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1.  ABSTRACT

Systemic inflammation is accompanied by
changes in body temperature, either fever or hypothermia.
Over the past decade, the rat and mouse have become the
predominant animal models, and new species-specific tools
(recombinant antibodies and other proteins) and genetic
manipulations have been applied to study fever and
hypothermia.  Remarkable progress has been achieved.  It
has been established that the same inflammatory agent can
induce either fever or hypothermia, depending on several

factors.  It has also been established that experimental
fevers are generally polyphasic, and that different
mechanisms underlie different febrile phases.  Signaling
mechanisms of the most common pyrogen used, bacterial
lipopolysaccharide (LPS), have been found to involve the
Toll-like receptor 4.  The roles of cytokines (such as
interleukins-1beta and 6 and tumor necrosis factor-alpha)
have been further detailed, and new early mediators (e.g.,
complement factor 5a and platelet-activating factor) have
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been proposed. Our understanding of how peripheral
inflammatory messengers cross the blood-brain barrier
(BBB) has changed.  The view that the organum
vasculosum of the lamina terminalis is the major port of
entry for pyrogenic cytokines has lost its dominant
position.  The vagal theory has emerged and then fallen.
Consensus has been reached that the BBB is not a divider
preventing signal transduction, but rather the transducer
itself.  In the endothelial and perivascular cells of the BBB,
upstream signaling molecules (e.g., pro-inflammatory
cytokines) are switched to a downstream mediator,
prostaglandin (PG) E2.  An indispensable role of PGE2 in
the febrile response to LPS has been demonstrated in
studies with targeted disruption of genes encoding either
PGE2-synthesizing enzymes or PGE2 receptors. The PGE2-
synthesizing enzymes include numerous phospholipases
(PL) A2, cyclooxygenases (COX)-1 and 2, and several
newly discovered terminal PGE synthases (PGES).  It has
been realized that the “physiological,” low-scale production
of PGE2 and the accelerated synthesis of PGE2 in
inflammation are catalyzed by different sets of these
enzymes. The “inflammatory” set includes several isoforms
of PLA2 and inducible isoforms of COX (COX-2) and
microsomal (m) PGES (mPGES-1).  The PGE2 receptors
are multiple; one of them, EP3 is likely to be a primary
“fever receptor.”  The effector pathways of fever start from
EP3-bearing preoptic neurons.  These neurons have been
found to project to the raphe pallidus, where premotor
sympathetic neurons driving thermogenesis in the brown
fat and skin vasoconstriction are located. The rapid
progress in our understanding of how thermoeffectors are
controlled has revealed the inadequacy of set point-based
definitions of thermoregulatory responses.  New definitions
(offered in this review) are based on the idea of balance of
active and passive processes and use the term balance
point.  Inflammatory signaling and thermoeffector
pathways involved in fever and hypothermia are modulated
by neuropeptides and peptide hormones.  Roles for several
“new” peptides (e.g., leptin and orexins) have been
proposed. Roles for several “old” peptides (e.g., arginine
vasopressin, angiotensin II, and cholecystokinin) have been
detailed or revised.  New pharmacological tools to treat
fevers (i.e., selective inhibitors of COX-2) have been
rapidly introduced into clinical practice, but have not
become magic bullets and appeared to have severe side
effects. Several new targets for antipyretic therapy,
including mPGES-1, have been identified.

2.  INTRODUCTION

Although the thermoregulatory manifestations of
systemic inflammation, viz., fever and hypothermia, have
been studied for years, our understanding of their molecular
and physiological mechanisms has substantially advanced
over the past decade (1995-2004).  This decade has also
changed the standards for animal models to study fever and
hypothermia and produced new definitions of these
thermoregulatory responses. Perhaps most importantly,
new pharmacological tools to treat clinical fevers have been
introduced. To describe these and other advances in
research on the febrile and hypothermic responses to
inflammatory stimuli is the purpose of this review.  This

review also introduces a series of articles (1-20) on fever
and hypothermia published as a special issue of the
Frontiers in Bioscience and available online at http://www.
bioscience.org/current/special/romanov.htm.

3.  NEW TERMINOLOGY

This review focuses on two responses to
infectious, inflammatory, and other stimuli:  fever and
hypothermia. Fever (also known as the febrile response)
and hypothermia (also known as anapyrexia or regulated
hypothermia) are commonly studied in the laboratory by
injecting animals with bacterial lipopolysaccharide (LPS)
or mediators of its action, including pro-inflammatory
cytokines [e.g., interleukin (IL)-1beta and tumor necrosis
factor (TNF)-alpha] and prostaglandins (PGs) of the E
series.  Fever used to be defined as an increase in deep
body temperature (Tb) occurring due to an increase in the
thermoregulatory set point (21-23), whereas anapyrexia
was defined as a decrease in Tb due to a decrease in the set
point (21, 23-25).  Those definitions were based on a model
of Tb control requiring a single set point, either obvious
(physiological) or hidden (mathematical).  More than two
decades ago, Satinoff (26) proposed that thermoeffectors
are controlled largely independent of each other, and
Werner (27) demonstrated that all setpoint concepts are
built on unnecessary and unproven assumptions.  Werner
(27) also proposed a more general concept that is based on
the balance of active (controlling) and passive (controlled)
processes and requires neither an obvious nor a hidden set
point.  Over the last decade, further evidence of
independent control of thermoeffectors has been
accumulated (28), the inadequacy of models of the
thermoregulatory system with a single set point has been
demonstrated (29), and many cases of independent
recruitment of thermoeffectors in thermoregulatory
responses have been documented (11, 30-33). In view of
these developments, Romanovsky  (34)  suggested  to
modify  definitions  of fever and regulated hypothermia.
These new, modified definitions are listed in Table 1. They
are based not on comparing Tb with a nonexistent set point,
but on determining at which value Tb would balance in a
given response.

4.  EXPERIMENTAL MODELS AND
PHENOMENOLOGY

4.1.  Studying Fever:  Species Used and the Response
Latency

Traditionally, fever was studied almost
exclusively in larger mammals, from guinea pigs and
rabbits to sheep, pigs, goats, dogs, and monkeys.  The rat
was generally considered a species that does not respond to
LPS with fever, whereas some authors believed that special
“tricks” (such as priming with LPS) are required to induce
the febrile response in this species (35).  The fundamental
study by Székely & Szelényi (36) clarified the issue: well-
adapted rats studied in a thermocouple setup under
thermoneutral conditions have been shown to respond to
small doses of LPS with marked, reproducible fevers. The
introduction of telemetric thermometry simplified studying
thermoregulation in rats and propelled research in these
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Table 1.  Definitions of thermoregulatory states or responses
Term1 Definition Notes and guides for usage
Classifying principle 1:  Level of Tb
Normothermia
(euthermy,
cenothermy)

A state characterized by
a “normal” Tb

Hyperthermia A state or response
characterized by a higher
than normal Tb

Hypothermia A state or response
characterized by a lower
than normal Tb

Terms normo-, hyper-, and hypothermia mean that Tb is at (within a few
tenths of a degree C), above, or below its “normal” level for a given species
under thermoneutral conditions.  These terms should not be used to pinpoint
the type of Tb regulation in a state or response or to clarify the relationship
between Tb and Teq (see below).  A widespread opinion that fever should not
be called hyperthermia is hardly justifiable.  Similarly to how any state
characterized by an increased blood pressure is hypertension (regardless of
the mechanisms involved), any state characterized by a high Tb is
hyperthermia.  In fact, the terms normo-, hyper-, and hypothermia have
the advantage of being applicable to states and responses that involve
unknown and/or multiple thermoregulatory mechanisms.

