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Abstract

Cytokines are molecules that were initially discovered in the immune
system as mediators of communication between various types of
immune cells. However, it soon became evident that cytokines exert
profound effects on key functions of the central nervous system, such
as food intake, fever, neuroendocrine regulation, long-term potentia-
tion, and behavior. In the 80’s and 90’s our group and others discov-
ered that the genes encoding various cytokines and their receptors are
expressed in vascular, glial, and neuronal structures of the adult brain.
Most cytokines act through cell surface receptors that have one
transmembrane domain and which transduce a signal through the
JAK/STAT pathway. Of particular physiological and pathophysi-
ological relevance is the fact that cytokines are potent regulators of
hypothalamic neuropeptidergic systems that maintain neuroendocrine
homeostasis and which regulate the body’s response to stress. The
mechanisms by which cytokine signaling affects the function of
stress-related neuroendocrine systems are reviewed in this article.

Correspondence
J. Licinio

UCLA Gonda Center 3357A

695 Charles Young Dr. So.

Los Angeles, CA 90095-1761

USA

Fax: +1-310-825-6407

E-mail: licinio@ucla.edu

Presented at the First

International Meeting on Adrenal

Disease: Basic and Clinical

Aspects, Ribeirão Preto, SP, Brazil,

August 31-September 2, 1999.

Received December 20, 1999

Accepted August 9, 2000

Key words
· Central nervous system
· Cytokines
· Immune system
· Neuroendocrine regulation
· Fever
· Food intake

Introduction

In 1716 the Académie des Sciences de
Bordeaux offered a prize for an answer to the
question “Quel est l’usage des glandes
surrenales?” In light of the several conflict-
ing and fantastic answers, Montesquieu, the
judge (who at that time was 29 years old),
decided not to award the prize. His closing
comment was “Le hazard fera peut-être
quelquejour ce que tous les soins n’ont su
faire” (Perhaps some day chance will reveal
what all of this work was unable to do) (1).

In the following 283 years the combined
work of anatomists, physiologists, patho-
physiologists, surgeons, geneticists, and mo-
lecular biologists has led to enormous
progress in our understanding of the biology
of the adrenal glands. For example, the cru-
cial role of cortisol in the adaptation to stress,
metabolism, immune responses and survival
are now well known. New frontiers of re-
search include the regulation of adrenal func-
tion at the local and systemic levels in health
and disease. Considerable genetic, molecu-
lar, and cellular research has been conducted
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on the adrenal gland. However, the function-
ing of a complex system is the product of
multiple molecular and cellular events. Thus,
while a mere examination of function will
not unravel the mechanisms of regulation,
detailed work with specific cellular and mo-
lecular models will also not uncover the
dynamics of functioning and malfunctioning
in the intact organism. Consequently, a bal-
anced program of research should examine
fundamental mechanisms at the molecular
and cellular level. This review will cover
some recent advances on specific modula-
tors that are highly related to and integrated
with adrenal function. Specifically, we will
discuss the role of central nervous system
(CNS) cytokines in the neuroimmune-endo-
crine axis.

The adrenal gland is the anchor of the
hypothalamus, pituitary, and adrenal gland
neuroendocrine axis (HPA) and its role as
the link between the neuroendocrine and
immune system has been well characterized.
The HPA axis is activated by inflammatory
cytokines (e.g., IL-1ß, TNF-a, IL-6) pro-
duced at the site of peripheral infection or
inflammation by activated lymphocytes and
macrophages. These cytokines enter the sys-
temic circulation, and through mechanisms
that remain unclear, upregulate the expres-
sion of corticotropin-releasing hormone
(CRH) and adrenocorticotropic hormone
(ACTH) from the paraventricular nucleus
(PVN) of the hypothalamus and the anterior
pituitary, respectively. The adrenal gland
responds to ACTH by upregulating gluco-
corticoids, which ultimately downregulate
the immune response. Recent evidence has
added to our understanding of this regula-
tory network, especially since many immu-
nomodulatory cytokines are also expressed
in cells within the CNS. This suggests that
other novel immune-neuroendocrine signal-
ing and regulatory pathways may exist, and
that immuno- and neuromodulatory cyto-
kines may be major components of this sys-
tem.

