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Early in the field of study of neural-immune interactions there
was significant doubt that the peripheral immune system could
signal the brain. The assumption was that large molecules such
as cytokines (15–20-kD proteins) could not cross the blood-

 

brain barrier (BBB,

 

1

 

 an anatomical and functional separation
between brain parenchyma and peripheral tissues consisting of
the vascular endothelium, basement membrane, neuroglial
membrane, and glial perivascular feet, see Fig. 1). It was ini-
tially thought that cytokines could not easily enter the central
nervous system (CNS) to affect their target sites. However, re-
cent work has demonstrated several routes by which periph-
eral cytokines can either directly cross the BBB or indirectly
signal the brain through other informational substances.

There are three known routes by which peripheral cyto-
kines can exert their effects on the brain: (

 

a

 

) peripheral tissues,
which are innervated by the peripheral and autonomic nervous
systems, can send direct signals to the brain via peripheral
nerves; (

 

b

 

) brain vasculature can convey signals through sec-
ondary messengers, such as nitric oxide (NO) or prostanoids,
produced in response to cytokines; and (

 

c

 

) cytokines can di-
rectly act at the level of the brain parenchyma after crossing the
BBB or after entering brain areas that lack a BBB. Cytokine
action at these sites, which are not mutually exclusive, may de-
pend on the location and route of exposure to inflammatory
stimuli and the disease state of the organism. This 

 

Perspective

 

considers recent advances in our understanding of cytokine ac-
tion at these sites.

Peripheral tissues, including immune organs, are inner-
vated by the autonomic and peripheral nervous system. Periph-
eral autonomic nerves can send an immune signal to the brain. It
has been shown that subdiaphragmatic, but not hepatic va-
gotomy, blocks intraperitoneal IL-1

 

b

 

–induced hypothalamic
norepinephrine depletion and attenuates intraperitoneal IL-1

 

b

 

–
induced increases in serum corticosterone (1). Subdiaphrag-
matic vagal transection attenuates the acquisition and facili-

tates the extinction of conditioned taste aversions induced by
intraperitoneal IL-1

 

b

 

 or TNF-

 

a

 

 administration (2). Vagotomy
also attenuates the depression in social exploration induced by
intraperitoneal, but not intracerebroventricular, administra-
tion of IL-1

 

b

 

, indicating that vagal afferent nerves are involved
in the transmission of an immune message from the periphery
to the brain, but that vagotomy does not impair the direct sen-
sitivity of the brain itself to immune signals (3). In these stud-
ies, initial questions were raised regarding the mechanism by
which cytokines could activate the vagus nerve. Recent studies
indicate that IL-1 receptors, as indicated by binding studies,
exist in whole vagus (abdominal, laryngeal, and thoracic) and
in the hepatic segment of the vagus (4). These receptors ap-
pear to be located on dendritic-like cells interdigitating in the
nerve parenchyma, as well as in cells within the paraganglia
around the vagus. The similarity of these para- and intraneural
collections of immune cells to the well-described components
of the mucosal immune system, the “GALT” (gastrointesti-
nal-associated lymphoid tissue) and “BALT” (bronchial-asso-
ciated lymphoid tissue), have led Maier and Watkins (4) to
suggest that this vagal-related immune tissue might be termed
“NALT” for neural-associated lymphoid tissue. Whether this
intriguing concept of an interface tissue between the immune
and nervous system turns out to be representative of a larger,
more generalizable neural-related peripheral immune tissue
remains to be proven.

The vagal route by which cytokines within the peritoneal
cavity can signal the brain may not apply to circulating cyto-
kines. An important mechanism by which circulating cytokines
may affect CNS functioning without crossing the BBB is by
acting at the level of brain vasculature (Fig. 1). Cytokine acti-
vation of blood vessels in the brain results in the production of
informational substances, such as prostaglandins or NO, that
can mediate the effects of immune molecules on brain func-
tion. In this regard, Hashimoto et al. (5) showed that biologi-
cally active, gold-labeled IL-1 binds to the vascular wall, in the
region of the anterioventral third ventricle. Those authors con-
cluded that the binding of circulating IL-1 on the endothelium
of that region acts as the initial step to fever induction.

