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1. ABSTRACT

Extracellular purine nucleotide and nucleoside
signalling molecules, such as ATP and adenosine, acting
through specific receptors (P2 and P1, respectively) play
significant roles in the mechanisms underlying the febrile
response. A variety of P2 and P1 receptor subunits have
been identified in the hypothalamus, the area of the brain
that orchestrates the febrile response. Importantly, both
ATP and adenosine have been shown to modulate release
and/or action of cytokines that are implicated in fever, as
well as to be involved in the central mechanisms of
cardiovascular and respiratory control. Our data indicate
that at the level of the anterior hypothalamus extracellular
ATP is involved in the control of the development of fever.
A population of warm-sensitive neurones in the anterior
hypothalamus is likely to be the site of action of ATP on
body temperature. ATP-induced cytokine release does not
appear to play a significant role in the hypothalamic
mechanisms leading to the development of the febrile
response. However, the blockade of fever by P2 receptor
antagonists given systemically suggests that ATP-mediated
signalling may play a role in the release of pyrogenic
cytokines in the periphery. At the level of the anterior
hypothalamus adenosine appears to be released tonically,
and acts to maintain body temperature under afebrile
conditions. There is also evidence that adenosine-mediated
signalling may play a role in the hypothalamic mechanisms
controlling the degree of body temperature increase during
fever. Our investigations have identified possible
mechanisms by which purines modulate the febrile
response. The actions of purines on body temperature
during fever are most likely “site specific” (brain vs.

periphery), may or may not involve their effect on cytokine
release and/or action, and are likely to involve P2 and P1
receptors of different subtypes. Further extensive studies
are needed to elucidate these mechanisms in greater detail
and may lead to the development of new approaches for
modifying febrile, cytokine and acute-phase responses to
infection.

2. INTRODUCTION

Systemic inflammation results in a number of
behavioral and autonomic adaptive responses aimed at
facilitating host resistance and slowing the growth of the
pathogen. A regulated rise in body temperature, or fever, is
one of these adaptive responses. For centuries fever served
as an ultimate indicator of disease: in many cases the
magnitude of the febrile response correlates well with
severity of the inflammatory process. The mechanisms of
fever, central and peripheral, have been under intense
investigation over the last decades. As a result of these
studies a variety of endogenous factors that mediate and/or
modulate the febrile response have been identified. This
review focuses on the roles played by extracellular purine
signalling molecules adenosine 5’-triphosphate (ATP) and
adenosine in the mechanisms of the febrile response during
systemic inflammation.

There is strong evidence that extracellular ATP
and adenosine, acting through specific ionotropic (P2X for
ATP) and metabotropic (P2Y for ATP; and P1 for
adenosine) receptors, have various functions in the brain as
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well as in the peripheral tissues. Our interest in studying the
role of ATP- and adenosine-mediated signalling in the
mechanisms of the febrile response during systemic
inflammation was triggered by the emerging evidence that
both ATP and adenosine appear to be involved in
regulating the production of cytokines. These include
interleukin(IL)-1β, IL-6 and tumor necrosis factor-α (TNF-
α), which are essential for the development of fever. In
addition, ATP- and adenosine-mediated signalling has been
shown to play a role in the central mechanisms of
cardiovascular and respiratory control.  As development of
fever involves changes in the pattern of peripheral blood
flow and changes in respiration, we suggested that ATP and
adenosine may play an additional role in the central
mechanisms of the febrile response, possibly unrelated to
the modulation of cytokine production. Although the roles
of extracellular ATP and adenosine in central mechanisms of
cardiovascular and respiratory control have been documented,
the possibility that purinergic signalling may also be involved
in central mechanisms of body temperature regulation has not
been addressed until our recent studies.

Here, we review the literature that describes the
roles played by ATP and adenosine in regulation of cytokine
production, on the distribution of P2 and P1 receptors in the
hypothalamus and the brainstem, as well as information on the
roles played by ATP and adenosine in central mechanisms of
cardiovascular and respiratory control. We integrate this
literature with recent experimental data from our laboratories
that indicates that ATP- and adenosine-mediated signalling
may play an important role in the mechanisms controlling the
febrile response.

