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Abstract

Neurons do not have receptors to detect bacteria or viruses, yet the presence of these microorganisms can cause a sickness
behavior syndrome that includes, e.g., fever, anorexia, and lethargy. Because the immune system has receptors capable of
detecting these non-cognitive stimuli, how the immune system transmits a message to the brain has been studied to understand
why behavior is altered in sick animals. The focus has been on several cytokines secreted by leukocytes; these include
interleukin (IL)-1f, IL-6, and tumor necrosis factor-oo (TNF-o). These cytokines are secreted by activated mononuclear
phagocytic cells, and numerous studies show that both peripheral and central injection of IL-1f, IL-6, and TNF-a induce
sickness behavior. Moreover, these cytokines and their receptors are present in the brain and inhibiting the secretion of cytokines
or blocking their receptors in the brain blocks or abrogate the behavioral responses induced by inflammatory stimuli. Because
the sickness behavior syndrome modulates the immune system and enhances recovery, the interplay between the immune system
and central nervous system is an essential part of the overall host defense against pathogenic microorganisms. The purpose of
this brief paper is to provide a chronological description of four critical advances that have led to the current understanding of
how the immune system communicates with the brain to induce sickness behavior. Results from several key studies will be
discussed, which showed that: (1) sickness behavior is a motivational state; (2) sickness behavior is a well-organized adaptive
response to infection; (3) cytokines produced by activated leukocytes induce sickness behavior; and (4) cytokines transmit
messages from the periphery to the brain using humoral and neural pathways. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Animal husbandrymen have long recognized that
infected animals exhibit a distinct behavioral pattern.
Sick animals are often, e.g., anorectic, lethargic, and
uninterested in socially interacting with other animals
of their group. Sick animals may also develop fever
and experience a dramatic decline in productivity.
These symptoms provide the husbandryman an overt
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sign that infection has occurred and often are what
triggers him or her to seek veterinary consultation.
Because behavior is ultimately organized and con-
trolled by the brain, the simplest explanation for the
behavior of sick animals is that infectious pathogens
make their way to the brain where they are detected by
neurons. However, many pathogens that elicit sickness
behavior upon infection do not target the brain. More-
over, neurons do not have receptors to detect bacteria or
viruses directly. Cells of the immune system, of course,
have the critical responsibility of recognizing infectious
pathogens and contending with them. For example,
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Table 1

Four critical advancements in understanding the biological significance of sickness behavior

Decade  Discovery

1960 Sickness behavior is a motivational state. Behavioral priorities are re-organized in sick animals

1970 Sickness behavior is a well-organized adaptive response of the host animal that enhances disease resistance and facilitates recovery
1980 A protein (i.e., cytokine) secreted by activated macrophages is responsible for causing sickness behavior

1990 Cytokines transmit messages from the immune system to the brain via humoral and neural pathways

mononuclear phagocytic cells (i.e., monocytes, macro-
phages, and microglia) are equipped with indiscrimi-
nant receptors that recognize lipopolysaccharide (LPS)
molecules that are present on the outer membrane or
gram negative bacteria. Administration of E. coli LPS
has been shown repeatedly to induce a sickness beha-
vior syndrome that includes, e.g., anorexia, fever, and
lethargy, in a number of food-producing animals. This
suggests that mononuclear phagocytic cells convey a
message to the brain after detecting LPS and implies
that communication between the immune system and
brain is an active and perhaps purposeful process.

In an eloquently prepared review paper, Hart (1988)
discussed the notion that the behavior of sick animals
was an adaptive response by the host animal designed
to facilitate recovery and decrease disease transmis-
sion among group mates. The idea that the sickness
behavior syndrome might be advantageous to the
infected host inspired a whole new area of research
aimed at understanding how the immune system com-
municated with the brain. Heretofore, research in this
area focused on the reciprocal path—how the brain
affected immunity. Overwhelming evidence now indi-
cates that infectious pathogens induce sickness beha-
vior by stimulating mononuclear phagocytic cells to
produce soluble proteins called pro-inflammatory
cytokines (Kent et al., 1992b). The pro-inflammatory
cytokines interleukin-1f (IL-1p), interleukin-6 (IL-6)
and tumor necrosis factor-o. (TNF-o) are present in
both the brain and periphery, and systemic or central
injection of recombinant pro-inflammatory cytokines
induces a full-blown sickness behavior syndrome
similar to that seen in infected animals. In essence,
the immune system uses cytokines to convey informa-
tion to the brain and other physiological systems.

