were done with a guinea pig
air pouch model. Teflon chambers attached to cathe-
ters were implanted in the pouches, allowing subse-
quent administration of LPS together with local anae-
sthetic. When a high dose of LPS was administered
the anaesthetic had no effect on the induced fever, but
when a lower dose was administered it reduced the fe-
ver, indicating a contribution to the fever from neural
afferents (120). The increase in plasma IL-6 was
shown not to be affected in these animals and control
experiments showed that contralateral administration
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of local anaesthetic did not have the same effect as
when placed in the chamber with the LPS. Transec-
tion of the glossopharyngeal nerve has also been
shown to reduce fever resulting from injection of
IL-1P or LPS into soft palate (121), so the vagus is
not unique in its contribution to CNS input following
an inflammatory stimulus.

Activating the neural afferents

Although the neural afferents present a rapid
means to activate the CNS, brisk CNS responses to
inflammation require rapid induction of mediators to
excite the afferent nerve terminals. Induction of cy-
tokines would generally seem too slow to explain the
kinetics apparent with many fevers and an intriguing
mechanism has been suggested by a series of experi-
ments from the laboratory of Clark Blatteis (4, 41).
Depletion of complement in guinea pigs and the use
of complement-deficient mice has indicated that di-
rect activation of the alternate complement pathway
by LPS could result in rapid production of C5a frag-
ments that are then able to induce production of
PGE, by constitutive COX-1 (21, 24, 122, 123). This
is an extremely plausible explanation, although the
question arises as to whether other factors may be ra-
pidly activated to stimulate neural afferent pathways.
For instance, Hageman factor (Factor XII) is also ac-
tivated by LPS and bacterial cell surfaces and can in-
duce kinins such as bradykinin, via activation of
prekallikrein (124, 125). However, although icv injec-
tion of bradykinin inhibitors has been shown to inhi-
bit fever induced by icv or iv LPS (126, 127), there ap-
pear to be no investigations of the role of peripheral
bradykinin on fever induced by peripheral inflamma-
tion. This is interesting because bradykinin is an im-
portant mediator of pain and inflammation (128). In
addition to being a potent inducer of PGs, via both
COX-1 and COX-2, it stimulates IL-1 and TNF re-
lease from macrophages, as well as IL-6 from fibro-
blasts and other cells (129, 130). In relation to its role
in the hyperalgesic effect of cytokines it was found to
exert its action by initiating cytokine release via a par-
tially COX-dependent mechanism (131). However,
the ability of bradykinin inhibitors to prevent LPS-in-

duced hyperalgesia seems ambiguous, having inhibi-
ted hyperalgesia in one set of experiments (131), but
not subsequently (132). Bradykinin appeared to play a
particularly important role in inducing TNFa during
the hyperalgesic response (133), which is interesting
in view of the speed with which TNFa is released fol-
lowing LPS injection into a subcutaneous air pouch
(40).

Pursuing the idea that vagal neural afferents con-
tribute towards activating the CNS after injection of
LPS, Székely et al. attempted to remove input from
neural afferents of the vagus by ip injection of capsai-
cin (133). This removed only the early phase of a tri-
phasic fever induced by ip LPS, whereas vagotomy at-
tenuated only the last phase, which does not really fit
with the vagus being essential to the early phase of fe-
ver. Subsequent experiments to determine the mecha-
nism of action of capsaicin indicated that it was in fact
probably acting via a non-neural mechanism (134),
and these authors speculated that the capsaicin may
interfere with PGE, induction by non-neural cells,
which brings us back to question the importance of

PGs.

Neural integration and sensitisation

However the peripheral signals reach the brain,
they have to be integrated at the appropriate level. In
terms of neural pathways, the noradrenergic system
clearly has an important role to play, particularly in re-
spect of fever and the HPAA. Noradrenergic
pathways to the areas of the hypothalamus associated
with these responses have been mapped (135) and the
role of noradrenergic pathways and receptors is di-
scussed elsewhere (136, 137). With respect to sickness
behaviour, the main focus other than the vagal input
discussed has been in the context of pain (28). Howe-
ver, PGs appear to play an important role in both of
these neural pathways, (138, 139) and there is eviden-
ce that IL-6 may do so as well (140, 141).

In the absence of an inflammatory stimulus the
distribution of both COX-1 and COX-2 is principal-
ly neuronal, rather than glial. COX-1 is found parti-
cularly in areas of the forebrain involved in integrati-
ve functions and autonomic regulation (142). COX-2
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is distributed rather differently, in the cortex, hippo-
campus, amygdala, the paraventricular nucleus,
around the OVLT and in the brainstem, indicating a
role in visceral and other sensory pathways associated
with autonomic, behavioural and endocrine respon-
ses. Unlike COX-2 in the periphery, or in the brain
microvasculature, COX-2 in brain neurons is consti-
tutive and seems to be maintained by synaptic activity
(143, 144).