3. ROLE OF EXTRACELLULAR ATP IN FEVER

There is growing evidence that extracellular ATP,
known as an intracellular source of energy in metabolism,
acting through ionotropic P2X and metabotropic P2Y
receptors, acts as a fast signalling molecule in the brain and
peripheral tissues (1, 2). In the central and peripheral nervous
system ATP, acting via P2X receptors, is a fast excitatory
neurotransmitter (1-3). P2X receptors are ATP-gated non-
selective cation channels permeable to sodium, potassium and
calcium ions (4-6). Seven subtypes of P2X receptors (P2X1-7)
have been cloned and characterized in terms of
agonist/antagonist selectivity (3-6). In addition, eight subtypes
of G protein-coupled P2Y receptors for ATP have been
described (7).

Extracellular ATP working through these specific
cell-surface receptors has numerous physiological functions.
However, when its role in fever is considered two aspects seem
to be potentially important: (i) the ability to induce a release of
cytokines; and (ii) an involvement in central mechanisms of
cardiovascular and respiratory control. In addition, several
types of the P2 receptor subunits have been identified in the
hypothalamus, the area of the brain responsible for the
orchestration of the febrile response.

3.1. Effect of ATP on cytokine production
Significant evidence indicates that many

circulating cytokines, such as IL-1β, IL-6, TNFα and

others, act as endogenous pyrogens and are responsible for
the induction and maintenance of fever by raising the “set
point” for body temperature regulation (8, 9). Based on the
extensive evidence indicating crucial roles for IL-1β, IL-6,
TNFα and other cytokines in the development of the febrile
response, we have suggested earlier (10) that any
endogenous factor, such as, for example, ATP or
adenosine, involved in the mechanisms of cytokine
production or clearance may also play an important role in
fever.

The functional role of ATP-mediated purinergic
signalling in immune and inflammatory responses has been
under intense investigation in recent years (11, 12), and
particular attention being paid to interactions between
extracellular ATP and cytokines. ATP has been shown to
induce the release of IL-1β (13-16), IL-6 (17), IL-8 (18),
IL-18 (14) and TNFα (19) from various cells, including
microglial cells. There is convincing evidence that ATP
induces cytokine release by acting at ionotropic P2X7
receptors (14, 18-21). In mice lacking P2X7 receptor,
Labasi et al. (22) demonstrated an attenuation of the
systemic inflammatory response. Interestingly, Denlinger et
al. (23) showed that the P2X7 C-terminal domain contains
multiple protein- and lipid-interaction motifs including a
potential binding site for bacterial lipopolysaccharide
(LPS). Thus, it appears that the ionotropic P2X7 receptors
expressed by immune cells, and therefore ATP-induced
responses mediated by this receptor, can be directly
influenced by LPS binding. ATP at these very same
receptors induces release of various cytokines, implicated
in fever.

These data showing that ATP working through
P2X7 receptors induces cytokine release, suggest that
purinergic signalling may play an essential role in the
development of the febrile response. However, most of the
studies mentioned above describe the effect of ATP on
cytokine production by various immune cells. Thus, the
functional role of extracellular ATP-mediated purinergic
signalling in “in vivo”  cytokine release as yet remains
unknown.

3.2. P2 receptors in the hypothalamus
P2 receptors are expressed throughout the

hypothalamus. Using immunohistochemistry Xiang et al. (24)
have demonstrated that in the rat hypothalamus P2X2 receptor
subtype expressing neurones are present in the preoptic and
retrochiasmatic areas, paraventricular, supraoptic,
periventricular, arcuate, circular, and ventral
tuberomammillary and other nuclei. These data were
confirmed by Kanjhan et al. (25) using immunohistochemistry
with another antibody as well as in situ hybridization. Studies
involving our laboratory also give similar results (26, 27).
Loesch and Burnstock (28) have demonstrated the expression
of P2X6 receptor subtype in the rat hypothalamus, while
Shibuya et al. (29) have shown that mRNAs for P2X2, P2X3,
P2X4, P2X6 and P2X7 receptors are expressed in the supraoptic
nucleus. Furthermore, Whitlock et al. (30) found that P2X3,
P2X4 and P2X6 subunits are likely to be expressed in
parvocellular component of the rat hypothalamic
paraventricular nucleus, in addition to P2X2. Recently,
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Kittneret al. (31) have demonstrated that metabotropic P2Y1
receptors are also present in the rat hypothalamus.