Cytokines were initially discovered as
chemical messengers integrating the various
elements of the immune response. Perhaps
even more interesting is the increasing body
of evidence supporting a role for cytokines
as modulators of CNS function and behav-
ior. This has exciting implications in future
understanding and treatment of psychiatric
disorders, such as major depression, bipolar
disorder, and schizophrenia, whose etiology
has been linked to dysfunction of the im-
mune system. Thus, understanding how cy-
tokines are regulated and function in the
CNS may lead to new insights in brain disor-
ders, ultimately contributing to the develop-
ment of novel strategies to treat these dis-
eases. However, as most cytokines and
chemokines can be expressed in the nervous
system, it becomes impractical to study or
review all of them in the same setting. Thus,
this discussion will be focused on the family
of interleukin (IL) 1-related molecules.

The IL-1 system: components and
expression in the CNS

The signaling networks of most cyto-
kines are characterized by both redundancy
and pleotropism, and IL-1 is no exception.
For example, IL-1 bioactivity is character-
ized by the action of several unique ligands
(IL-1a, IL-1ß) (2,3), and the IL-1 receptor
antagonist (IL-1ra) (4,5). Two receptors have
been identified, IL-1 receptor type I (IL-
1RI), which has a long intracellular domain
(6), and IL-1 receptor type II (IL-1RII), which
has a truncated intracellular domain, does
not transduce a signal, functions as a decoy
for bioactive IL-1, and is upregulated by
anti-inflammatory cytokines (e.g., IL-13) and
steroids (7,8). Finally, a number of soluble
receptors (9), receptor-related proteins (10),
receptor-like molecules (11), an IL-1 acces-
sory protein (12), and autoantibodies are
involved in IL-1 signaling. In addition, a
regulatory enzyme (IL-1ß converting enzyme
or caspase 1) is responsible for cleaving the
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pro-IL-1ß to its active form (for a review, see
13). IL-1ra, the first pure endogenous recep-
tor antagonist to be discovered, is a unique
component of this system.

Cytokines target the brain through a num-
ber of mechanisms, including a) disruption
of the blood-brain barrier, b) penetration in
the brain through circumventricular organs
(these sites in the brain have capillaries with
open junctions and abundant fenestrations),
c) de novo synthesis in the CNS, and d)
direct signaling of the brain through periph-
eral nerves. It is still not known which of
these mechanisms, either alone or in con-
cert, are involved in specific pathophysi-
ological situations (8).

IL-1ß, in response to various physiologi-
cal and pathological stimuli, is produced by
many different cells in the CNS, including
neurons, microglia, endothelial cells and as-
trocytes. Furthermore, administration of ex-
ogenous IL-1ß produces “stress like” changes
in behavior, food intake, monoamine neuro-
transmitters, HPA axis activity and immune
function (14-21). IL-1ß, a product of the
inflammatory response, is a major upregulator
of hypothalamic CRH secretion (22,23).
Moreover, IL-1ß has been reported to be a
potent regulator of the serotonin transporter
gene (24). These findings are important, since
the serotonin transporter is a primary target
for antidepressants, cocaine, and amphet-
amines. Furthermore, modulation of the hu-
man serotonin transporter gene by a physi-
ologically occurring cytokine has not been
described previously.

The first experiments that localized cy-
tokine gene expression in the rat brain were
conducted during the 80’s. IL-1ß was local-
ized in the human hypothalamus by Saper’s
group (25) and localization of the mRNAs
encoding the signal-transducing IL-1 recep-
tor in the mouse brain and IL-1ra in the rat
brain soon followed (26-28). The functional
IL-1RI mRNA and several other compo-
nents of the IL-1 system were localized in
the rat brain using in situ histochemistry

hybridization (29-33). Given the important
role of IL-1 bioactivity in regulation of HPA
function and behavior, several investigators
have conducted studies to address key ques-
tions related to the role of IL-1ra in the brain.