IL-1 action is regulated by a complex network of molecules
that include multiple ligands (IL-1

 

a

 

, IL-1

 

b

 

, and IL-1 receptor
antagonist [IL-1ra]), several binding sites (IL-1 receptor type I
[IL-1RI], IL-1RII, IL-1 accessory protein, soluble receptors,
and autoantibodies), and a key regulatory enzyme (IL-1

 

b

 

 con-
verting enzyme [ICE], also known as caspase 1). We have found
that the genes encoding IL-1

 

a

 

, IL-1

 

b

 

, ICE, IL-1ra, and IL-1RI
are constitutively expressed in blood vessels (6, 7), and that
after peripheral LPS injection, there is induction of IL-1

 

b

 

mRNA within brain vasculature associated with high levels
of vascular and perivascular inducible NO synthase (iNOS)
mRNA expression (8). Based on these findings, we have con-
cluded that the vascular and perivascular induction of iNOS
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1. 

 

Abbreviations used in this paper:

 

 BBB, blood-brain barrier; CNS,
central nervous system; COX-2, cyclooxygenase 2; ICE, IL-1

 

b

 

 con-
verting enzyme; IL-1ra, IL-1 receptor antagonist; IL-1RI, IL-1 recep-
tor type I; iNOS, inducible NO synthase; NO, nitric oxide; PVN,
paraventricular nucleus; SCF, stem cell factor.
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mRNA by IL-1

 

b

 

 might represent a mechanism for the modu-
lation of the CNS effects of circulating inflammatory media-
tors (Fig. 1). IL-1 has been shown to induce NOS mRNA and
NO production in vascular cells in vitro and to induce NOS in
vivo. The effects of IL-1 on iNOS mRNA in vascular cells are
stimulated by tyrosine kinase, potentiated by eicosapentaenoic
acid, and inhibited by angiotensin II, actinomycin D, cyclohex-
imide, TGF-

 

b

 

1, and IGF-1. Moreover, IL-1 induces the ex-
pression of cyclooxygenase-2 (COX-2) mRNA, prolongs the
half-life of that mRNA, and increases the functional activity of
COX-2, the rate-limiting enzyme in the conversion of arachi-
donic acid to prostanoids (Fig. 1). The effects of IL-1 on COX
are mediated via NO, and are inhibited by glucocorticoids (for
review see reference 7).

Actions of cytokines at the vascular level in the brain may
be of pathophysiological relevance, as there is increasing evi-
dence that the IL-1 system may activate cell adhesion mole-
cules, such as intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule (VCAM), E-selectin, and com-
plement regulatory proteins, and may also cause platelet adhe-

Figure 1. Transduction of cyto-
kine-mediated signals from the 
blood to neurons. This diagram 
shows that circulating or endo-
thelial cytokines can transduce a 
signal to neurons through infor-
mational substances such as NO 
or prostanoids that are synthe-
sized by enzymes (iNOS and 
COX-2) whose transcription is 
induced by IL-1. Note that circu-
lating IL-1b can activate the en-
dothelium to synthesize addi-
tional IL-1b, leading to signal 
amplification. Thus, an IL-1–
mediated signal can be conveyed 
from the blood stream into neu-
rons, without the need for IL-1b 
to cross the BBB. P, Pericyte. Il-
lustration by Naba Bora, Medi-
cal College of Georgia.

 

Figure 2.

 

Constitutive localization of stem cell factor (SCF) mRNA 
in adult rat brain. SCF, which promotes the growth of multilineage 
hematopoietic cells, is a product of the steel (Sl) locus of the mouse, 
and it is a ligand for the c-

 

kit

 

 protooncogene receptor. Using in situ 
hybridization histochemistry, we have found that the gene encoding 
SCF is actively expressed in neuron-like cells in the thalamus, cere-
bral cortex, cerebellum, and hippocampus, particularly in the dentate 
gyrus, but also in CA

 

1

 

, CA

 

2

 

, and CA

 

3

 

; dark blue denotes areas of low-
est hybridization, and red shows areas with the highest levels of SCF 
mRNA (15). Dyskeratosis congenita is a rare human disease, which 
has been attributed to dysregulation of SCF function, causing anemia, 
abnormal calcifications, skin alterations, and mental retardation; dys-

function of SCF in the brain may be related to the biological basis of 
the mental retardation associated with dyskeratosis congenita. Bar, 
0.14 cm.
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the gene encoding for IL-1

 

b

 

 is likewise expressed in high levels
in the brain first in areas of the brain that lack a BBB, such as
the subfornical organ, and subsequently within brain paren-
chyma in areas that have an intact BBB, such as paraventricu-
lar and arcuate nuclei of the hypothalamus (Fig. 3).