Classifying principle 2:  Type of Tb regulation
Homeothermy
(homoiothermy)

A state in which all
thermoeffector responses
have similar (within a
few tenths of a degree C)
threshold Tbs.

In homeothermy, Tb is regulated (defended) with a narrow dead band
(tightly).  Theoretically, the homeothermic type of Tb regulation can be
utilized in normothermy, as well as in hyperthermic or hypothermic
responses.  However, hypothermic responses occurring with narrow dead
band regulation have not been demonstrated.

Poikilothermy A state in which
thermoeffector responses
have different (usually
by several degrees C)
threshold Tbs.

In poikilothermy, Tb is regulated with a wide dead band (loosely).  When Tb
is between the threshold Tb’s for triggering cold- and heat-defense responses,
it is not defended, i.e., is the result of passive heat transfer between the body
and its environment.  The poikilothermic type of Tb regulation can be
utilized in normo-, hyper-, and hypothermic states.

Classifying principle 3:  Relationship between Tb and Teq
Fever
(febrile response
or state)

A state in which Teq is
above the normal level
of Tb, or a response in
which Tb temporarily
balances above its
normal level.

Before fever occurs, Tb = Teq.  Then Teq increases, which leads to Tb < Teq at
the onset of fever, and Tb = Teq at a plateau (this is a febrile state in its pure
form).  Thereafter, Teq decreases, which leads to Tb > Teq during
deffervescence, and then Tb = Teq when fever is resolved.  The old definition
of fever assumed that Tb is tightly defended during this response.  It is now
known that fevers can be characterized by either the homeothermic or
poikilothermic type of regulation (see Section 4).  Caution should be
exercised to use the term fever in such a way that it does not imply
exclusively the homeothermic type of regulation.

Anapyrexia
(regulated
hypothermia,
cryexia)

A state in which Teq is
below the normal level
of Tb, or a response in
which Tb temporarily
balances below its
normal level.

All earlier definitions of anapyrexia assumed that Tb is tightly defended
during this response, i.e., implied the homeothermic type of Tb regulation.
However, many quantitative studies show that this response is characterized
by the poikilothermic type of Tb regulation.  Because anapyrexia, as
originally defined, does not exist, this term should not be used without
clarifying the type of Tb regulation.  In the absence of such a clarification, the
terms poikilothermy (when talking about the type of Tb regulation) and
hypothermia (when talking about a decreased Tb) can be used to describe
this response.

1 Synonyms are listed in parentheses.  Throughout the table, recommended terms are shown in bold.  Abbreviations used:  Tb,
deep body temperature; Teq, equilibrium (or balance) point.

animals in the 1980s and 1990s. However, researchers were
puzzled over the discrepancy between a long (~1 h) latency
of the febrile response to LPS in rats studied in telemetric
setups and a short (15-30 min) latency of the febrile
response to LPS in all larger mammals, as well as the rats
in the study of Székely & Szelényi (36). This discrepancy
was explained only recently (37).  It was confirmed that
rats readily respond to LPS with a short-latency fever when
studied at a neutral ambient temperature and injected with
LPS in a stress-free manner, through a preimplanted
catheter (Figure 1A).  However, it was found that the initial
febrile rise (called the first febrile phase, or Phase I) can be
readily overlooked when the ambient temperature is below
neutral, which is exactly what happens in many telemetric
studies. Telemetry studies are typically conducted in rats

housed in their home cages, i.e., at room temperature,
which is normally subneutral for this species (38).
Furthermore, most telemetry studies involve an acute,
stressful  injection of a pyrogen vs. stress-free
administration through a preimplanted catheter used by
Székely & Szelényi (36).  It appeared that injection-
associated stress hyperthermia masks Phase I (37; see
Figure 1B).  Solving the latency puzzle has led to gradual
acceptance of the fact that the febrile response of rats
resembles that of larger animals, and from this, the rat has
become the primary model to study thermoregulatory
manifestations of systemic inflammation. With the spread
of genetically modified mice, the mouse is also becoming a
common species to study thermoregulatory responses (42-
49).
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Figure 1.  The phases of polyphasic lipopolysaccharide (LPS) fever in rats are characterized by remarkably consistent timing.
This timing is insensitive to many factors, including the route of LPS administration, which can be intravenous (i.v.; panels A-C),
intraarterial (i.a.; panel D), or intraperitoneal (i.p., panels E, F).  However, Phase I of the response can be clearly seen only when
caution is taken to inject LPS in a stress-free way, i.e., through a preimplanted catheter, from outside the experimental chamber,
and without touching the animal (A).  When LPS is administered i.v. exactly as in panel A, but the rat is handled and pricked
with a needle in the abdomen (to simulate a typical, stressful LPS administration), Phase I is masked by stress hyperthermia (B).
When LPS administered in a stressful way (involving handling and/or pain of variable extent), stress hyperthermia of variable
height and duration similarly masks Phase I (C-F).  Note, that Phases II and III can be seen regardless of whether initial stress
hyperthermia occurs. Data are re-plotted from Romanovsky et al. (37; panels A, B), Elmquist et al. (39; C), Caldwell et al. (40;
D, E), and Wachulec et al. (41; F), with appropriate permissions.



Fever and hypothermia in systemic inflammation

2197

4.2.  Counting Febrile Phases
It is now accepted that the thermoregulatory

response to LPS is much more complex than previously
thought.  In fact, an intravenous (i.v.) injection of LPS
causes several different thermoregulatory responses in
experimental animals, depending on the dose, ambient
temperature, and other factors (50). This is not a technical
nicety but a fact of fundamental importance:  as we
demonstrate throughout this review, different responses
have different mechanisms and different adaptive values.  It
is, therefore, imperative to provide at least brief
descriptions of these responses.

When a small, near-threshold dose (1
microgram/kg, in the case of the rat) is administered at a
neutral or near-neutral (27-32°C) ambient temperature, a
so-called monophasic fever typically occurs: it consists of a
single burst of thermoeffector activity and a single rise of
Tb peaking at 1-1.5 h postinjection.  If the ambient
temperature remains near-neutral, but the dose increases,
the response changes in an intriguing way:  a single, bolus
injection of LPS now produces several sequential bursts in
the activity of thermoregulatory effectors and,
consequently, several rises in Tb (febrile phases). These
phases have remarkably precise timing (36), which remains
the same for different preparations of LPS and different rat
strains (51).  For a very narrow dose range (from slightly
below to slightly above 3 microgram/kg), the febrile
response of rats to LPS consists of two Tb rises:  Phase I
(peaks ~1 h postinjection) and Phase II (peaks at 2-2.5 h).
If the dose increases further (from ~5 microgram/kg to
lethal), the response becomes at least triphasic with Phase
III peaking at 5-6 h postinjection (51).  In many
experiments conducted at room temperature (subneutral for
rats) or involving an acute, stressful injection of a pyrogen,
Phase I is missed (37; also see Figure 1B-F), and Phases II
and III are misnamed as Phases I and II.  However, the
timing of the remained phases (II and III) is always the
same, regardless of the experimental setup and even the
route of pyrogen administration (Figure 1).  The authors of
a recent study in mice (49) have reported seeing polyphasic
fevers in this species as well. In larger animals, Phase III
has not been reported, possibly because only relatively low
doses of LPS (up to 10 times higher than those causing
monophasic fever) have been used, whereas in rats doses
up to 10,000 higher have been studied (37, 50, 52).