Within the CNS PGs appear to increase tran-
smission by inducing release of presynaptic mediators
and by direct activation of postsynaptic neurons (145).
In sensory afferent pathways the relative importance
of PGs in the periphery and CNS remains unclear and
this may be because it is a dynamic process. For exam-
ple, where inflammation was induced in a knee joint
by injection of kaolin, application of PGE, to the spi-
nal cord facilitated neuronal activity, prior to and du-
ring development of the inflammation, and facilitated
dorsal horn neuronal firing by N-methyl-D-aspartate
(146). This response could be inhibited by application
of indomethacin to the spinal cord, suggesting that
PGs had a physiological role in the response. Howe-
ver, once the inflammation had developed, the spinal
cord responses were only reduced when the indo-
methacin was given systemically, and not topically, si-
gnifying that maintenance of sensitisation was a pe-
ripheral function of PGs. In peripheral tissues PGs
seem to sensitize neurons by decreasing the activation
threshold of sodium channels and increasing sensiti-
vity to activation by mediators such as bradykinin
(145) and, in general terms PGs alter the sensitivity of
neurons, rather than act as direct neurotransmitters;
usually increasing responsivness, but not always. For
instance, PGE, increases the firing rate of temperatu-
re insensitive neurons in the preoptic area of the hy-
pothalamus but reduces firing rates in warm-sensitive
neurones (147).

Synthesis

In considering the data derived from analysing
these CNS responses the variability is striking, even
for the same basic response. It is sometimes conside-
red that work with experimental animals is easier than

in humans, because one cage of rats or mice is much
the same as another, unlike patients or other human
subjects. Within a laboratory this may be true, but it is
clearly often not the case between laboratories. Howe-
ver, it is possible to see some pattern through the va-
riability, if filtered by a certain degree of prejudice.
The main prejudice is in respect of the use of systemic
LPS, since it is generally impossible to tell where it is
acting directly. This therefore forms the starting point
for considering how the various data sets may be in-
terpreted and brought together (Fig. 2). When admi-
nistered 1iv, or ip at high doses, LPS seems to pretty
much hit every target and can directly impact on the
CNBS. It was partly this problem of not knowing what
the LPS was doing that led us to deploy the air pouch
as a means of restricting the inflammatory insult,
whilst use of LPS in the pouch allowed some common
features with the mainstream experiments in the field
(40). The principal observations with this model were
the very rapid increase of cytokines in the pouch, par-
ticularly TNE, the absence of IL-1 and TNF in the
plasma, and the way that increase in fever followed the
rise in plasma IL-6 about 30 min to 1h later (Fig. 1).
This, combined with the repeated failure to detect
biologically active IL-1 in plasma, in a variety of si-
tuations and despite having devised a sensitive assay
specifically for this purpose (148, 149), made it almo-
st impossible to take seriously the idea of IL-1 as a cir-
culating mediator. IL-1 and TNF are clearly impor-
tant inflammatory mediators, as confirmed by so
many experimental observations and the development
of potent anti-IL-1 and anti-TNFou therapies for
rheumatoid arthritis and other inflammatory disease,
but unlike IL-6 they make no sense as endocrine hor-
mones.

In terms of inflammation-linked factors con-
veying hormonal information to the CNS, the first
identifiable element is therefore IL-6 (Fig. 2). With
the exception of still needing to resolve some issues
about factors with which it synergises to produce its
effect, such as sIL-6R or induced membrane IL-6R,
the data cited above clearly give it a key role. A further
common feature of the CNS responses under discus-
sion is that they can each be induced via strictly neu-
ral pathways, in the absence of inflammation. The
neural input to the various responses certainly varies,
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Figure 2. Scheme suggesting how the CNS may recognise peripheral inflammation. The starting point is the central box with de-
creasing systemic impact at lower levels. Solid lines represent factors present in the circulation. Dashed lines represent actions re-
stricted within individual tissues. Grey lines represent neural input. Line thickness represents relative importance of the stimulus
for that factor; more and heavier arrows resulting in greater activation.

Bk = Bradykinin; C5a = Activated complement fragment 5a; COX-2 = Cyclooxygenase-2; CRH = Corticotropin releasing hormone; ip = intrape-
ritoneaAl; iv = intravenous; Mech. = Mechanical or other efferent stimulus to the non-hepatic visceral branches of the vagus; PGE2 = Prostaglandin
E;; ME = Perivascular macrophage; mPGES = Microsomal prostaglandin E synthase; TPS = Turpentine; H = indicates that this pathway is proba-

bly only important with high doses of systemic LPS.

but it is able to work alone or together with humoral
signals. Where neural afferent input is a major factor
the role of IL-6 may be less important, since cytokines
such as IL-1 and TNFa play an important role in pe-
ripheral tissues, possibly explaining the apparent grea-
ter dependence of behavioural responses on vagal in-
put. Finally, but not least, there are the PGs, and
PGE,; in particular. Although vascular distribution of
LPS in many experiments complicates interpretation,
the data would broadly seem to support its role as a
circulating mediator only when relatively large doses
of LPS are used. In this situation PGE, may be indu-
ced in sufficient amounts, possibly via activation of
complement, and directly impact on the CNS, which
could account for the early phase of fever. However,
experiments still need to be done to identify whether
induced plasma concentrations are actually sufficient
to do this. Large amounts of LPS in the peritoneal ca-

vity may also induce PGE,, rapidly, but this probably
acts only locally on neural afferents, such as those of
the vagus. Whatever the role of PGs in the periphery,
it is clear that PGs can modify responses within the
CNS and there is now mounting evidence documen-
ting induction of PGE, at the level of the brain mi-
crovasculature. Aside from LPS; the most likely can-
didate for initiating this during an inflammatory re-
sponse is IL-6. Neural input is good at localising
events in tissues, but without common neural ele-
ments in every tissue the CNS would have a hard ti-
me keeping track of inflammation. In order to do this
it makes sense for inflamed tissues to send informa-
tion about the burden of inflammation to the CNS, so
that it can play its part in host defence. After all, if the
liver can depend on the endocrine role of IL-6 to tell
it how to regulate its response to inflammation, why
not the brain?
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