Other second messengers may also modulate the diffusion
of a cytokine-mediated signal from barrier areas into brain pa-
renchyma. The NF-

 

k

 

B/I

 

k

 

B system is involved in the cellular
responsiveness to immune system molecules. The NF-

 

k

 

B fam-
ily of transcription factors is a primary regulatory component
of the intracellular signal pathways in cells of the immune sys-
tem (these factors respond to immune challenges by increased
gene transcription). Furthermore, the expression of IK

 

k

 

B
mRNA parallels both NF-

 

k

 

B activity and the duration of ex-
tracellular activation. This temporal parallelism between IK

 

k

 

B
mRNA expression and the duration of extracellular stimula-
tion is different from other transcription factors, such as c-

 

fos

 

,
that are transiently expressed only at the onset of cellular stim-
ulation. For those reasons, a neuroanatomical study has used
IK

 

k

 

B

 

a

 

 induction to infer the extent and cellular localization of
immune responsiveness within the brain after peripheral im-
mune stimulation (Fig. 4). The finding of IK

 

k

 

B

 

a

 

 mRNA in-
duction beginning in cells lining the blood side of the BBB and
progressing to cells inside the brain supports the hypothesis
that cells of the BBB synthesize immune signal molecules,
such as NO (18) or prostanoids (19), to activate cells inside the
CNS in response to peripheral inflammatory stimuli (20).

Saper and colleagues have proposed that cytokines pro-
duced by a cascade of neurons (and glial cells) within the brain
may participate in the complex autonomic, neuroendocrine,
metabolic, and behavioral responses to infection and inflam-
mation (21). However, it should be emphasized that, in con-
trast to the periphery, the genes encoding cytokines that de-
crease IL-1 bioactivity, such as IL-1ra, IL-10, and IL-13, are
expressed in the brain in levels that are far lower than those of
IL-1

 

b

 

. Thus, the peripheral and central cytokine compart-
ments appear to be integrated but differentially regulated.

The concept that cytokines acting within the brain may reg-
ulate key elements of the CNS response to peripheral inflam-
mation has been substantiated by the discovery that those re-
sponses can be attenuated or even in some cases abolished by
central administration of IL-1ra. The induction of CRH gene
expression in the paraventricular nucleus (PVN) of the hypo-
thalamus in response to peripheral LPS administration can be
abolished by central (but not peripheral) administration of IL-
1ra and suggests that the actions of IL-1ra within the brain are
required for CRH mRNA induction during peripheral inflam-
mation (22). Likewise, in mice, IL-1

 

b

 

 administered centrally or
peripherally causes a decrease in social behavior and loss of
body weight that can be attenuated by pretreatment with in-
tracerebroventricular administration of IL-1ra, indicating that
those effects of peripheral IL-1

 

b

 

 are centrally mediated (23).
However, central blockade of IL-1 receptors by intracere-
broventricular IL-1ra does not completely abrogate the effects
of intraperitoneal LPS on social behavior in rats, indicating that
other cytokines can compensate for the lack of action of IL-1
in the brain of LPS-treated animals. This possibility has been
confirmed by the demonstration that mice deficient for IL-1RI
no longer respond to intracerebroventricular rat IL-1

 

b

 

, but are
still sensitive to the central effects of intracerebroventricular
LPS on social behavior. Their sensitivity to intraperitoneal
LPS is due to TNF-