The thermoregulatory mechanism of Phase I (and
possibly of monophasic fever) is a parallel upward shift of
the threshold Tbs for activation of different
thermoregulatory effectors (for review, see Ref. 11).  Such
a shift leads to precise regulation of Tb but at a new,
elevated level. Hence, according to the new definitions
(Table 1), this hyperthermic response can be termed fever
and is characterized by the homeothermic type of Tb
regulation.  The thermoregulatory mechanism of Phase II
(and speculatively Phase III) involves a so-called threshold
dissociation: the threshold Tb for activation of heat-defense
effectors remains elevated (as it was during Phase I), but
the threshold Tb for activation of cold-defense effectors
decreases by several degrees (53). The development of
threshold dissociation means that Tb regulation switches to

the poikilothermic type (Table 1).  When this happens,
autonomic effectors are no longer used for
thermoregulation in a wide range of Tbs, and the
thermoregulatory behavior becomes the only
thermoregulatory tool available, like in poikilothermic
animals. This also means that the animal’s Tb becomes
highly sensitive to the ambient temperature, and that
hypothermia readily occurs at subneutral ambient
temperatures.

4.3.  Studying Hypothermia: from “Thermoregulatory
Failure” to Specific Mechanisms

Even though inflammation-associated hypo-
thermia has been recognized for a long time and is of
substantial clinical significance (54), this response has been
considered as a thermoregulatory “failure” reflecting the
inability of the brain to regulate Tb in shock.  Specific
thermoregulatory mechanisms of this response (selective,
drastic decrease in the threshold Tb for activation of heat
production coupled with cold-seeking behavior; see Ref.
30) have been revealed only during the past decade.
According to Table 1, this is a hypothermic response with
the poikilothermic type of Tb regulation.  Because of the
development of the poikilothermic type of Tb regulation, it
is not surprising that i.v. LPS causes hypothermia in a cold
environment.  What is surprising is the timing of this
response.  In the rat, this hypothermia occurs very early
after LPS administration and has a consistent nadir at ~90
min postinjection. This first, short-lasting hypothermic
“phase” (corresponds to Phases I and II of the febrile
response) is often followed by another, long-lasting
decrease in Tb occurring at the same time as febrile Phase
III.  Perhaps, the hypothermic response to LPS is also
polyphasic.  Recently, LPS-induced hypothermia has
become a focus of research in several laboratories (55-59).
However, the hypothermic response is still studied much
less than the febrile response.  Reflecting this discrepancy,
the present review pays substantially more attention to the
mechanisms of fever than those of hypothermia.

5.  HOW THE THERMOREGULATORY
RESPONSES TO BACTERIAL PYROGENS ARE
INITIATED

5.1.  Signaling of Bacterial Pyrogens
Over the last decade, a large family of

mammalian receptors termed Toll-like receptors (TLR) has
been discovered and identified as receptors for LPS and
other microbial pyrogens, thus starting a revolution in
understanding the mechanisms of LPS recognition and
signaling (for review, see Refs. 60, 61).  Cellular TLR4
recognizes and responds to LPS, but only after LPS
interacts with the CD14 protein; importantly, LPS-binding
protein and myeloid differentiation protein-2 act as
“adaptor” molecules and accelerate LPS binding to TLR4
and its intracellular signaling (62, 63). Until recently, TLR2
was also thought by some to recognize LPS (64) and
mediate LPS-induced fever (65).  However, Hirschfeld et
al. (66) and Lee et al. (67) have demonstrated that it is not
LPS per se but rather a highly bioactive lipopeptide
contaminant of common LPS preparations (“endotoxin
protein”) that signals through TLR2. Endotoxin protein is
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Figure 2.  Schematic presentation of four major
mechanisms by which peripheral proinflammatory
molecules, most notably cytokines (such as interleukin-1,
IL-1), have been proposed to reach the brain:  saturable
transport across the blood-brain barrier (BBB) (A); entry
though the organum vasculosum of the lamina terminalis
(OVLT) (B); signal transduction by sensory nerves,
primarily the hepatic vagus (C); and synthesis of
prostaglandin (PG) E2 in cells forming the BBB (D).  Note
that the BBB can be viewed either as a major obstacle
(restrictive barrier) for immune signaling to the brain (A-C)
or as an active transducer that switches one signaling
molecule to another (D).

not involved in non-thermoregulatory responses (such as
anorexia) to common LPS preparations (68). Whether all
thermoregulatory responses to such preparations
(monophasic fever, Phases I, II, and III of polyphasic fever,
and hypothermia) are caused by LPS per se remains to be
established.  In addition to the TLR4 mechanism, LPS
recognition may involve other receptors, such as
CD11/CD18 beta-2 integrin (69) and cell-surface proteins
known as scavenger receptors (70).  Gioannini et al. (71)
list several more examples of proteins that may participate
in cellular activation by LPS depending on specific
structural features of particular LPS species, the host cell
types examined, and the response studied.  It is possible,
therefore, that different receptors contribute to the
development of different thermoregulatory responses to
LPS. The ability of LPS to cause predominantly fever in a
neutral or supraneutral environment but predominantly
hypothermia in a subneutral environment has been
speculated (72) to reflect different distribution of the blood
in the body at different ambient temperatures and,
consequently, different distribution of LPS and its
recognition by different cells, possibly via different
receptors.  In addition to LPS, other microbial pyrogens are
recognized by members of the TLR family. Wall
constituents of gram-positive bacteria (e.g., muramyl
dipeptide) signal through TLR2 (in combination with either
TLR1 or TLR6); double-stranded viral RNA is recognized
by TLR3; and bacterial DNA interacts with TLR9 (61, 73-
75).

5.2.  Early Mediators
Substantial progress has also been achieved in

identification of the critical early mediators of the
thermoregulatory responses. New tools, including recombinant
endogenous antagonists and genetically modified animals,
have been instrumental in clarifying the roles of the pro-
inflammatory cytokines, most importantly IL-1beta, IL-6, and
TNF-alpha, in LPS fever and hypothermia (5, 7, 76).  Other
cytokines, such as ciliary neurotrophic factor and interferons
alpha and gamma may be involved as well (76, 77).  However,
it is unclear whether and which of those cytokines are
synthesized fast enough to trigger febrile Phase I or
hypothermia (3, 11).  Being the earliest cytokine to surge in the
blood after LPS administration, TNF-alpha is a good
candidate; however, neutralization of TNF-alpha with its type
1 soluble receptor does not affect Phase I of LPS fever in
guinea pigs (78).  Furthermore, clinical fevers often occur
without any increase in the levels of circulating cytokines (79).
Not surprisingly, several mediators other than cytokines have
been proposed to trigger fever; these include circulating PGE2
(see Section 7), anaphylatoxic component 5a of the
complement cascade (3), and platelet-activating factor (PAF;
72, 80).  The latter is known to appear in the circulation within
minutes after i.v. LPS administration (81) and has been shown
to possess an extremely high pyrogenic activity, higher than
that of PGE2 (72, 80).  At least one PAF receptor antagonist
(BN-52021) has been shown to attenuate i.v. LPS-induced
fever (72).  It can be speculated that PAF acts on brain
endothelial cells expressing its receptors to stimulate PG
synthesis (82).  Interestingly, PAF can be involved in the
genesis not only of the febrile, but also of the hypothermic,
response to LPS (83, 84). For a while, peripheral nitric oxide
was thought to be an early febrigenic mediator, but this
hypothesis has been recently rejected (85).

6.  FROM THE PERIPHERY TO THE BRAIN

6.1.  Transport
Four major mechanisms by which peripheral pro-

inflammatory molecules, most notably cytokines, signal the
brain have been proposed: 1) saturable transendothelial
transport; 2) entry though the organum vasculosum of the
lamina terminalis (OVLT) and possibly other
circumventricular organs; 3) signal transduction by sensory
nerves, primarily the vagus; and 4) PG synthesis in cells
that form the blood-brain barrier (BBB).  These
mechanisms are schematically outlined in Figure 2.

