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Cogito, ergo sum [l think, therefore | am].
—Rene Descartes

Recognition of self (“what | am”) is a fundamental property of biological entities. Brain
activity is essential for creating an image of self. The complex process that is used by
the brain to create a self-image is still poorly understood. Interestingly, a fundamental
task of the immune system is to distinguish self from nonself. The principles and the
molecular mechanism by which the immune system makes this distinction have
been well delineated. The thymic selection of T cells with moderate affinity for self-anti-
gens illustrates this principle, and it seems to work well. This is just one of many simi-
larities between the central nervous system (CNS) and immune system. Both systems
use a unique functional feature called memory. As a matter of fact, memory provides
a basic mechanism for distinguishing self from nonself. In this regard, it is quite tanta-
lizing that some of the molecules that are uniquely expressed in the immune system are
also expressed in the CNS. The recombination activating gene-1 (RAG-1) is one such
example.! RAG-1 is critical for generation of the T-cell and B-cell antigen receptors and
has been instrumental in the evolution of the adaptive immune system. RAG-1 is ex-
pressed at a lower level in the CNS. Its function in the CNS is unclear, but it may be
involved in certain neuronal functions.? The T-cell-associated molecule CD4 and its
kinase Lck are expressed by neurons and microglia.® Lck deficiency causes retinal
dysplasia.* Unc119 (HRG4) is a signaling molecule that is preferentially expressed in
the neuron, especially in retinal cells.® It is also expressed at a lower level in leuko-
cytes.® Unc119 (HRG4) deficiency causes retinal degeneration.®

The effect of neuronal molecules on the immune system has been an area of active
research for many years. Tachykinins and the proteins of the nerve growth factor family
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directly affect the function of immune cells. Tachykinins, generally released at the
nerve endings, are important mediators of neurogenic inflammation. They are also
secreted by cells of the immune system, however. Molecules secreted by the immune
cells profoundly affect our psyche. Just think how we feel when we have the flu, the
common cold, or other minor viral infections. The opposite is also true. We easily
succumb to illnesses during times of stress or depression. These are complex issues,
and their molecular mechanisms are just beginning to be uncovered. Understanding
the mind-body immunity is the fascinating subject of this issue. This is fun to read.
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Preface

Gregory G. Freund, MD
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In August of 2006 in Neurologic Clinics of North America, | asked the question “What is
psychoneuroimmunology (PNI)?” | noted that the National Library of Medicine defined
PNI as “the field concerned with the interrelationship between the brain, behavior and
the immune system.” To my chagrin, | discovered that the Encarta World English
Dictionary by Microsoft Corporation defined PNI as “a branch of medicine concerned
with how emotions affect the immune system.” This latter definition seriously misrep-
resented the field of PNI and colored it as some sort of pseudoscience. In addition, Wi-
kipedia had only 337 words devoted to the subject, and none of them were practically
informative, except, perhaps, that the term psychoneuroimmunology was “coined by
Robert Ader and Nicholas Cohen at the University of Rochester in 1975,” which is
where | attended medical school and received my postgraduate training in pathology.
Today, however, things are different. Wikipedia now has a robust description of the
field, and even the publishers of medical education and reference textbooks (usually
a lagging indicator of medical advances) are beginning to see the importance of PNI.

In 2006, an all-site content search of McGraw-Hill's AccessMedicine, which
contains the contents of 16 respected medical textbooks, including Harrison’s Online,
provided only one “hit” for the term psychoneuroimmunology. This reference was con-
tained in Adams and Victors’ Neurology in a discussion of the evolution of the study of
psychiatric disorders and the apparently deleterious impact that the originating
concept of “psychosomatic medicine” in the 1930s had on the treatment of mental
illness. Unfortunately, this purported link between PNI and “psychosomatic” disorders
is still included. On the positive side, McGraw-Hill’'s Current Medical Diagnosis and
Treatment 2009 now includes a positive description of PNI in its section on mind-
body medicine, noting that “The new field of psychoneuroimmunology has
documented, at the physiologic level, the powerful effect of the mind on the nervous,
endocrine, and immune systems, and vice versa. Studies have demonstrated that
certain forms of mental training, in addition to affecting health, can affect brain function
and even structure, leading to a reevaluation of currently held beliefs about
neuroplasticity.”
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Current clinical practice, especially by means of complementary and alternative
medicine approaches, is using and translating the basic science of PNI and capital-
izing on the bidirectional communication that occurs between the central nervous
system (CNS) and the peripheral immune system. Critical to improving our armamen-
tarium of mind-body-based therapeutics is to recognize that immune organs (lymph
nodes, spleen, and thymus) are innervated and communicate with the CNS by means
of neuronal pathways. As one example, efferent vagus cholinergic nerve terminals in
the spleen are triggered during bacterial infection, and the resultant acetylcholine
suppresses macrophage activation, thus forming the “cholinergic anti-inflammatory
reflex.” Similarly, the afferent vagus conveys proinflammatory cytokine-dependent
information about the activation status of the peripheral immune system to the nucleus
of the solitary tract, resulting in the classic disease symptoms of fever, lethargy,
drowsiness, and loss of appetite. These fundamental biologic concepts are essentially
absent from medical texts, including teaching and reference books in anatomy, medi-
cine, neurology, pathology, and surgery, although, Kaplan and Sadock’s Comprehen-
sive Textbook of Psychiatry notes autonomic nervous system innervation of the
peripheral immune organs.

So, what is PNI? It is a rapidly developing field of study dedicated to understanding
why illness occurs and why many individuals have trouble recovering from their afflic-
tion. As our knowledge of the myriad physiologic pathways activated before, during,
and after sickness expands, mind-body medicine should translate these discoveries
into innovative new strategies that should ward off, retard, and overcome disease.

| am pleased to present to the readers of Immunology and Allergy Clinics of North
America this important issue reprinted from Neurologic Clinics of North America, with
updates included from many of the authors.
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Classically, two great communication systems have been described: the nervous
system and the endocrine system. Not surprisingly, a role for the nervous system,
especially the vagus and sympathetic outflow, was found early in the history of
psychoneuroimmunology. Similarly, blood-borne signals were known to be critical
for immune cell communication. Increasing evidence also showed that circulating
immune signals, including immune cells themselves, somehow exerted an effect on
the central nervous system (CNS). It was known that this endocrine-like interaction
between the circulating factors of the immune system and the elements of the CNS
was complicated by the existence of the blood-brain barrier (BBB). Early work clearly
showed that the BBB prevents as free an exchange of the circulating immune
elements with the CNS as with the peripheral tissues. The existence of barrier function
preventing the unrestricted exchange of immune substances between the blood and
CNS raised another, more exciting possibility: that the BBB might preside over a regu-
lated interaction between the immune system and the peripheral tissues.

Work in the last 15 years has shown that the BBB is in fact a regulatory interface
between the CNS and peripheral tissues. This interface does not exit in isolation but
is modified and affected by circulating substances and, even more, by cells,
substances, and events on the CNS side. These intimate interactions of the BBB
with events on its luminal (blood) and abluminal (brain) sides have led to the concept
of the neurovascular unit (NVU). The concept of the NVU emphasizes that the BBB is in
a pivotal position to control the humoral exchanges between the peripheral tissues
and the CNS and that such control is modified by CNS and circulatory factors. The
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roles of the BBB and the NVU in psychoneuroimmunology still are being described,
but current thinking can categorize them broadly. This article considers the four func-
tions that are most fundamental to psychoneuroimmunology: (1) barrier functions; (2)
permeability functions, further considered here as permeability to cytokines and to
immune cells; (3) clearance functions; and (4) secretory functions.

BARRIER FUNCTIONS

The defining characteristic of the BBB is its barrier function (Fig. 1). Experiments by
Paul Erlich and others at the end of the nineteenth century found that some dyes could
not stain the brain after intravenous injection. Eventually, this lack of staining was
found to occur because these dyes bound to circulating albumin and, unlike in periph-
eral organs and tissues, albumin was unable to leak out of the blood vessels of the
CNS. In the late 1960s, electron microscopy studies revealed the anatomic basis for
the BBB." Tight junctions cement together the endothelial cells that form capillaries
in the brain and spinal cord and that line their arterioles and venules. Other modifica-
tions include a lack of intracellular fenestrations and a decreased rate of pinocytosis.
Besides the endothelial barrier of the vasculature, there are parallel barriers comprised
of epithelial cells at the choroid plexus and tanycytes at the circumventricular organs.
Taken together, these modifications prevent the production of a plasma ultrafiltrate
and, hence, leakage of serum proteins into the CNS. The barrier formed is the most
impressive in biology, with serum/cerebrospinal fluid (CSF) to ratios for restricted
proteins of about 200:1.2

This lack of leakage no doubt has great benefits to the CNS. Preventing the unre-
stricted entry of circulating substances into the CNS is one of several ways that the
BBB helps provide an ideal environment for the functioning of the CNS. This ultrafil-
trate, however, provides much of the nourishment to peripheral tissues. Without it,
the CNS must obtain its nutrients by some other means. The BBB serves this need
of the CNS as well. The BBB possesses selective saturable transporters for nearly
every substance needed for the homeostatic and nutritional maintenance of the
CNS. There are, for example, transporters for glucose, amino acids, free fatty acids,
vitamins, minerals, and electrolytes. These transporters often have been shown to
be modifiable so that they adapt to the needs of the CNS. This dualism of the

Restricts the free exchange of
substances between the CNS and blood

The Barrner Cell

Allows small, lipid soluble molecules
to cross

The Lipid Permeable Cell

and viruses

The Transporter Cell :«Q{D fos Selectively transports substances, cells

Secretes into the CNS and blood
cytokines, prostaglandins, nitric oxide
and other substances

The Secretory Cell

Fig. 1. Multiple roles are played by the cells that comprise the blood-brain barrier. CNS,
central nervous system.
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BBB—the power to restrict leakage so severely and to transport substances on
a selective basis—makes it a vital player in the interactions between the CNS and
the periphery.

Adrenergic compounds are perhaps the most significant class of neuroimmune
substances excluded by the BBB. Epinephrine and norepinephrine secreted from
the adrenal medulla and adrenergic nerves have been shown to affect immune cell
functions.® Adrenergic compounds are excluded by the physical presence of the
BBB and also by enzymatic degradation by the brain capillaries.*

Disruption of the BBB is a highly pathologic event and is associated with many neu-
roimmune phenomena. The first such phenomenon described was the ability of lipo-
polysaccharide (LPS) to disrupt the BBB. It is assumed that the release of cytokines
such as tumor necrosis factor-o (TNF-a) is the mechanism for such disruption, which
also is known to be prostaglandin dependent and independent of nitric oxide. Most
events and substances that disrupt the BBB do so not by dissolving the tight junctions
of the brain endothelial cells (ie, the paracelluar pathway) but by enhancing pinocy-
tosis and other vesicular-dependent mechanisms (the transcytotic pathway). Recent
work, however, has emphasized the role of the paracellular pathway in disease states
because of recent advances in understanding how tight junctions work. It is becoming
increasingly clear that there are many subtypes of vesicles at the BBB, including those
related to transport of viruses across the BBB.

PERMEABILITY FUNCTIONS

If substances could not cross the vascular BBB, the CNS would not survive. As noted
previously, numerous classes of substances cross the BBB by way of saturable trans-
porters. Some of these substances act as hormones toward the brain; that is, they are
secreted into the blood by peripheral tissues and travel through the bloodstream to
affect CNS function.® To affect the CNS, these substances must negotiate the BBB.
Although there are several indirect ways by which blood-borne substances can influ-
ence the CNS, the most direct way is by crossing the BBB. It has long been known that
steroid hormones cross the BBB and influence brain function. The idea that peptides
and regulatory proteins could cross the BBB was highly controversial when first
proposed. It now is clear that many peptides and regulatory proteins can do so.
Indeed, consistent with the concept of an NVU, the BBB can be viewed as the crucial
intersection in a humoral-based communication between the CNS and peripheral
tissues.

Many of the substances that cross the BBB influence the neuroimmune system. The
substances that most clearly fit into this category are the cytokines. Currently, more
than two dozen cytokines have been examined for their abilities to cross the BBB.®
Among those found to be transported by a saturable system from blood to brain are
interleukin (IL)-1, IL-6, TNF-a, nerve growth factor, neurotensin-3, brain-derived neu-
rotrophic factor, fibroblast growth factor, epidermal growth factor, leukemia inhibitory
factor, ciliary neurotrophic factor, gamma interferon, and granulocyte macrophage
colony-stimulating factor.

It is increasingly clear that the cytokine transporters are involved in pathologic as
well as physiologic states. For example, numerous publications from the laboratory
of Pan have shown that the transporters are altered with injuries to the CNS.” Those
and other studies also show that cytokines with neurotrophic potential can cross
the BBB in normal animals as well as in those with injuries to the CNS. At the current
time, little or no work is being done to use these transporters to deliver neurotrophic
agents to injured brain tissue.
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The ability of immune cells to cross the BBB also is of profound importance to neu-
roimmunology. Trafficking between the CNS and blood occurs under normal circum-
stances and can be greatly increased in disease conditions.® Penetration of the BBB
by immune cells does not occur because of a disrupted BBB. Instead, an intimate and
orchestrated interaction occurs between the immune cell and the brain endothelial
cell. Expression of complementary adhesion molecules by both cells is vital to binding
and subsequent interactions. Expression of intercellular adhesion molecule-1 by brain
endothelial cells has been identified as a key step in immune cell trafficking in the CNS.
The expression of these adhesion molecules is influenced by proinflammatory cyto-
kines. A prominent route by which immune cells cross the BBB is the process of
diapedesis in which the immune cell tunnels through the brain endothelial cell, not
between the tight junctions between cells. Thus cells programmed or activated by
events outside the CNS can enter the brain or spinal cord to secrete substances or
otherwise interact with cells within the CNS.

CLEARANCE FUNCTIONS

The role of the movement of substances from the CNS into the blood is an important,
but seldom considered, topic for psychoneuroimmunology. Substances enter the
blood from the CNS by two broad mechanisms: the efflux of substances from brain
interstitial fluid into the blood and the reabsorption of CSF.® Efflux from brain interstitial
fluid into blood occurs across the capillary wall and can be mediated by saturable
efflux systems or by nonsaturable diffusion across the cell membranes comprising
the brain endothelial cell. Reabsorption of CSF can occur at the arachnoid villi, in
which case the CSF enters the venous drainage of the brain, or at the olfactory
bulbs, in which case the CSF enters the lymphatic drainage for the head. Brief
examples can show why movement from the CNS to blood is so important in
psychoneuroimmunology.

The CNS can be a tremendous source of cytokine production, particularly in states
such as meningitis. These cytokines can enter the blood with the reabsorption of the
CNS at the arachnoid villi. Only one cytokine has been found to have a saturable trans-
porter directed from the brain to the blood: IL-2. This efflux of cytokine from brain to
blood can elevate brain levels, and it is possible that much of the cytokine found in
the blood is derived from the CNS.1°

It seems that much of the methionine enkephalin found in blood is derived from the
CNS. Methionine enkephalin is a small opiate peptide produced by both peripheral
tissues and the CNS that has neuroimmune functions. It is transported from the
CNS to the blood by the saturable peptide transport system-1. It has been estimated
that about 30% to 40% of the circulating methionine enkephalin is derived from the
CNS.™

Substances injected into the CSF can have profound effects on peripheral immune
function. This area is understudied, and the mechanisms of action are not clear. The
major hypothesis is that the substances are reabsorbed with the CSF and travel to the
cervical lymphatics, where they affect immune cell function.’? In a somewhat similar
manner, corticotropin-releasing hormone is transported from brain to blood, where
it circulates to the spleen. Once there, it affects splenic production of the opiate neuro-
immune modulator p-endorphin.’®

SECRETORY FUNCTIONS

The BBB can be the conduit by which circulating cytokines affect the CNS through
mechanisms other than direct passage. The cytokines, for example, can alter the
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permeability of the BBB to a variety of substances and through numerous mecha-
nisms. Cytokines also can alter receptor levels on brain endothelial cells. Another
mechanism that has received much less attention is the ability of the cells that
comprise the BBB to secrete cytokines. In 1993 Fabry and colleagues' showed
that brain endothelial cells can secrete IL-1 and IL-6. In 1999, Hoffman and
colleagues'® showed that exposure to the HIV-1 protein Tat induced release of IL-8,
and Reyes and colleagues'® showed release of IL-6 on exposure to LPS. Since
then, it has been shown that numerous other cytokines are released from brain endo-
thelial cells and the choroid plexus either spontaneously or upon stimulation. Other
substances important to the neuroimmune system, including prostaglandins and nitric
oxide, also are released from the BBB.

The importance of the BBB release of cytokines in psychoneuroimmunology can be
illustrated by the versatility of pathways. First, the brain endothelial cell could receive
input from its brain side and secrete substances back into the CNS. As such, it could
be the fourth member of the currently popular triad involving cross-talk among
neurons, astrocytes, and microglia. Likewise, the BBB could receive neuroimmune
stimulation from the blood and respond by secreting substances back into the blood.
The most exciting aspect of the BBB secretion of cytokines is that the BBB could
receive stimulation from one side and secrete cytokines into the other. For example,
a brain endothelial cell might receive an immune signal at its blood side and respond
by secreting a cytokine from its brain side. No other part of the immune system, with
the exception of immune cells that cross the BBB, can be activated in one compart-
ment of the CNS-immune axis and respond by releasing substances into the other
compartment. Recently, it has been shown that brain endothelial cells indeed can
receive input from one side and secrete cytokines into the other.'”

SUMMARY

The very term “psychoneuroimmunology” connotes separate compartments that
interact. The BBB is the physical and physiologic dividing line between the immune
system and the CNS and is the locale for interaction. Interactions between the immune
system and the CNS are mediated at the BBB through a variety of mechanisms. The
BBB restricts unregulated mixing of the immune substances in the blood with those in
the CNS, directly transports neuroimmune active substances between the blood and
the CNS, and secretes neuroimmune substances. All these normal functions of the
BBB can be altered in an adaptive or pathologic manner by neuroimmune events.
As such, the BBB is an important conduit in the communication of the immune and
the central nervous systems.
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When heat production or heat gain exceeds heat dissipation or heat loss, the body
core temperature rises above its range specified for the normal active state of the
species.’? Such a thermal imbalance leads to a state of hyperthermia. This imbalance
can occur for several reasons: an increase in metabolic heat production, an impair-
ment of heat-dissipating effector mechanisms, a decrease in heat-absorbing mecha-
nisms by the environment under hot external conditions, or a response to a drug.
Usually, an overwhelming of the mechanisms for temperature control causes the
resulting hyperthermia.

Fever is a state that also is characterized by an elevation of body temperature, but
there is no overwhelming of thermoregulatory control mechanisms. In contrast, the
thermoregulatory control system is adjusted to increase body temperature to match
a higher set point (ie, the higher body temperature actively is established and
defended by the operation of heat-producing and heat-conserving thermoeffectors).’

Persons who are hyperthermic have increased skin blood flow to improve convec-
tive heat loss and sweat to dissipate heat by evaporation of water. In contrast, at least
during the rising phase of fever, skin blood flow is reduced and persons who are febrile
do not sweat but rather shiver to increase metabolic heat production. These thermo-
regulatory effector mechanisms are supported by appropriate behavior. Although
a hyperthermic organism seeks a cool environment, the state of fever is characterized

This article is a version of an article previously published in Neurologic Clinics: Roth J, Rummel
C, Barth SW, Gerstberger R, Hubschle T. Molecular aspects of fever and hyperthermia. Neurol
Clin 2006;24(3):421-39.

@ Department of Veterinary Physiology, Faculty of Veterinary Medicine, Justus-Liebig-University
Giessen, Frankfurter Strasse 100, D-35392 Giessen, Germany

b Department of Nutritional Physiology and Biochemistry, Federal Research Institute of Nutri-
tion and Food, Haid-und-Neu Strasse 9, D-76131 Karlsruhe, Germany

* Corresponding author.