The latest research concerning cytokines and sick-
ness behavior has been reviewed recently (Dantzer,
2001). Rather than redressing that well-written com-
prehensive paper, the objective of this brief paper is to

provide a chronological description—for those work-
ing outside the field—of four critical advances that
have led to the current understanding of how the
immune system communicates with the brain to
induce sickness behavior (Table 1). Results from
several key studies will be discussed, which showed
that: (1) sickness behavior is a motivational state; (2)
sickness behavior is a well-organized adaptive
response to infection; (3) cytokines produced by acti-
vated leukocytes induce sickness behavior; and (4)
cytokines transmit messages from the periphery to the
brain using humoral and neural pathways.

2. Sickness behavior is a motivational state

Sickness behavior is usually considered to be the
result of debilitation and physical weakness, which are
brought on by the diversion of energy resources from
systems that support normal day-to-day activities to
systems that are important for host defense (i.e., the
immune system). This suggests that the expression of
sickness behavior is a passive process that is of little
value to the host. An alternative hypothesis is that the
sickness behavior syndrome is a well-organized adap-
tive response by the host animal designed to enhance
disease resistance and facilitate recovery (Fig. 1). If
this is the case, then it follows that an infected animal
experiences a change in motivation so its behavior
is reorganized in a way that is beneficial under the
present circumstances. Whereas motivation for feed-
ing and reproduction might be high in the healthy
animal, in the sick animal motivation for these
behaviors is reduced and motivation to rest, e.g., is
increased.

Miller was first to systematically investigate the
behavior of sick animals (Holmes and Miller, 1963;
Miller, 1964). His studies were critical because they
were the first to show that sickness behavior is a
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Fig. 1. Mononuclear phagocytic cells produce pro-inflammatory cytokines when activated by pathogens. The cytokine molecules act in the
brain to re-organize the animal’s behavioral priorities. The sickness behavior syndrome that results is an adaptive response that enhances the
animal’s immunological defenses and inhibits proliferation of the pathogen. Thus, sickness behavior enhances disease resistance and promotes

recovery (adopted from Hart, 1988).

motivational state rather than the consequence of
debilitation and weakness. In a series of experiments
involving injection of rats with E. coli endotoxin,
Miller used operant responding paradigms to show
that animals were motivated to behave sick. For
example, he showed that rats injected with endotoxin
stopped pressing a bar to receive a water reward, but
would readily drink if provided easy access to a cup
of water. However, when rats were placed in a con-
tinuously rotating drum that could be stopped
temporarily by pressing a bar, the rate of bar pres-
sing increased after endotoxin treatment. Thus, rats
appeared motivated to be inactive. Moreover, endo-
toxin treatment either increased or decreased bar
pressing activity depending on the consequence of
the behavior. Based on the ontogeny of sickness
behavior, Miller suggested that in response to
endotoxin the animal produced a ‘““factor X”* in the
blood, which somehow acted in the brain to cause
sickness. Miller’s findings represented the first cri-
tical advancement in this field, and provided impetus
to understand how and why the immune system
interacts with the brain to change motivation and
behavior.

3. Sickness behavior is a well-organized
adaptive response to infection

Pathogens disrupt the internal milieu and require
adaptive responses by the animal so that it may
achieve a relative homeostatic state. If sickness beha-
vior is a motivated state, then it follows that the change
in behavior is one of the adaptive responses used by
animals during infection to maintain homeostasis.
Furthermore, if sickness behavior is an adaptive strat-
egy used to fight infection, than preventing or inhibit-
ing it should be counter productive to host defenses
(Fig. 1). This concept was the focus of an important
review paper published by Hart (1988). Several studies
conducted in the 1970s concerning fever and anorexia
demonstrated the importance of sickness behavior to
host defenses.