The transport theory (Figure 2A) states that
circulating cytokines can cross the BBB by carrier transport
(86). Although the list of cytokines utilizing carrier
transport to cross the BBB has been extended substantially
over the last decade (87), the physiological significance of
this mechanism is difficult to prove. A recent addition to
this theory, or perhaps a deviation from it, has been the
proposition that cytokines can reach brain tissue by
diffusion through basal laminae (88).

6.2.  Entry through the Organum Vasculosum of the
Lamina Terminalis

The OVLT theory (Figure 2B) suggests that
cytokines enter the brain through the circumventricular
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organs, primarily the OVLT, in which capillaries are
fenestrated resulting in a “leaky” BBB.  This theory was
proposed by Blatteis et al. in 1983 (89) based on the
findings that electrolytic lesions of the anterior wall of the
third ventricle weaken the animals’ ability to respond to
pyrogens with fever.  However, subsequent studies
designed to test the OVLT signaling hypothesis produced
contradictory results.  Indeed, whereas several “lesion
studies” and “nonlesion studies” suggested an important
role for the OVLT in immune-to-brain signaling (for
review, see Ref. 15), other lesion (e.g., 90) and nonlesion
(e.g., 91, 92) studies failed to support such a role, at least
for the specific experimental conditions tested.  In fact,
lesion studies were found to have all three possible
outcomes with respect to the febrile response, viz.,
exaggeration, blockade, and no effect (for review, see Ref.
93).  However, even the outcome supposed to support the
theory, blockade, can be explained by those side effects of
OVLT lesioning (dehydration, malnutrition, hyperthermia,
etc.) that attenuate the febrile response via mechanisms
unrelated to the passage of the immune signal across the
BBB (93). Furthermore, many findings that are typically
cited in support of the “signaling through the OVLT”
hypothesis (e.g., that microinjection of pyrogens or
antipyretic substances in the vicinity of the OVLT causes fever
or antipyresis, respectively; see Refs. 94-97) do not actually
support it.  These findings show that the OVLT and/or other
structures within the lamina terminalis (the anteroventral
periventricular nucleus, ventromedial preoptic area, and medial
preoptic nucleus) are crucial for fever genesis, but they do not
differentiate by which of the four mechanisms these structures
are activated during systemic inflammation. For nearly two
decades, the results of lesion studies were viewed as proof of
the physiological significance of the OVLT mechanism. When
the proof did not withstand the scrutiny of careful examination,
the theory lost its dominant position.

6.3.  Vagal Signaling
The last decade has also witnessed a rise and

apparent decline of another theory, the vagal (Figure 2C).
First experimental hints implying that neural signaling via
unidentified sensory nerves may be involved in the early,
but not late, stages of the febrile/inflammatory response
were obtained by Morimoto et al. (98) and Cooper and
Rothwell (99).  Several studies published in 1992-1993
suggested that at least some sensory nerve fibers conveying
febrigenic signals to the brain travel within the vagus nerve
(for review, see Refs. 14, 50).  A “breakthrough” happened
in 1995, when Watkins et al. (100) demonstrated that sub-
diaphragmatic vagotomy leads to an attenuation of the
febrile response of rats to intraperitoneal (i.p.)
administration of IL-1. The same year, Székely et al. (101)
reported that desensitization of intra-abdominal
chemosensitive afferents (this procedure is sometimes
referred to as “chemical vagotomy”) with small i.p. doses
of capsaicin (a vanilloid receptor VR1/TPRV-1 agonist)
decreases the febrile response of rats to i.v. LPS, mostly its
Phase I. Several groups reproduced these initial
demonstrations (reviewed by Refs. 14, 50).

Although surgical vagotomy was found by many
to attenuate or completely block some or even all febrile

phases in rats and guinea pigs, this surgery can lead to
severe “side effects,” including malnutrition,
thermoeffector deficiency, and other thermoregulatory
impairments that can affect the febrile response (102).
Many earlier studies ignored this issue. When caution was
exercised to prevent malnutrition and associated disorders
(102) and to produce vagotomized animals fully capable of
increasing their Tb (103, 104), surgical vagotomy was
found to still block monophasic fever, but it attenuated
neither any phases of the polyphasic febrile response nor
the hypothermic response to LPS (52). It is, therefore,
tempting to conclude that malnutrition and other adverse
effects of vagotomy might have been responsible for many
cases of fever attenuation observed in early studies in
vagotomized animals.  Such a conclusion is supported by
the fact that several later studies did not find any
attenuation of the polyphasic febrile response in rats (40,
105, 106); some of these studies were conducted by the
same groups that reported an attenuation of fever by
vagotomy in their earlier papers.  As for the capsaicin
desensitization, the ability of this procedure to block Phase
I of the febrile response to LPS has been confirmed (107,
108), but it has been found to be due to a non-neural, non-
VR1-mediated mechanism (108, 109).  This action,
therefore, has nothing to do with the proposed vagal
signaling.

In light of these recent findings, vagal signaling
does not appear to play any significant role in the
polyphasic febrile or hypothermic response to
inflammatory stimuli.  It may, however, be involved in
triggering the monophasic febrile response, i.e., the
response to very low, near-threshold doses of a pyrogen.  It
has been found that both total subdiaphragmatic vagotomy
and selective transection of the hepatic vagal branch (a
small, predominantly afferent nerve servicing the liver and
its portal vein) attenuate monophasic LPS fever (52, 102,
110).  The liver with its Kupffer cells has long been known
to be responsible for the clearance of peripherally injected
pyrogens (111, 112) and has been suspected of contributing
to the pathogenesis of fever (113).  This suspicion has been
recently reinforced by a large amount of data (for review,
see Refs. 14, 114), including a demonstration of the early
induction by LPS of hepatic synthesis of the ultimate
downstream mediator of fever, PGE2 (115).  It has also
been shown that intraportal infusion of IL-1 increases the
discharge rate of hepatic vagal afferents (116), and IL-1
and PG receptors are present on vagal paraganglia
associated with the hepatic branch and in the nodose
ganglion that contains cell bodies of vagal sensory neurons
(117, 118).  It could be concluded that febrigenic chemical
signals (possibly including IL-1 and PGE2) originate in the
liver and bind to the appropriate receptors on the hepatic
vagus. The proposed mechanism seems important for
triggering the febrile response not only to low doses of i.v.
LPS (52), but also low doses of i.p. IL-1beta (119).

6.4. The Blood-Brain Barrier as a Signal Transducer
Our view on the role of the BBB in pyrogenic

signal transduction has changed drastically over the last
decade: the BBB is no longer considered an obstacle
(restrictive barrier) for such signaling (Figure 2A-C);
instead, it is viewed as an active signal transducer (a place
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for switching from one signaling molecule to another;
Figure 2D).  Indeed, peripheral administration of LPS, IL-
1beta, or TNF-alpha has been shown to rapidly induce
expression of PGE2-synthesizing enzymes in the vascular
endothelium and perivascular cells throughout the brain
(120, 121). Because brain parenchyma is essentially devoid
of PG-catabolizing activity, PGE2 produced by these cells
can freely reach neurons of thermoeffector circuitries to
trigger fever.  The type of cells responsible for the
pyrogenic signal transduction has been a subject of the
most vivid scientific exchange (122). Research conducted
by Matsumura and his co-authors (120, 123, 124) suggested
that endothelial cells are the main source of PG synthesis
after i.p. injection of IL-1 or LPS.  However, Elmquist et
al. (125) argued that perivascular cells, a type of brain
macrophage, constitute the major PGE2-producing
population after i.v. administration of the same pyrogens.
Recent studies show that both cell types are involved (121),
but that their involvement depends on the nature of the
pyrogenic stimulus, its dose, and time post-administration
(126, 127). The evolution of views on the cellular substrate
of blood-to-brain signal transduction is discussed in greater
detail by Schiltz and Sawchenko (1), and Matsumura and
Kobayashi (9).