E-mail address: joachim.roth@vetmed.uni-giessen.de (J. Roth).

Immunol Allergy Clin N Am 29 (2009) 229-245
doi:10.1016/j.iac.2009.02.005 immunology.theclinics.com
0889-8561/09/$ — see front matter © 2009 Elsevier Inc. All rights reserved.


mailto:joachim.roth@vetmed.uni-giessen.de
http://immunology.theclinics.com

230

Roth et al

by huddling or by the search for warm environmental conditions.>* The strategy to
establish fever seems to depend on ambient temperature. In the cold, increased
heat production is activated to achieve the febrile state, whereas in warm environ-
ments, a suppression of heat-loss mechanisms is typical.’

In summary, the rise in core temperature during fever usually is a result of change in
the thermocontroller characteristics leading to an elevation of the set point of body
temperature. Time course and extent of natural fevers vary, but an upper limit (41°C
in humans) rarely is exceeded. At this upper limit, core temperature is maintained
for some time and reduced when the set point of body temperature returns to its
normal level. Although any rise in body temperature may result from fever, those rises
that are not accompanied by supportive changes in thermoeffector activities are
termed hyperthermia.’

FEVER AS A PART OF THE ACUTE-PHASE RESPONSE TO INFECTION
OR SYSTEMIC INFLAMMATION

A strong association between fever and infection has been recognized for a long time,
which is why fever is frequently called a hallmark of infection.® The manifestation of
fever, however, is not restricted to infectious diseases of bacterial, viral, protozoal,
fungal, or other origin. Fever also is observed in response to injury, such as injuries
associated with surgery, trauma, chemicals, or thermal insults. In addition, fever
frequently accompanies some endogenous mechanisms. Such mechanisms include
autoimmune responses (eg, rheumatoid arthritis) and tumors. The question arises,
therefore: What do all these situation that elicit fever have in common?

Inflammation is the general term for changes that may occur in vascularized tissues
as part of the response to tissue damage, infection, or immunologic reactions. The
aforementioned stimuli that can cause fever are identical to those capable of eliciting
inflammatory responses (ie, infection, injury, and endogenous mechanisms). The func-
tions of the inflammatory response include destruction or inactivation of the initiating
irritant or agent and then the clearance of the area of debris so that healing can occur.
Various cell types activated in the damaged or infected tissue release many soluble
mediators, including growth factors, cytokines, chemokines, eicosanoids, kinis,
biogenic amines, and neuropepdides. At the site of inflammation, these mediators
exert vascular effects (vasodilation, vascular stasis, and increased capillary perme-
ability), promote leukocyte migration from the circulation into the inflamed tissue,
and coordinate the still-localized array of defense responses. Some of these media-
tors have the capacity to stimulate local sensory nerves (discussed later). In cases
where the inflammatory response exceeds a certain strength, significant amounts of
endogenous mediators and, in case of infection, microbes or microbial products enter
the systemic circulation and are disseminated by blood flow to different organs. This
results in a complex array of systemic reactions, collectively termed the acute-phase
response, which is defined as the multifactorial stereotyped response of an organism
to infection, injury, or trauma. The acute-phase response comprises changes in
plasma concentrations of trace metals, liver proteins (acute-phase proteins),
hormones, intermediary metabolism, neutrophilia, and a characteristic set of brain-
controlled signs of iliness, collectively termed sickness behavior."” Sickness behavior
includes development of fever, loss of appetite, increased slow-wave sleep,
decreased motor activity, reduced libido, and decreased allertness.?

The acute-phase response is considered an early, nonspecific host defense
response and is triggered by the release of cytokines, such as interleukin (IL)-1, IL-6,
tumor necrosis factor (TNF)-a, and interferons. These cytokines and other inflammatory
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mediators, which may appear in the blood during infection, injury, or endogenous path-
ophysiologic reactions (discussed previously), are therefore implicated in fever. They
are frequently called endogenous pyrogens.3%9-12

EXPERIMENTAL FEVER

Depending on the disease that causes clinical fever, febrile patterns are categorized
into diagnostically valuable groups. A published report from a symposium summarizes
clinical fever patterns:'® sustained fevers of several days with only slight remissions
(pneumonia, typhoid fever, or malaria), intermittent fevers with large fluctuations
(sepsis), biphasic fevers with two phases lasting several days (many viral infections),
weekly periods of fever with equally long afebrile periods and with repetition of this
cycle (Hodgkin disease), and several other fever patterns.’®

Current knowledge of molecular mechanisms of fever derives almost exclusively
from experimental fever research performed in animals or, in rare cases, human volun-
teers. Experimental fever is induced by injection of an exogenous pyrogen, a fever-
inducing microbial component or product. Bolus injections of a given exogenous
pyrogen usually result in a generalized inflammatory response. In the majority of exper-
imental fever studies, lipopolysaccharide (LPS) from gram-negative bacteria is used to
induce a febrile response. Depending on dosage, ambient temperature, and route of
administration, LPS, also known as bacterial endotoxin, evokes a stereotypic and
reproducible fever that consists of several phases and lasts 6 to 8 hours.’*'" Fig. 1
shows the typical thermal responses of rats to intraperitoneal injections of a moderate
or a high LPS dose compared with sterile saline at an ambient temperature of 24°C.

In rats, the injection procedure causes a transient stress-induced increase of
abdominal temperature, which is measured continuously by means of an intra-
abdominally implanted telemetry transmitter. In rats treated with 100 pg/kg LPS,
this rise of body temperature is followed by a fever, which is absent in control animals
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Fig. 1. Changes of abdominal temperature (T abd) in three groups of rats injected intraper-
itoneally with either sterile saline (NaCl), a moderate dose of 100 ug/kg LPS, or a high dose
of 5 mg/kg LPS. Body temperature was recorded continuously by means of an intra-abdom-
inally implanted temperature-sensitive transmitter (remote radiotelemetry) at an ambient
temperature of 24°C. The moderate dose of LPS induced a biphasic fever, whereas the
high LPS dose caused a septic shock-like state associated with severe hypothermia.
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injected with sterile saline. Administration of 5 mg/kg LPS causes a septic shock-like
state, characterized by the development of hypothermia rather than fever.

Because most knowledge of molecular aspects of fever is based on studies in which
LPS is used as exogenous pyrogen, the majority of the findings presented in this article
derive from the experimental model of LPS fever. However, many other products from
various microorganisms (gram-positive bacteria, mycoplasmas, viruses, fungi, and
parasites) are capable of inducing a pronounced febrile response. The question of
whether or not there are common, or rather distinct, molecular mechanisms for the
generation of experimental fever in response to all of these exogenous pyrogens is
under investigation.'®'® In addition to microbial products, experimental fever also
can be induced by some nonmicrobial agents (different antigens, inflammatory
agents, plant lectins, and alcaloids), synthetic products (polynucleotides, antitumor
agents, and immunoadjuvants), or even some host-derived substances (destroyed
tissue, antigen-antibody complexes, activated complement fragments, certain metab-
olites, and lymphocyte products). Because most of these fever-inducing pathogenic
stimuli are derived from the body’s external environment, they generally are termed
exogenous pyrogens.' 120

EXOGENOUS PYROGENS CAUSE THE PRODUCTION OF ENDOGENOUS PYROGENS

The historical discovery of the “endogenous pyrogen” in 1948 led to the hypothesis
that exogenous pyrogens do not directly cause fever.?! This “endogenous pyrogen,”
obtained from isolated peritoneal macrophages, induced fever in noninfected rabbits.
The substance was heat labile and was suggested, therefore, to be a protein. Later
studies demonstrated that, after injection of an exogenous pyrogen, such as LPS,
endogenous pyrogen appeared in the circulation of the LPS-stimulated animals.?°

Intensive research has focused on the molecular identification and cloning of puta-
tive endogenous pyrogens. These molecules are members of the growing family of
cytokines. The term cytokine is used as a generic name for a diverse group of soluble
proteins acting as humoral regulators that modulate the functional activities of indi-
vidual cells and tissues. In the context of this article, cytokines of particular interest
are those associated with the inflammatory response. With regard to experimentally
induced LPS fever (see Fig. 1), four sets of observations support a role for inflamma-
tory cytokines in the manifestation of the observed febrile response.

The first set of observations relates to the appearance of several cytokines in the
systemic circulation more or less in parallel to the development of fever. In response
to injections of LPS, TNF-« is the first cytokine that appears in the bloodstream,?2-24
followed by traces of IL-124 and high amounts of 1L-6.232%2¢ From these three cyto-
kines, considered the most important endogenous mediators of LPS fever, only IL-6
can be measured in significant quantities in the blood during the time course of fever,
and circulating levels of IL-6 show the best correlation with the febrile changes of body
temperature.?32527

The second body of evidence relates to the repeated observations that systemic
injections or infusions of single proinflammatory cytokines can induce fever, as shown
for 1L-1,282% TNF-¢,3%3" and 1L-6.3233 In this context, the pyrogenic effects of periph-
erally administered IL-6 are moderate compared with those of IL-1 or TNF-a. It is
a matter of debate whether or not the pyrogenic effects of systemic injections of these
cytokines reflect the physiologic conditions induced by administration of LPS.3

The third set of observations derives from experimental procedures in which single
LPS-induced cytokines were neutralized or antagonized in their biologic activity and
a concomitant reduction of LPS fever was observed. Thus, treatments with IL-1
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receptor antagonist,’>?® a TNF-o—neutralizing synthetic form of the P55-soluble
TNF-a receptor,’?%4 or IL-6-neutralizing IL-6 antibodies®® resulted in a significant
attenuation of the febrile response to LPS, indicating a role for these cytokines in
the manifestation of LPS fever. However, such anticytokine strategies predominantly
inhibited the late phases of LPS fever, and there seemed to be some species-specific
differences in the role of TNF-a. in the LPS-induced febrile response.®12:22:34

Finally, the fourth set of observations derives from studies in cytokine-deficient
knockout mice.®® In IL-1 knockout mice, LPS fever is reduced although not abol-
ished.3”-38 The investigators in these studies conclude that IL-1 contributes to, but
is not essential for, the manifestation of a febrile response to LPS. Alternatively, fever
in response to a moderate fever-inducing LPS dose is abolished in IL-6 knockout
mice, 383 suggesting that IL-6 gene expression is essential for fever caused by
a moderate LPS challenge.

Thus, a large body of evidence supports the view that the appearance of an exog-
enous pyrogen (LPS or others) in a host causes fever via the formation of endogenous
pyrogens (cytokines). In recent years, our knowledge of how predominantly immune
cells are stimulated by foreign molecules to produce a cascade of pyrogenic cytokines
has improved substantially. The innate immune system, predominantly associated
with neutrophils, monocytes, and macrophages, represents the first defense line
against a variety of pathogens. The presence of a given pathogen within an infected
host is recognized by endogenous receptors for so-called “pathogen-associated
molecular patterns” (PAMPs). Members of the Toll-like receptor (TLR) family are iden-
tified as key receptors for the recognition of PAMPs. TLR signal transduction mecha-
nisms in myeloid and possibly other cells finally leads to the production of
inflammatory cytokines in the infected host.'®4%41 LPS from gram-negative bacteria,
the best-studied activator of the innate immune system, acts via the TLR4 receptor.*?
Meanwhile, several distinct microbe-associated PAMPs and several specific TLR
subtypes recognizing those PAMPs are identified.*>4! It seems that the activation
of various TLRs finally results in similar circulating cascades of proinflammatory cyto-
kines and, thereby, the manifestation of a febrile response.’®19:34

HOW DO CIRCULATING CYTOKINES CONVEY A PYROGENIC MESSAGE TO THE BRAIN?

The febrile shift of the thermoregulatory set point to a higher body temperature occurs
within the preoptic-anterior hypothalamic area, the most important control center of
thermoregulation. Accepting that circulating cytokines are important humoral media-
tors of fever, the question arises of how these large hydrophilic peptides with a molec-
ular weight of 15 to 25 kd pass the relatively impermeable blood-brain barrier to
stimulate the relevant hypothalamic thermoregulatory structures. Three mechanisms
for immune-to-brain signaling by circulating pyrogenic cytokines are proposed. Cyto-
kines transported by the bloodstream could act at sites lacking a tight blood-brain
barrier, the so-called “circumventricular organs” (CVOs).*® Alternatively, circulating
cytokines could interact with their specific receptors on brain endothelial cells** or
perivascular cells.*® Finally, it is proposed that fever-promoting cytokines can pass
the blood-brain barrier by active and saturable transport systems specific for indi-
vidual cytokines.*® An assumed manifestation of a febrile response by these mecha-
nisms collectively is termed humoral hypothesis of fever induction. The article by
Banks and colleagues elsewhere in this issue discusses the mechanisms of how
endogenous pyrogens are transported from the blood to the brain. Here, a brief
look is directed to both of the other humoral fever induction pathways.
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INTERACTIONS OF ENDOGENOUS OR EXOGENOUS PYROGENS WITH SENSORY
CIRCUMVENTRICULAR ORGANS

CVOs are brain structures that have cells in contact with the cerebroventricular
system, have a dense vascularization, and lack a blood-brain barrier. A subgroup of
the CVOs is called sensory CVOs and includes the vascular organ of the laminae ter-
minalis (OVLT), the subfornical organ, and the area postrema. These brain structures
have capillaries with fenestrated endothelia surrounded by perivascular spaces. The
parenchyma of these structures is composed of not only glial cells, but also of
neuronal soma, dendritic/axonal processes, and terminals that reveal multiple recip-
rocal connectivities to other hypothalamic and extra-hypothalamic nuclei. Because
of the lack of a blood-brain barrier, the cells within the sensory CVOs are exposed
directly to circulating signal molecules. The cells may be able to sense the signal mole-
cules via specific receptors.*® The OVLT and the subfornical organ are located within
the anterior wall of the third ventricle, the lamina terminalis. The area postrema is
a component of the dorsal vagal motor complex, a major viscerosensory and auto-
nomic center of the medulla oblongata. The locations of the sensory (and other)
CVOs are illustrated in Fig. 2.

Research suggests that, because of their properties as target structures for circu-
lating inflammatory molecules, each of the three sensory CVOs participates in the
manifestation of brain-controlled sickness responses. With regard to fever, the
OVLT has special importance because of its location close to the preoptic area.
This part of the anterior-preoptic hypothalamic structures, where fever is induced, is
activated strongly after intravenous injection of LPS, as demonstrated by a high level
of Fos immunoreactivity, which is a neuroanatomic marker for physiologically acti-
vated neurons (Fig. 3).*” Because of its high sensitivity to pyrogenic stimulation, this
part of the preoptic area is suggested as representing a pyrogenic zone of the brain.*®

Lesion studies provided the first evidence for a role of the OVLT in the manifestation
of fever. Large lesions of the lamina terminalis that completely included the OVLT pre-
vented fever after systemic injections of bacterial LPS.4%-59 At the cellular and molec-
ular levels, three prerequisites must be met for the OVLT to act as a sensor of
circulating pyrogenic cytokines: (1) Cellular elements within the OVLT must possess

Fig. 2. A midsagittal section through the rat brain. Red indicates areas that lack a tight
blood-brain barrier. Blue and yellow indicate parts of the choroid plexus. AP, area postrema;
ME, median eminence; NL, neural lobe of the pituitary; PIN, pineal organ; SCO, subcomissu-
ral organ; SFO, subfornical organ.
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Fig. 3. Expression of the c-fos (upper three panels) and the COX-2 gene (lower three panels)
in the rat brain after LPS treatment (2500 pg/kg) as determined by radioactive in situ hybrid-
ization. Strong hybridization signals specific for c-fos (upper panels, left and middle) and
COX-2 mRNA (lower panels, left and middle) are visible in form of black labeling in the sub-
fornical organ, one of the sensory CVOs. Although c-fos signals accumulate in the core
region of the subfornical organ, COX-2-specific signals are located in the lateral part of
the subfornical organ and extend into vascular signals in the surrounding tissue. The para-
ventricular nucleus shows a strong c-fos up-regulation (upper panels, right), whereas only
scarce vascular COX-2 signals appear in this region (lower panels, right). COX-2 signals are
hardly detectable in control animals injected with sterile saline instead of LPS (not shown).
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receptors for IL-1,57 IL-6,%2 and TNF-«;%3 (2) neurons located in the OVLT must change
their firing rate under the influence of pyrogenic cytokines®* (such electrical activity
changes affect adjacent thermosensitive neurons transsynaptically and thereby
contribute to the generation of fever), and (3) a direct genomic activation of cellular
elements within the OVLT must occur in response to circulating cytokines as revealed
by the expression of the c-fos gene*® or by the nuclear translocation of cytokine-
specific transcription factors into the nuclei of cytokine-stimulated cells, such as the
acute phase response factor, signal-transducer and activator of transcription 3
(STAT3).'738 Thus, much evidence indicates that the OVLT may act as a sensor for
circulating endogenous pyrogens and, thus, might be able to transfer febrile signals
to the preoptic-hypothalamic structures situated nearby.

In addition to receptors for pyrogenic cytokines, several TLRs are expressed within
the sensory CVOs.*! Consequently, circulating PAMPs (ie, LPS and others) can be
sensed by these specialized brain structures even before a peripheral formation of
proinflammatory cytokines. We recently reported microglial cells, located in sensory
CVOs, directly respond to LPS stimulation with fast transient rises in intracellular
calcium concentration and a localized formation of pyrogenic cytokines.® This direct
and rapid response of brain sites with an incomplete blood-brain barrier, which are
implicated in the manifestation of fever, to circulating PAMPs can be interpreted as
an alternative possibility for transmission of febrile signals to the brain.

INTERACTIONS OF ENDOGENOUS PYROGENS WITH BRAIN ENDOTHELIAL CELLS
AND PERIVASCULAR CELLS

Several lines of arguments support the view that not only sensory CVOs but also the
entire brain endothelium is a major target for circulating cytokines implicated in fever.
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One such argument points to clear evidence that brain endothelial cells constitutively
express receptors for TNF-0°2 and IL-1.%6 Namely, the IL-1 receptor type 1 seems to
be predominantly expressed in endothelial cells of brain venules but not in those of
arterioles.%® The accessory signal transduction molecule for the IL-6 receptor, glyco-
protein 130, also is expressed constitutively in brain endothelial cells, whereas the
expression of the IL-6 receptor itself is induced in these cells under inflammatory
conditions.®2 An IL-6-activated signal transduction in the brain endothelium also
can be achieved by circulating soluble IL-6 receptors in connection with their ligand
(IL-6) and the glycoprotein 130 signal transducer located in the membranes of endo-
thelial cells within the brain.

A genomic activation of the brain endothelium by IL-157 or IL-6%8 recently has been
demonstrated. IL-1 and IL-6 induce a pronounced nuclear translocation of the tran-
scription factors, nuclear factor kB (NF-kB) (activated by IL-1) or STAT3 (activated
by IL-6), in endothelial cells all over the brain.5”:5® Fig. 4 shows an example from
the authors’ experiments for IL-6—stimulated brain endothelial cells showing nuclear
STATS3 activation.