 

a

 

 because pretreatment with intracere-

sion, possibly leading to vascular occlusion and stroke. Platelet
adhesion to human vascular endothelium is modulated by con-
stitutive and IL-1–induced NO. ICAM-1 can be upregulated
by IL-1 to a greater degree in hypertensive rat brain endothe-
lial cells, when compared with cells from normotensive rats;
therefore, differential sensitivity to the effects of IL-1 in vascu-
lar cells may predispose to atherosclerosis and stroke. This
concept is supported by the finding that IL-1

 

a

 

 protein, mea-
sured by immunohistochemistry, is consistently overexpressed
in atherosclerotic human blood vessels (9). Thus, functional,
pathological, and neuroanatomical data, such as the localiza-
tion of the mRNAs encoding several components of the IL-1
system within brain vasculature, suggest that constitutive vas-
cular IL-1 may have a role in early pathophysiological events,
ultimately leading to atherosclerosis and stroke (for review see
reference 7). We have shown that IL-1ra is constitutively local-
ized in the brain (10) and that immune neutralization of IL-1
bioactivity results in markedly increased stroke volume after
middle cerebral artery occlusion (MCAo) (11); we concluded
that IL-1ra is an endogenous neuroprotective agent. IL-1ra
treatment inhibits IL-1–induced endothelial cell activation and
induction of adhesion molecules (12). Those functional data
and the finding of constitutive IL-1ra mRNA in blood vessels
in the brain have led us to suggest that IL-1ra might be an en-
dogenous vascular protective agent (7).

In addition to these indirect routes by which cytokines sig-
nal the CNS, peripheral cytokines may actually reach brain pa-
renchyma by crossing the BBB. Recent data showing signifi-
cant quantities of human recombinant IL-1

 

a

 

, but not murine
IL-1

 

a

 

, in mouse cortex after subcutaneous injection, strongly
suggest that such direct access of peripheral cytokines to the
brain can play a role in the central effects of cytokines (13).
Even in healthy basal conditions, cytokines may enter the
brain at areas that lack a tight BBB. Those areas are collec-
tively referred to as the circumventricular organs. Included in
this designation are the pineal body, the subcommissural or-
gan, the subfornical organ, the organum vasculosum of the
lamina terminalis (OVLT), the median eminence, the neuro-
hypophysis, and the area postrema. Cytokines can also be car-
ried across the BBB by active transport (13). Such transport is
saturable and specific for individual cytokines, does not apply
to all cytokines (13), and is not modified by dexamethasone,
morphine, indomethacin, or 

 

a

 

-melanocyte stimulating hor-
mone (14). However, the degree to which this mechanism can
explain all the central effects of cytokines is still not deter-
mined.

The functioning of the CNS during systemic inflammation
is modulated not only by cytokines originating from peripheral
sites, but also by cytokines that are synthesized by the brain.
The genes encoding for a variety of cytokines and their recep-
tors, initially identified in the peripheral immune system, are
constitutively expressed in the brain, indicating that some cy-
tokines may contribute to the normal functioning of the CNS
(Fig. 2 and reference 15) (for review see reference 16). More-
over, peripheral cytokines also cause the synthesis of cytokines
within the brain. After peripheral LPS injection, TNF-

 

a

 

 mRNA
is initially induced in perivascular cells, meningeal cells, and
neurons in circumventricular organ neurons and ventral sur-
face of the medulla. This is followed by TNF-

 

a

 

 mRNA induc-
tion in paraventricular and arcuate hypothalamic nuclei and
the nucleus of the solitary tract (17). Our group and others
have shown that during the course of systemic inflammation
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broventricular TNF-

 

a

 

 binding protein (TNF-

 

a

 

bp) abrogates
the depressing effects of intraperitoneal LPS on social behav-
ior in IL-1RI

 

2

 

/

 

2

 

 mice (Bluthé, R.M., and R. Dantzer, personal
communication). Mice that are deficient in IL-6 are less sensi-
tive to the depressing effects of both IL-1 and LPS on social
behavior when these molecules were administered either in-

 

Figure 3.