7.   PROSTAGLANDIN E2

7.1.  Prostaglandin E2 as a Mediator of Fever
The involvement of PGs of the E series in the

febrile response was established in the early 1970s, when
Milton and Wendlandt (128) found a pyrogenic activity of
PGE1, and Vane (129) showed that aspirin-like drugs exert
their antipyretic action by inhibiting synthesis of PGs from
arachidonic acid.  For a long time, however, it remained
disputed whether PGs of the E series, most notably PGE2,
are obligatory mediators of fever. This dispute could not be
resolved by using traditional pharmacological tools, which
never have absolute specificity.  Indeed, even the
“classical” inhibitors of PGE2 synthesis, aspirin and
salicylates, can exert anti-inflammatory activities via
unrelated mechanisms (for review, see Ref. 130), such as
prevention of signaling via the pro-inflammatory
transcription factor NF-kappaB (131), increase in the
plasma concentration of a neutralizing receptor for IL-1,
the type-2 soluble receptor (132), and stimulation of nitric
oxide release (133).  The long-lived dispute about the
importance of PGE2 in LPS fever was ended by
experiments in gene knockouts.  Targeted disruption of
genes encoding either the PGE2 receptor (45, 49) or PGE2-
synthesizing enzymes (46, 48) provided undisputable
evidence that PGE2 is indispensable for mounting the
febrile response, at least to LPS (for comprehensive
reviews of such gene knockout studies, see Refs. 3, 13).
Together with traditional pharmacological studies
(reviewed by Ref. 10), these studies suggest that PGE2
mediates all phases of the polyphasic LPS fever (also see
Section 7.3 below).

7.2.  Do Eicosanoids Mediate Hypothermia?
It has been known for some time that enzymes

synthesizing pyrogenic PGE2 may also be involved in
production of mediators causing hypothermia in systemic

inflammation; one such mediator may be PGD2 (134, 135).
Another candidate has been identified recently as 15-
deoxy-delta12-14 PGJ2, a metabolite of PGD2. It has been
found that late stages of experimental inflammation are
accompanied by accelerated synthesis of 15-deoxy-delta12-

14 PGJ2 (136), that the intrabrain level of 15-deoxy-delta12-

14 PGJ2 is elevated during LPS fever, and that central
administration of this PG decreases Tb of febrile rats (137).
Products of two alternative pathways of arachidonic acid
metabolism, namely the lipoxygenase and epoxygenase
pathways, possess marked hypothermic activity in afebrile
and febrile animals; they have been implicated in either
reducing Tb or preventing its rise in systemic inflammation
(for review, see Ref. 12).

7.3.  Synthesis of Prostaglandin E2 in Systemic
Inflammation

A critical role of PGE2 in at least one
thermoregulatory response, fever, brings into focus the
mechanisms regulating production of this mediator, and the
past few years have resulted in enormous progress in
understanding these mechanisms (for review, see Ref. 10).
The PGE2-synthesizing cascade consists of three reactions
catalyzed by:  1) phospholipases A2 (PLA2), 2)
cyclooxygenases (COX), and 3) terminal PGE synthases
(PGES) (10, 138). While PLA2 and COX enzymes were
purified and cloned from mammalian tissues in the late
1980s-early 1990s, the distal gap in the PGE2-synthesizing
cascade was filled only during the past decade, when three
PGES, viz., microsomal (m) PGES-1, mPGES-2, and
cytosolic PGES, were cloned and/or isolated from
mammalian tissues (for review, see Refs. 10, 138).

Cloning and characterization of the PGE2-
synthesizing enzymes led to a novel concept, which is
critical for understanding mechanisms of the inflammatory
response.  This concept implies that the physiological, low-
scale production of PGE2 and the accelerated synthesis of
PGE2 in inflammation are catalyzed by different subsets of
enzymes. The ‘inflammatory’ subset includes several
isoforms of secretory PLA2 (sPLA2) (viz., sPLA2 IIA, IID,
IIE, IIF and V), as well as inducible isoforms of COX
(COX-2) and terminal synthase (mPGES-1) (10, 138).
Synthesis of these isoforms are stimulated by LPS and pro-
inflammatory cytokines, both in vitro and in vivo.  Robust
transcriptional co-expression of  “inflammatory”
isoenzymes (viz., sPLA2 IIA, COX-2, and mPGES-1) has
been recently found during the triphasic febrile response to
LPS in rats (115).  As shown in Figure 3, such a
coordinated expressional upregulation of PGE2-
synthesizing genes occurs both in the brain and in
peripheral tissues and lasts almost through the entire febrile
course.  Recent in vitro studies (for review, see Refs. 10,
138) suggest that the inducible isoforms of sPLA2, COX-2,
and mPGES-1 are not simply co-stimulated by
inflammatory agents, but are functionally coupled to
effectively channel arachidonic acid through the PGE2-
synthesizing cascade. Such functional coupling explains
predominant synthesis of PGE2 over other prostanoids
during the febrile response. The indispensable roles of
COX-2 and mPGES-1 in LPS fever have been recently
demonstrated using gene knockouts (46, 48). Which PLA2
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Figure 3.  Schematic summary of our recent studies (115,
141). Up-regulation of a gene involved in prostaglandin
(PG) E2 metabolism in lipopolysaccharide (LPS)-treated
rats at a given febrile phase (compared to the corresponding
saline-treated rats) is shown in red; downregulation is
shown in white; gray represents no statistically significant
changes. +, statistically significant upregulation of a gene
at the given febrile phase compared to the preceding phase;
-, statistically significant downregulation of a gene at the
given febrile phase compared to the preceding phase.  Note
that some genes are upregulated at Phase III as compared
to their expression in saline-treated rats, but downregulated
as compared to their expression at Phase II.  For full name
of the genes listed, see Abbreviations at the end of the
article.  Reproduced  from Ivanov & Romanovsky  (10).

isoform supplies arachidonic acid for synthesis of
febrigenic PGE2 has not been determined decisively.

It should also be noted that each febrile phase (as
well as each  underlying  burst of  PGE2 synthesis) is
characterized by a distinct pattern of the transcriptional
regulation of PGE2-synthesizing enzymes. For LPS fever in
rats, these patterns have been revealed in a study by Ivanov
et al. (115) and are presented in Figure 3. The most
remarkable event of Phase I is a strong transcriptional

upregulation of the functionally coupled COX-2 and
mPGES-1 in the peripheral LPS-processing organs, viz., the
liver and lungs.  It can be suggested that the synthesis of
PGE2 in the periphery is the major mechanism of this
phase.  Phase II is characterized by a robust transcriptional
upregulation of the entire “inflammatory” subset (viz.,
sPLA2-IIA, COX-2, and mPGES-1) in the periphery and in
the brain. Hence, PGE2 synthesized both inside and outside
the brain likely contributes to this phase. Phase III involves
further transcriptional upregulation of sPLA2-IIA and
mPGES-1 in the liver and brain and upregulation of
cytosolic PLA2-alpha in the hypothalamus.  Similar to
Phase II, this phase is likely to be mediated by both
peripheral and central bursts of PGE2 synthesis.  Figure 3
also shows that mechanisms of Phases II and III involve
transcriptional downregulation of proteins involved in
carrier-mediated uptake and catabolism of PGE2 in
peripheral organs (see Section 7.4 below).