At least the IL-1 receptor type 1 and its stimulation under inflammatory stimulation
also is demonstrated in perivascular cells,®® a subset of bone marrow-derived brain
macrophages. The final response of such a genomic activation of brain endothelial
and perivascular cells is the expression of enzymes, which are responsible for the
formation of prostaglandin E2 (PGE2). PGE2 is regarded as a key mediator of fever.
In this context, there seems to be a critical role for perivascular and endothelial cells
in monitoring circulating cytokines. With regard to the capacity of both cell types to
respond to such signals with the production of prostaglandins, perivascular cells
seem to exhibit an even greater sensitivity to inflammatory stimuli.*®

Fig.4. Guinea pig brain endothelial cells respond to stimulation with bacterial LPS (30 ng/kg,
intraperitoneal injection) with a nuclear translocation of the transcription factor STAT3 at 90
minutes after LPS injection. Immunoreactive nuclear STAT3 signals (red) are surrounded by
immunohistochemically detected von Willebrand factor (green), a marker protein of endo-
thelial cells. Nuclear STAT3 activation in brain endothelial cells is detected in LPS-stimulated
animals but not in controls injected with sterile saline (not shown).
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A CRUCIAL ROLE FOR PROSTAGLANDIN E2 WITHIN THE CENTRAL NERVOUS SYSTEM

Whether or not pyrogenic cytokines are interacting with cells in sensory CVOs or with
brain endothelial/perivascular cells or whether or not they are transported into the
brain, they have to cause production or release of the final mediators of fever within
the preoptic-anterior hypothalamus. For the following reasons, PGE2 traditionally is
regarded as the key fever mediator in the brain and as the biologic agent finally
responsible for the febrile upward shift of the thermoregulatory set point: (1) Prosta-
glandins evoke fever when injected into cerebral ventricles,?® even in very small
amounts into the most PGE2-sensitive site within the preoptic-anterior hypothalamic
area;*® (2) the levels of PGE2 in the blood®® and in the brain®! rise parallel to the febrile
changes of body temperature; and (3) drugs that block prostaglandin synthesis also
effectively inhibit fever.'":12:69 Fig. 5 shows an example from the authors’ experiments
on the effects of inhibitors of PGE2 synthesis on LPS-induced fever in rats. Systemic
treatments with a nonselective cyclooxygenase (COX) inhibitor (diclofenac) or with
a preferential COX-2 inhibitor (meloxicam), which blocks formation of PGE2, result
in significant and similar attenuations of LPS-induced fever in rats.

PGE2 is a derivative of arachidonic acid, which is cleaved from membrane phos-
pholipids by phospholipase A2. In a second step, arachidonic acid is converted to
prostaglandin H2 by COX enzymes. Finally, prostaglandin H2 is isomerized to PGE2
by prostaglandin E synthase (PGES).44+%2 Several isoenzymes exist for each of these
catalytic steps. COX-2 and microsomal PGES-1 (mPGES-1) are inducible enzymes
regulated transcriptionally by NF-kB, a transcription factor activated by LPS, IL-1,
or TNF-a (ie, under inflammatory conditions).®® During LPS fever, the expressions of
COX-2 and mPGES-1 are up-regulated strongly by pyrogenic cytokines,®* and the

Effects of COX-inhibitors on LPS-fever
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Fig. 5. Changes of abdominal temperature (T abd) in three groups of rats, injected intraper-
itoneally with 100 pg/kg LPS alone (Solv+ LPS); with 100 pg/kg LPS along with 5 mg/kg of the
nonselective COX-inhibitor diclofenac (Diclo+ LPS); or with 100 pg/kg LPS along with 5 mg/
kg of the preferential COX-2 inhibitor meloxicam (Mel+ LPS). Body temperature was re-
corded continuously by means of an intra-abdominally implanted temperature-sensitive
transmitter (radiotelemetry). Treatment with both COX-inhibitors (nonselective versus pref-
erential COX-2 inhibitor) resulted in a similar attenuation of LPS-induced fever. t (min), time
in minutes.
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colocalized expressions of COX-2 and mPGES-1 are suggested as the major source
for PGE2 biosynthesis in the brain during fever.#+6364 Predominantly brain endothelial
cells and perivascular cells express COX-2 under the influence of inflammatory cyto-
kines.**4% A strong expression of COX-2 in response to a fever-inducing systemic
treatment with LPS occurs in the OVLT and the subfornical organ. An example from
the authors’ experiments demonstrates this for the subfornical organ (see Fig. 3). In
contrast, systemic treatment with LPS does not cause a pronounced induction of
COX-2 in the hypothalamic paraventricular nucleus, which is known to activate during
fever,*” as shown by the pronounced LPS-induced expression of the c-fos gene
(see Fig. 3).

The fact that an up-regulation of COX-2/mPGES-1 is observed during LPS fever
alone is not proof of a critical role of these inducible enzymes in the manifestation
of the febrile response. There is, however, more experimental support for such
a hypothesis. Several reports have found that selective COX-2-specific inhibitors
block LPS-induced fever.54%¢ Further supporting evidence has come from studies
in knockout mice deficient in either COX-26768 or mPGES-1.%7° In both cases, the
febrile response is depressed. It seems, therefore, that the synthesis of COX-2/
mPGES-1 in the brain, which is induced by pyrogenic cytokines, is critical for the
brain-intrinsic formation of PGE2 during fever.

PGE2 seems to evoke fever via activation of the prostaglandin receptor subtype
EPS3, as suggested from studies in knockout mice deficient in this receptor, in which
fever in response to LPS is strongly impaired.”""2 It is suggested that an efferent
fever-inducing pathway arises from activated EP3 receptors located in the preoptic-
anterior hypothalamic area, namely in the medial preoptic nucleus”®# close to the
OVLT. Using the viral tracing technique combined with immunocytochemical detec-
tion of the EP3 receptor, a complete efferent fever pathway starting from the medial
preoptic area and ending finally in the thermogenic brown adipose tissue of the rat
is demonstrated neuroanatomically.”® A colocalization of virus protein with the EP3
receptor also is found in some neurons of the OVLT itself.”® This neuronal chain
thus might be regarded as the efferent part of the thermoregulatory reflexes, which
are activated by interactions of circulating endogenous pyrogens with cells located
within the OVLT and the adjacent medial preoptic area.

AN ALTERNATIVE AND RAPID MECHANISM OF PYROGENIC SIGNALTRANSMISSION
FROM THE PERIPHERY TO THE BRAIN

This article has described a complete chain of events leading to the genesis of fever,
starting with the LPS-induced formation of endogenous pyrogens (cytokines), their
interactions with relevant targets in the brain (CVOs and brain endothelial cells), the
induction of enzymes responsible for the formation of PGE2 (COX-2 and mPGES-1),
the activation of descending neuronal pathways via the EP3 receptor, and the stimu-
lation of thermogenesis via this pathway to support the febrile shift of the thermoreg-
ulatory set point. Is this the end of the story? One recent challenge to this hypothesis
focuses on the initial or “early” phase of LPS-induced fever (see Figs. 1 and 5).7° The
objections to the prevailing view are based mainly on the observation that, at least
under some specific experimental conditions, the first phase of LPS-induced fever
seems to be initiated before the appearance of cytokines in the blood. Therefore, an
alternative and rapid signal pathway for the induction of the early phase of LPS fever
is suggested.””

Within the past 10 years, several published studies indicate that the humoral
hypothesis (described previously) does not represent the only and exclusive pathway
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by which inflammatory signals from the periphery are transported to the brain. Some
evidence suggests that the stimulation of afferent nerves, namely afferents from the
vagus nerve but also possibly cutaneous afferent sensory nerves,”® might participate
in the manifestation of brain-controlled sickness responses under specific experi-
mental conditions. Initially, this evidence derived from the observation that such signs
of illness, which are regulated by the brain, can be attenuated or even abrogated by
surgical section of the abdominal trunks of the vagus nerve.811:12:7980 |n gddition to
arguments based on these effects of subdiaphragmatic vagotomy, additional argu-
ments support a role of the vagus nerve as a pathway for transmission of immune
signals to those parts of the brain where fever, anorexia, or sickness behavior are
induced. Injection of IL-1 into the portal vein is shown to increase the firing rate of
the vagal hepatic afferent nerve branch®! and, in primary afferent neurons of the vagus
nerve, immediate early genes seem to be activated by cytokines.®? The role of the
vagus nerve in the manifestation of fever is controversial, mainly because studies of
vagotomized animals have led to somewhat conflicting results.®

Based on several experimental studies, Blatteis”®778% suggests a novel hypothesis,
including afferent parts of the vagus nerve. This hypothesis could account for a rapid
induction of the early phase of LPS-induced fever before the release of larger amounts
of cytokines into the bloodstream. Under some conditions, those larger amounts of
cytokines might be involved in the maintenance rather than in the initiation of fever. Ac-
cording to this hypothesis, the febrigenic process is initiated by the arrival of LPS in the
liver and its uptake by Kupffer cells, causing an immediate activation of complement.
The complement component C5a, in turn, seems to stimulate the Kupffer cells to
a rapid release of PGE2, which is suggested as activating local sensory vagal termi-
nals that project to the medulla oblongata of the brainstem. From the medulla, this
vagally transmitted excitation is believed to be transmitted to the preoptic-anterior
hypothalamic area via the ventral noradrenergic bundle. An intra-hypothalamic release
of norepinephrine might cause immediate neuronal activity changes via stimulation of
a-adrenoreceptors, which are capable of activating efferent fever-promoting path-
ways. The aforementioned role for intrahypothalamic COX-2/mPGES-1-dependent
release of PGE2 in the manifestation of fever thus might operate only for the longer
second phase (see Figs. 1 and 5) of the LPS-induced febrile response.”®7” A critical
role for TLR4-bearing hepatic (and pulmonary) macrophages in triggering the earliest
phase of LPS fever has also been suggested by Romanovsky and colleagues,®* who
reported a rapid formation of peripheral PGE2 by these cells coinciding with the onset
of the febrile response.

In summary, it seems possible that the brain is informed by inflammatory processes
in the periphery by rapid neuronal signals and, with some delay, by humoral signals.
The combination of both types of signals might allow the brain to better identify the
nature of the inflammatory challenge and thereby activate a more appropriate defense
strategy. Fever, as a part of many successful defense strategies, thus may be a bene-
ficial component of the acute-phase response, which helps to optimize the responses
of the immune system against an infectious insult.

MOLECULAR ASPECTS OF HYPERTHERMIA

As discussed, hyperthermia occurs when temperature regulation against overheating
is active as a consequence of the temporary or permanent imbalance between heat
load and the capacity to dissipate heat. Molecular aspects of hyperthermia include
the description of molecular changes, which occur in the heat-stressed brain and,
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in some cases, the molecular mechanisms, which are the specific causes for a devel-
oping hyperthermia.

MALIGNANT HYPERTHERMIA

Malignant hyperthermia is caused by a rare, genetically fixed mutation of the ryano-
dine receptor, or calcium release channel, in the sarcoplasmatic reticulum of the stri-
ated muscles. Some inhalation anesthetics, such as halothane or isofluorane, cause
excessive release of calcium from the sarcoplasmatic reticulum in genetically suscep-
tible subjects. Also, the muscle relaxant succinylcholine or high circulating levels of
stress hormones can act as triggering agents. As a consequence, uncoordinated
muscle contractions with a tremendous rise in oxygen consumption and metabolic
rate induce a severe hyperthermia accompanied by acidosis, tachycardia, or cardiac
arrhythmias. The often-fatal hyperthermia is supported by the limitations of active heat
dissipation during anesthesia.+?

DRUG-INDUCED HYPERTHERMIA

The use of amphetamine-type stimulants can induce a pronounced and sometimes
lethal increase in body temperature. Intoxication with 3,4-methylenedioxymetham-
phetamine (ecstasy), as a consequence of its worldwide recreational use, results in
increasing numbers of hospital cases and deaths.®5 In most cases, lethality results
from persistent hyperthermia, which leads to a breakdown of skeletal muscles (rhab-
domyolysis) and renal failure. Ecstasy-induced hyperthermia seems to result from
a strong activation of the sympathetic nervous system and the hypothalamic-pituitary
thyroid/adrenal axes.®® The excessive release of norepinephrine causes pronounced
heat generation via B3-adrenergic activation of uncoupling protein type 3 and a1-
adrenergic suppression of heat dissipation resulting from sympathetically mediated
vasoconstriction.® Ecstasy thus represents an impressive example of a drug-induced
manifestation of hyperthermia.

THE HEAT STROKE SYNDROME

During prolonged hyperthermia, with a body temperature of 41°C or higher, the brain
suffers severe damage, which frequently leads to death. Alterations in microvascular
permeability cause the development of cerebral edema. Postmortem findings show
microhemorrhages, tissue softening, and destruction of neurons. Victims exhibit
disorientation, delirium, and convulsions. This syndrome is referred to popularly as
heat stroke. The precise mechanisms that account for the manifestation of heat stroke
are under investigation.®”88 Several molecular changes that occur in the heat-
stressed brain already have been identified.®® The expression of several molecules
is up-regulated in the brain under conditions of severe hyperthermia. Thus, the induc-
tion of a specific set of proteins, the so-called “heat-shock proteins,” is related closely
to damaged brain areas and thus can be used as markers of cell injury. There is some
evidence that heat-shock proteins have neuroprotective properties.®® Hyperthermic
brain injury is accompanied further by an activation of glial cells (ie, astrocytes), as
indicated by the expression of the cell marker protein, glial fibrillary acidic protein.
Under pathologic conditions, such as brain hyperthermia, induction of this protein is
associated with a breakdown of the blood-brain barrier and vasogenic edema.
Activation of the immune system during infection or inflammation is characterized
not only by a systemic formation of cytokines but also by the expression of cytokines
in the brain.8°° There is evidence that an increased expression of IL-1 within the
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central nervous system is associated with brain injury. An increased production of IL-1
in the damaged brain accompanies heat stroke-induced cerebral ischemia and
neuronal damage. The survival time of rats can be prolonged by treatment with an
IL-1 receptor antagonist. This indicates a role for IL-1 and possibly other cytokines
in the manifestation of the heat stroke syndrome.®! In this context, it recently has
been reported that elevated cytokine concentrations occur in human heat stroke
and in experimental animal heat stroke models.®”:88 The precise role of the stimulated
formation of cytokines in heat stroke, as opposed to fever, still has to be elucidated. It
is anticipated that a more detailed understanding of the putative roles of cytokines in
the modifications of body core temperature in experimental heat stroke models will
provide important insight into the role of these substances in the complex etiology
of the long-term consequences of this syndrome.8
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Anyone who has experienced a viral or bacterial infection knows well the feelings of sick-
ness, in the form of malaise, lassitude, fatigue, numbness, chills, muscle and joint aches,
and reduced appetite. Because these symptoms are common, physicians usually ignore
them. Physicians dismiss the symptoms as uncomfortable but essentially unhelpful
components of the pathogen-induced debilitation process with no benefit to the
sufferer’s well-being. This view has turned out to be not only simplistic but incorrect.

This simplistic view has turned out to be incorrect. The psychologic and behavioral
components of sickness represent, together with fever response and associated
neuroendocrine changes, a highly organized strategy of the organism to fight infec-
tion.! This strategy, referred to as sickness behavior, is triggered by the proinflamma-
tory cytokines produced by activated cells of the innate immune system in contact
with specific pathogen-associated molecular patterns (PAMPs). These cytokines
include mainly interleukin (IL)-1 (IL-1ec and IL-1B), IL-6, and tumor necrosis factor o
(TNF-a).

The mechanisms that mediate the behavioral effects of peripherally released cyto-
kines have been elucidated over the past 15 years. IL-1 and other cytokines act on the
brain via two main communication pathways: (1) a neural route represented by the
primary afferent neurons that innervate the body site where the infectious process
takes place and (2) a humoral pathway that involves the production of proinflammatory
cytokines by phagocytic cells in the circumventricular organs and choroid plexus in
response to circulating PAMPs or cytokines, followed by the propagation of these
immune signals into the brain parenchyma (Fig. 1).2 This article presents the current
knowledge on the way this communication system is organized and regulated and
the implications of these advances for understanding brain physiology and pathology.
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Fig. 1. Mechanisms of brain actions of cytokines. Proinflammatory cytokines are released by
activated innate immune cells at the periphery in response to PAMP. PAMP and circulating
cytokines act on TLRs on macrophagelike cells in the circumventricular organs (CVOs) and
choroid plexus, leading to the production of brain cytokines that diffuse by volume propa-
gation into the brain parenchyma. The action of peripheral proinflammatory cytokines also
can be relayed to the brain by afferent nerves, resulting in the production of brain proin-
flammatory cytokines by microglial cells. In both cases, the action of brain proinflammatory
cytokines can be mediated by prostaglandins that diffuse to brain targets or by activation of
neural pathways within the brain, which enables the immune message to be transported far
away from its site of origin. Prostaglandins can be synthesized only by endothelial cells of
brain venules in response to circulating cytokines. Dotted arrows represent instances of
neural transmission of the immune message from the periphery to the brain or within
the brain itself. PGE2, prostaglandins of the E2 series.

PERIPHERAL PROINFLAMMATORY CYTOKINES INDUCE EXPRESSION OF CYTOKINES
IN THE BRAIN
Origin of Peripheral Cytokines

Infectious microorganisms that invade the body encounter a first line of defense rep-
resented by monocytes, tissue macrophages, and liver Kupffer cells. These phago-
cytic cells express Toll-like receptors (TLRs) geared to innately recognize specific
PAMPs. TLRs are defined by the presence of a conserved cytoplasmic signaling
domain. This domain, the Toll/IL-1 receptor homology domain, signals via the nuclear
transcription factor, nuclear factor kB (NF-«B).2 Thirteen TLRs have been identified,
TLR1 through TLR13. Innate immune cells express TLR4s, which recognize lipopoly-
saccharide (LPS), a component of the cell wall of gram-negative bacteria. The T-cell
antigen peptidoglycan, from gram-positive bacteria, is recognized by TLR2s, which
are present on the same phagocytic cells. Binding of LPS to TLR4 results in the
production of the proinflammatory cytokines IL-1a. and IL-1B. IL-1 then is able to
induce its own synthesis and the synthesis of other cytokines potentiating its action
(TNF-a. and IL-6) or antagonizing it (the so-called “anti-inflammatory cytokines,”
such as IL-10 and the specific antagonist of IL-1 receptors, IL-1Ra). Proinflammatory
cytokines do not act as hormones because, aside from IL-6, they are not transported
in the circulation to distant cell targets. They act in an autocrine manner on the same
cells that have manufactured them, or in a paracrine manner on adjacent cells within
the same tissue. Cytokines usually are produced only when needed. Once released,
cytokines are biologically active at nano- to picomolar concentrations, and they act
on a limited number of receptors per cells that amplify their action via the activation
of a large number of genes.
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Peripherally Produced Proinflammatory Cytokines Induce Sickness

Peripheral administration of a cytokine inducer, such as LPS, or of recombinant cyto-
kines, such as IL-1B or TNF-a, mimics all nonspecific symptoms of sickness, including
fever, activation of the hypothalamic-pituitary-adrenal (HPA) axis, reduction of food
intake and other behavioral activities, and withdrawal from the physical and social
environment.! Conversely, administration of cytokine antagonists abrogates the phys-
iologic and behavioral effects of the cytokine inducer, LPS. In all the experiments
examining this question, researchers usually assessed sickness behavior by
measuring reduction in food intake of the test animal and by tracking that animal’s
decreased social investigation of a juvenile conspecific introduced into the test
animal’s home cage. The findings of these experiments indicate that proinflammatory
cytokines mediate the clinical signs of the host response to infection. The physiologic
and behavioral changes characteristic of sickness are mediated in the central nervous
system (CNS). Fever, for instance, represents a regulated rise in body temperature re-
sulting from increased production of heat (thermogenesis) and decreased thermal loss
(thermolysis) in response to an elevated set point for the regulation of body tempera-
ture. Given that the body temperature set point is controlled by temperature-sensitive
neurons in the preoptic hypothalamus, pyrogenic cytokines, such as IL-18 and IL-6,
need to act in the CNS to induce fever.* In the same manner, IL-1p acts on the para-
ventricular nucleus of the hypothalamus where the neurons that contain corticotropin-
releasing hormone are located.>® Corticotropin-releasing hormone is released in the
portal blood, leading to the release of corticotropin from the pituitary, which in turn
increases the release and secretion of glucocorticoids by the adrenal cortex.