Neuroendocrine-immune effects of
cytokines on CNS function

IL-1ra is a naturally occurring pure en-
dogenous antagonist of IL-1 actions, and
both transcription and translation of this cy-
tokine occur in the brain. In contrast to the
actions of IL-1ß, exogenous IL-1ra adminis-
tration in the brain is neuroprotective in
animal models of stroke (31). Thus, we and
others have hypothesized that IL-1ra may act
as an endogenous neuroprotective factor in
the brain. Studies of middle cerebral artery
occlusion demonstrated that cerebral expres-
sion of IL-1ra is rapidly induced by focal
cerebral ischemia in rats, and passive
immunoneutralization of IL-1ra markedly en-
hanced damage (32). Therefore, endogenous
IL-1ra can be upregulated by acute neurode-
generative events and its expression is suffi-
cient to limit the amount of neuronal loss or
damage. These findings have been independ-
ently replicated using pre-ischemic condi-
tioning, as well as gene transfer methods
(33,34). It is likely that low (physiological)
levels of IL-1 allow the maintenance of neu-
ronal plasticity in the adult brain, while ex-
cessive and sustained production of IL-1,
which occurs rapidly following brain injury,
dramatically impairs both neuronal and non-
neuronal cell functions and survival.

The sensitivity of specific neurons to IL-
1-mediated inflammatory insults may de-
pend upon the level of constitutive IL-1ra
expression and both the rate and extent of its
synthesis following damage to the CNS. Un-
derstanding the mechanisms of IL-1ra and
IL-1ß expression in the brain following in-
jury may be of therapeutic benefit for the
treatment of neurodegenerative disorders.
The search for endogenous neuroprotective
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molecules represents a promising therapeu-
tic strategy for neurodegeneration. These
findings are of relevance to the biology of
the medical consequences of major depres-
sion. For example, Sheline et al. (35,36)
showed that atrophy of the hippocampus and
amygdala in major depression was positively
correlated with the effects of glucocorticoids
or CRH.

In work conducted to show the role of
CRH in acute neurodegeneration, it was
shown that CRH mRNA levels were elevated
2.6-fold within 1 h after middle cerebral
artery occlusion, when compared to sham-
operated animals. Furthermore, the induc-
tion of CRH mRNA ipsilaterally in the amyg-
dala, following ischemia, was qualitatively
different from that of sham-operated ani-
mals (37). These findings, when interpreted
in the light of previous studies showing neu-
roprotection by CRH antagonists in animal
models of acute ischemia (38,39), led to the
concept that high levels of endogenous CRH
may contribute to neurotoxicity. Strijbos et
al. (39) showed that neuroprotection caused
by CRH antagonism is not due to decreased
cortisol levels since RU-486, a type II gluco-
corticoid receptor antagonist, or dexametha-
sone, does not affect focal cerebral ische-
mia. The possibility that CRH may have a
role in acute neuronal loss in ischemia raises
two important issues. First, it substantiates
the potential therapeutic benefit of CRH an-
tagonists in treating stroke. Secondly, abnor-
malities in the CRH levels in the CNS are
associated with several human diseases, in-
cluding major depression (40-42), anorexia
nervosa (43) and Alzheimer’s disease (44).
It remains to be determined whether these
disorders are related to changes in central
CRH levels and/or cytokine expression. How-
ever, the evidence that overexpression of
CRH/IL-1 may be associated with neurotox-
icity provides an additional rationale to in-
vestigate drugs affecting CRH function in
the treatment of these disorders. The hypo-
thesis that high CRH/IL-1ra or IL-1ß/IL-1ra

ratios lead to neuronal loss should be tested
in post mortem studies.

Functional regulation of the
neuroimmune-endocrine axis
during inflammation

How is IL-1 bioactivity regulated in the brain
during inflammation?