7.4.  Catabolism
It was demonstrated more than three decades ago

that the level of PGE2 in body fluids is determined not only
by the rate of its synthesis but also by the rate of its
intracellular uptake and degradation (139). A study by
Coggins et al. (140) confirmed this notion by showing that
the genetic elimination of 15-hydroxy-PG dehydrogenase, a
rate-limiting enzyme of PG catabolism, in mice results in
elevated tissue levels of PGE2 and embryonic mortality.
The role of catabolic events in the regulation of PGE2 level
during the febrile response has gained attention only
recently, when Ivanov et al. (141) found that expression of
PGE2 transmembrane transporters and catabolizing
enzymes (15-hydroxy-PG dehydrogenase and carbonyl
reductase) is drastically downregulated in the liver and
lungs during Phases II and III of LPS fever (Figure 3). We
conjecture that decreased carrier-mediated uptake and
catabolism of PGE2 in peripheral organs increases the
blood-to-brain gradient of PGE2, thus allowing blood-borne
PGE2 to more readily enter the brain during febrile Phases
II and III.  That i.v. LPS facilitates influx of circulating
PGE2 into the brain has been demonstrated (142).  The
roles of intracellular uptake and catabolism in the
regulation of PGE2 activity during the febrile response are
further discussed by Ivanov & Romanovsky (10).

7.5.  Mechanism of Action of Prostaglandin E2
As for the mechanism of PGE2 action, studies

involving genetically modified mice lacking PG receptors
have shown that fevers induced by LPS, IL-1, and PGE2 are
primarily mediated by the EP3 receptor (45, 49).  In the
case of polyphasic LPS fever, a study by Oka et al. (49)
suggests that this receptor mediates all febrile phases
studied, but it is unclear whether the authors were able to
separate Phase I from the injection-associated
hyperthermia; the latter hyperthermia was not affected by
the lack of the EP3 receptor. The EP3 receptor is the most
abundant PGE2 receptor in the preoptic area of the
hypothalamus (143, 144).  Preoptic neurons expressing the
EP3 receptor project (presumably polysynapticaly) to the
raphe pallidus (145), where premotor sympathetic neurons
driving thermogenesis (145-147) and skin vasoconstriction
(148, 149) are located.  Signaling cascades triggered by
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activation of EP3 receptor are discussed elsewhere (2, 13,
150, 151).

Whereas Phases II and III of the polyphasic
response to LPS are likely to involve the EP3 receptor in
the brain and the abovementioned mechanism, mediation of
other thermoregulatory responses to LPS is largely
speculative.  It is possible that the EP1 receptor is involved
in some phases (49, 152). Based on circumstantial evidence
(i.e., the presence of the EP3 receptor on the hepatic vagus;
see Ref. 118), the vagal EP3 receptor may mediate
monophasic fever, but this speculation remains to be
elaborated by further studies.  In contrast to the febrile
response, the hypothermic response to LPS involves neither
the EP3, nor EP1 receptor (49).

8.  NEURONAL CIRCUITRY OF FEVER AND
HYPOTHERMIA

All of the hypothalamic temperature-sensitive
neurons can be divided in two large classes: warm-sensitive
(more abundant) and cold-sensitive (relatively rare). For a
long time, it was assumed that all thermoregulatory
responses, including those to inflammatory stimuli, could
be triggered by either activation of one class of the
temperature-sensitive neurons or inhibition of the other,
and that the roles of cold- and warm-sensitive neurons are
reciprocal and “symmetrical” (153). During the past
decade, this misconception was put to rest. Studies
involving combination of thermal and chemical stimulation
of preoptic neurons showed that both cold-defense and
heat-defense responses are initiated by the corresponding
change in the activity of warm-sensitive neurons (154,
155). Anatomical characterization of these neurons has
been another major achievement.  It appeared that these
cells are characterized by the horizontal orientation of their
dendrites:  towards the third ventricle medially and the
medial forebrain bundle laterally (156).  Because neurons
conveying temperature signals from the body surface and
viscera enter hypothalamic nuclei via the periventricular
stratum and medial forebrain bundle (157), such an
orientation seems ideal for receiving input from both
populations of spinohypothalamic neurons.

Another major advance has been made in
delineating the neuronal circuitries connecting the warm-
sensitive hypothalamic neurons and thermoeffectors, most
notably the vasculature of specialized heat-exchange organs
(such as the rat’s tail) and the brown adipose tissue (Figure
4).  These two effectors are the major autonomic
thermoeffectors that bring about the febrile response (36),
at least in small rodents, the species of laboratory animals
that are now widely used to study thermoregulatory
responses to systemic inflammation. Inhibition of
thermogenesis is also a principal mechanism of all
hypothermic (anapyretic) responses (34), including LPS-
induced hypothermia (30). The progress in identifying the
pathways controlling non-shivering thermogenesis and tail
skin vasoconstriction in the rat has been propelled by the
development of transsynaptic retrograde tracing techniques
employing pseudorabies virus, along with the refinement of
techniques for discrete lesion/ stimulation of neural

structures.  The revealed pathways appeared complex, and
their detailed description is beyond the scope of this paper
(for review, see Refs. 28, 158).  However, a few points
deserve comment. It was discovered that premotor
sympathetic neurons that project directly to the
intermediolateral column of the spinal cord and control
brown fat thermogenesis are located primarily in the raphe
pallidus, whereas premotor neurons that control skin
vasoconstriction are located in both the raphe pallidus and
magnus. These medullary neurons are under the control of
superior structures of the neural axis, including the
dorsomedial and paraventricular nuclei in the
hypothalamus, the periaqueductal gray matter, retrorubral
field, and ventral tegmental area in the midbrain, and the
locus coeruleus in the pons (159-161). Through these
pathways, thermoeffectors are controlled relatively
independently of each other (28, 162), and certain portions
of the pathways may be recruited in a thermoregulatory
response in a stimulus-specific fashion. The latter
speculation is supported by findings that the paraventricular
nucleus (163) and locus coeruleus (164) seem to mediate
LPS- and PGE2- induced, but not cold-induced,
thermogenesis.

The thermoregulatory responses to inflammatory
stimuli involve not only autonomic thermoeffector
responses, but also behavioral ones, including warmth-
seeking behavior in fever (for recent articles, see Refs. 165-
167) and cold-seeking behavior in hypothermia (30).
Although becoming a subject of keen attention (168),
neurocircuitries of these responses remain largely
unknown.