Thus, there is significant evidence indicating that
ionotropic P2X and metabotropic P2Y receptors are
expressed in the hypothalamus – the area of the brain
responsible for fine regulation of body temperature and the
development of fever. However, any functional role of
ATP-mediated purinergic signalling in the mechanisms of
thermoregulation during fever had not received attention
until our recent studies (32-34).

3.3. Purinergic signalling in central mechanisms of
cardiovascular and respiratory control

In recent years the evidence has grown that
extracellular ATP, acting at P2X receptors, is involved in
the central nervous mechanisms of cardiovascular and
respiratory control. There is evidence that ATP, acting on
P2 receptors in the nucleus tractus solitarii (NTS) of the
medulla oblongata is involved in baroreflex regulation of
heart rate (35, 36). Recent studies involving our laboratory
demonstrated that NTS P2 purinergic receptors also play a
role in the neurotransmission of the parasympathetic
component of the chemoreceptor reflex (37). In addition,
ATP, acting on P2X receptors, within the ventrolateral
medulla has been shown to play a role in regulation of
vasomotor tone and sympathetic activity (38, 39), and that
P2X receptors in this area of the brainstem mediate
hypercapnia-induced changes in respiration (40).

The role for purinergic signalling in central
cardiovascular and respiratory control is strongly supported
by the results of immunohistochemical and in situ
hybridization studies indicating that P2X receptors of
different types are abundant in the brainstem (25-27, 41-
45).

Taken together these data indicate that at least at
the brainstem level ATP-mediated purinergic signalling
plays an important role in central mechanisms of
cardiovascular and respiratory regulation. As
thermoregulatory, cardiovascular and respiratory systems
are intimately linked, and regulation of body heat exchange
to the environment includes changes in the pattern of
peripheral blood flow and changes in breathing, there are
grounds to suggest that ATP, acting through its specific
receptors in the hypothalamus and/or brainstem exert a
profound influence on thermoregulation.

3.4. Hypothalamic extracellular ATP and its role in
regulation of body temperature during fever

In our pharmacological study (32-34),
experiments were designed to determine whether ATP was
acting on hypothalamic P2 receptors that were involved in
regulation of  body temperature in febrile and afebrile rats.
The effects of the stable ATP analogue α,β-methyleneATP
(α,β-meATP) and P2 receptor antagonists suramin and
pyridoxal-phosphate-6-azophenyl-2’,4’-disulphonic acid
(PPADS) when injected into the anterior hypothalamus or
into third cerebral ventricle (i.c.v.) were tested on body
temperature in conscious rats during fever induced by
bacterial LPS.

Activation of brain P2 receptors by injection of
α,β-meATP did not affect body temperature when
compared to pre-injection levels in afebrile rats maintained
at an ambient temperature of 25°C. However, α,β-meATP
when injected i.c.v. or directly into the anterior
hypothalamus caused a profound fall in body temperature
during LPS-induced fever in rats (Figure 1). The P2
receptor antagonist suramin attenuated significantly this
effect of α,β-meATP, indicating that it is mediated via as
yet undefined P2 receptors.

In afebrile rats the pharmacological blockade of
central P2 receptors with suramin resulted in a marked and
long-lasting increase in body temperature (Figure 2A),
similar in magnitude and time-course to the febrile
response induced by LPS. An increase in body temperature
of similar amplitude was also observed in rats treated with
PPADS (Figure 2B). Fever was initiated more rapidly in
rats treated i.c.v. with suramin or PPADS, but its late phase
was unaffected (Figures 3A and 3B). Potentiation of the
initial phase of fever when P2 receptor antagonists were
given i.c.v. before LPS injection was rather minor.
Furthermore, changes in the body temperature of rats
treated with suramin or PPADS followed by LPS did not
exceed changes observed in rats treated with either of these
antagonists alone. In rats that were already febrile, neither
suramin nor PPADS altered body temperature (Figure 3C),
indicating that development of the febrile response prevents
the effects of P2 receptor antagonists on thermoregulation.
Thus, it appears that the magnitude of the changes in body
temperature evoked by activation and blockade of central
P2 receptors during fever significantly differs from that
observed in afebrile rats at the same ambient temperature.
Accordingly we suggested that hypothalamic warm-
sensitive neurones are the likely targets for the action of
ATP revealed by the use of the ATP analogue and P2
receptor antagonists in our experiments (32).