 

IL-1

 

b

 

 gene expression in the brain during systemic inflam-
mation. In an experimental model of sepsis (26) we used in situ hy-
bridization histochemistry to show a distinct pattern of IL-1

 

b

 

 gene 
expression in the brain. At baseline we found no constitutive IL-1

 

b

 

 

 

mRNA in brain parenchyma. (

 

a

 

) Using hybridization with a 

 

35

 

S-
labeled IL-1

 

b

 

 riboprobe, we show that 2 h after intraperitoneal LPS 
administration, IL-

 

b

 

 mRNA is found in meninges, neurohypophysis, 
pineal gland, and circumventricular organs; at 6 h, IL-

 

b

 

 mRNA is 
found in a diffuse pattern in glial structures throughout the brain and 
also in neuronal structures such as the paraventricular and arcuate 
nuclei of the hypothalamus. (

 

b

 

) Dark-field photomicrograph of sub-
fornical organ 2 h after intraperitoneal endotoxin injection. (

 

c

 

) Dark-
field photomicrograph of PVN 6 h after intraperitoneal endotoxin ad-
ministration. In 

 

b 

 

and 

 

c 

 

white dots represent silver grains overlying 
IL-1

 

b

 

 mRNA; bar, 78 

 

m

 

m. (

 

d

 

) Cartoon showing that fever in a mouse 
can be caused by a sequence of events: peripheral IL-1

 

b

 

 induction re-
sults in IL-1

 

b

 

 production in brain areas that lack BBB (

 

b

 

), followed by 
IL-

 

b

 

 synthesis in areas of the brain with intact BBB (

 

c

 

).

Figure 4. Bright-field photomicrographs of emulsion-coated sections 
of rat cingulate cortex showing localization of IkB mRNA over cells 
at 0.5 h (A) or 2 h (B) after an intraperitoneal injection of 2.5 mg/kg 
LPS. Nissl counterstain shows blue staining of the endothelial and 
small glial cells of the brain and interhemispheric sulcus. Accumula-
tions of silver grains mark IkB mRNA-positive cells in the large 
blood vessels of the sulcus at 0.5 h and positive cells (mostly endothe-
lia and occasional astrocytes) throughout the brain parenchyma at 2 h. 
Bar, 50 mm. Figure provided by N. Quan, M. Whiteside, L. Kim, and 
M. Herkenham (20).
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traperitoneally or intracerebroventricularly, and their sensitiv-
ity to these treatments was entirely due to IL-1 as pretreatment
with intracerebroventricular IL-1ra abrogates the depressing
effects of intraperitoneal LPS on social behavior in IL-6

 

2

 

/

 

2

 

mice (Bluthé, R.M., and R. Dantzer, personal communica-
tion). Thus, a complex cascade of cytokines that include IL-1,
IL-6, and TNF-

 

a

 

 is expressed in the brain to modulate the cen-
tral effects of peripheral inflammatory mediators. Addition-
ally, peripheral LPS administration causes protracted in-
creases in locus ceruleus firing rates, that can be attenuated by
microinfusion of IL-1ra directly into the locus ceruleus (Bor-
sody, M., and J. Weiss, personal communication). These differ-
ent lines of evidence seem to indicate that IL-1 within the
brain acts during peripheral inflammation to mediate sickness
behaviors induced by peripheral cytokines. However, because
the signal-transducing IL-1RI has not been identified in brain
areas whose activities are modulated by IL-1ra, it is difficult to
explain how central IL-1 might be in mediating these effects at
the cellular and molecular levels.

Thus, the key question in the field remains unanswered. In
response to peripheral inflammation, peripheral cytokines such
as IL-1

 

b

 

 are synthesized and may circulate in the blood
stream. This is followed by the synthesis of IL-1

 

b

 

 in key areas
of the brain, such as the PVN, which potently respond to that
cytokine; however, IL-1 receptors do not seem to be present in
those areas. We can propose three explanations for this inter-
esting paradox. First, it is possible that novel IL-1 receptors ex-
ist in brain. However, despite considerable effort by several
groups, such receptors have not been identified. Second, be-
cause IL-1 receptors are downregulated by inflammation, it is
possible that existing studies have not identified IL-1RI in the
PVN because previous studies were not specifically designed
to rigorously eliminate infection or inflammation as a con-
founding variable. Alternatively, it is possible that IL-1

 

b

 

, act-
ing in (

 

a

 

) areas that send inputs to the PVN, (

 

b

 

) areas that are
adjacent to the PVN, or (

 

c

 

) at the level of brain vasculature
within the PVN, might result in the generation of other infor-
mational molecules, such as prostanoids or NO, that would
modulate the effects of IL-1 on PVN function. Thus, it is possi-
ble that IL-1 synthesis and actions may occur in areas, such as
the PVN, that apparently lack IL-1 receptors. IL-1 binding to
receptors localized in sites other than PVN neurons would
stimulate the production of prostanoids or NO; those mole-
cules would then mediate the effects of IL-1

 

b

 

 on PVN neu-
rons.