9.  PEPTIDE MODULATORS OF FEVER AND
HYPOTHERMIA

9.1.  Leptin
Over the past decade, there has been a boom in

the literature on peptide functions of hormones and
neuropeptides, as many new ones have been discovered,
and the known ones have been redefined. The adipocyte-
derived, IL-6-like peptide, leptin, and its receptor have
been the focus of many studies.  It has been shown that
LPS and pro-inflammatory cytokines increase the
expression of the leptin gene and the concentration of leptin
in the blood (169-171), whereas leptin exerts multiple
actions on the network of pro- and anti-inflammatory
cytokines (172, 173). It also has multiple thermoregulatory
effects. Specifically, administration of leptin upregulates
uncoupling protein transcription in the brown adipose
tissue (174), activates thermogenesis (175, 176), and, at
least according to two studies, produces an IL-1-dependent
(177), alpha-melanocyte stimulating hormone (MSH)-
sensitive (178) fever. However, exogenous leptin has been
found apyrogenic  in  a  study  by  Kelly  et  al. (77).
Recent studies in genetically modified animals (Zucker
fatty rats with a largely nonfunctional leptin receptor and
Koletsky f/f rats that do not have the leptin receptor) shed
some light on the role of leptin and its receptor in the
thermoregulatory responses to inflammatory stimuli (59,
179).  It appears that the febrile response to LPS in both
mutants is normal in a thermoneutral environment, but that
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Figure 4.  Possible neuronal circuitries controlling the vasomotor tone of tail skin (A) and brown fat thermogenesis (B) in the rat;
based on reviews by Nagashima et al. (28) and Morrison (158).  Abbreviations used:  DMH, dorsomedial hypothalamus; IML,
intermediolateral column; LC, locus coeruleus; MPO, medial preoptic region; PAG, periaqueductal gray matter; PVN,
paraventricular nucleus; RF, retrorubral field; RMg, Raphe Magnus; RPa, Raphe Pallidus; SG, sympathetic ganglion; VTA,
ventral tegmental area.

the hypothermic response to LPS in a cool environment is
drastically prolonged in leptin receptor-deficient Koletsky
rats.  Hence, the leptin receptor and its endogenous
ligand(s) are likely to mediate a Tb rise not during LPS
fever but during the recovery from LPS hypothermia. It can
be speculated that the attenuated fevers of mutant Zucker
rats in a cool environment reported earlier by Dascombe et
al. (180) and others (reviewed in Ref. 179) were due to a
prolongation of an obvious or a hidden hypothermic
component of the overall thermoregulatory response to LPS
or the cytokines used. This story is another illustration of
the crucial importance of a tight control of ambient
temperature for the outcome of thermoregulatory studies in
small animals. Leptin receptor-dependent mechanisms of
the recovery from LPS hypothermia include activation of
the anti-inflammatory hypothalamo-pituitary-adrenal axis,
inhibition of both the production and hypothermic action of
TNF-alpha, and suppression of inflammatory (via NF-
kappaB) signaling in the brain (59).

9.2.  Orexins and Neuropeptide Y
Two other newly discovered peptides, orexins

(hyposecretins)-A and B, have received much attention (for
a comprehensive review, see Ref. 17).  Orexin A has been
found to cause immediate hypothermia and hyperphagia
followed by late hyperthermia and hypophagia; these
responses are thought to be mediated, at least partially, by
neuropeptide Y (NPY) acting on its Y1 receptor (181-183).
However, the mechanisms of the hypothermic action of
orexin-A (peripheral vasodilation) are different from those
of the hypothermic action of NPY (metabolic depression),
even though both responses occur only in a subneutral
environment (184). In contrast to orexin-A, orexin-B
produces hyperthermia only and does not lead to
hyperphagia (182). Whether any of these peptides are
involved in fever or systemic inflammation-associated
hypothermia is largely unknown. The Tb-decreasing action
of exogenous orexin-A can be revealed not only under
afebrile (normal) conditions, but also during fever (182).
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Downregulation of the NPY system in the hypothalamus
has been speculated to be involved in the development of
responses to LPS, including anorexia (185) and fever (17).

9.3.  Corticotropin-releasing Factor and Urocortins
The role of corticotropin-releasing factor (CRF)

in thermoregulation has continued to be of interest over the
last decade (for review, see Ref. 17).  Even though it is well
established that intracerebroventricular (i.c.v.) CRF
activates thermogenesis and increases Tb, studies of the role
of CRF in fever led to controversial conclusions.  It seems
that brain CRF may be involved in both Tb-increasing
(pyretic) and Tb-decreasing (antipyretic) mechanisms
during fever (17, 186). A pyretic mechanism may be CRF-
mediated activation of paraventricular hypothalamic
neurons; these neurons are rich in CRF and its receptor
(187) and mediate PGE2- and LPS-induced fever (163). An
antipyretic mechanism may be CRF-mediated activation of
the anti-inflammatory hypothalamo-pituitary-adrenal axis
(188); activation of this axis inhibits the febrile response
(189).  An important recent discovery has been the
identification of the novel endogenous ligands of CRF
receptors, urocortins 1, 2, and 3.  Urocortins have both
hyperthermic/thermogenic (190) and anti-thermogenic
(191) effects, and there is evidence that urocortin 1 plays a
role in ethanol-induced hypothermia (192). Whether
urocortins are involved in the thermoregulatory responses
to inflammatory stimuli remains unknown.

9.4.  Angiotensin II and Cholecystokinin
The roles of many previously catalogued

hormones and neuropeptides in the thermoregulatory
responses to inflammatory stimuli have been clarified over
the past decade. The list of such neuropeptides includes
angiotensin (ANG) II and cholecystokinin (CCK).
Exogenously administered ANG II was known for a long
time to generate baroreflex-mediated hypothermia in
different species (for review, see Ref. 20). Recent studies
have revealed that endogenous ANG II has a different
thermoregulatory function in systemic inflammation:  this
peptide appears to enhance fever via multiple mechanisms.
Upstream of PGE2 synthesis, ANG II stimulates LPS-
induced production of IL-1beta by acting on the type-1
ANG II receptor; downstream of PGE2 synthesis, ANG II
promotes fever by acting on its type-2 receptor in the brain
(20, 193).

Exogenous CCK has been found to induce both
hypo- and hyperthermia, depending on the route of
administration, dose, ambient temperature, and other
factors (for review, see Ref. 19).  There are more than two
types of CCK receptors, but the CCK-1 (formerly, CCK-A
receptor; predominantly peripheral) and CCK-2 (formerly,
CCK-B receptor; predominantly central) remain the two
major ones. It has been shown that central application of
CCK causes hyperthermia via action on the CCK-2
receptor, while peripheral administration results in CCK-1
receptor-mediated hypothermia (194). There is also a study
providing evidence that the CCK-2 receptor in the brain
may mediate LPS fever (195). Because intra-abdominal
vagal fibers (known to bear CCK-1 receptors) were thought
to trigger Phase I of LPS fever (see Section 6.3), it was

investigated whether the CCK-1 receptor may mediate this
febrile phase. However, studies involving pharmacological
analysis (196) and mutant rats deficient in the CCK-1
receptor (197) ruled out such mediation. Whether CCK and
its receptors are involved in inflammation-associated
hypothermia remains unknown.

9.5.  The “Classical” Endogenous Antipyretics
Alpha-MSH and arginine vasopressin (AVP)

have been considered endogenous antipyretics for a long
time (for review, see 16, 17).  Recent studies have
confirmed the antipyretic property of alpha-MSH and
established that its antipyretic (as well as anorexic) action
during LPS fever is mediated predominantly by the
melanocortin type-4 receptor (198-200).

In early studies, the antipyretic effect of AVP
was thought to be mediated by the V1 receptor in the area
of the brain located just rostral to the anterior hypothalamus
and ventral to the lateral septum; this area is often referred
to as the ventral septal area (VSA) (201). The antipyretic
action of AVP was used to explain several “antipyretic
phenomena,” such as the decreased ability of pregnant
animals to mount the febrile response.  Recent experiments
in rats have found no effect of i.c.v. AVP on the febrile
response to i.p. or i.c.v. LPS (202). Recent experiments in
rabbits have also failed to reveal an antipyretic action of
intra-VSA AVP on the febrile response to i.v. LPS or intra-
VSA PGE2, but instead, found a V2-mediated
“hyperpyretic” (fever-enhancing) effect (202).
Interestingly, six earlier studies conducted in AVP-
deficient Brattleboro rats (for references, see 51) produced
contradictory results that, on the whole, do not support an
involvement of AVP in endogenous antipyresis.  There is
also an earlier study conducted in rabbits showing that
AVP produces a hyperpyretic, rather than antipyretic, effect
(203).  Furthermore, the pregnancy-associated antipyresis is
no longer considered to be mediated by AVP (204), and
several new hypotheses to explain this phenomenon have
been recently proposed (205-207).