The proposed action of IL-1B in the CNS raises the question as to how this cytokine
produced at the periphery signals the brain. Like other proinflammatory cytokines,
IL-1B is a large hydrophilic peptide that cannot cross the blood-brain barrier passively.
In addition, as discussed previously, IL-13 and other cytokines are considered short-
range communication molecules that act predominantly in an autocrine or paracrine
manner rather than a hormonal manner. For this reason, several pathways of
immune-to-brain communication are proposed for the action of these cytokines on
the nervous system. These proposals range from one suggesting induction of prosta-
glandins in those brain areas devoid of a functional blood-brain barrier, to one sug-
gesting the existence of specific saturable transporters.? Early studies of the
pyrogenic effects of cytokines involved intravenous injection of leukocytic pyrogens.
Demonstration of the pyrogenic effects of IL-1B took place with the same mode of
administration. Therefore, it was logical to postulate that circulating cytokines act
on brain areas devoid of a functional blood-brain barrier. The possibility of intervention
of different mechanisms was raised only later, in the mid-1990s, when the brain effects
of cytokines were investigated in animals with severed afferent nerves from the
abdominal cavity.

Neural Transmission of the Cytokine Message

The hypothesis that cytokines act indirectly on the CNS by activating afferent nerves
was based on the recognition that two of the cardinal signs of inflammation, calor
(heat) and dolor (pain), require sensory processing, which implies that inflammatory
mediators released at the site of injury or infection are able to signal the brain.
When LPS or cytokines are injected into the abdominal cavity, they induce inflamma-
tion of the peritoneum. One of the major routes of visceral sensibility is represented by
the afferent branches of the vagus nerves. These branches contain, in their perineural
sheath, macrophages and dendritic cells that express membrane TLRs and produce
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IL-1B in response to an intraperitoneal injection of LPS.” Sensory neurons of the vagus
nerves express IL-1 receptors, and circulating IL-1p stimulates vagal sensory activity.®

The role of the vagus nerves in the transmission of information from the periphery to
the brain is confirmed by vagotomy experiments in which the vagus nerves were
sectioned under the diaphragm so as not to compromise cardiac and pulmonary func-
tion. Using this approach, vagal afferents are shown to mediate the activation of the
brainstem, hypothalamus, and limbic structures in response to peripherally adminis-
tered LPS, as demonstrated by the attenuation of the expression of the early activation
gene c-fos in the primary and secondary projection areas of the vagus nerves.® Sick-
ness behavior also was abrogated in vagotomized animals injected with LPS or
IL-1B.1%-'2 Because vagotomy did not alter plasma levels of cytokines or the ability
of peritoneal macrophages to produce cytokines, the decreased response of vago-
tomized animals to proinflammatory cytokines was not the result of an inability to
mount a peripheral cytokine response to LPS.'® Furthermore, vagotomized animals
still were able to develop a full-blown episode of sickness in response to IL-1 injected
by routes other than the intraperitoneal route, including the subcutaneous, intrave-
nous, and intracerebroventricular routes.’"'2 Further evidence for the role of vagal
afferents in the induction of sickness behavior was provided by reversible inactivation
of the dorsal vagal complex, the primary projection area of the vagus nerves, by a local
anesthetic agent. This intervention abrogated LPS-induced sickness behavior and
c-fos expression in downstream brain areas.’®

Other afferent nerves are solicited when the inflammatory response takes place in
different parts of the body. For instance, inflammation in the oral cavity is found to
give rise to fever via the glossopharyngeal nerves because the transaction of this
neural trunk abrogates the fever response to the injection of IL-18 or LPS into the
soft palate and the enhanced expression of brain cytokines in response to this periph-
eral immune stimulus.#1%

The importance of the neural pathway in the transmission of the immune message
from the periphery to the brain is not the same for all components of sickness
behavior. For example, vagotomized rats do not develop the behavioral alterations
characteristic of sickness, but they still are able to mount a fever.'® This demonstrates
that vagal afferents are less important for the cytokine-induced fever and activation of
the HPA axis than for cytokine-induced sickness behavior. These findings indicate that
other pathways of communication function in parallel with the neural pathway.

Humoral Transmission of the Cytokine Message

Besides the relatively fast neural pathway of immune-to-brain communication, there is
a slower pathway that involves the action of PAMP or circulating cytokines on macro-
phagelike cells in circumventricular organs and endothelial cells of brain vessels. This
results in the local production of cytokines and molecular intermediates, such as pros-
taglandins of the E2 series (PGE2) and nitric oxide. PGE2 represent the main media-
tors of cytokine-induced fever and activation of the HPA axis, as proven through
pretreatment with specific inhibitors of the prostaglandin synthesizing enzyme, cyclo-
oxygenase 2, which attenuates these responses.'”''® The synthesis of PGE2 is depen-
dent on the induction of cyclooxygenase 2 and the enzyme prostaglandin E synthase,
both of which are expressed in endothelial cells of cerebral blood vessels and perivas-
cular macrophages after intravenous IL-1B administration. PGE2 diffuse into the brain
parenchyma and act on neuronal EP3 or EP4 receptors in the brainstem and hypotha-
lamic neural structures involved in the control of the HPA axis activity and the regula-
tion of body temperature. These brain areas include the catecholaminergic brainstem
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nuclei, the paraventricular nucleus of the hypothalamus, and the ventromedial pre-
optic area.

The reduction in social behavior and the anorexia that develop in response to
peripheral LPS and IL-1 are mediated by brain IL-1, as demonstrated when these
responses are attenuated by intracerebroventricular administration of the IL-1
receptor antagonist.’®?° In response to peripheral LPS, IL-1B is synthesized by
macrophage-like cells in the circumventricular organs and choroid plexus, where
the blood-brain barrier is deficient.2:?? This synthesis of IL-1p is certainly the result
of the action of circulating LPS on TLR4 receptors present on the same cells, and
possibly also a response to circulating cytokines and PAMPs. IL-1 can act on neuronal
IL-1 receptors in the area postrema, the circumventricular organ of the brainstem.?3
This action results in the activation of a neuronal pathway projecting to the parabra-
chial nucleus and from there to the central amygdala and the bed nucleus of the stria
terminalis. There is evidence that IL-1 also can propagate by volume transmission
from the choroid plexus into the surrounding brain parenchyma to reach distant struc-
tures, such as the basolateral amygdala, which contains neurons expressing IL-1
receptors.?* The importance of each of these pathways remains to be fully elucidated.
However, they could be responsible for the behaviorally depressing effects of IL-1. In
the same manner, diffusion of IL-1 from the median eminence to the arcuate nucleus
could mediate IL-1-induced anorexia. However, because lesions of the arcuate
nucleus do not disrupt the effects of IL-1 on food intake,?® the exact mechanisms of
the depressive action of cytokines on food intake remain obscure.

Researchers have found that electrical stimulation of the vagus nerve induces the
expression of brain IL-1, and vagotomy abrogates the induction of expression of brain
IL-1 in response to intraperitoneal LPS and IL-1.26-28 However, the manner in which
the fast neural pathway and the slow humoral pathway converge to promote the brain
expression of IL-1 remains unknown. Probably the neural immune-to-brain communi-
cation pathway recruits various brain areas and sensitizes them to the action of the
slowly propagating cytokine message.?®

The exact nature of the neurotransmitters responsible for the behavioral effects of
IL-1 is unknown. The effects of proinflammatory cytokines on brain neurotransmitters
are grossly similar to those of other stressors, but this similarity breaks off at the
regional level.2° More detailed neuroanatomic studies are required to identify the
neurotransmitter content of those neuronal structures activated directly or indirectly
by cytokines, so that the role of the putative neurotransmitter mediator can be as-
sessed by micropharmacology intervention techniques.

MOLECULAR BASIS OF SICKNESS BEHAVIOR
Role of Interleukin-1

The availability of species-specific recombinant cytokines has enabled assessment of
the range of physiologic and behavioral effects of the proinflammatory cytokines
produced during an infectious episode. This assessment has been done by adminis-
tering to healthy animals the cytokine under investigation alone or in combination with
other cytokines. As discussed previously, IL-1f is an important cytokine for the induc-
tion of sickness behavior. Administration of IL-1 alone at the periphery or into the
lateral ventricle of the brain induces all the central components of the acute phase
reaction, including fever, HPA axis activation, and behavioral depression.®! In
contrast, IL-6 induces only pyrogenic and corticotropic activities, but no behavioral
activity.® These findings do not suggest that IL-18 is the sole cytokine that mediates
sickness behavior. In accordance with the concept of a cytokine network, a given
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cytokine never acts alone but in the context of other cytokines that potentiate or
oppose its activity. IL-6, for instance, potentiates the behaviorally depressing effects
of IL-1B.%2 Such complementary interactions between proinflammatory cytokines can
be addressed more easily when one cytokine is missing from the cytokine network
because the gene for this cytokine or its receptor has been deleted by the technique
of homologous recombination. IL-6 knockout mice, for example, are less sensitive to
the behavioral effects of LPS or IL-1B injected peripherally or centrally.®® In the same
manner, type | IL-1 receptor (IL-1RI) knockout mice are responsive to the behaviorally
depressing effects of LPS, whereas they do not respond any longer to peripheral or
central IL-1.34 In mice in which the gene coding for the IL-1Rl is deleted, the blockade
of another proinflammatory cytokine, TNF-a, by a fragment of its soluble receptor in-
jected centrally abrogates the behaviorally depressing effects of LPS, whereas the
same blockade has no effect in wild-type mice.®* These results show that deficiency
in one cytokine can be compensated by another cytokine of the network.

As discussed previously, blockade of IL-1 action by central administration of the
IL-1 receptor antagonist attenuates cytokine-induced sickness behavior measured
by either depression of social exploration®® or reduction of food intake.'®3 This
shows that IL-1 seems to be the predominant mediator of sickness behavior in the
brain. The involvement of brain IL-1 in the depressing effects of LPS on food intake
has been confirmed in an experiment using mice deficient in the IL-1p—converting enzyme.
This enzyme, also known as caspase 1, processes inactive pro-IL-18 into mature IL-1p.
IL-1B—converting enzyme knockout mice are less sensitive to the depressing effects of
LPS on food intake when LPS is injected into the lateral ventricle of the brain, whereas
they do not differ from controls in their response to intraperitoneal LPS.%®

Receptor Mechanisms of the Effect of Interleukin 1 in the Brain

Interleukin-1 receptors

Several receptor subtypes mediate the effects of IL-1 on its cellular targets. These
subtypes feature an extracellular domain with three immunoglobulinlike domains,
a single transmembrane domain, and an intracellular domain that involves adaptor
proteins and kinase cascades. The IL-1RI that mediates all of the known biologic
effects of IL-1 uses the adaptor molecule MyD88 to mediate a complex pathway
involving a cascade of kinases organized by multiple adapter molecules into signaling
complexes, leading to activation of the transcription factor NF-kB.3” The type Il IL-1
receptor (IL-1RlII) is a negative regulator of the IL-1 system and functions as a decoy
receptor. Its intracellular domain is short and has no signaling function. The additional
IL-1 receptor accessory protein (IL-1RacP) is necessary for IL-1 signal transduction
because binding of IL-1 to the IL-1RI leads to the formation of a heterodimeric
complex with this accessory protein, whereas binding of IL-1Ra to the IL-1RI prevents
the formation of this complex.38 This explains why IL-1RacP knockout mice behave
like IL-1RI knockout mice.

Brain interleukin-1 receptors

All the biochemistry techniques used to date to characterize IL-1 receptors on
neurons, glial cells, and endothelial cells of brain venules show a striking similarity
between brain IL-1 receptors and those found on peripheral immune and nonimmune
cells. Most of the members of the IL-1Rs family are cloned from transformed lines of
blood cells. The descriptive work on the type and localization of IL-1 receptors present
in the brain is based on autoradiographic detection of radioiodinated ligands, such as
IL-1a, IL-1B, or IL-1Ra; polymerase chain reaction detection of a small fragment of the
complementary DNA-encoding IL-1 receptors; and immunohistochemical detection
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with antibodies raised against epitopes of IL-1 receptors from peripheral blood cells.
While these techniques cannot conclusively determine whether or not brain IL-1Rs
and peripheral IL-1Rs are the same, the difficulty of cloning new brain-specific
IL-1Rs favors the likelihood that peripheral and brain receptors are identical. In agree-
ment with this assumption, detection of IL-1Rs in the brain using in situ hybridization or
ribonuclease protection assay with full-length complementary DNA or long ribop-
robes?® indicates that the same IL-1RI messenger RNA (MRNA) is present in periph-
eral and central nervous tissue. Moreover, autoradiography studies of knockout
mice for IL-1RI confirm that this receptor is responsible for all IL-1-binding sites in
the mouse brain.3* Yet, this last result was unexpected in view of the presence of
IL-1RI and IL-1RIl in the mouse brain. The most likely explanation for the lack of IL-
1Rl binding in the brain of IL-1RI knockout mice is the low amount of IL-1RIl and
the low sensitivity of in vitro binding techniques. Consistent with this interpretation,
immunohistochemistry studies reveal the expression of IL-1RIl, but not IL-RI, in the
mouse hypothalamus, even though this expression of IL-1RIl is undetected with the
use of binding techniques.®® These results emphasize the need for multiple methods
to study brain cytokine receptors to be able to confirm their presence or absence in
this organ.

Localization of brain interleukin-1 receptors

In the rat, the first study performed to localize IL-1 binding sites made use of quanti-
tative autoradiography to show that IL-1 receptors are spread widely across the brain,
with the highest level in the granular layer of the dentate gyrus, in the granule cell layer
of the cerebellum, in the hypothalamus, and in the pyramidal cell layer of the hippo-
campus.*® These findings are interpreted as an indication of a neuronal localization.
Seven years after that study, Ericsson and coworkers®® used in situ hybridization
with a 1.35-kilobase complementary DNA probe to determine the distribution of
IL-1Rlin rat brain. IL-1RI mRNA expression was localized in nonneuronal cells in struc-
tures at the interface between the brain parenchyma and its fluid environments, such
as the choroid plexus and the endothelial cells of the brain vasculature. Neuronal
expression appeared mostly in the hippocampus and also was detected in a few
cell groups of the basolateral nucleus of the amygdala and the basomedial nuclei of
the hypothalamus. It was not possible to determine the exact nature of the few labeled
cells observed in the arcuate nucleus and the area postrema.

Compared with IL-1RI, much less is known about the expression of IL-1RIl mRNA in
the rat brain. IL-1RIIl mRNA seems to be undetectable in the normal adult brain but is
induced in the dentate gyrus, the hippocampus, and the basolateral amygdaloid
nucleus in response to a systemic injection of kainic acid.*" IL-1RIl mRNA also can
be observed 24 hours later in neurons of the medial and median preoptic area, the dor-
somedial and paraventricular hypothalamic nuclei, and various thalamic nuclei. When
distinct inflammatory lesions are induced in the rat brain by localized injection of IL-18,
IL-1RII expression is found to be restricted to brain endothelial cells and infiltrating
neutrophils.4?

In contrast to the localized expression of IL-1RI and IL-1RIl mRNA, rat IL-1RacP
mRNA detected by ribonuclease protection assay is ubiquitous and expressed at
high levels in many brain regions (eg, hypothalamus, cortex, hippocampus, and cere-
bellum).*® The presence of IL-1RacP in brain areas devoid of IL-1Rl raises the question
of what is the exact role of this accessory protein in the rat brain.

In the mouse, the first evidence for the presence of IL-1 receptors in the brain was
obtained by demonstration of the expression of IL-1RI and IL-1RIl mRNA and by radio-
active IL-1a binding affinity.*46 Later, immunohistochemistry allowed confirmation of
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the protein expression and neuronal localization of the two subtypes of IL-1 recep-
tors.3? IL-1RI and IL-1RII were found to be expressed on neuronal soma in the granular
cell layer of the dentate gyrus and the CA1 through CA4 pyramidal cell fields of Am-
mon’s horn of the hippocampus. Similarly, both IL-1R isoforms are expressed on
ependymal epithelial cells, choroid plexus epithelial cells, and Purkinje’s cells of the
cerebellum. IL-RII, but not IL-RI, is detected on neuronal soma and proximal cell
processes in the hypothalamic paraventricular gray matter. No clear evidence of im-
munolabeling on vascular endothelial cells and meninges has been found. Choroid
plexus epithelial cells and ventricular ependidymal epithelial cells expressed easily
detectable IL-1RI and IL-1RII, however, which is in accordance with their role in the
entrance of IL-1 into the brain. Only limited immunoreactivity for IL-1RI and IL-1RlI
was detected on astroglial cells of normal adult mouse brain, although in mice previ-
ously infected with Moloney murine leukemia, an abundant expression of IL-1RI was
observed on reactive astrocytes. In the intact rat brain, IL-1RI expression is much
more localized and restricted to nonneuronal cells, especially endothelial cells of brain
venules, as assessed by immunohistochemistry with antibodies directed against the
extracellular domain of IL-1RI or the p65 subunit of NF-kB.*748

IL-1RacP localization is similar in the mouse and rat brains.*%-%° Surprisingly, 125I-
IL-1-binding studies in IL-1RacP knockout mice do not reveal a lower affinity of the
binding sites, indicating that IL-1RI and IL-1RacP do not necessarily form in this organ
the heterodimeric complex that normally is required for high-affinity binding. Again,
these findings argue for a role of IL-1RacP in the rodent brain that has not yet been
defined.

Functionality of brain interleukin-1 receptors

Administration of IL-18 or IL-1a into the lateral ventricle of the brain or directly into the
brain parenchyma induces the typical signs of sickness behavior. Local administration
of IL-1Ra into the brain abrogates these effects, thus demonstrating the role of brain
IL-1 receptors in mediating the effects.’

To determine which IL-1 receptor subtype mediates the behavioral effects of IL-1,
researchers use passive immunization experiments, antisense technology, and mouse
knockout strategies. Blockade of IL-1RI with a specific neutralizing antibody totally
abrogates the behavioral effects of centrally and peripherally injected IL-18 in
mice.%" Blockade of IL-1RIl potentiates the suppressing effect of IL-1p on food
intake.’' Blockade of brain IL-1RI by antisense oligonucleotides abrogates the
anorexic but not the adipsic effects of intracerebroventricular IL-18.%2 Following
blockade, these IL-1RI-deficient mice no longer were responsive to the behaviorally
depressing effects of IL-1p injected at the periphery or directly into the brain. However,
these mice were responsive to LPS.34 Thus, the lack of response to IL-18 did not stem
from an inability to mount a sickness response. In the same manner, IL-1RacP
knockout mice did not respond any longer to IL-1f injected into the lateral ventricle
of the brain.®3

The signaling pathways that mediate the behavioral effects of IL-1 have been
recently investigated. Because IkBa is expressed strongly in the circumventricular
organs and choroid plexus during peripheral immune stimulation,3* and this response
is associated with NF-kB translocation, the effects of IL-1 at this level are likely to be
dependent on the transcription factor NF-kB. In accordance with this hypothesis,
central administration of an NF-«B inhibitor peptide is found to block the somnogenic
and pyrogenic effects of peripheral IL-1B in rabbits.5® In the same manner, blockade of
NF-kB activation by intracerebroventricular administration of a cell permeant peptide
that blocks the interaction of the NF-kB essential modulator with the IkB kinase
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complex abrogates sickness behavior elicited by intraperitoneal IL-1p.% In contrast to
the predominant role of NF-kB in IL-1 signaling at the blood-brain interface, activation
of pathways for mitogen-activated protein kinases seems to be involved in the neural
effects of IL-1, including IL-18-induced inhibition of long-term potentiation in perforant
path-granule cell synapses and IL-1p-induced elevation in intracellular free calcium
levels in rat cortical synaptosomes.5”

ENDOGENOUS ANTI-INFLAMMATORY MOLECULES

Because of the tight regulation of the expression and action of cytokines at the
periphery and in the brain, cytokine-induced sickness behavior normally is a fully
reversible phenomenon. The molecular factors involved in this regulation include
mainly anti-inflammatory cytokines that target IL-1 specifically, such as IL-1Ra and
soluble IL-1RlI, or have more generalized antagonist effects on a wide variety of proin-
flammatory cytokines, such as IL-10 and transforming growth factor . Molecules that
do not belong to the network of cytokines include glucocorticoids, neuropeptides
(such as vasopressin and alpha-melanotropin), and growth factors (such as insulin-
like growth factor I).! Any alteration in the balance between proinflammatory and
anti-inflammatory cytokines, in the sense of a predominance of proinflammatory cyto-
kines over anti-inflammatory cytokines, results in an exaggerated sickness response
to activation of the peripheral immune system or direct activation of the brain cytokine
system. This is shown to be the case in aged mice®® and in obese mice.® These two
conditions are associated with a low-grade inflammation status that, because of the
immune-to-brain communication, leads to priming or sensitization of brain microglial
cells.?% Superimposed on this low-grade inflammation status, a peripheral infectious
episode leads to exaggerated synthesis of inflammatory cytokines and other media-
tors in the brain, which in turn have an impact on behavior and mood or exacerbate
the progression of chronic neurodegenerative disease.