IL-1

 

b

 

 synthesized by the PVN might not act directly at that
site, and could be instead secreted into hypophyseal portal
blood as a hypothalamic neurohormone that regulates pitu-
itary function. IL-1

 

b

 

, at levels that are achieved in the circula-
tion during inflammation, directly stimulates pituitary cells to
secrete ACTH, LH, GH, and TSH, and inhibits the secretion
of prolactin (24). These pituitary effects have led Bernton and
colleagues (25) to propose that IL-1, acting directly at several
sites that include the pituitary gland, may be an important reg-
ulator of the metabolic adaptations to infectious stressors. The
pituitary is particularly responsive to IL-1

 

b

 

 during stress or in-
flammation because CRH, a hormone that is synthesized by
the PVN and secreted into hypophyseal portal blood, induces
the expression of IL-1RI receptors in the pituitary gland (24),
thereby increasing the pituitary responsiveness to IL-1

 

b

 

.
We have shown that during systemic inflammation, key ar-

eas that drain to the anterior pituitary, such as PVN, arcuate

nucleus, median eminence, and posterior pituitary, all express
high levels of IL-1

 

b

 

 mRNA; in the same study we showed that
the anterior pituitary expresses moderate levels of IL-1

 

b

 

 fol-
lowed by very high levels of expression of the mRNA for the
secreted isoform of IL-1ra, sIL-1ra, which is known to be in-
duced by IL-1

 

b

 

. Therefore, we have proposed that the pitu-
itary secretion of IL-1ra might represent a novel systemic hor-
monal antiinflammatory mechanism that is elicited during
systemic inflammation by IL-1

 

b

 

 that reaches the anterior pitu-
itary originating from multiple sources that include PVN, arcu-
ate nucleus, median eminence, posterior pituitary, systemic
circulation, and the anterior pituitary itself (26, 27).

It has been demonstrated recently by Reichlin and col-
leagues (28) that the brain and/or its supporting structures are
activated by intracerebroventricular IL-1

 

b

 

 to release IL-6 into
the blood, and that such an effect is not dependent on periph-
eral sympathetic activity or central mobilization of CRH. Di-
rect secretion of IL-6 and possibly of other cytokines from the
brain has been postulated to be a pathway of neuroimmuno-
modulation (28) in much the same way that the hormonal cas-
cade released from the hypothalamic-pituitary-adrenal axis
modulates peripheral endocrine effects. Thus, the relationship
between peripheral and central cytokines is such that periph-
eral cytokines, originating from immune cells, affect the func-
tioning of the brain, and central cytokines may be secreted by
the brain to modulate peripheral immune function.

The pronounced expression of IL-1

 

b

 

 within the brain dur-
ing systemic inflammation, in the context of limited expression
of the genes encoding for cytokines that limit IL-1 bioactivity,
such as IL-1ra, IL-10, and IL-13, should result in marked ac-
tions of IL-1

 

b

 

 within the brain (Fig. 5). That hypothesis has
been supported by the fact that systemic inflammation is asso-
ciated with alterations in temperature, neuroendocrine func-
tion, and behavior, phenomena that could be attributed to the
effects of cytokines such as IL-1

 

b

 

 in the brain. In the brain, IL-1

 

b

 

and TNF-

 

a

 

 are potent stimuli for iNOS production (29). We
have shown that at baseline there is no detectable iNOS gene
expression in the brain, but a detailed neuroanatomical study
revealed that early in the course of systemic inflammation
there is a profound induction of iNOS mRNA in vascular,
glial, and neuronal structures of the rat brain. Two neuronal
hypothalamic nuclei showed strikingly high induction of iNOS
mRNA: the PVN (Fig. 5) and the arcuate nucleus. iNOS mRNA
levels were also markedly induced in both endocrine glands
that are situated in close proximity to the brain, the pituitary
and the pineal. During systemic inflammation, iNOS gene ex-
pression was accompanied by the production of NO metabo-
lites in brain parenchyma and cerebrospinal fluid (8). We have
proposed that the spillover of nitrites into cerebrospinal fluid
has the potential to be a diagnostic marker for systemic inflam-
mation and sepsis. Thus, the metabolic by-products of cyto-
kine action within the brain may be of diagnostic relevance in
human disease.