10.  BIOLOGICAL VALUE AND ANTIPYRETIC
THERAPY

10.1.   Biological Value
Since the time of Hippocrates (c. 460-c. 375

B.C.), the adaptive vs. maladaptive value of fever has
remained a subject of heated debate and polarizing the
medical community.  Indeed, the old literature is full of
categorical statements both proclaiming a beneficial role of
this response and urging to actively fight this foe (for
review, see Ref. 208). In contrast, the role of hypothermia
in systemic inflammation has been almost completely
neglected. On those occasions when the question of
biological value of hypothermia in inflammation did
surface, the response was usually considered
unconditionally “bad” (54). In basic research, the progress
of the last decade has been the development of a view that
both fever and hypothermia have intrinsic adaptive values,
yet can be harmful under particular circumstances (208). In
other words, the question should be not whether fever (or
hypothermia) is good (or bad), but when the particular
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Figure 5. Selectivity of novel inhibitors of
cyclooxygenase (COX)-2 is shown as a ratio of inhibitory
potencies (COX-1/COX-2) determined in human whole
blood assays. The data represent mean values from the
articles by Riendeau et al. (220) and Tacconelli et al. (221).

response is beneficial, and when the same response is
harmful.  In clinical research, such a view translated into
trying to refine the indications and contraindications for the
use of a large arsenal of modern pharmacological and
physical tools affecting Tb regulation (8, 209).  A group of
patients for whom aggressive fever suppression has quite
recently  been  advocated  are  critically ill  neurological
and neurosurgical patients (210).  In such patients, elevated
Tb has been associated with a longer hospital  stay  and
higher  mortality rate.    However, as with other groups of
patients, there is no evidence from randomized trials to
support the use of antipyretics in febrile patients with
neurological insult (211). It is hoped that future prospective
clinical studies will provide more definitive information
regarding which patients and under what conditions may
benefit most (or least) from Tb corrections by specific
physical or pharmacological tools.

10.2.  Antipyretic Therapy
Significant advances in antipyretic pharmaco-

logy over the recent past have followed the cloning and
identification of the second isoform of COX by Xie et al.
(212), Kujubu et al. (213), and O’Banion et al. (214).  It
was soon realized that COX-2 is involved in inflammation
and fever (“bad” COX), whereas COX-1 has essential
housekeeping functions under normal conditions (“good”
COX) and does not mediate fever (also see Section 7.3). It
was further realized that nonsteroidal anti-inflammatory
drugs could exhibit isoform selectivity (215). This
realization sparked the search for selective COX-2
inhibitors, which would suppress COX-2-mediated
inflammation and fever, while having minimal adverse
effects related to inhibition of COX-1 (such as
gastrointestinal and renal   toxicity).

Within a few years, reports of selective COX-2
inhibitors began to appear (216, 217), and animal
experiments with these agents demonstrated potent
antipyretic effects with reduced gastrointestinal toxicity
(218, 219). Recently, a number of highly selective COX-2
inhibitors have been approved for clinical use or are in the
process of approval in the United States and Europe (Figure

5). However, adverse renal effects have been observed with
these agents, similar to those seen with nonselective
inhibitors, which may be in part due to inhibition of
constitutively expressed COX-2 in the kidney (222). When
taken on a daily basis at high doses, these drugs also have
adverse cardiovascular effects (see, e.g., 223). While this
review was in preparation, one drug shown in Figure 5,
Vioxx® (rofecoxib), was withdrawn from the market, and
two other, Celebrex® (celecoxib) and Bextra®
(valdecoxib), appeared in the US Food and Drug
Administration’s Public Health Advisory suggesting that
these COX-2 inhibitors can increase the risk of heart attack
and stroke.

Although the development of selective COX-2
inhibitors represents the largest area of growth in
antipyretic pharmacology, a series of recent reports has also
enhanced our understanding of the mechanism of action of
acetaminophen, a drug that has been in clinical use for
more than 100 years (for review, see Ref. 4).  In many
experimental paradigms, acetaminophen is a relatively
weak inhibitor of both COX-1 and COX-2 (224), but it is
highly effective in blocking PGE2 synthesis, fever, and pain
in vivo. It has been shown that COX activity within the
central nervous system is more sensitive to inhibition by
acetaminophen than in peripheral tissues (225), and has
long been hypothesized that a particularly acetaminophen-
sensitive isoform of COX  (different from COX-1 and
COX-2) exists within the brain and is involved in fever
genesis (for review, see Ref. 226).  Indeed, such an isoform
was described in canine (and possibly human) tissues and
named COX-3 (227).  It represents a splicing variant of
COX-1 and is now commonly refereed to as COX-1 variant
retaining intron 1 (COX-1V1; 228, 229), or COX-1b (230).
However, it appears unlikely that COX-1V1 is a
pharmacological target for acetaminophen’s analgesic and
antipyretic effects.  Although the canine COX-1V1 mRNA
maintains an open reading frame (227), the mouse (231),
rat (230), and human (232) COX-1V1 transcripts are shifted
out of frame by intron 1 retention and would not be
expected to yield an active enzyme.  That the rat COX-1V1
protein does not have COX activity has been recently
demonstrated (230).  Furthermore, COX-1V1 does not
appear to be induced by acute inflammatory stimulation in
rodent models (231, 233), and PG synthesis in a variety of
rat tissues depends solely on the actions of COX-1 and
COX-2, with no evidence for the involvement of an
acetaminophen-sensitive isoform (234). In spite of these
findings, two very recent studies give consideration to the
role of COX-1V1 in chronic inflammatory diseases, such as
human Alzheimer (235) and collagen-induced arthritis in
rats (229).

11.  INSTEAD OF CONCLUSIONS

The recent troubles with selective COX-2
inhibitors will certainly accelerate the search for new drugs
to suppress the thermoregulatory symptoms of systemic
inflammation.  For dealing with fever, several promising
targets have been recently suggested (for review, see Ref.
10).  The most downstream position of mPGES-1 in the
PGE2-synthesizing cascade, the highest magnitude of
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upregulation of this enzyme among all PGE2-synthesizing
enzymes studied during LPS fever, and the long duration of
this upregulation (115) make mPGES-1 an attractive target
for antipyretic therapy.  The fact that mPGES-1 is strongly
upregulated when expression of COX-2 declines (115) adds
to the attractiveness of this pharmacological target, and so
does recently established fact that the role of mPGES-1 in
fever is indispensable (48). The recently demonstrated
massive transcriptional downregulation of hepatic and
pulmonary (but not cerebral) PGE2 transporters and
degrading enzymes during LPS fever (141) is likely to
result in an increased blood-to-brain gradient (decreased
brain-to-blood gradient) of PGE2 and, hence, its facilitated
penetration into the central nervous system (its depressed
elimination from the brain). This largely unrecognized
mechanism may constitute a novel target for antipyretic and
anti-inflammatory therapy.  As is the case with expression
of mPGES-1, tissue expression of PGE2 transporters and
dehydrogenases is suppressed most dramatically at the time
when COX-2 expression is declining.  In addition to
enzymes involved in the metabolism of PGE2, proteins
responsible for the synthesis, transport, clearance, and
action of other mediators of fever and hypothermia
mentioned in this review should also be considered as
potential therapeutic targets. As information regarding the
pathogenesis of fever and hypothermia continues to
emerge, the development of novel antipyretic agents and
discoveries of anti-hypothermic drugs will follow.
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