PATHOPHYSIOLOGIC IMPLICATIONS

Based on previous evidence, sickness behavior seems to be only the outward expres-
sion of a reversible episode of cytokine expression and action in the brain in response
to peripheral immune stimulation. Sickness behavior, however, is not a passive
response in the form of a temporary disappearance of the usual activities of the
host. The proinflammatory cytokines produced by activated innate immune cells serve
as sensory signals recognized and interpreted by the brain. The brain representation
of peripheral immune activation resets the organism’s priorities to enable the subjects
at risk to deal with infection in the most efficient way. The expression of sickness
behavior is not simply the result of the changes in internal state experienced by sick
subjects, but rather the joint function of the changes in their internal state and the envi-
ronmental constraints to which they are exposed.'®' This is characteristic of moti-
vated behavior. An experiment performed on sickness behavior in lactating mice, in
which caring for their pups is the predominant motivation, provides a good example
of the motivational conflict that can take place in sick individuals. Lactating mice
were made sick by an appropriate dose of systemic LPS. They remained inactive
and indifferent to the solicitations of their pups until the pups were dispersed in the
cage and the nest was removed. In this situation, their maternal motivation took
over their sickness motivation, and they engaged in pup retrieval. Furthermore,
when provided with cotton wool, which they normally use to build a nest, they did
not engage in nest building in addition to pup retrieval unless the ambient temperature
dropped to 6°C.52
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Because cytokine-induced sickness behavior is the expression of a motivational
state triggered by activation of the peripheral innate immune system, it is not patho-
logic per se but as normal as the fear response that occurs in individuals exposed
to the threat of a predator (Fig. 2). Like fear, sickness behavior can become abnormal
or pathologic when it occurs out of context (ie, in the absence of any inflammatory
stimulus) or when it is exaggerated in intensity or duration. Several conditions can
be responsible for an abnormal or pathologic sickness behavior: (1) when proinflam-
matory cytokines are produced in higher quantities and for a longer duration than
normal; (2) when the regulatory molecules that normally down-regulate activation of
the molecular and cellular components of the sickness response are faulty; or
(8) when the neuronal circuits that are the targets of inflammatory mediators and orga-
nize sickness behavior become sensitized. Because of the similarities between symp-
toms of sickness and clinical signs of depression, any of these conditions is likely a risk
factor for the occurrence of major depressive disorders. Evidence for the possibility of
a shift from sickness behavior to depression is available from two different sources,
clinical research and experimental studies on animal models of depressive disorders.

At the clinical level, a growing volume of evidence shows that major depression is
associated with significant elevations in circulating levels of proinflammatory cyto-
kines, in particular IL-6.53-58 (See the article by Irwin and colleagues elsewhere in
this issue for further discussion of the relationship between depression and immunity.)
Conversely, chronic activation of the innate immune system can precipitate the devel-
opment of depressive disorders, as exemplified by the psychopathologic alterations
that occur in patients receiving repeated injections of recombinant cytokines, mainly
IL-2 or interferon alfa, for the treatment of viral infections (hepatitis C) or cancer. During
the first stages of cytokine therapy, all patients usually develop a full-blown episode of
sickness behavior, characterized by the symptoms of fever, malaise, anorexia, pain,
and fatigue. At later stages of treatment, up to one third of patients develop mood
alterations characteristic of depression, including sadness, inability to feel, depressed
mood, and even suicidal ideation.®® The onset of depressive symptoms depends on
the cytokine and treatment modalities (eg, dosage and administration route). Depres-
sion can be prevented by pretreatment with paroxetine, a selective serotonin reuptake
inhibitor with antidepressant properties. Nevertheless, pretreatment with paroxetine
has a minimal or null effect on the development of neurovegetative symptoms of sick-
ness, including fever, fatigue, and anorexia, confirming the dissociation between sick-
ness behavior and depression.”®

These findings can be interpreted to suggest that depressive disorders develop
from cytokine-induced sickness behavior only in vulnerable patients (Fig. 3). Vulnera-
bility, in the present context, refers to an innate or acquired predisposition to develop
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Fig. 2. Motivational model of sickness. Like fear, sickness has motivational properties in the
sense that it organizes the organism’s functioning at three levels—subjective, behavioral,
and visceral—so as to cope with the threat to which the organism is exposed.
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Fig. 3. The two-hit model of cytokine-induced depression. Production of proinflammatory
cytokines induces sickness behavior that usually is terminated by endogenous anti-inflam-
matory molecules. Sustained production of proinflammatory cytokines in the context of
insufficient production of anti-inflammatory molecules can lead to depression in vulnerable
individuals. Many factors, acquired or genetic, can contribute to vulnerability.

a given pathology when causal factors are present. Dysfunction in genes controlling
key proteins in cytokine production (eg, IL-6"") and serotoninergic neurotransmission
(eg, activity of the serotonin transporter”" or serotonin receptor subtype’?) are identi-
fied as vulnerability factors for cytokine-induced depression. Psychologic features can
reveal vulnerability to cytokine-induced depression. Patients who have high scores on
depression scales (including the Montgomery-Asberg Depression Rating Scale and
the Hamilton Depression Rating Scale) at the start of cytokine treatment are more
likely to develop depressive syndrome in response to immunotherapy than patients
who have a low score at baseline.”>”* Vulnerability also can be revealed by physio-
logic features. Patients who respond to the first injection of interferon alfa with an
exaggerated pituitary-adrenal response are more likely to become depressed in
response to repeated administration of interferon alfa than patients who display
a lower pituitary-adrenal response.”® These two different characteristics are markers
of vulnerability. They can help to identify patients at risk, but they do not explain why
patients who have these characteristics are more vulnerable than those who do not
have them.

The model of cytokine-induced depression has the advantage of providing clini-
cians with the possibility of observing development of depressive symptoms over
time in a large number of patients who can be monitored closely from the time they
start receiving immunotherapy. Furthermore, patients who develop depression can
be compared transversally to patients who remain free of any mood disorder. The
model of cytokine-induced depression, therefore, provides valuable insights into the
relationship between cytokines and depression. At the clinical level, there is evidence
that symptoms of mood disorder are more polymorphic than just depression. A study
of patients who had hepatitis C and were treated with interferon alfa shows, for
instance, that dysphoria and mixed states dominate the clinical presentation of
patients, with increases in irritability and anxiety as the main symptoms.”® No one
yet understands why patients who have hepatitis C become irritable in response to
interferon alfa while patients with cancer become depressed. The differences may
stem from medical context (cytokine immunotherapy is palliative only for patients
who have cancer, whereas it usually is curative for patients who have hepatitis C),
immunologic context (immune responses of patients infected by a virus are different
from those of patients who have cancer), or simply variations in treatment modalities
(high doses of interferon alfa administered intravenously and daily to patients who
have malignant melanoma versus low doses of pegylated interferon alfa administered
together with ribavirin once a week to patients who have chronic hepatitis C). These
variations also could be related to differences in affective and psychiatric background,
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because many patients who have chronic hepatitis C have a history of substance
abuse.

At the pathophysiologic level, an insight into the chain of events linking cytokines to
mood alterations has emerged from the observation that patients who have cancer
and are treated with cytokines develop a drastic decrease in plasma tryptophan levels
that correlates with depression scores at 4 weeks of treatment.”” This decrease in
plasma tryptophan levels previously was noted but in a qualitative rather than quanti-
tative manner.”® These findings are important because bioavailability of tryptophan is
the limiting factor for the synthesis of serotonin. The acute depletion of tryptophan
produced by feeding excess amounts of large neutral amino acids that compete
with tryptophan for entry into the brain results in the development of depressed
mood in subjects at risk for depression. A likely candidate for this decrease in plasma
tryptophan in patients submitted to cytokine immunotherapy is the enzyme indole-
amine 2,3-dioxygenase (IDO), which degrades tryptophan into kynurenine and quino-
linic acid (Fig. 4). IDO is present in macrophages and monocytes, endothelial cells,
and brain glial cells. It is potently activated by proinflammatory cytokines, such as
TNF-o and interferon gamma, both at the periphery and in the brain.”® Its activation
results in a decrease in tryptophan bioavailability for the synthesis of serotonin and
in the formation of neuroactive compounds, such as kynurenine, which acts as an
antagonist of glutamate receptors, and quinolinic acid, which acts as an agonist of
glutamate receptors. Experiments carried out in mice submitted to acute inflammation
in response to LPS or to chronic inflammation with bacille Calmette-Guérin, an atten-
uated form of Mycobacterium bovis, reveal the gradual emergence of depressivelike
behavior after waning of the sickness response.8%8" The emergence of depressivelike
behavior is associated with activation of IDO.82 Furthermore, blockade of IDO, by
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Fig. 4. Mechanisms of the depressing effects of cytokines on mood. Cytokine immuno-
therapy or psychosocial stressors (via a f2-adrenergic receptor), by causing overproduction
of proinflammatory cytokines, triggers activation of the innate immune system. The same
condition occurs during chronic inflammation. Cytokines, such as TNF-o and interferon
gamma, increase activity of the enzyme IDO, which degrades tryptophan along the kynur-
enine/quinolinic acid metabolic pathway, resulting in a decrease in tryptophan and an
increase in kynurenine. The decreased tryptophan bioavailability leads to decreased seroto-
ninergic neurotransmission and depressed mood. Depression itself can be accompanied by
altered immunity, including activation of the innate immune system, further increasing
the proinflammatory cytokine load.
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interfering with the cytokine response or directly inhibiting IDO, results in the abroga-
tion of depressivelike behavior.®® In the same manner, blockade of TNF-o. in psoriasis
patients results in an attenuation of fatigue and depression symptoms before the
medical condition resolves.8* The interference of proinflammatory cytokines with
serotoninergic neurotransmission can explain some of the clinical signs, such as
impulsivity and depressed mood, that develop in vulnerable patients. Another possible
mechanism is the production of kynurenine metabolites that act as agonists of the
glutamate receptors.858% The interference of cytokines with serotoninergic neuro-
transmission does not account, however, for the anhedonia, fatigue, and psychomotor
retardation observed in patients treated with cytokine.®® These symptoms probably
reflect a decrease in dopaminergic neurotransmission. This hypothesis is supported
by neuroimaging studies showing alterations in the activity of basal ganglia during
cytokine therapy.87-88

Despite its heuristic value, the clinical relevance of the model of cytokine-induced
depression could be questioned because it is a rather extreme situation. There is
evidence, however, that overproduction of proinflammatory cytokines also is associ-
ated with mood disorders in chronic inflammatory medical conditions, including coro-
nary heart disease. Of course, because patients who have such medical conditions
are examined at different stages of their disease process, the relationship between
cytokines and depression for them is more difficult to reveal and medical conditions
may result in much higher interindividual variability. Despite these constraints, it is
possible to observe higher levels of myocardial cytokines and higher antibody titers
against microbial pathogens possibly involved in the pathophysiology of coronary
heart disease in patients suffering from vital exhaustion at the time of coronary
bypass.® In the same manner, depressive disorders that develop over time in post-
ischemic coronary patients are associated with endothelial cell activation and prob-
ably inflammation, although the therapeutic use of statins that have anti-inflammatory
actions attenuates differences betweens cases and controls.*°

SUMMARY

Sufficient evidence is now available to support the concept that the brain recognizes
cytokines as molecular signals of sickness. Progress in elucidating the cellular and
molecular components of the intricate system that mediates cytokine-induced sick-
ness behavior has helped to clarify our understanding of the way the brain processes
information generated by the innate immune system. We are still far, however, from
understanding the system as a whole. Among the hundreds of genes that proinflam-
matory cytokines can induce in their cellular targets, only a handful have been exam-
ined functionally. In addition, a dynamic view of the cellular interactions that occur at
the brain sites of cytokine production and action is missing, and the mechanisms that
favor the transition toward pathology remain to be clarified.
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The role of stress in neurologic disease is often overlooked. Several chronic neurologic
disease states (eg, Alzheimer disease’) are associated with elevated secretion of
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pituitary-adrenocortical (HPA) axis. Stress can also trigger or exacerbate symptom
onset and perhaps progression of chronic illness, such as Parkinson disease.? Stress
hormones can also mediate the impact of acute neurotrauma. For example, there is
a positive correlation between cortisol levels and mortality following head injury.
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coids, which may have profound influences on recovery and neuroplasticity. In addi-
tion, abnormal regulation of glucocorticoid release is associated with numerous
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Acute and sustained glucocorticoid release can also precipitate changes in both
peripheral and central immune signaling,? resulting in cytokine/chemokine profiles
that may be deleterious for functional recovery in the face of neurologic challenge.

This article describes the basic organization of the HPA loop controlling glucocorti-
coid release, the central circuits that control glucocorticoid release, glucocorticoid
signaling mechanisms, and the overall importance of this system to central nervous
system function in the face of challenge or damage.

THE HYPOTHALAMO-PITUITARY-ADRENOCORTICAL AXIS

The HPA stress axis plays a major role in control of systemic homeostasis. Stimulation
of this axis causes secretion of glucocorticoid hormones (cortisol in humans, cortico-
sterone in rats), which act in both the brain and periphery to promote adaptation.
Glucocorticoids function primarily to redistribute energy resources, and are intimately
involved in restoration or defense of homeostasis following challenge.®

Activation of the HPA axis can be triggered by stimuli signaling disruption of internal
homeostasis, such as blood loss, hypoglycemia, infection, or tissue damage (signaled
by pain). However, release of glucocorticoids can also occur in anticipation of adverse
events, a mechanism that is particularly relevant to neurologists and psychoneuroim-
munologists. Keyed by either prior experience (memories) or instinctual predisposi-
tions, anticipatory release of glucocorticoids occurs in the absence of a frank
physical stimulus. The relevance of the anticipatory response is likely to be associated
with the predicted occurrence of physical challenge. The HPA axis tries to “head off”
threats before they disrupt normal physiologic functions.

Stimulus-induced HPA axis activation is commonly associated with the concept of
stress. For practical purposes, stress can be broadly defined as “a real or perceived
threat to homeostasis.” Stressors, in addition to activating the HPA axis, also induce
a very rapid and short-lived sympathoadrenomedullary response. In addition,
stressors cause behavioral responses that may or may not occur in concert with phys-
iologic changes. Thus, the glucocorticoid response is a component of the stress
response, but is not synonymous with it.

The general organization of the HPA axis is presented in Fig. 1. The hypothalamic
paraventricular nucleus (PVN) is the prime mover of glucocorticoid responses to stress
(see Fig. 1).%® Stimulation of hypophysiotrophic neurosecretory neurons in the medial
parvocellular PVN initiates activation of the HPA axis. These neurons project to blood
vessels in the median eminence and release numerous corticotropin “secreta-
gogues,” including corticotropin-releasing hormone (CRH) and arginine vasopressin
(AVP).%5 These travel by way of the pituitary portal system to the anterior pituitary
and cause release of corticotropin, which subsequently causes synthesis and secre-
tion of glucocorticoids at the adrenal gland.

While stress clearly drives the HPA axis, a powerful circadian glucocorticoid rhythm
also plays a role. In most organisms, glucocorticoids peak immediately before the onset
of waking and are highest early in the behaviorally active period.® Glucocorticoid levels
attained during the diurnal peak are not trivial. Typically, in rats, circadian peak levels
of corticosterone can approach values that rival those seen in a stress response. This
contrasts markedly with extremely low levels seen during the nadir, which are at or
near the limit of detectability. As a result, there is a roughly 40- to 50-fold fluctuation in
glucocorticoid levels every day. Accordingly, daily corticosterone variations have a poten-
tially profound impact on brain (and body) glucocorticoid signaling across the day.

The acute glucocorticoid response to stress is clearly an adaptive mechanism,
causing a variety of physiologic (and perhaps psychological) changes that aid in
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Fig. 1. HPA axis. Neurons located within the hypothalamic paraventricular nucleus (PVN)
drive pituitary corticotrophs via release of secretagogues (such as corticotropin-releasing
hormone [CRH] and arginine vasopressin [AVP]) into the portal vasculature, stimulating
corticotropin (ACTH). Corticotropin, in turn, mediates the synthesis and release of cortico-
steroids from the adrenal glands.

restoring homeostasis.®> However, if glucocorticoid release is left unchecked,
numerous deleterious processes can occur in the body and brain, including immune
dysfunction, bone and muscle wasting, and depression. Thus, in healthy organisms,
negative-feedback inhibition maintains control of glucocorticoid secretion. Negative
feedback is mediated by glucocorticoids acting via both rapid (likely nongenomic)
and delayed (likely genomic) mechanisms (discussed below).”

Chronic drive of the HPA axis with prolonged stress precipitates long-term changes
in both central and peripheral effector systems. These changes include adrenal hyper-
trophy, which is associated with prolonged exposure of the adrenal cortex to cortico-
tropin, and thymic atrophy, which is a cumulative result of repeated glucocorticoid
elevation.® Chronic glucocorticoid release consequent to stress may also have an
impact on other endocrine systems (eg, inhibition of testosterone).® Elevated gluco-
corticoid levels have been linked to chronic stress-induced hippocampal damage
and cognitive deficits,’®'! and also contribute to decreased appetite,'? behavioral
anhedonia,’ and altered cardiovascular tone,’ which are characteristics of pro-
longed stress exposure.

The net impact of chronic stress regimens on the HPA axis is dependent on stressor
modality, duration, and intensity. Chronic stress designs create some degree of long-
term increases in basal corticosterone release.® %18 Enhanced release is observed as
long as 24 hours after the last stress exposure, indicating that the HPA system has
undergone long-term up-regulation. At the pituitary, chronic stress increases
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pro-opiomelanocortin . mRNA expression and pituitary corticotropin stores.'”
However, CRH-receptor binding is decreased,'®'® indicative of an adaptive, down-
regulatory response to enhanced CRH secretion. In the hypothalamus, chronic stress
increases central indicators of PVN drive, including CRH and AVP mRNA expres-
sion,®2%2% PVYN and median eminence CRH peptide levels,>* and the extent of
CRH/AVP co-localization in the median eminence.?® Enhanced PVN CRH expression
is negatively correlated with PVN glucocorticioid receptor levels,®222% suggesting
reduced hypothalamic glucocorticoid feedback efficacy following chronic stress.

Chronic stress also causes changes in extrahypothalamic regulators of HPA axis
function. For example, chronic regimens can reduce hippocampal expression of
glucocorticoid and mineralocorticoid receptors®152227 and increase expression of
tyrosine hydroxylase in locus coeruleus.?® The overall connection between these
mRNA changes in stress regulatory regions and stress-induced drive of the HPA
axis remains to be determined.