This hypothesis is supported by the results of our
recent in vitro studies (34). Here we have been found that
the bath application of ATP increases the firing rate of 60%
of  warm-sensitive neurones in brain slices containing the
preoptic area/anterior hypothalamus (Figure 4). It is well-
known that about 30% of the anterior hypothalamic
neurones are warm-sensitive, and these neurones are
believed to be the site of action of pyrogens, which cause
fever by reducing their discharge (46). Thus, we suggest
that hypothalamic warm-sensitive neurones are under a
tonic P2X receptor-mediated ATP-induced excitation. This
would imply that in conditions close to thermoneutrality,
P2 receptor blockade would be expected to result in a
marked increase in body temperature as a consequence of a
decrease in the activity of these neurones. In febrile rats P2
receptor blockade is unable to induce an increase in body
temperature, since the activity of these

hypothalamic neurones is already reduced due to
a pyrogen-evoked inhibition. In addition the activation of
P2 receptors by application of exogenous agonist (α,β-
meATP) will increase the activity of these same
hypothalamic warm-sensitive neurones, resulting in a
marked and immediate drop in body temperature, not seen
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Figure 1. Effect of intracerebroventricular [A], intrahypothalamic [B] and intraperitoneal [C] injection of the ATP analogue α,β-
methyleneATP (α,β-meATP; 0.2 µmol) or artificial cerebrospinal fluid (aCSF) on body temperature at the peak of fever induced
by E.coli lipopolysaccharide (LPS, 50 µg kg-1) in rats (25°C ambient temperature). Data are presented as mean ± SE. Numbers in
parentheses indicate sample sizes. α,β-meATP or aCSF were injected 2.5 h after intraperitoneal injection of LPS. Arrowheads
indicate time of injections. *Significant difference in body temperature between LPS-treated rats injected into the third cerebral
ventricle [A] or into the anterior hypothalamus [B] with α,β-meATP and rats injected with aCSF, p<0.05. (Data are from Gourine
et al. [32]).

Figure 2. Effect of intracerebroventricular injection of the P2 receptor antagonists suramin (7 nmol [A]) and pyridoxal-
phosphate-6-azophenyl-2’,4’-disulphonic acid (PPADS; 7 nmol, 70 nmol and 0.2 µmol [B]) or artificial cerebrospinal fluid
(aCSF) on body temperature in rats at 25°C ambient temperature. Data are presented as mean ± SE. Numbers in parentheses
indicate sample sizes. Arrowhead indicates time of injections. *Significant difference in body temperature between rats treated
into the third cerebral ventricle with suramin [A] or PPADS [B] and rats treated with aCSF, p<0.05. (Data are from Gourine et al.
[32]).
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Figure 3. Effect of intracerebroventricular injection of the P2 receptor antagonists suramin (7 nmol [A]) and pyridoxal-
phosphate-6-azophenyl-2’,4’-disulphonic acid (PPADS; 70 nmol [B])  or artificial cerebrospinal fluid (aCSF) on body
temperature during fever induced by E.coli lipopolysaccharide (LPS, 50 µg kg-1) in rats (25°C ambient temperature). Suramin
was injected immediately before [A] or 2.5 h after [C] intraperitoneal injection of LPS. PPADS was injected immediately before
[B] intraperitoneal injection of LPS. Data are presented as mean ± SE. Numbers in parentheses indicate sample sizes. Arrowhead
indicates time of injections. *Significant difference in body temperature between LPS-treated rats injected into the third cerebral
ventricle with suramin [A] or PPADS [B] and rats injected with aCSF, p<0.05. (Data are from Gourine et al. [32]).

Figure 4. Effect of ATP (50 mM) on the firing rate of  the warm-sensitive neurone in the anterior hypothalamus in vitro (slices
400 µM). Lower panel shows temperature changes in the incubation chamber (Gourine, Melenchuk, Poputnikov, Gourine, &
Spyer, unpublished observations).
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in afebrile animals. At present, the identity of P2 receptors
that are expressed by these hypothalamic warm-sensitive
neurones remains unknown.