3.1. Fever

Pro-inflammatory cytokines cause fever by inhibit-
ing the firing rate of warm-sensitive neurons in the
hypothalamus (Dinarello, 1987; Kluger, 1991). This
increases the thermoregulatory setpoint so animals,



446 R.W. Johnson/ Veterinary Immunology and Immunopathology 87 (2002) 443-450

instead of maintaining body temperature at 38 °C,
maintain body temperature at 40 °C, e.g. The increase
in body temperature is intentional and highly controlled,
which makes fever very different from hyperthermia.

For animals to achieve a febrile temperature they do
two things simultaneously—increase heat production
and increase heat conservation. Generally, one without
the other is not sufficient. Metabolic rate is estimated
to increase 13% for each degree Celsius of fever
(Kluger, 1991). Sickness behavior is relevant to fever
because many of the behaviors center around the fever
response—heat conservation in particular. Sick animals
invariably seek warmer environments and assume pos-
tures that minimize heat loss. If the environment is too
cold so the animal is unable to conserve an adequate
amount of heat, they will not achieve a febrile tem-
perature. Thus, thermoregulatory behavior is critical.

Kluger at the University of Michigan studied fever
in lizards (Dipsosaurus dorsalis). Body temperature in
cold-blooded reptiles is, of course, controlled by
environmental means. In one study lizards were kept
in a two-chamber box—one chamber was hot whereas
the other was cold. Lizards maintained body tempera-
ture by shuttling between chambers. The body tem-
perature at which lizards departed the hot chamber
was the high set-point temperature, and the body
temperature at which lizards left the cold chamber
was the low set-point temperature. When lizards were
challenged with heat-killed bacteria, both the high and
low set-point temperatures were increased (Vaughn
et al., 1974). Thus, lizards increased body temperature
by behavioral means.

In another study, lizards were maintained at a
constant environmental temperature so they were
unable to behaviorally thermoregulate. When sub-
jected to a bacterial infection, lizards in warm envir-
onments had better survival rates compared to those in
cold environments (Kluger et al., 1975). Thus, being
able to increase body temperature by behavioral
means is a valuable response. The importance of fever
has been demonstrated in warm-blooded animals, too.
Rabbits infected with Pasteurella multocida were
much more likely to die if treated with an antipyretic
drug (Kluger and Vaughn, 1978).

Fever helps the host animal several ways (Kluger,
1991). First, elevated temperatures enhance immuno-
logical responses. Fever may potentiate innate immu-
nity by enhancing bacterial killing by neutrophils and

phagocytosis, and adaptive immunity by enhancing
lymphocyte proliferation and antibody production.
Second, many pathogens have an optimum tempera-
ture for growth (Kluger et al., 1975). Thus, fever may
provide an environment that is less suitable to the
pathogen.

3.2. Anorexia

Pro-inflammatory cytokines secreted by activated
mononuclear phagocytic cells reduce animals’ moti-
vation for food (Johnson, 1998). IL-18 is particularly
potent at reducing appetite. IL-1f injected either into
the periphery or into the brain reduces animals’ moti-
vation to eat, similar to what occurs during an acute
infection (Plata-Salaman et al., 1988). Chronic infu-
sion of IL-1p into the brain also has been shown to
cause chronic anorexia (Finck and Johnson, 1997).
Some studies showed that blockade of interleukin-1
receptors in the brain was sufficient to inhibit anorexia
caused by inflammation in the periphery (Kent et al.,
1992a; McHugh et al., 1994). However, many differ-
ent cytokines have anorectic properties, which usually
make blockade of one cytokine ineffective.

Many explanations for why animals reduce feed
intake are based more on teleology than hypothesis
driven research. For example, in the wild situation it
may take considerable energy to forage or hunt for
food. Thus, feeding behavior would enhance heat loss
and thwart the fever response, place weakened, vul-
nerable animals in harms way of predators, and per-
haps facilitate disease transmission within a group.