The CNS responds to systemic inflam-
mation with pronounced IL-1ß gene expres-
sion and limited IL-1ra, IL-10, and IL-13
gene expression (45). This pattern occurs
throughout the CNS, including the subforni-
cal organ, pineal gland, neurohypophysis,
and hypothalamus. In contrast, the anterior
pituitary expresses limited IL-1ß gene activ-
ity but markedly upregulates the secreted
isoform of IL-1ra (sIL-1ra) mRNA. These
findings are concordant with reports on IL-
1ß and IL-1ra bioactivity following periph-
eral lipopolysaccharide (LPS) treatment
(46,47). The concept that inflammatory cy-
tokines acting within the brain to regulate
key elements of the CNS response to periph-
eral inflammation has been substantiated by
the findings that CNS functions can be at-
tenuated or in some cases abolished by cen-
tral administration of IL-1ra (21,48). For
example, the induction of CRH gene expres-
sion in the PVN in response to peripheral LPS
administration can be abolished by the central,
but not peripheral, administration of IL-1ra,
suggesting that the actions of IL-1ß within the
brain are required for CRH mRNA induction
during peripheral inflammation (48).

The signal-transducing IL-1RI has not
been identified in brain regions where IL-1ß
modulates activity. Therefore, it is difficult
to explain how central IL-1ß might mediate
CNS effects at the cellular and molecular
levels. In response to peripheral inflamma-
tion, peripheral cytokines such as IL-1ß are
synthesized and may circulate in the blood
stream. This is followed by the synthesis of
IL-1ß in key areas of the brain, such as the
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PVN. Paradoxically, IL-1 receptors do not
seem to be present in those areas. It is pos-
sible that novel IL-1 receptors exist in the
brain. However, in spite of considerable ef-
fort by several groups, such receptors have
not been identified or cloned. Secondly, since
inflammation downregulates IL-1 receptors,
it is possible that the lack of evidence of IL-
1RI expression in the PVN in previous stud-
ies was due to previous infection or inflam-
mation; however, this is unlikely in light of
previous studies that have rigorously con-
trolled for inflammation (49). Finally, it is
possible that IL-1ß, acting in areas that send
inputs to the PVN, areas that are adjacent to
the PVN, or at the level of brain vasculature
(50) within the PVN, might cause the gen-
eration of other informational molecules,
such as prostanoids (49,51) or nitric oxide
(NO) (52). This may result in the indirect
modulation of IL-1ß-mediated effects on
PVN function as discussed in more detail
below.

Our current hypothesis is that the central
(CNS) and peripheral (immune) cytokine
compartments are integrated but differen-
tially regulated. The central manifestations
of peripheral immune responses to infection
and inflammation are mediated by IL-1ß
synthesized in the brain during the context of
limited counter-regulation of IL-1ra. This is
in contrast to the peripheral regulation of
systemic inflammation where it is advanta-
geous to counter-regulate IL-1ß action at the
periphery, thus limiting the inflammatory
response. On the other hand, actions of IL-1
in the brain cause sickness behavior, leading
to sleep, decreased search for food, inhibi-
tion of reproduction, and suppression of lo-
comotion and exploration, thereby facilitat-
ing recovery and reducing the likelihood of
confrontation with predators.

Does IL-1ß-induced iNOS contribute to
brain-immune interactions?