Since fever is initiated by IL-1β (and probably other
cytokines) at the level of the anterior hypothalamus (47, 48)
and ATP is a potent inducer of cytokine release, including
IL-1β (15, 16, 19, 21), we proposed initially that ATP
might act to induce the release of cytokines to evoke fever.
ATP induces cytokine release by acting at ionotropic P2X7
receptors (see above), which are present in the anterior
hypothalamus and sensitive to the antagonist PPADS (49).
If the above hypothesis is correct, and ATP, via cytokine
release in the anterior hypothalamus, plays a role in the
febrile response, an attenuation of fever by PPADS would
have been expected. However, fever was virtually
unaffected, or even enhanced, following administration of
PPADS, indicating that at the hypothalamic level either
ATP is not involved in the mechanisms of cytokine release,
or, alternatively, that ATP-induced cytokine production is
not essential for the development of LPS-induced fever.

From these data we conclude that extracellular
ATP within the anterior hypothalamus, acting through as
yet undefined P2 receptors, is involved in the mechanisms
of fever, limiting the magnitude of the febrile response. A
population of warm-sensitive neurones in the anterior
hypothalamus expressing these receptors is likely to be the
site of action of ATP on body temperature. It appears that
the ability of ATP to induce cytokine release does not play
significant role in the hypothalamic mechanisms leading to
the development of the febrile response.

3.5. “Peripheral” vs “central” ATP-mediated signalling
in the mechanisms of the febrile response

Recent observations from studies in our
laboratories indicate that in the periphery ATP-mediated
purinergic signalling may play an additional and,
apparently very significant, role in the mechanisms leading
to the development of the febrile response.

When the P2 receptor antagonists suramin and
PPADS were injected intraperitoneally (i.p.) at the same
doses that were shown to influence body temperature after
i.c.v. injection, they failed to induce any changes in body
temperature in either afebrile or febrile rats (32). However,
when these antagonists were given i.p. in amounts
sufficient to affect the function of peripheral P2 receptors, a
dose-dependent attenuation of the fever induced by LPS
was observed (Gourine, Poputnikov, Gourine & Spyer,
unpublished observations). The febrile response was
blocked completely by suramin (100 mg/kg) and attenuated
significantly by PPADS (25 mg/kg). Both P2 receptor
antagonists had no effect on body temperature in afebrile
animals.

Thus, if ATP acting via P2X7 receptors is indeed
involved in in vivo cytokine production following an LPS
challenge, we propose that the attenuation of fever that is
induced by systemic treatment with P2 receptor antagonists
may result from an inhibition and/or an alteration in LPS-

induced cytokine release. Experiments designed to test this
possibility are currently in progress.

3.6. Conclusion: Role of extracellular ATP in fever

Our recent results indicate that in the anterior
hypothalamus extracellular ATP is involved in the
regulation of body temperature during fever. A population
of warm-sensitive neurones in the anterior hypothalamus is
one of probably several central sites of ATP action on body
temperature regulation. ATP also has several important
functions at the level of the medulla oblongata and
contributes to the control of cardiovascular and respiratory
function. These actions of ATP in the medulla could be
equally important in regulation of body temperature during
fever, however, their contribution as yet remains unknown.
ATP-induced cytokine release in the brain does not appear
to play a significant role in the mechanisms leading to the
development of the febrile response. However, the
blockade of fever by P2 receptor antagonists given
systemically suggests that ATP-mediated signalling may
play a role in the release of pyrogenic cytokines in the
periphery.

4. ROLE OF ADENOSINE IN FEVER

Adenosine is considered to be a major non-
peptide neuromodulator in the brain and its release
increases dramatically in conditions of metabolic stress,
such as systemic hypoxia, brain ischemia, etc. (for reviews,
see [50, 51]). Adenosine may be produced intracellularly
from degradation of AMP, and then be released from the
cell via nucleoside transporters, or extracellularly from the
breakdown of ATP by 5’-nucleotidases (52, 53). Adenosine
exerts its effects via activation of cell surface G-protein-
coupled adenosine receptors (7). Four subtypes of
adenosine receptors (A1, A2A, A2B, A3) have been cloned
and characterized (7).