There is evidence that the loss of appetite in sick
animals has direct benefits to animals, too. In one
study researchers experimentally infected mice with
Listeria monocytogenes (LDsg) and let some consume
food ad libitum, while others were intubated and
force-fed to the level of free-feeding, non-infected
controls (Murray and Murray, 1979). Mice allowed
to consume food ad libitum ate 58% of the controls and
were much more likely to survive than those force-fed.
In fact, nearly 100% of infected, force-fed mice died,
whereas only about 50% of infected, ad libitum-fed
mice did. Furthermore, there was a positive relation-
ship between weight loss and survival for the infected
mice with ad libitum access to food. In some cases,
survival appears to be positively related to anorexia and
weight loss, provided it does not persist too long.
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4. Cytokines produced by activated leukocytes
cause sickness behavior

Exposing animals to stress was found to result in
immunosuppression and make animals susceptible to
infectious disease, which made understanding how the
brain affected immunity a high priority. In a similar
kind of way, finding that sickness behavior was a
motivated state and part of the host defense against
infectious pathogens, made understanding how the
immune system affected the brain important (Dantzer
and Kelley, 1989). The discovery that a protein
secreted by activated macrophages was responsible
for causing sickness behavior was the next critical
advancement in the field.

Some of the first evidence that a cytokine caused
sickness behavior came from studies of slow-wave
sleep in rabbits (Krueger et al., 1984). Peritoneal
macrophages from rabbits were stimulated in vitro
with a muramyl peptide that had been shown to
stimulate macrophages to secrete endogenous pyro-
gen—a protein previously shown to cause fever
(Atkins, 1960) and activate the HPA axis (Besedovsky
et al., 1981). The cell-free supernatant was collected
and later injected into rabbits. Animals injected intra-
venous with supernatant from stimulated macro-
phages showed an increase in slow-wave sleep
compared to those injected with supernatant from
unstimulated cells. The same behavior occurred when
the supernatant was microinjected into a lateral cere-
bral ventricle, indicating it acted at a central site. Thus,
a protein (i.e., endogenous pyrogen) secreted by
activated macrophages that acted in the brain was
responsible for the change in behavior. Endogenous
pyrogen was later determined to be identical to
another protein under investigation—IL-1f. It is
now clear that mononuclear phagocytic cells secrete
several other behaviorally active cytokines, including
IL-6 and TNF-o.

Cytokines are necessary for the immune system to
communicate with the brain. For instance, as a result
of a mutation in a single gene a certain strain of mice
(C3H/Hel) has been rendered resistant to the beha-
vioral effects of LPS (Fig. 2). When injected with LPS
this strain of mice does not become overtly ill like
normal mice do (Johnson et al., 1997; Segreti et al.,
1997). The mutation is in the toll-like receptor 4 gene
(Hoshino et al., 1999), which prevents the animal’s

E. coli lipopolysaccharide
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Fig. 2. Macrophages of C3H/HeOuJ mice secrete cytokines when
stimulated with LPS. The cytokines convey a message to the brain
and sickness behavior is induced. Due to a genetic mutation,
macrophages of C3H/HeJ mice are unable to secrete cytokines in
response to LPS. C3H/Hel mice do not express sickness behavior
when administered LPS, but they do when given recombinant IL-
1B (adopted from Johnson and Finck, 2001).

mononuclear phagocytic cells from producing cyto-
kines, so there is a complete breakdown in commu-
nication between the immune system and brain. The
brain of these mice recognizes cytokines because if
injected with recombinant IL-1p, they respond nor-
mally by reducing food intake, losing weight, and
decreasing the amount of time engaged in social
exploratory behavior (Johnson et al., 1997).
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5. Cytokines transmit messages from the
periphery to the brain using humoral and
neural pathways

The finding that cytokines from mononuclear pha-
gocytic cells acted in the brain and caused sickness
behavior presented an important question: How do
large hydrophilic cytokines that are produced in the
periphery access the brain? The cytokine proteins are
17-26 kDa in size and thus too large to passively
diffuse from the blood, across the blood—brain barrier,
into the brain. This seemingly straightforward ques-
tion has multiple answers (Fig. 3).