Repeated exposure to some stressors (eg, restraint, cold) can cause habituation of
HPA axis responses.?®3° Animals exposed to repeated, “homotypic” stress still
respond to an individual stressor, and are therefore still subject to the cumulative
impact of multiple episodes of glucocorticoid secretion. The habituation rate depends
on the severity of the repeated stressor. For example, HPA axis responses to total
immobilization do not show response decrements.®' While responses to homotypic
stressors diminish over time, responses to stressors of different modality (heterotypic
stressors) are sensitized,?%32 indicating that the cumulative effect of repeated stress
can make the animal more vulnerable to subsequent insults (eg, acute neurologic
trauma or disease).

Chronic stress results in numerous physiologic and behavioral changes similar to
human disease or aging pathology. For example, chronic stress-induced adrenal
hypertrophy, weight loss, anhedonia, and dexamethasone feedback resistance are
highly reminiscent of melancholic depression,'® a disease with clear links to glucocor-
ticoid hypersecretion and stress.

NEURAL CONTROL OF HYPOTHALAMO-PITUITARY-ADRENOCORTICAL AXIS INTEGRATION

Multiple brain regions mediate control of HPA axis activation. Forebrain limbic struc-
tures are thought to be responsible in large part for anticipatory stress responses,
which are responses that do not involve an overt challenge to homeostasis. The limbic
structures involved include the hippocampus, prefrontal cortex, and amygdala, all of
which are frequently affected in psychiatric and neurologic disease states. Accord-
ingly, disorders of forebrain HPA control sites may be responsible for glucocorticoid
dyshomeostasis seen in these diseases.

The hippocampus is believed to be involved in inhibition of the HPA axis.®3-3% Stim-
ulation of the hippocampus decreases glucocorticoid secretion in rats and hu-
mans,®®37 whereas lesions of the hippocampus increase release of corticosterone,
or corticotropin, or both corticosterone and corticotropin.3®*! Hippocampal damage
also increases PVN CRH and AVP gene expression*?~#* and the extent of PVN neural
activation (as measured by c-fos induction) following stress, suggesting that the
hippocampal inhibition of the HPA is mediated via the PVN. The impact of hippo-
campal lesions on HPA excitability is stressor specific: Hippocampal damage exacer-
bates anticipatory stress responses, but does not enhance reactive responses to
stimuli, such as hypoxia or ether inhalation.*>-47

Like the hippocampus, the medial prefrontal cortex is implicated in HPA axis inhibi-
tion. Lesions of the prelimbic and anterior cingulate subregions of the medial prefrontal



Glucocorticoids and Neurologic Disease

cortex increase corticotropin and corticosterone secretion and PVN c-fos mRNA
induction following restraint stress.*®° Medial prefrontal cortex lesions do not affect
responses to ether inhalation, again suggesting a role in inhibition of anticipatory
responses. However, recent studies suggest that the role of the prefrontal cortex in
HPA integration may be dependent on both subregion and hemisphere. Lesions
restricted to the right infralimbic cortex decrease, rather than increase, corticosterone
responses to restraint stress, whereas left-sided lesions do not affect glucocorticoid
secretion.>° In addition, the infralimbic part of the medial prefrontal complex cortex
may be more keyed to regulation of reactive responses. This is suggested because
lesions of this region attenuate corticotropin secretion following interleukin-1 beta
injection, but those same lesions do not affect response to noise.>’ Taken together,
these observations suggest an intricate topographic organization of prefrontal cortex
output to HPA regulatory circuits.

The amygdala is clearly involved in activating the HPA axis, principally by way of the
medial and central amygdaloid nuclei. Large amygdaloid lesions or lesions of the
central or medial amygdaloid nuclei attenuate stress-induced corticotropin and corti-
costerone secretion in rats,52°6 whereas stimulation enhances release of HPA
hormones.5”-%° The HPA-stimulatory effects of amygdaloid subnuclei are consistent
with the role of the amygdala in autonomic activation, fear, and anxiety.6%¢

The excitatory influence of the amygdala on the HPA axis is stressor- and region-
specific. The medial amygdala is intensely activated during anticipatory stress
responses (eg, restraint, social stress, predator exposure),®2-4 but shows consider-
ably less activation during reactive responses (inflammatory stimuli, hypoxia, hemor-
rhage).6%-6566 | esions of this amygdalar region also attenuate corticotropin release
following restraint.%” The central amygdaloid nucleus shows an opposite response
pattern, being preferentially c-fos responsive during reactive responses.?®6¢ Further-
more, lesions of this region attenuate HPA activation following inflammatory cytokine
administration®® but not restraint.8:53.67

Despite profound actions of all of the above limbic structures on the HPA axis, none
send direct projections to the PVN. The influence of these regions on the HPA axis
require relay through basal forebrain (bed nucleus of the stria terminalis), hypotha-
lamic, and brainstem cell populations, which in turn innervate the medial parvocellular
PVN. Thus, information from the limbic system requires an intermediary synapse to
influence HPA activation.

Neuroanatomical tracing studies indicate that, in the bed nucleus of the stria
terminalis and hypothalamus, the majority of these intermediary neurons contain the
inhibitory neurotransmitter y-aminobutyric acid (GABA).*%7° GABA neurons in PVN-
projecting zones of these regions are stress-activated,”! consistent with involvement
in HPA-axis inhibition. Interactions of various limbic stress regulatory regions with
GABA neurons largely explain the nature of their influence on the PVN. Projections
of both the hippocampus and prefrontal cortex are predominantly excitatory (ie, gluta-
mate-containing).”>72 Thus, inhibition of the HPA axis is likely mediated through exci-
tation of GABAergic relay neurons. In contrast, central and medial amygdala
projection neurons contain GABA.”* Amygdalar “activation” of the HPA axis may
actually reflect disinhibition, mediated through sequential inhibitory neurons (Fig. 2).

Direct excitation of the HPA axis is likely mediated via the brainstem. The nucleus of
the solitary tract (NTS) provides rich innervation of the PVN by both catecholaminergic
(norepinephrine) and noncatecholaminergic (eg, glucagonlike peptide-1) neurons.”®~77
Both of these transmitter systems are thought to be stress-excitatory via direct acti-
vation of PVN CRH neurons.”® Catecholamines appear to contribute primarily to reac-
tive stress responses. For example, destruction of NTS inputs to the PVN attenuates
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Fig. 2. Intracellular trafficking of glucocorticoid receptors. The glucocorticoid (GR) or miner-
alocorticoid receptors (MR) require association with heat shock protein (hsp) 90 before
hormone binding. The presence of heat shock cognate protein (hsc70) and other cellular
chaperones (hsp40, hop) is required to maintain the GR/MR in a state suitable for hormone
binding. Nuclear trafficking of the ligand bound GR/MR is accomplished in association with
the hsp90 complex, p23, and an immunophilin (IP) moiety. Once in the nucleus, the recep-
tors are released from the hsp complex, whereupon they can homodimerize (or heterodi-
merize with the glucocorticoid receptor or other steroid receptor species) to bind DNA.
Downstream effects on transcription are likely mediated through interaction with nuclear
coactivator or co-repressor proteins.

HPA responses to hypoglycemia but does not affect the HPA response to restraint. In
contrast, central inhibition of glucagonlike peptide-1 receptors using a peptide frag-
ment (exendin 9-36) inhibits corticotropin and corticosterone release in response to
either novelty or visceral illness,”® suggesting that this noncatecholaminergic cell pop-
ulation may be involved in both anticipatory and reactive responses. Notably, the NTS
receives input from limbic structures, such as the central amygdaloid nucleus and in-
fralimbic cortex, which may in part explain the ability of this region to be an excitatory
mediator of stress responses.

GLUCOCORTICOID SIGNALING IN THE CENTRAL NERVOUS SYSTEM

The endpoint of HPA-axis activation is the release of glucocorticoids, which cause
a variety of transcriptional and nontranscriptional events to occur in both body and
brain. At least two distinct receptors mediate glucocorticoid action in the central
nervous system. The “traditional” glucocorticoid receptor (GR) binds glucocorticoids
with 5- to 10-nM affinity.®° The binding characteristics of this receptor are quite
intriguing. It is extensively unbound during periods of low glucocorticoids (late at night
in humans, early morning in rodents), and becomes 50% to 70% occupied during the
circadian peak.8%8! The GR will become fully occupied under conditions of severe
stress. In the mid-80s, Reul and deKloet® and Spencer and colleagues®' discovered
an additional adrenocorticosteroid receptor in the brain. Somewhat surprisingly, this
receptor was found to be identical to the mineralocorticoid receptor (MR), which medi-
ates biologic effects of aldosterone in the kidney.2° Subsequent work revealed that 11
beta-hydroxysteroid dehydrogenase in the kidney breaks down corticosterone,
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allowing recognition of aldosterone, which circulates at low levels in blood. Mean-
while, the levels of aldosterone in the central nervous system are so low that it does
not fully occupy the MR, thus allowing it to be a receptor for both glucocorticoids
and mineralocorticoids.®? The binding characteristics of MRs are quite different
from those of GRs. The MR binds cortisol and corticosterone with higher affinity
(0.5-1 nM), making it extensively bound even at the circadian trough (>70%), and fully
bound at the circadian peak and during stress.80:81

Both GRs and MRs exert primary biologic actions via gene transcription. Both are
members of the steroid hormone receptor superfamily, possessing DNA-binding
domains that become available after ligand binding.8% The receptors are cytosolic
when unbound, and are associated with a macromolecular chaperone complex that
includes heat shock protein 90 dimers in association with other heat shock proteins
and immunophilins (Fig. 3).8* When bound, a nuclear localization signal is revealed
that allows the receptors to be transported to the cell nucleus. Once in the nucleus,
the receptors can modulate transcription in one of two ways: (1) by direct binding
with DNA response elements as homodimers or possibly as GR-MR heterodimers®®
or (2) via protein-protein interactions with other transcription factor complexes.®®
Transcriptional effects can be either excitatory or inhibitory.

Considerable evidence indicates the existence of a membrane GR responsible for
rapid actions of glucocorticoids. This receptor has yet to be isolated.

GLUCOCORTICOID RECEPTORS AND INHIBITION OF THE HYPOTHALAMO-PITUITARY-
ADRENOCORTICAL AXIS

Glucocorticoids have powerful negative-feedback action on corticotropin release, and
are prime points of HPA axis control. These actions are believed to be mediated via
binding to both nuclear and membrane GRs.

Because it takes only very low levels of circulating glucocorticoids to extensively
occupy neuronal MRs, the neuronal MR is thought to be important in basal inhibition
of the HPA axis. A role for MR in basal HPA regulation is further supported by data indi-
cating that spironolactone, a potent MR antagonist, can increase morning corticotropin
release in rats®” and enhance basal cortisol and corticotropin levels in humans.28 Intra-
cerebroventricular injection of MR antagonist treatment increases morning corticoste-
rone levels in rats. Meanwhile, however, intracerebroventricular injection of GR
antagonist treatment has no effect on morning corticosterone levels in rats. This
suggests that endogenous corticosterone inhibits basal HPA activity via central
MRs.89-90 |nhibition of MRs also prohibits inhibitory actions of corticosterone on rising
levels of glucocorticoids in the evening,®' and combined treatment with GR and MR
antagonists is required to inhibit circadian peak corticosterone secretion. Thus, it is
likely that the two receptors work together to control peak daily secretory rhythms.87

Glucocorticoid inhibition of acute HPA axis stress responses may also involve both
GRs and MRs. Combined injection of GR (RU45055) or MR (RU28318) antagonists
increases peak corticosterone responses to novelty, whereas injection of either alone
is ineffective, indicating that binding of both receptors is required for normal stress
inhibition.8” Notably, blockade of GRs but not MRs produces long-term elevation of
corticosterone observed following an acute stress, suggesting a selective role for
GR in terminating corticosteroid secretory responses.®? Central administration of
the GR antagonist RU486 enhances the magnitude of the corticosteroid response
to novelty, whereas both MR and GR antagonists prolong the magnitude of the
HPA response to this stimulus, again suggesting a role for both receptors in stress
control by the central nervous system.®°
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Fig.3. Neural circuits regulating the stress response. PVN neurons receive (1) direct inhibitory
(GABA-containing) input from neurons in the bed nucleus of the stria terminalis (BST) and
numerous hypothalamic nuclei and (2) excitatory input from the brainstem, including
neurons of the nucleus of the solitary tract (NTS). These direct pathways are heavily influ-
enced by input from limbic structures, which likely fuel anticipatory stress responses and
underlie HPA pathology associated with affective disease or chronic stress. Inhibitory circuits
receive excitatory input from such regions as the hippocampus (via the ventral subiculum
[vSUB] and medial prefrontal cortex [mPFC], anterior cingulate [ac], and prelimbic [pl]
regions), which results in a net inhibition of the stress response. In contrast, inhibitory
PVN inputs receive GABAergic (ie, inhibitory) input from the medial amygdaloid (MeA)
and central amygdaloid (CeA) nuclei, resulting in disinhibition at the level of the PVN
(and thus activation of the HPA axis). PVN excitatory regions receive direct innervation
from glutamate neurons of the infralimbic (il) region of the medial prefrontal cortex, which
may enhance HPA activity. Brainstem excitatory regions also receive input from the central
amygdaloid nuclei, which may disinhibit brainstem neurons by way of local inhibitory
interneurons.

The loci mediating GR or MR control of the HPA axis have yet to be definitively iden-
tified. Previous studies suggest that the hippocampus alone, or the prefrontal cortex
alone, or both the hippocampus and the prefrontal cortex mediate corticosteroid-
dependent termination of stress responses. However, there is considerable conflicting
data on this topic.3*°% Notably, recent studies employing a mouse line with selective
deletion of GRs in the hippocampus and cortex reveal elevated corticosterone and
corticotropin at both the trough and nadir of the circadian rhythm and resistance to
dexamethasone suppression,® suggesting that glucocorticoids work through the
hippocampal GR, the cortical GR, or both to inhibit basal HPA tone.

Chronic exposure to homotypic stressors results in habituation of stress
responses.®®°7 Acute treatment with MR or combined MR-GR antagonists prevents
habituation, whereas GR antagonist alone does not,*° indicating that the MR may
also be involved in adjusting the long-term responsiveness of the HPA system.
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It is also critical to consider possible nongenomic mechanisms of HPA axis inhibi-
tion. Exogenous glucocorticoids can inhibit HPA axis stress responses within minutes,
a process known as “fast” or “rate-sensitive” feedback. This process occurs at least
in part at the level of the PVN, as local injections of glucocorticoids inhibit PVN neurons
within seconds to minutes of exposure.®® Genomic actions of corticosteroids cannot
account for such rapid inhibition of the HPA axis. In accordance with these findings,
electrophysiological studies indicate that fast feedback effects of corticosteroids on
PVN neurons are mediated through inhibition of presynaptic glutamate release. This
mediation occurs by way of a G-protein—coupled receptor activating synthesis of en-
docannabinoids (acting as retrograde messengers).®® A membrane corticosteroid
receptor with appropriate characteristics has been detected in amphibians,’® but
mammalian analogs have yet to be identified and cloned.

GLUCOCORTICOIDS, STRESS, AND NEURODEGENERATION

Studies in experimental animals indicate that high doses of systemic steroids can have
toxic effects on neurons in select regions of the brain, most notably the hippocampus.
Studies in the mid-80s indicated that intense and prolonged stress exposure can
result in death of hippocampal neurons, with the cornu ammonis (CA) 3 subfield being
particularly vulnerable.®® These results have not been extensively replicated in other
models, " suggesting that overt toxicity may be relegated to intense stress exposure.
However, fairly good evidence indicates that exogenous glucocorticoids can
endanger neurons, particularly in the hippocampus.’®? High-dose glucocorticoid
treatment greatly exacerbates neuronal damage following concomitant insults (eg, ex-
citotoxin exposure'%3). Prolonged glucocorticoid treatment causes retraction of apical
dendrites in the hippocampal CA3 region,'%* a process thought to be associated with
glucocorticoid modulation of glutamate signaling.’® The mechanism of glucocorti-
coid action may involve a number of factors, including inhibition of glucose
transport, ' enhancement of glutamate toxicity'%2 or reduced expression of neurotro-
phic factors (eg, brain-derived neurotrophic factor'%?). Glucocorticoids damage the
hippocampal pyramidal neurons by inhibiting their glucose uptake and reducing the
production of adenosine triphosphate, leading to atrophy and ultimately cell death.'%®
This inhibits long-term potentiation in the hippocampus, decreasing neuronal plas-
ticity and contributing to memory impairments.'°® Glucocorticoids also reduce neuro-
genesis (birth of new neurons) in the dentate gyrus.''®© While the link between
neurogenesis and neurodegeneration/regeneration has yet to be clearly defined, it
stands to reason that loss of the capacity to make new neurons may reduce the
capacity for neuroplastic responses in the face of adverse events.

The GR is thought to mediate the glucocorticoid effects on neurotoxicity. Most toxic
effects occur only at high doses of glucocorticoids, which are sufficient to bind GRs. In
vitro studies indicate that glucocorticoid enhancement of neurotoxicity is inhibited by
the GR antagonist RU486, but not by MR antagonists.''"-'2 In addition, administra-
tion of GR (but not MR) agonists are sufficient to enhance neurotoxic damage in the
hippocampus.™'3

Stimulation of endogenous release by stress replicates many of the neurotoxic and
neuroadaptive effects of exogenous glucocorticoids. For example, chronic severe
social stress is reported to result in hippocampal neurodegeneration in primates.’'#
In rodents, chronic restraint stress can cause CA3 dendritic atrophy,’'® exacerbate
excitotoxic damage,’®® and impair neurogenesis,’' all of which are also seen with
glucocorticoid administration.
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Glucocorticoids also play an important, supportive role in cell survival. Elimination of
glucocorticoids by adrenalectomy produces neurodegeneration in the dentate
gyrus,"” indicating a trophic role in this region. Very low doses of glucocorticoids or
administration of MR agonist are sufficient to block this degeneration,’'® indicating
that the trophic actions of glucocorticoids are likely mediated by occupation of the MR.

ENDOGENOUS GLUCOCORTICOIDS AND NEUROLOGIC DISEASE

The HPA axis is a dynamic system that responds to adverse physiologic and psycho-
logical stimuli. Chronic neurologic disease states clearly qualify as adverse situations,
and can be accompanied by elevations in circulating glucocorticoids.”'® In addition,
patients with neurologic diseases can also exhibit comorbid depression,? which can
also elevate glucocorticoid levels. In either case, elevations in glucocorticoids may
be relevant to the progression of neurodegenerative events. Likewise, acute neuro-
logic crises also cause secretion of endogenous glucocorticoids.’?® Thus, the
possible contribution of glucocorticoids to underlying pathology needs to be consid-
ered in all cases where neurologic conditions are associated with pronounced stress.

Animal studies indicate that acute neurotoxic or neurotraumatic events can elicit
pronounced increases in endogenous glucocorticoid release. For example, in rats,
a single systemic kainate injection produces profound elevations in glucocorticoids
as long as 24 hours post-insult.’®! These levels rival those seen following the most
intense stressors and likely cause extensive and total occupation of the GRs for a pro-
longed period of time. Traumatic brain injury also produces marked glucocorticoid
release. However, the response to this insult shows more substantial recovery over
time."?? Even the act of brain surgery alone can have effects on the HPA axis: Rats
receiving sham surgery for intracranial injection procedures manifest physiologic
changes consistent with long-term effects of perioperative glucocorticoid secretion.®

Animal studies indicate that endogenous glucocorticoids play a role in neurodegen-
eration and recovery of neural tissue following insults. Our group has investigated this
contribution by studying the effects of selective MR and GR antagonism on cell survival
following in vivo insult. In these studies, rats received twice-daily injections of GR or MR
antagonist for 3 days before challenge. Rats treated with MR antagonist showed, in
subfield CA3 of the hippocampus, substantial exacerbation of kainate neurotoxicity
in terms of frank neuronal loss and incidence of damaged neurons. In contrast, GR
blockade did not affect cell loss (Fig. 4).'?! The increased neurodegeneration following
MR antagonism was associated with a decrease in expression of Bcl-2, an antiapop-
totic protein, in this same subregion.'?® The overall data suggest that the profound
increases in endogenous glucocorticoids do not play a major role in the degenerative
process. However, MR binding is required for normal cell survival following excitotoxic
damage. The data suggest that glucocorticoids retain a beneficial trophic action on
hippocampal neurons even under conditions of marked HPA axis challenge, but do
not contribute to neurodegeneration in response to this type of insult.