Adenosine acting through these different receptor
subtypes has a variety of functions within the central
nervous system and in the peripheral tissues. However, as
with ATP, when its role in the febrile response is
considered two aspects of its action are important: (i) its
ability to modulate the production and action of cytokines;
and (ii) an involvement in central mechanisms of
cardiovascular and respiratory control. In addition,
adenosine receptors have been found in the hypothalamus,
suggesting that adenosine might modulate the activity of
hypothalamic neurones.

4.1. Effect of adenosine on the production and action of
cytokines

There is a vast amount of literature, impossible to
list here, in which adenosine has been implicated in various
aspects of the immune response. The general consensus is
that, in contrast to ATP, adenosine action is predominantly
anti-inflammatory. For the purpose of the current paper we
review and discuss only data pertinent to the action of
adenosine on the production and action of cytokines,
involved in the development of the febrile response.
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Adenosine has been shown to inhibit the
production of TNFα and IL-12 in macrophages and
monocytes (54-56). Adanin et al. (57) demonstrated that
the adenosine deaminase inhibitor pentostatin attenuates the
elevation in serum TNF-α and IL-1β during endotoxemia
and sepsis, while the adenosine receptor antagonist 8-
sulfophenyltheophylline had the opposite effect. This effect
of adenosine on TNFα expression is thought to be mediated
predominantly by A3 receptors (55, 56), however A1 and
A2a receptors may also be involved (54, 58). Interestingly,
the adenosine metabolite inosine is also able to inhibit the
production of several proinflammatory cytokines, including
IL-1β, TNFα, IL-12 and others (59). IL-6 has been found
to be strongly inhibited by A1 receptor activation in splenic
tissue (60). Furthermore, adenosine enhances IL-10
secretion (58), but suppresses TNFα-induced activation of
nuclear factor – kappaB (61). These data indicate that the
release (and perhaps action) of pro-inflammatory
(pyrogenic) cytokines is suppressed, while the release of
anti-inflammatory (antipyretic) cytokines is enhanced by
adenosine. Interestingly, there is evidence that bacterial
endotoxin LPS can bind and activate A1 adenosine
receptors on endothelial cells (62), indicating that a direct
action of LPS on adenosine receptors may modulate
adenosine responses evoked at these receptors.

Thus, there is convincing evidence that adenosine
working through its specific cell-surface receptors
modulates the production and action of cytokines involved
in the development and maintenance of the febrile
response, including IL-1β, TNFα, IL-6, and others. These
data show that adenosine modulates cytokine production
and action in in vitro systems, but also points to a
potentially significant “in vivo” role of adenosine-mediated
signalling in systemic inflammation, cytokine production
and ultimately, in the mechanisms of the febrile response.

4.2. Adenosine receptors in the hypothalamus and
brainstem. Adenosine in central mechanisms of
cardiovascular and respiratory control.

It is now widely accepted that central neurones
can directly release significant amounts of adenosine, in
quantities sufficient to activate adenosine receptors and to
modulate neuronal activity (for review see [50]). A “pool”
of adenosine formed following breakdown of extracellular
ATP with the help of 5’-nucleotidase activities is equally
important in modulation of activity of neurones that express
adenosine receptors.

Adenosine receptors have been demonstrated to
be widespread in the central nervous system (63). A1 and
A2A receptor subtypes are found in the hypothalamus (64-
66).The lower brainstem has a very high uptake rate for
adenosine (67) and a high density of adenosine deaminase
(68) and adenosine receptors (63, 69, 70).

A close relationship exists between adenosine
production and the modulation of cardiorespiratory
function within the medulla oblongata. Adenosine has been
shown to modulate the ongoing activity of neurones in the
rostral ventrolateral medulla by acting at both A1 and A2a
receptors (71). The application of adenosine to the NTS

evokes profound changes in cardiovascular and respiratory
activity (35, 72). A tonic release of adenosine is important
for central respiratory control as adenosine itself and
adenosine receptor agonists depress, and adenosine
receptor antagonists enhance respiratory activity in vivo
and in vitro (73-75).