There is evidence from one group that cytokines are
actively transported from the blood into the brain.
William Bank’s group injected radio-labeled cyto-
kines (e.g., IL-1B, IL-6, and TNF-a) intravenous
and was able to recover from the brain a portion of
what was injected (Banks et al., 1991, 1994; Gutierrez
et al., 1993). The transport mechanism for each cyto-
kine was saturable and the transport of radio-labeled
cytokines could be competitively blocked by intrave-
nous injection of unlabeled cytokines.

Peripheral cytokines may not themselves enter the
brain, but instead induce the expression of other
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cytokines in the brain that cause sickness behavior.
It is now evident that inflammatory stimuli in the
periphery (e.g., LPS and pro-inflammatory cytokines)
induce transcripts for IL-1B, IL-6, and TNF-o in
discrete brain areas of the mouse (Ban et al., 1992;
Lay¢ et al., 1994). For example, inflammatory stimuli
in the periphery induce perivascular microglial cells to
express cytokines (van Dam et al., 1992). Further-
more, cytokines in the periphery can convey a message
to the brain via the vagus nerve. After LPS challenge
dendritic cells and macrophages that are closely asso-
ciated with the abdominal vagus have been shown to
express IL-1B protein (Goehler et al., 1999). IL-1
binding sites have been identified in several regions
of the vagus as well (Goehler et al., 1997). When
activated by peripheral cytokines the vagus, of course,
can activate specific neural pathways that are involved
in sickness behavior. However, activation of the vagus
also appears to stimulate microglia in the brain to
produce cytokines. If the vagus nerve is severed just
below the diaphragm in rats, the expression of cyto-
kines in the brain and the sickness behavior that
normally occurs after intraperitoneal injection of
LPS is inhibited (Laye et al., 1995; Bluthe et al.,
1996). Plasma levels of cytokines are elevated in
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Fig. 3. Cytokines produced in the periphery can convey a message to the brain several ways. Peripheral cytokines may cross the blood—brain
barrier by diffusion (i.e., volume transmission) or active transport. In addition, peripheral cytokines may activate the vagus nerve, which in turn

induces cells in the brain (e.g., microglia) to produce cytokines.
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LPS-injected vagotomized rats, indicating the neural
signal is needed for the induction of sickness. The
neural pathways activated in the brain by the vagus
nerve for rapid immune-to-brain signaling have been
recently described in some detail (Dantzer, 2001).
These pathways appear to be responsible for activating
the HPA axis and depressing behavior in response to
infection. Other mechanisms that involve induction of
prostaglandin synthesis are also important for fever.

Based on extensive mapping of the temporal and
spatial expression of Fos (a marker for neural activity)
and IL-1B, Konsman et al. (1999) proposed a slower
immune-to-brain signaling mechanism based on
volume transmission. In this method of immune-to-
brain communication, production of IL-18 by the
brain first occurs in the choroid plexus and circum-
ventricular organs—brain areas devoid of an intact
blood-brain barrier. The cytokines then slowly dif-
fuse into the brain by volume transmission, along the
way activating neurons and neural pathways relevant
for expression of sickness behavior. This pathway
may be more important for maintaining sickness
behavior than inducing it. Thus, just like the brain
uses humoral and neural paths to affect the immune
system, the immune system uses humoral and neural
paths as well to affect the brain and behavior. It now
seems evident that each of these systems has an
important role in immune-to-brain signaling—the
extent of which is dictated by the circumstances at
hand.

6. Conclusion

Itis evident that sick animals have different priorities
than healthy ones. The change in behavior witnessed in
animals with an acute infection reflects a change in
behavioral priorities. The re-organization of behavioral
priorities in sick animals is one part of the overall
defense employed by the host to contend against infec-
tious pathogens. Upon stimulation, the immune system
secretes pro-inflammatory cytokines, which are used to
convey a message to the brain and re-organize beha-
vioral priorities. Thus, cytokines are instrumental in
orchestrating the sickness behavior syndrome. The
mechanisms used by cytokines to access the brain
and how the brain interprets the cytokine message
are only now being elucidated. Information in this area

should lead to a better understanding of sickness and the
recovery processes.