In contrast, glucocorticoid secretion may be a major factor in modulating cell death
following traumatic brain injury. The hippocampus undergoes substantial cell loss
following controlled cortical contusion, likely as a secondary effect of the compression
injury. Prior exposure to the GR antagonist RU486 effectively blocks hippocampal cell
loss in subfield CA1 of the hippocampus, as measured by stereological analysis of cell
counts (Fig. 5).'24 This loss is neither exacerbated nor attenuated by administration of
spironolactone (MR antagonist).'?* Thus, the posttraumatic surge in glucocorticoids
(shown to be present at least 6 hours following injury in this model) plays an important
role in degeneration of CA1 pyramidal neurons following this type of neural insult.
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Fig.4. Effects of MR blockade and GR blockade on kainate neurotoxicity in the hippocampus.
MR blockade with spironolactone significantly decreased the number of viable CA3 neurons
following systemic kainate injection. Pretreatment with RU486 did not affect CA3 cell death,
and neither antagonist modulated kainate-induced cell loss in CA1 (asterisk P < .05). KA,
kainic acid; Sal, saline; Spiro, spironolactone; Veh, vehicle. (Data from Cunningham Jr. ET,
Sawchenko PE. Anatomical specificity of noradrenergic inputs to the paraventricular and
supraoptic nuclei of the rat hypothalamus. J Comp Neurol 1988;274:60.)

Additional research is required to determine whether blocking the neuronal GR with
RU486 can have beneficial effects on behavioral outcomes following trauma.

Recent evidence shows that the dysregulation of the HPA axis caused by traumatic
brain injury can be long-lasting. Following mild controlled cortical impact, stress-
induced corticosterone levels remain enhanced 70 days following injury.?® In
contrast, corticosterone responses are attenuated through day 70 following
a moderate controlled cortical impact, indicating that severity of injury has differential
effects on the long-term stress-induced HPA responses.'2®

Stress and inflammation may work together to exacerbate clinical symptoms
following injury. Stress causes cytokine dysregulation, as seen by stress-induced
increases in IL-1B in rats.'?® With glucocorticoids increasing in neurotrauma
patients,'®” the already deleterious inflammatory response may be aggravated by
glucocorticoid modulation of cytokine production and signaling. In addition, inflamma-
tion can activate the HPA axis, as seen by increased corticotropin and glucocorticoids
following lipopolysachharide-induced proinflammatory  cytokines,'®® thereby
increasing the capacity for toxic actions of glucocorticoids on neurons. There is
also evidence for direct effects of stress on neurotoxic immune factors. For example,
following ischemic brain damage, subacute stress can increase damage by mecha-
nisms involving Toll-like receptor 4, a receptor that mediates the inflammatory
response.’?®

Several of the clinical symptoms that manifest after brain injury are mediated by
disruption of feedback through the HPA axis.’3C Traumatic brain injury can produce
adrenal insufficiency through direct injury to the hypothalamus or pituitary, with
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Fig. 5. Effects of MR blockade and GR blockade on hippocampal neuron viability following
controlled cortical impact (CCl) injury, as measured by the optical fractionator method. CCI
significantly decreased the number of viable neurons in CA1 and CA3 of vehicle-pretreated
animals. Pretreatment with RU486 protected CA1 pyramidal neurons from CCl-induced cell
loss. CCl decreased the number of viable neurons in CA3 in both spironolactone- and RU486-
pretreated animals (asterisk P < .05). Sal, saline; Spiro, spironolactone; Veh, vehicle. (Data
from Rinaman L. Interoceptive stress activates glucagon-like peptide-1 neurons that project
to the hypothalamus. Am J Phys 1999;277:R582.)

associated symptoms that may include weakness, fatigue, weight loss, and depres-
sion. Hypoadrenalism during the late phase of injury occurs in a significant portion
of traumatic brain injury patients.’" A recent clinical trial reported 23.6% of traumatic
brain injury patients in the early phase of injury presented with adrenal insufficiency. %2
Disruptions in the HPA axis may also lead to disorders of arousal, for example. Sleep-
wake cycle disturbance is common in traumatic brain injury patients.'33

The effects of stress can be differentiated from the effects of exogenous glucocor-
ticoids in some neurologic illnesses. For example, stress has been hypothesized to
contribute to the neuropathology of Parkinson disease and to exacerbate parkinso-
nian symptoms, possibly by increasing the vulnerability of mesencephalic dopamine
neurons to degeneration.? However, recent evidence raises the possibility that gluco-
corticoid therapy may be considered in patients with the disorder. For example, dexa-
methasone prevented the degeneration of nigrostriatal dopaminergic neurons in two
different rodent models of Parkinson disease, 34135 probably due to its anti-inflamma-
tory actions, although neuroprotective mechanisms cannot be ruled out. Thus, the co-
mingling of stress and stress-related disorders (such as depression) in Parkinson
disease and other related neurodegenerative disorders warrants further investigation.

INTEGRATION: GLUCOCORTICOID SYSTEMS AND NEUROLOGY

The HPA axis plays a powerful role in disorders of the nervous system. Normally, the
HPA exerts tight control of circulating glucocorticoid levels. By doing so, it maintains
glucocorticoid signaling capacity, ensuring that beneficial effects on nervous tissue
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(mediated perhaps by the MR) are permitted, whereas the potential damage caused
by major stress responses are temporally limited. However, neurologists may
frequently be confronted by situations in which HPA control is tenuous at best.
Such situations include, for example, those involving severe distress associated
with acute or prolonged neural dysfunction, inflammatory processes that command
major activation of the HPA system, and patients whose HPA axis is compromised
by other conditions (eg, depression). Thus, understanding and considering the endog-
enous regulatory systems in place for control of glucocorticoids may be appropriate to
consider in future treatment strategies. Issues of most relevance include the following:

Many, if not most, neurologic conditions occur within the context of profound
psychogenic stress (eg, hospitalization, anxiety). These states are powerful
stimulants to the HPA axis, whose hormones have a role in neurodegenerative
and inflammatory processes.

Many brain regions targeted by neurologic disorders and dementias, such as the
hippocampus, amygdala, and prefrontal cortex, are also responsible for control
of HPA function. Thus, damage to these areas has the potential to promote
further glucocorticoid release and perhaps contribute to neurodegenerative
processes.

Neurologic disorders may be accompanied by clinical depression, which is associ-
ated with impaired negative-feedback regulation of the HPA axis. Impaired feed-
back may permit a cumulative negative influence of glucocorticoids on neuronal
growth and survival.

While glucocorticoids are of clear benefit for some neurologic disorders (eg, brain
edema associated with tumors'®9), the use of glucocorticoids as an adjunct
treatment for stroke or trauma may not be mandated. Indeed, reviews of the
literature find glucocorticoid treatment in association with stroke or trauma to
be of no clear benefit,’® and in some cases may even worsen prognosis (the
CRASH [Corticosteroid Randomisation After Significant Head Injury] study).3”

In sum, glucocorticoids play a significant role in neurologic outcomes. While the
extent to which endogenous glucocorticoids participate in the neurodegenerative
process remains to be definitively established, it is prudent to consider strategies
designed to limit the extent of stress experienced by neurologic patients.

ACKNOWLEDGMENTS

The authors thank laboratory members who have contributed to this work.

REFERENCES

1. Martignoni E, Costa A, Sinforiani E, et al. The brain as a target for adrenocortical
steroids: cognitive implications. Psychoneuroendocrinology 1992;17:343-54.

2. Smith AD, Castro SL, Zigmond MJ. Stress-induced Parkinson’s disease:
a working hypothesis. Physiol Behav 2002;77:527-31.

3. Munck A, Guyre PM, Holbrook NJ. Physiological functions of glucocorticoids in
stress and their relations to pharmacological actions. Endocr Rev 1984;5:25-44.

4. Antoni FA. Hypothalamic control of adrenocorticotropin secretion: Advances
since the discovery of 41-residue corticotropin-releasing factor. Endocr Rev
1986;7:351-78.

5. Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hormone
neurosecretory system. Prog Neurobiol 1993;40:573-629.

277



278

Doczy et al

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

28.

24.

25.

. Dallman MF, Akana SF, Cascio CS, et al. Regulation of ACTH secretion: varia-

tions on a theme of B. Recent Prog Horm Res 1987;43:113-73.

. Keller-Wood M, Dallman MF. Corticosteroid inhibition of ACTH secretion. Endocr

Rev 1984;5:1-24.

. Prewitt CM, Herman JP. Hypothalamo-pituitary-adrenocortical regulation

following lesions of the central nucleus of the amygdala. Stress 1997;1:263-80.

. Tamashiro KL, Nguyen MM, Sakai RR. Social stress: from rodents to primates.

Front Neuroendocrinol 2005;26:27-40.

McEwen BS, Sapolsky RM. Stress and cognitive function. Curr Opin Neurobiol
1995;5:205-16.

Sapolsky RM. Glucocorticoids and hippocampal atrophy in neuropsychiatric
disorders. Arch Gen Psychiatry 2000;57:925-35.

Dallman MF, Pecoraro N, Akana SF, et al. Chronic stress and obesity: a new view
of “comfort food”. Proc Natl Acad Sci U S A 2003;100:11696-701.

Willner P, Muscat R, Papp M. Chronic mild stress-induced anhedonia: a realistic
animal model of depression. Neurosci Biobehav Rev 1992;16:525-34.

Grippo AJ, Moffitt JA, Johnson AK. Cardiovascular alterations and autonomic
imbalance in an experimental model of depression. Am J Phys Regul Integr
Comp Physiol 2002;282:R1333-41.

Gomez F, Lahmame A, de Kloet ER, et al. Hypothalamic-pituitary-adrenal
response to chronic stress in five inbred rat strains: differential responses are
mainly located at the adrenocortical level. Neuroendocrinology 1996;63:327-37.
Ottenweller JE, Servatius RJ, Tapp WN, et al. A chronic stress state in rats:
effects of repeated stress on basal corticosterone and behavior. Physiol Behav
1992;51:689-98.

Shiomi H, Watson SJ, Kelsey JE, et al. Pretranslational and posttranslational
mechanisms for regulating beta-endorphin-adrenocorticotropin of the anterior
pituitary lobe. Endocrinology 1986;119:1793-9.

Anderson SM, Kant GJ, De Souza EB. Effects of chronic stress on anterior pitu-
itary and brain corticotropin-releasing factor receptors. Pharmacol Biochem
Behav 1993;44:755-61.

Fuchs E, Flugge G. Modulation of binding sites for corticotropin-releasing hormone
by chronic psychosocial stress. Psychoneuroendocrinology 1995;20:33-51.
DeGoeij DC, Jezova D, Tilders FJ. Repeated stress enhances vasopressin
synthesis in CRF neurons in the paraventricular nucleus. Brain Res 1992;577:
165-8.

DeGoeij DC, Kvetnansky R, Whitnall MH, et al. Repeated stress-induced activa-
tion of corticotropin-releasing factor neurons enhances vasopressin stores and
colocalization with corticotropin-releasing factor in the median eminence of
rats. Neuroendocrinology 1991;53:150-9.

Herman JP, Adams D, Prewitt CM. Regulatory changes in neuroendocrine
stress-integrative circuitry produced by a variable stress paradigm. Neuroendo-
crinology 1995;61:180-90.

Imaki T, Nahan JL, Rivier C, et al. Differential regulation of corticotropin-releasing
factor mRNA in rat brain regions by glucocorticoids and stress. J Neurosci 1991;
11:585-99.

Chappell PB, Smith MA, Kilts CD, et al. Alterations in corticotropin-releasing
factor-like immunoreactivity in discrete brain regions after acute and chronic
stress. J Neuroscic 1986;6:2908-14.

Whitnall MH. Stress selectively activates the vasopressin-containing subset of
corticotropin-releasing hormone neurons. Neuroendocrinology 1989;50:702-7.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Glucocorticoids and Neurologic Disease

Makino S, Smith MA, Gold PW. Increased expression of corticotropin-
releasing hormone and vasopressin messenger ribonucleic acid (mRNA) in
the hypothalamic paraventricular nucleus during repeated stress: association
with reduction in glucocorticoid receptor mRNA levels. Endocrinology 1995;
136:3299-309.

Sapolsky RM, Krey LC, McEwen BS. Stress down-regulates corticosterone
receptors in a site-specific manner in the brain. Endocrinology 1984;114:
287-92.

Mamalaki E, Kvetnansky R, Brady LS, et al. Repeated immobilization stress
alters tyrosine hydroxylase, corticotropin-releasing hormone and corticosteroid
receptor ribonucleic acid levels in rat brain. J Neuroendocrinol 1993;4:689-99.
Akana SF, Dallman MF, Bradbury MJ, et al. Feedback and facilitation in the adre-
nocortical system: unmasking facilitation by partial inhibition of the glucocorti-
coid response to prior stress. Endocrinology 1992;131:57-68.

Cole MA, Kalman BA, Pace TW, et al. Selective blockade of the mineralocorti-
coid receptor impairs hypothalamic-pituitary-adrenal axis expression of habitu-
ation. J Neuroendocrinol 2000;12:1034-42.

Dobrakovova M, Kvetnansky R, Torda T, et al. Changes of plasma and adrenal
catecholamines and corticosterone in stressed rats with septal lesions. Physiol
Behav 1982;29:41-5.

Bhatnagar S, Dallman M. Neuroanatomical basis for facilitation of hypothalamic-
pituitary-adrenal responses to a novel stressor after chronic stress. Neurosci-
ence 1998:;84:1025-309.

Herman JP, Cullinan WE. Neurocircuitry of stress: central control of the hypothal-
amo-pituitary-adrenocortical axis. Trends Neurosci 1997;20:78-83.

Jacobson L, Sapolsky RM. The role of the hippocampus in feedback regulation
of the hypothalamo-pituitary-adrenocortical axis. Endocr Rev 1991;12:118-34.
Sapolsky RM, Krey LC, McEwen BS. The neuroendocrinology of stress and
aging: the glucocorticoid cascade hypothesis. Endocr Rev 1986;7:284-301.
Dunn JD, Orr SE. Differential plasma corticosterone responses to hippocampal
stimulation. Exp Brain Res 1984;54:1-6.

Rubin RT, Mandell AJ, Crandall PH. Corticosteroid responses to limbic stimula-
tion in man: localization of stimulation sites. Science 1966;153:1212-5.

Fendler K, Karmos G, Telegdy G. The effect of hippocampal lesion on pituitary-
adrenal function. Acta Physiol Scand 1961;20:293-7.

Knigge KM. Adrenocortical response to stress in rats with lesions in hippo-
campus and amygdala. Proc Soc Exp Biol Med 1961;108:18-21.

Knigge KM, Hays M. Evidence of inhibitive role of hippocampus in neural regu-
lation of ACTH release. Proc Soc Exp Biol Med 1963;114:67-9.

Sapolsky RM, Krey LC, McEwen BS. Glucocorticoid-sensitive hippocampal
neurons are involved in terminating the adrenocortical stress response. Proc
Natl Acad Sci U S A 1984:;81:6174-7.

Herman JP, Cullinan WE, Morano MI, et al. Contribution of the ventral subiculum
to inhibitory regulation of the hypothalamo-pituitary-adrenocortical axis. J Neuro-
endocrinol 1995:7:475-82.

Herman JP, Cullinan WE, Young EA, et al. Selective forebrain fiber tract lesions
implicate ventral hippocampal structures in tonic regulation of paraventricular
nucleus CRH and AVP mRNA expression. Brain Res 1992;592:228-38.
Herman JP, Schafer MK-H, Young EA, et al. Evidence for hippocampal regula-
tion of neuroendocrine neurons of the hypothalamo-pituitary-adrenocortical
axis. J Neurosci 1989;9:3072-82.

279



280

Doczy et al

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bradbury MJ, Strack AM, Dallman MF. Lesions of the hippocampal efferent
pathway (fimbria-fornix) do not alter sensitivity of adrenocorticotropin to feed-
back inhibition by corticosterone in rats. Neuroendocrinology 1993;58:396-407.
Herman JP, Dolgas CM, Carlson SL. Ventral subiculum regulates hypothalamo-
pituitary-adrenocortical and behavioural responses to cognitive stressors.
Neuroscience 1998;86:449-59.

Mueller NK, Dolgas CM, Herman JP. Stressor-selective role of the ventral subic-
ulum in regulation of neuroendocrine stress responses. Endocrinology 2004;
145:3763-8.

Diorio D, Viau V, Meaney MJ. The role of the medial prefrontal cortex (cingulate
gyrus) in the regulation of hypothalamo-pituitary-adrenal responses to stress.
J Neurosci 1993;13:3839-47.

Figueiredo HF, Bruestle A, Bodie B, et al. The medial prefrontal cortex differen-
tially regulates stress-induced c-fos expression in the forebrain depending on
type of stressor. Eur J Neurosci 2003;18:2357-64.

Sullivan RM, Gratton A. Lateralized effects of medial prefrontal cortex lesions on
neuroendocrine and autonomic stress responses in rats. J Neurosci 1999;19:
2834-40.

Crane JW, Ebner K, Day TA. Medial prefrontal cortex suppression of the hypo-
thalamic-pituitary-adrenal axis response to a physical stressor, systemic delivery
of interleukin-1beta. Eur J Neurosci 2003;17:1473-81.

Allen JP, Allen CF. Role of the amygdaloid complexes in the stress-induced
release of ACTH in the rat. Neuroendocrinology 1974;15:220-30.

Beaulieu S, DiPaolo T, Barden N. Control of ACTH secretion by the central
nucleus of the amygdala: implication of the serotonergic system and its rele-
vance to the glucocorticoid delayed negative feedback mechanism. Neuroen-
docrinology 1986;44:247-54.

Dayas CV, Day TA. Opposing roles for medial and central amygdala in the initi-
ation of noradrenergic cell responses to a psychological stressor. Eur J Neurosci
2002;15:1712-8.

Feldman S, Conforti N, Itzik A, et al. Differential effect of amygdaloid lesions of
CRF-41, ACTH and corticosterone responses following neural stimuli. Brain Res
1994;658:21-6.

Van de Kar LD, Piechowski RA, Rittenhouse PA, et al. Amygdaloid lesions: differ-
ential effect on conditioned stress and immobilization-induced increases in corti-
costerone and renin secretion. Neuroendocrinology 1991;54:89-95.

Dunn JD, Whitener J. Plasma corticosterone responses to electrical stimulation
of the amygdaloid complex: cytoarchitectonic specificity. Neuroendocrinology
1986;42:211-7.

Matheson GK, Branch BJ, Taylor AN. Effects of amygdaloid stimulation on pitu-
itary-adrenal activity in conscious cats. Brain Res 1971;32:151-67.

Redgate ES, Fahringer EE. A comparison of the pituitary adrenal activity elicited
by electrical stimulation of preoptic, amygdaloid and hypothalamic sites in the
rat brain. Neuroendocrinology 1973;12:334-43.

Davis M. The role of the amygdala in fear and anxiety. Annu Rev Neurosci 1992;
15:353-75.