In an extensive series of experiments, adenosine
has been shown to act within the NTS to modulate the
baroreceptor and chemoreceptor reflexes, probably via an
action on the release of other neurotransmitters in this area
(70, 76; see [77] for a review). Adenosine appears also to
play an important role in the manifestation of some
components of the defense reaction evoked by electrical
stimulation of the hypothalamus (78). In more recent
studies we have demonstrated that adenosine is released in
the NTS at the right time and in sufficient quantities to
contribute to the cardiovascular components of the defense
reaction (79).

These data indicate that adenosine receptors are
abundant in the hypothalamus and the brainstem. At the
level of the brainstem adenosine appears to play an
important role in cardiovascular and respiratory control.
The regulation of body heat exchange with the environment
depends upon changes in both cardiovascular and
respiratory systems. Accordingly, it might be expected that
adenosine-mediated signalling would play some role in the
central mechanisms of thermoregulation in control
conditions and during fever. When the role of central
adenosine in fever is considered the presence of adenosine
receptors in the NTS and action of adenosine on these
receptors are of a particular interest. First, the NTS is the
site of termination of vagal afferents, some of which have
been proposed to be involved in the initiation of fever by
“transmitting pyrogenic signal” from the periphery to the
brain (80-82). Thus, adenosine could modulate
transmission of this “signal” at the NTS level. Second, the
NTS is located in close proximity to the floor of the fourth
ventricle and therefore, can be easily reached by the
substances injected into the lateral or third cerebral
ventricles. Therefore, changes in body temperature evoked
by adenosine receptor agonists and antagonists injected
i.c.v. (reviewed and discussed below) may be mediated
partially by activation or blockade of NTS adenosine
receptors.

4.3 Adenosine and its role in regulation of body
temperature during fever.

More than a decade ago Ticho & Radulovacki
(83) demonstrated that the nonselective adenosine A1/A2
receptor agonist N-ethyl-carboxamido-adenosine as well as
the adenosine A1 receptor agonist cyclopentyladenosine can
induce drop in body temperature in rats after bilateral
microinjections into the preoptic area of the hypothalamus.
A decrease in body temperature also followed systemic
administration of adenosine, or adenosine receptor agonists
(84). Anderson et al. (85) investigated the effects of a range
of adenosine receptor-selective ligands on body
temperature following i.c.v. and intraperitoneal injection in
conscious mice and concluded that the drop in body
temperature induced by adenosine analogues in these
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Figure 5. Effect of intrahypothalamic injection of the
adenosine receptor antagonist 8-(p-sulfophenyl)-
theophylline (8-SPT) or artificial cerebrospinal fluid
(aCSF) on body temperature in rats. Data are presented as
mean ± SE. Numbers in parentheses indicate sample sizes.
Arrowhead indicate time of injections. (Gourine,
Poputnikov, Gourine, & Spyer, unpublished observations).

Figure 6. Hypothetical model of ATP involvement in
the central mechanisms of thermoregulation. We suggest
that ATP acting via, as yet unknown, P2X receptors is
the mediator in the neuronal pathway from the
peripheral warm receptors to the hypothalamic warm
sensitive neurons (discussed in detail by Gourine et al.
[32]). Blockade of these receptors in the hypothalamus
of afebrile rats results in an increase in body
temperature. During fever activation of these receptors
by α,β-meATP results in an immediate decrease in body
temperature, not seen in afebrile animals. Blockade of
central P2X receptors at the time when fever already
developed does not alter febrile body temperature,
suggesting that development of the febrile response
results in inhibition of the ATP transmission mediated
by these receptors. The influence of adenosine on
hypothalamic warm sensitive neurons still remains
unknown. IL-1β – interleukin-1β, PGE – prostaglandins
G.

animals is mediated via adenosine A1 receptors located
within the central nervous system. Matuszek and Gagalo
(86) reported an attenuation of fever and inhibition of
metabolic rate in rabbits after intravenous administration of

A1 (N6-cyclohexyladenosine) and A2 (5'-N-
ethylcarboxamidoadenosine) receptor agonists. However,
these studies only described pharmacological effects of
adenosine receptor agonists on body temperature, and the
physiological role of adenosine-mediated signalling in
thermoregulation remained uncertain. Recently, Branco et
al. (87) demonstrated that adenosine mediates hypoxia-
induced decrease in body temperature in toads. Our latest
studies suggest that adenosine acting at the level of the
anterior hypothalamus may play an important role in
regulation of body temperature in mammals as well.