References

Atkins, E., 1960. The pathogenesis of fever. Physiol. Rev. 40, 580—
646.

Ban, E., Haour, F., Lenstra, R., 1992. Brain interleukin 1 gene
expression induced by peripheral lipopolysaccharide adminis-
tration. Cytokine 4, 48-54.

Banks, W.A., Ortiz, L., Plotkin, S.R., Kastin, A.J., 1991. Human
interleukin (IL) 1o, murine IL-loo and murine IL-lo are
transported from blood to brain in the mouse by a shared
saturable mechanism. J. Pharmacol. Exp. Therap. 259, 988-
996.

Banks, W.A., Kastin, A.J., Gutierrez, E.G., 1994. Penetration of
interleukin-6 across the murine blood-brain barrier. Neurosci.
Lett. 179, 53-56.

Besedovsky, H.O., del Ray, A.E., Sorkin, E., 1981. Lymphokine-
containing supernatants from Con-A stimulated cells increase
corticosterone blood levels. J. Immunol. 126, 385-387.

Bluthe, R.M., Bruno, M., Kelley, K.W., Dantzer, R., 1996.
Vagotomy blocks behavioral effects of interleukin-1 injected
via the intraperitoneal route but not via other systemic routes.
Neuroreport 7, 2823-2827.

Dantzer, R., 2001. Cytokine-induced sickness behavior: Where do
we stand? Brain Behav. Immun. 15, 7-24.

Dantzer, R., Kelley, K.W., 1989. Stress and immunity: an integrated
view of relationships between the brain and the immune
system. Life Sci. 44, 1995-2008.

Dinarello, C.A., 1987. Interleukins, tumor necrosis factors
(cachectin), and interferons as endogenous pyrogens and
mediators of fever. Lymphokines 14, 1-31.

Finck, B.N., Johnson, R.-W., 1997. Anorexia, weight loss, and
increased plasma interleukin-6 induced by chronic intracer-
ebroventricular infusion of interleukin-1p in the rat. Brain Res.
761, 333-337.

Goehler, L.E., Relton, J.K., Dripps, D., Kiechle, R., Tartaglia, N.,
Maier, S.F., Watkins, L.R., 1997. Vagal paraganglia bind
biotinylated interleukin-1 receptor antagonist: a possible
mechanism for immune-to-brain communication. Brain Res.
Bull. 43, 357-364.

Goehler, L.E., Gaykema, R.P., Nguyen, K.T., Lee, J.E., Tilders,
FEJ., Maier, S.F., Watkins, L.R., 1999. Interleukin-1 in immune
cells of the abdominal vagus nerve: a link between the immune
and nervous system? J. Neurosci. 19, 2799-2806.

Gutierrez, E.G., Banks, W.A., Kastin, A.J., 1993. Murine tumor
necrosis factor alpha is transported from blood to brain in the
mouse. J. Neuroimmunol. 47, 169-176.

Hart, B.L., 1988. Biological basis of the behavior of sick animals.
Neurosci. Biobehav. Rev. 12, 123-137.

Holmes, J.E., Miller, N.E., 1963. Effects of bacterial endotoxin on
water intake, food intake, and body temperature in the albino
rat. J. Exp. Med. 118, 649-658.

Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T.,
Takeda, Y., Takeda, K., Akira, S., 1999. Toll-like receptor 4



450 R.W. Johnson/ Veterinary Immunology and Immunopathology 87 (2002) 443-450

(TLR4)-deficient mice are hyporesponsive to LPS: evidence for
TLR4 as the Lps gene product. J. Immunol. 162, 3749-3752.

Johnson, R.W., 1998. Immune and endocrine regulation of food
intake in sick animals. Dom. Anim. Endocrinol. 15, 309-318.

Johnson, R.W., Finck, B.N., 2001. Tumor necrosis factor o and
leptin: two players in animals’ metabolic and immunologic
responses to infection, J. Anim. Sci. 79 (E. Suppl.), E118-E127.