Serious technical problems, which have been overcome
only recently, have limited progress in the study of the central
effects of peripheral immune mediators. Those include limited
availability of reagents and the confounding effects of experi-
mental conditions. Cytokines and their receptors were first
identified, purified, and cloned by immunologists. The pre-
ferred animal used in preclinical studies in immunology is the
mouse, although human immune tissue can be easily obtained.
Thus, cytokines and their receptors were first cloned in murine
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and human tissues. Recombinant molecules for cytokines and
their receptors, as well as molecular probes, monoclonal and
polyclonal antibodies, and immunoassays were all first devel-
oped for human or murine cytokines. However, due to its big-
ger brain and larger blood volume, the experimental animal of
choice for neurobiologists has traditionally been the rat. Even
though human and murine cytokines are bioactive in the rat,
molecular and immune probes directed against murine or hu-
man cytokines do not work in the rat due to species differences
in the order of 20–30% in the structure of these molecules. Rat
cytokines have been cloned just recently, and commercially
available immunoassays for rat cytokines have reached the

market only within the last year. An additional key technical
point is related to the confounding effects of stress and infec-
tion. Both stress and infection can induce cytokine gene ex-
pression in the brain (for review see reference 7). Immunologi-
cal work is not usually controlled for level of animal stress. On
the other hand, neurobiological work, conducted in conven-
tional animal facilities, is usually not controlled for infection.
Thus, conflicting results on the localization of cytokine gene
expression in the brain have been reported in studies that did
not rigorously control for the confounding factors of stress and
infection. Animal work in this field is only credible, and repro-
ducible, if conducted in virus- and antibody-free animals that

Figure 5. Expression of the genes encoding IL-1b (A–C), IL-1ra (D–F), IL-10 (G–I), and iNOS (J–L) in the PVN of the rat hypothalamus 6 h af-
ter intraperitoneal LPS administration. Images in the first column show the histology of the PVN for each row. The second column shows dark-
field microscopy, and the third column shows bright-field, high-magnification photomicrographs, with mRNA localization at the cellular level. 
Silver grains overlying mRNA are identified by white dots on the second column and by blue dots in the third column (arrows). Figures repre-
sent peak of mRNA induction. Marked induction of IL-1b mRNA (B and C), in the context of limited induction of IL-1ra (E and F) and IL-10 
(H and I), is associated with high levels of iNOS gene expression (K and L). Bar, 126 mM in the first and second columns; bar, 15 mM in the third 
column.
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are housed in carefully monitored animal facilities and which
are subjected to experimental procedures specifically designed
to eliminate stress and infection as confounding variables. Ad-
ditional factors that have limited the progress of research in
this field include the virtual absence of stable, nonpeptide ago-
nists and antagonists, the very low level of constitutive expres-
sion of most cytokines and their receptors, and discrepancies
between bio- and immunoassays due to the presence of natu-
rally occurring inhibitors, binding proteins, and soluble recep-
tors in tissues and extracellular fluids (30).

Very rapid progress has been achieved recently in our un-
derstanding of the mechanisms by which peripheral immune
mediators can affect the functioning of the brain through vari-
ous routes and mechanisms. The integration and differential
regulation of central and peripheral cytokine compartments is
a key element for the optimal functioning of the immune and
nervous systems. Furthermore, it is relevant for the pathophys-
iology not only of diseases that have been conceptualized tra-
ditionally as disorders of the peripheral immune system, but
also for brain disorders such as multiple sclerosis, stroke, brain
trauma, neuroAIDS, Alzheimer’s disease, and psychiatric dis-
orders (31).
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