We have found that in conscious rats blockade of
adenosine receptors in the brain by intracerebroventricular
injection of 8-(p-sulfophenyl)-theophylline (8-SPT) results
in a marked and long-lasting increase in body temperature,
similar in magnitude and time-course to the febrile
response induced by LPS (Gourine, Poputnikov, Gourine &
Spyer, unpublished observations). An increase in body
temperature was also observed following unilateral
microinjection of 8-SPT directly into the anterior
hypothalamus (Figure 5). The febrile responses evoked by
bacterial LPS (50 µg/kg, i.p.) were markedly exaggerated
in rats pretreated intracerebroventricularly with the
adenosine receptor antagonist 8-SPT (Gourine, Poputnikov,
Gourine & Spyer, unpublished observations).

4.4. Conclusion: Role of adenosine in fever
From these limited available data we suggest that

adenosine is released tonically in the anterior hypothalamus
and that this has a tonic action in the maintenance of body
temperature under euthermic conditions. Circumstantial
evidence also suggests that adenosine-mediated signalling
may as well play a role in the hypothalamic mechanisms
controlling the magnitude of the febrile response. The
actions of the “adenosine pool” involved in the control of
cardiovascular and respiratory activities at the level of the
medulla oblongata in the mechanisms of fever could be
equally important, however, their contribution remains
unknown. Thus, significantly more studies are needed to
reveal the precise role of brain adenosine in fever, its site(s)
of action (hypothalamus vs. brainstem), as well as the
nature of the receptors that mediate the effect of adenosine
on body temperature in febrile conditions. The importance
of interactions between adenosine and cytokines (IL-1β,
IL-6, TNFα, etc) both in the brain and in the periphery, in
relation to regulation of body temperature during fever, still
have to be demonstrated.

5. PERSPECTIVES

Considerable published material and the results of our
recent studies indicate that extracellular purines, ATP and
adenosine, play significant roles in fever. The actions of
purines on body temperature during fever are most likely
“site specific” (brain vs. periphery), may or may not
involve their effect on cytokine release and/or action, and
may be mediated by P2 and P1 receptors of different
subtypes. Our investigations have indicated only some of
the possible mechanisms by which purines modulate the
febrile response (Figures 6 and 7). Extensive additional
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Figure 7. Schematic model of ATP and adenosine
involvement in modulation of production and/or release
of cytokines, implicated in the development of fever.
ATP induces interleukin (IL)-1β, IL-6, and tumor
necrosis factor-α (TNF-α) release via activation of P2X7
receptors in various immune cell types. Adenosine
inhibits release of these cytokines via actions at A1, A2a,
or A3 receptors. Bacterial endotoxin lipopolysccharide
(LPS) may bind P2X7 receptors, which contain a
conserved LPS-binding domain, as well as interact with
adenosine A1 receptors. As yet, it remains unknown whether
LPS induces changes in tissue and plasma levels of ATP and
adenosine. Systemic treatment with P2 receptor antagonist
PPADS results in a significant attenuation of fever. However,
the role of ATP-mediated signaling via P2X7 receptors in the
in vivo cytokine production and fever remains to be
investigated in detail.

studies are needed to elucidate fully these mechanisms. In this
respect we consider that it is imperative to determine:

1. in real time whether the extracellular concentration of ATP
and adenosine in the brain and periphery (i.e. in the blood)
increases during the development of fever induced by systemic
inflammation;
2. the effects of intrahypothalamic microinjections and
systemic administrations of selective agonists and antagonists
of different subtypes of P2X, P2Y and adenosine receptors on
body temperature during fever induced by systemic
inflammation;
3. the effects of P2 and adenosine receptor activation and
blockade on cytokines (IL-1β, IL-6, TNFα, etc) expression in
the brain and in the periphery during fever induced by systemic
inflammation;
4. the profile of P2 and P1 receptor proteins contained within
hypothalamic thermosensitive neurones.

These studies of the possible mechanisms of purinergic
signalling involvement in fever may lead to the development
of new approaches to modulate the febrile, cytokine and acute-
phase responses to infection.
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