IL-1ß has been shown to induce iNOS

mRNA and NO production in vascular and
brain cells in vitro (53) and to induce iNOS
in vivo. During systemic inflammation, iNOS
gene expression was accompanied by the
production of NO metabolites in brain pa-
renchyma and cerebrospinal fluid (CSF).
The spillover of NO metabolites, such as
nitrites, into the CSF has the potential to be a
diagnostic marker for systemic inflamma-
tion and sepsis. The effects of IL-1ß on
iNOS induction and NO production is de-
pendent upon the local ratio of IL-1ß and of
cytokines that inhibit IL-1 action (e.g. IL-
1ra). Therefore, high IL-1ß/IL-1ra mRNA
ratios in the brain during systemic inflamma-
tion could explain the pathophysiologically
significant iNOS gene transcription and bio-
activity in the brain described during sys-
temic inflammation. Neuroanatomical stud-
ies revealed that early in the course of sys-
temic inflammation iNOS mRNA in vascu-
lar, glial, and neuronal structures of the rat
brain is profoundly upregulated (50,54). The
pituitary, the pineal, PVN and the arcuate
nucleus strongly upregulated iNOS mRNA
during inflammation. Interestingly, it has
been proposed that infections throughout
life result in iNOS expression, resulting in
turn in high levels of NO production, and
leading to increased cytotoxicity, whose life-
time cumulative effect contributes to the
aging process (55).

Is there a systemic, endocrine role for CNS
cytokines?

The PVN-synthesized IL-1ß may not act
directly in the brain, but rather may be se-
creted into hypophyseal portal blood as a
hypothalamic cytokine/neurohormone that
regulates pituitary function. During inflam-
mation, IL-1ß in the circulation directly
stimulates pituitary cells to secrete ACTH,
LH, GH, and TSH, and inhibits the secretion
of prolactin (56). These pituitary effects have
led Bernton and colleagues (56) to propose
that IL-1, acting directly at several sites that
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include the pituitary gland, may be an impor-
tant regulator of the metabolic adaptations to
infectious stressors. The pituitary is particu-
larly responsive to IL-1ß during stress or
inflammation because CRH induces the ex-
pression of IL-1RI receptors in the pituitary
gland (57), thereby increasing the sensitivity
of the pituitary to IL-1ß. The anterior pitui-
tary expresses moderate levels of IL-1ß, but
very high levels of mRNA for the secreted
IL-1ra. The pituitary secretion of sIL-1ra
may represent a novel systemic hormonal
anti-inflammatory mechanism elicited either
during systemic inflammation through the
anterior pituitary or from multiple central
sources, such as the PVN, arcuate nucleus,
median eminence, posterior pituitary, and
the anterior pituitary itself (45).

Intracerebroventricular administration of
IL-1ß has been demonstrated to activate the
brain and/or its supporting structures to re-
lease IL-6 directly into the blood independ-
ent of peripheral sympathetic activity or cen-
tral mobilization of CRH (58). The direct
CNS-mediated secretion of IL-6, and possi-
bly other cytokines, has been postulated to
be a pathway of neuroimmunomodulation
(59) in much the same way that the hormonal
cascade released from the HPA axis modu-
lates peripheral endocrine effects. Thus, the
relationship between peripheral and central
cytokines is such that peripheral cytokines,
originating from immune cells, affect the
functioning of the brain, and central cyto-
kines secreted by the brain feedback to pe-
ripheral immune function.

New directions for clinical research
on the physiological regulation of
adrenal function in humans

New endocrine sampling techniques, with
highly intensive sampling intervals have the
potential to fully characterize human HPA
function in health and disease. Such studies,
which are being conducted by our group and
others, can accomplish the following: a) char-
acterize both the long-term functioning of
the HPA axis, and b) detail the minute-to-
minute regulation of ACTH:cortisol ratio,
thereby quantifying the dynamics of the ad-
renal responsiveness to ACTH; c) analyze
the level of complexity and the architecture
of circulating cortisol and ACTH concentra-
tions as an index of functional integrity of
the HPA axis; d) examine the dynamics of
point-to-point incremental variation of hor-
mone concentrations in health and disease.

Conclusions

The HPA axis has been extensively stud-
ied. While fundamental molecular mechan-
isms help us identify the various elements of
HPA regulation, integrative studies allow us
to dissect the complexities of HPA function-
ing in health and disease. Progress in genet-
ics, molecular biology, integrative physiolo-
gy, and clinical research should be inte-
grated so that a full and clinically useful
understanding of HPA function and its rela-
tionship to immune mediators can be
achieved.
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