Johnson, R.W., Gheusi, G., Segreti, S., Dantzer, R., Kelley, K.W.,
1997. C3H/HeJ mice are refractory to lipopolysaccharide in the
brain. Brain Res. 752, 219-226.

Kent, S., Bluthe, R.M., Dantzer, R., Hardwick, A.J., Kelley, K.W.,
Rothwell, N.J., Vannice, J.L., 1992a. Different receptor
mechanisms mediate the pyrogenic and behavioral effects of
interleukin-1. Proc. Natl. Acad. Sci. USA 89, 9117-9120.

Kent, S., Bluthe, R.M., Kelley, K.W., Dantzer, R., 1992b. Sickness
behavior as a new target for drug development. Trends
Pharmacol. Sci. 13, 24-28.

Kluger, M.J., 1991. Fever: role of pyrogens and cryogens. Physiol.
Rev. 71, 93-127.

Kluger, M.J., Vaughn, L.K., 1978. Fever and survival in rabbits
infected with Pasteurella multocida. J. Physiol. 282, 243-251.

Kluger, M.J., Ringler, D.H., Anver, M.R., 1975. Fever and survival.
Science 188, 166—168.

Konsman, J.P,, Kelley, K., Dantzer, R., 1999. Temporal and spatial
relationships between lipopolysaccharide-induced expression
of Fos, interleukin-1f and inducible nitric oxide synthase in rat
brain. Neuroscience 89, 535-548.

Krueger, J.M., Walter, J., Dinarello, C.A., Wolff, S.M., Chedid, L.,
1984. Sleep-promoting effects of endogenous pyrogen (inter-
leukin-1). Am. J. Physiol. 246, R994-R999.

Layé, S., Parnet, P., Goujon, E., Dantzer, R., 1994. Peripheral
administration of lipopolysaccharide induces the expression of
cytokine transcripts in the brain and pituitary of mice. Mol.
Brain Res. 27, 157-162.

Laye, S., Kent, S., Combe, C., Medina, C., Parnet, P., Kelley, K.W.,
Dantzer, R., 1995. Subdiaphragmatic vagotomy blocks induc-
tion of IL-1 (mRNA in mice brain in response to peripheral
LPS. Am. J. Physiol. 268, R1327-R1331.

McHugh, K.J., Collins, S.M., Weingarten, H.P., 1994. Central
interleukin-1 receptors contribute to suppression of feeding
after acute colitis in the rat. Am. J. Physiol. 266, R1659-R1663.

Miller, N.E., 1964. Some psychophysiological studies of motiva-
tion and of the behavioural effects of illness. Bull. Brit.
Psychol. Soc. 17, 1-21.

Murray, M.J., Murray, A.B., 1979. Anorexia of infection as a
mechanism of host defense. Am. J. Clin. Nutr. 32, 593-596.

Plata-Salaman, C.R., Oomura, Y., Kai, Y., 1988. Tumor necrosis
factor and interleukin-1B: suppression of food intake by
direct action in the central nervous system. Brain Res. 448,
106-114.

Segreti, J., Gheusi, G., Dantzer, R., Kelley, K.W., Johnson, R.W.,
1997. Defect in interleukin-1B secretion prevents sickness
behavior in C3H/HeJ mice. Physiol. Behav. 61, 873-878.

van Dam, A.M., Brouns, M., Louisse, S., Berkenbosch, F., 1992.
Appearance of interleukin-1 in macrophages and in ramified
microglia in the brain of endotoxin-treated rats: A pathway for
the induction of non-specific symptoms of sickness? Brain Res.
588, 291-296.

Vaughn, L.K., Bernheim, H.A., Kluger, M.J., 1974. Fever in the
lizard Dipsosaurus dorsalis. Nature 252, 473-474.



	The concept of sickness behavior: a brief chronological account of four key discoveries
	Introduction
	Sickness behavior is a motivational state
	Sickness behavior is a well-organized adaptive response to infection
	Fever
	Anorexia

	Cytokines produced by activated leukocytes cause sickness behavior
	Cytokines transmit messages from the periphery to the brain using humoral and neural pathways
	Conclusion
	References