Gray TS. Amygdaloid CRF pathways. Role in autonomic, neuroendocrine, and
behavioral responses to stress. Ann N 'Y Acad Sci 1993;697:53-60.

Cullinan WE, Herman JP, Battaglia DF, et al. Pattern and time course of imme-
diate early gene expression in rat brain following acute stress. Neuroscience
1995;64:477-505.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Glucocorticoids and Neurologic Disease

Figueiredo HF, Bodie BL, Tauchi M, et al. Stress integration after acute and
chronic predator stress: differential activation of central stress circuitry and
sensitization of the hypothalamo-pituitary-adrenocortical axis. Endocrinology
2003;144:5249-58.

Kollack-Walker S, Watson SJ, Akil H. Social stress in hamsters: defeat activates
specific neurocircuits within the brain. J Neurosci 1997;17:8842-55.
Sawchenko PE, Brown ER, Chan RWK, et al. The paraventricular nucleus of the
hypothalamus and the functional neuroanatomy of visceromotor responses to
stress. Prog Brain Res 1996;107:201-22.

Thrivikraman KV, Su Y, Plotsky PM. Patterns of fos-immunoreactivity in the CNS
induced by repeated hemorrhage in conscious rats: correlations with pituitary-
adrenal axis activity. Stress 1997;2:145-58.

Dayas CV, Buller KM, Day TA. Neuroendocrine responses to an emotional
stressor: evidence for involvement of the medial but not the central amygdala.
Eur J Neurosci 1999;11:2312-22.

Xu'Y, Day TA, Buller KM. The central amygdala modulates hypothalamic-pitui-
tary-adrenal axis responses to systemic interleukin-1beta administration. Neuro-
science 1999;94:175-883.

Cullinan WE, Herman JP, Watson SJ. Ventral subicular interaction with the hypo-
thalamic paraventricular nucleus: evidence for a relay in the bed nucleus of the
stria terminalis. J Comp Neurol 1993;332:1-20.

Roland BL, Sawchenko PE. Local origins of some GABAergic projections to the
paraventricular and supraoptic nuclei of the hypothalamus of the rat. J Comp
Neurol 1993;332:123-43.

Cullinan WE, Helmreich DL, Watson SJ. Fos expression in forebrain afferents to
the hypothalamic paraventricular nucleus following swim stress. J Comp Neurol
1996;368:88-99.

Broman J, Hassel B, Rinvik E, et al. Biochemistry and anatomy of transmitter
glutamate. In: Otterson OP, Storm-Mathisen J, editors. Glutamate. vol. 18.
Amsterdam: Elsevier; 2000. p. 1-44.

Walaas |, Fonnum F. Biochemical evidence for glutamate as a transmitter in
hippocampal efferents to the basal forebrain and hypothalamus in the rat brain.
Neuroscience 1980;5:1691-8.

Swanson LW, Petrovich GD. What is the amygdala? Trends Neurosci 1998;21:
323-31.

Cunningham ET Jr, Sawchenko PE. Anatomical specificity of noradrenergic
inputs to the paraventricular and supraoptic nuclei of the rat hypothalamus.
J Comp Neurol 1988;274:60-76.

Cunningham ET Jr, Bohn MC, Sawchenko PE. Organization of adrenergic inputs
to the paraventricular and supraoptic nuclei of the hypothalamus in the rat.
J Comp Neurol 1990;292:651-67.

Rinaman L. Interoceptive stress activates glucagon-like peptide-1 neurons that
project to the hypothalamus. Am J Phys 1999;277:R582-90.

Plotsky PM, Cunningham ET Jr, Widmaier EP. Catecholaminergic modulation of
corticotropin-releasing factor and adrenocorticotropin secretion. Endocr Rev
1989;10:437-58.

Kinzig KP, D’Alessio DA, Herman JP, et al. CNS glucagon-like peptide-1 recep-
tors mediate endocrine and anxiety responses to interoceptive and psychogenic
stressors. J Neurosci 2003;23:6163-70.

Reul UM, deKloet ER. Two receptor systems for corticosterone in rat brain: micro-
distribution and differential occupation. Endocrinology 1985;117:2505-11.

281



282

Doczy et al

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Spencer RL, Young EA, Choo PH, et al. Adrenal steroid type | and type I
receptor binding: estimates of in vivo receptor number, occupancy, and activa-
tion with varying level of steroid. Brain Res 1990;514:37-48.

Edwards CR, Stewart PM, Burt D, et al. Localisation of 11 beta-hydroxysteroid
dehydrogenase-tissue specific protector of the mineralocorticoid receptor.
Lancet 1988;2:986-9.

Evans RM. The steroid and thyroid hormone receptor superfamily. Science 1988;
240:889-95.

Pratt WB, Toft DO. Steroid receptor interactions with heat shock protein and
immunophilin chaperones. Endocr Rev 1997;18:306-60.

Trapp T, Holsboer F. Heterodimerization between mineralocorticoid and gluco-
corticoid receptors increases the functional diversity of corticosteroid action.
Trends Pharmacol Sci 1996;17:145-9.

Smoak KA, Cidlowski JA. Mechanisms of glucocorticoid receptor signaling
during inflammation. Mech Ageing Dev 2004;125:697-706.

Spencer RL, Kim PJ, Kalman BA, et al. Evidence for mineralocorticoid receptor
facilitation of glucocorticoid receptor-dependent regulation of hypothalamic-
pituitary-adrenal axis activity. Endocrinology 1998;139:2718-26.

Deuschle M, Weber B, Colla M, et al. Mineralocorticoid receptor also modulates
basal activity of hypothalamus-pituitary-adrenocortical system in humans.
Neuroendocrinology 1998;68:355-60.

Ratka A, Sutanto W, Bloemers M, et al. On the role of brain mineralocorticoid
(type 1) and glucocorticoid (type Il) receptors in neuroendocrine regulation.
Neuroendocrinology 1989;50:117-23.

van Haarst AD, Oitzl MS, de Kloet ER. Facilitation of feedback inhibition through
blockade of glucocorticoid receptors in the hippocampus. Neurochem Res
1997;22:1323-8.

Bradbury MJ, Akana SF, Dallman MF. Roles of type | and Il corticosteroid recep-
tors in regulation of basal activity in the hypothalamo-pituitary-adrenal axis
during the diurnal trough and the peak: evidence for a nonadditive effect of
combined receptor occupation. Endocrinology 1994;134:1286-96.

Moldow RL, Beck KD, Weaver S, et al. Blockage of glucocorticoid, but not
mineralocorticoid receptors prevents the persistent increase in circulating
basal corticosterone concentrations following stress in the rat. Neurosci Lett
2005;374:25-8.

Herman JP, Figueiredo H, Mueller NK, et al. Central mechanisms of stress inte-
gration: hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical
responsiveness. Front Neuroendocrinol 2003;24:151-80.

Boyle MP, Brewer JA, Funatsu M, et al. Acquired deficit of forebrain glucocorti-
coid receptor produces depression-like changes in adrenal axis regulation and
behavior. Proc Natl Acad Sci U S A 2005;102:473-8.

Campmany L, Pol O, Armario A. The effects of two chronic intermittent stressors
on brain monoamines. Pharmacol Biochem Behav 1996;53:517-23.
Gadek-Michalska A, Bugajski J. Repeated handling, restraint, or chronic crowd-
ing impair the hypothalamic-pituitary-adrenocortical response to acute restraint
stress. J Physiol Pharmacol 2003;54:449-59.

Keim KL, Sigg EB. Physiological and biochemical concomitants of restraint
stress in rats. Pharmacol Biochem Behav 1976;4:289-97.

Saphier D. Catecholaminergic projections to tuberoinfundibular neurones of the
paraventricular nucleus: |. Effects of stimulation of A1, A2, A6 and C2 cell
groups. Brain Res Bull 1989;23:389-95.



99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

Glucocorticoids and Neurologic Disease

Di S, Malcher-Lopes R, Halmos KC, et al. Nongenomic glucocorticoid inhibition
via endocannabinoid release in the hypothalamus: a fast feedback mechanism.
J Neurosci 2003;23:4850-7.

Orchinik M, Murray TF, Moore FL. A corticosteroid receptor in neuronal
membranes. Science 1991;252:1848-51.

Reagan LP, McEwen BS. Controversies surrounding glucocorticoid-mediated
cell death in the hippocampus. J Chem Neuroanat 1997;13:149-67.

Sapolsky RM. The physiological relevance of glucocorticoid endangerment of
the hippocampus. Ann N Y Acad Sci 1994;746:294-304.

Stein-Behrens B, Mattson MP, Chang |, et al. Stress exacerbates neuron loss
and cytoskeletal pathology in the hippocampus. J Neurosci 1994;14:5373-80.
Magarinos AM, Orchinik M, McEwen BS. Morphological changes in the hippo-
campal CA3 region induced by non-invasive glucocorticoid administration:
a paradox. Brain Res 1998;809:314-8.

Magarinos AM, McEwen BS. Stress-induced atrophy of apical dendrites of
hippocampal CA3c neurons: involvement of glucocorticoid secretion and excit-
atory amino acid receptors. Neuroscience 1995;69:89-98.

Virgin CE, Ha TP-T, Packan DR, et al. Glucocorticoids inhibit glucose transport
and glutamate uptake in hippocampal astrocytes: implications for glucocorti-
coid neurotoxicity. J Neurochem 1991;57:1422-8.

Smith MA, Makino S, Kvetnansky R, et al. Stress and glucocorticoids affect the
expression of brain-derived neurotrophic factor and neurotrophin-3 mRNAs in
the hippocampus. J Neurosci 1995;15:1768-77.

Sapolsky RM. Glucocorticoids, hippocampal damage and the glutamatergic
synapse. Prog Brain Res 1990;86:13-23.

Kim JJ, Song EY, Kosten TA. Stress effects in the hippocampus: synaptic plas-
ticity and memory. Stress 2006;9:1-11.

Cameron HA, Gould E. Adult neurogenesis is regulated by adrenal steroids in
the dentate gyrus. Neuroscience 1994;61:203-9.

Behl C, Lezoualc’h F, Trapp T, et al. Glucocorticoids enhance oxidative stress-
induced cell death in hippocampal neurons in vitro. Endocrinology 1997;138:
101-6.

Talmi M, Carlier E, Bengelloun W, et al. Synergistic action of corticosterone on
kainic acid-induced electrophysiological alterations in the hippocampus. Brain
Res 1995;704:97-102.

Goodman Y, Bruce AJ, Cheng B, et al. Estrogens attenuate and corticosterone
exacerbates excitotoxicity, oxidative injury, and amyloid beta-peptide toxicity in
hippocampal neurons. J Neurochem 1996,;66:1836-44.

Uno H, Tarara R, Else JG, et al. Hippocampal damage associated with pro-
longed and fatal stress in primates. J Neurosci 1989;9:1705-11.

Magarinos AM, McEwen BS. Stress-induced atrophy of apical dendrites of
hippocampal CA3 neurons: comparison of stressors. Neuroscience 1995;69:
83-8.

Gould E, Tanapat P. Stress and hippocampal neurogenesis. Biol Psychiatry
1999;46:1472-9.

Sloviter RS, Sollas AL, Dean E, et al. Adrenalectomy-induced granule cell
degeneration in the rat hippocampal dentate gyrus: characterization of an in
vivo model of controlled neuronal death. J Comp Neurol 1993;330:324-36.
Woolley CS, Gould E, Sakai RR, et al. Effects of aldosterone or RU28362 treat-
ment on adrenalectomy-induced cell death in the dentate gyrus of the adult rat.
Brain Res 1991:554:312-5.

283



284

Doczy et al

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Dodt C, Dittmann J, Hruby J, et al. Different regulation of adrenocorticotropin
and cortisol secretion in young, mentally healthy elderly, and patients with senile
dementia of Alzheimer’s type. J Clin Endocrinol Metab 1991;72:272-6.

Cernak |, Savic VJ, Lazarov A, et al. Neuroendocrine responses following
graded traumatic brain injury in male adults. Brain Inj 1999;13:1005-15.
McCullers DL, Herman JP. Adrenocorticosteroid receptor blockade and excito-
toxic challenge regulate adrenocorticosteroid receptor mRNA levels in hippo-
campus. J Neurosci Res 2001;64:277-83.

McCullers DL, Sullivan PG, Scheff SW, et al. Traumatic brain injury regulates
adrenocorticosteroid receptor mRNA levels in rat hippocampus. Brain Res
2002;947:41-9.

McCullers DL, Herman JP. Mineralocorticoid receptors regulate Bcl2 and p53
mRNA expression in rat hippocampus. Neuroreport 1998;9:3085-9.

McCullers DL, Sullivan PG, Scheff SW, et al. Mifepristone protects CA1 hippocampal
neurons following traumatic brain injury in rat. Neuroscience 2002;109:219-30.
Taylor AN, Rahman SU, Sanders NC, et al. Injury severity differentially affects
short- and long-term neuroendocrine outcomes of traumatic brain injury. J Neu-
rotrauma 2008;25:311-23.

Pugh CR, Nguyen KT, Gonyea JL, et al. Role of interleukin-1 beta in impairment
of contextual fear conditioning caused by social isolation. Behav Brain Res
1999;106:109-18.

Narayan RK, Povlishock JT, Wilberger JE, editors Neurotrauma. New York:
McGraw-Hill Professional; 1996.

Dunn AJ, Wang J, Ando T. Effects of cytokines on cerebral neurotransmission.
Comparison with the effects of stress. Adv Exp Med Biol 1999;461:117-27.
Caso JR, Pradillo JM, Hurtado O, et al. Toll-like receptor 4 is involved in
subacute stress-induced neuroinflammation and in the worsening of experi-
mental stroke. Stroke 2008;39:1314-20.

Powner DJ, Boccalandro C, Alp MS, et al. Endocrine failure after traumatic brain
injury in adults. Neurocrit Care 2006;5:61-70.

Tsagarakis S, Tzanela M, Dimopoulou |. Diabetes insipidus, secondary hypoa-
drenalism and hypothyroidism after traumatic brain injury: clinical implications.
Pituitary 2005;8:251-4.

Llompart-Pou JA, Raurich JM, Perez-Barcena J, et al. Acute hypothalamic-pitu-
itary-adrenal response in traumatic brain injury with and without extracerebral
trauma. Neurocrit Care 2008;9:230-6.

Makley MJ, English JB, Drubach DA, et al. Prevalence of sleep disturbance in
closed head injury patients in a rehabilitation unit. Neurorehabil Neural Repair
2008;22:341-7.

Castano A, Herrera AJ, Cano J, et al. The degenerative effect of a single intra-
nigral injection of LPS on the dopaminergic system is prevented by dexameth-
asone, and not mimicked by rh-TNF-alpha, IL-1beta and IFN-gamma.
J Neurochem 2002;81:150-7.

Kurkowska-Jastrzebska |, Litwin T, Joniec |, et al. Dexamethasone protects
against dopaminergic neurons damage in a mouse model of Parkinson’s
disease. Int Immunopharmacol 2004;4:1307-18.

Gomes JA, Stevens RD, Lewin JJ 3rd, et al. Glucocorticoid therapy in neurologic
critical care. Crit Care Med 2005;33:1214-24.

Roberts I, Yates D, Sandercock P, et al. Effect of intravenous corticosteroids on
death within 14 days in 10008 adults with clinically significant head injury (MRC
CRASH trial): randomised placebo-controlled trial. Lancet 2004;364:1321-8.



Social Interactions,
Stress, and Immunity
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Stressors generally are defined as external or internal challenges that disrupt homeo-
stasis.” Thus, potential stressors are all around us. For example, stressors can include
changes in the environment, such as temperature extremes; physiologic difficulties,
such as scarcity of food or water; and psychosocial burdens, such as social subordi-
nation or loneliness. Some of these stressors may be acute, posing a short-term
demand on individuals. Others may reoccur or may be long-lasting, creating a chronic
burden for the organism.

The response to a stressor typically consists of physiologic and behavioral changes
to help reestablish homeostasis. These are somewhat predictable and were recog-
nized as early as 1936 when Selye®® coined the term general adaptation syndrome
to describe the “nonspecific response of the body to any demand.” In other words,
each of the variety of stressors in people’s lives elicits a similar collection of stress
responses. These include activation of the hypothalamic-pituitary-adrenal (HPA)
axis and the sympathetic nervous system. Products of these systems, which include
glucocorticoids and catecholamines, change cardiovascular tone and respiration rate
and increase the flow of blood to muscle tissue.*

Although it generally is agreed that a set of core stress responses are activated
nonspecifically by threats to homeostasis, it is now understood that there is a wide
variety of stress-specific responses. Recent studies show considerable individual
differences in the response to a similar stressor. A closer inspection of those studies
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suggests that personality traits and psychosocial factors play an important role in
modulating the overall stress response.*®

The association between distinctive stress responses and a specific stressor can be
demonstrated using social disruption, a model of social stress in mice. Although many
aspects of the response to social disruption are similar to those of other chronic
stressors, social disruption also elicits a unique set of endocrine and immune
responses that, to the best of current knowledge, are characteristic of this particular
stressor. In addition, social disruption invokes a range of individual differences in
genetically similar inbred mice.

This article presents an overview of the endocrinologic and immunologic responses
to social disruption. It discusses the possible implications of these stress responses
as survival advantages or consequences for the host, particularly in terms of resis-
tance to infection. This article finishes with comments on possible behavioral factors
that contribute to individual behavioral and physiologic differences elicited by social
disruption.

THE SOCIAL DISRUPTION STRESS MODEL

Male mice caged together form social hierarchies. These hierarchies usually consist of
(1) a dominant alpha male, (2) codominant cage mates, and (3) subordinate cage
mates. The status of the animals in a group typically is determined by fighting over
dominance or by passive acceptance of subordination.® In the model of social disrup-
tion stress, naturally occurring social hierarchies in groups of male mice are disrupted
daily by introducing an aggressive intruder into a cage with an established hierarchy.
Social disruption is repeated once a day for 6 successive days to mimic a recurring or
chronic stressor.”-® During social disruption, residents are attacked by the intruding
aggressor and defeated repeatedly. The residents attempt to escape and display
the characteristic behavioral signs of fear and submissiveness.

Similar to other models of stress, social disruption activates the HPA axis, resulting
in elevated levels of corticotropin and the glucocorticoid hormone, corticoste-
rone.”®1% In many chronic and repeating stress models, activation of the HPA axis
results in suppression of multiple immune functions. Thus, it was hypothesized that
repeated social defeat would be accompanied by suppression of multiple immune
parameters, including both innate and adaptive responses, and that a collateral
increased susceptibility to infection would ensue. Unexpectedly, the data showed
that despite the high levels of circulating corticosterone, social disruption resulted in
splenomegaly, an increase in proinflammatory cytokine responses, and modulation
of antimicrobial immunity.’®'" A further examination of this atypical immune response
to the stressor indicated that social disruption decreased the sensitivity of immune
cells to glucocorticoids, thus reducing its suppressive influence on inflammation
and enhancing proinflammatory cytokine responses.”-810:12-16

IMMUNOLOGIC EFFECTS OF SOCIAL DISRUPTION

Repeated exposure to social disruption results in the development of a state of gluco-
corticoid resistance in immune cells taken from the spleens of mice.”® More specifi-
cally, social disruption reduces the sensitivity of lipopolysaccharide (LPS)-stimulated
splenocytes to the inhibitory effect of corticosterone with regard to cell viability. This
effect has been demonstrated in several inbred (C57BL/6, C3H/Hed, C3H/HeN,
BALB/c, and SJL) and outbred (CD-1) mouse strains (Ronit Avistur, PhD, John F. Sher-
idan, PhD, unpublished data 2005),”:'* suggesting that this phenomenon does not
depend on a specific genetic background.
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The development of glucocorticoid resistance is accompanied by splenomegaly,”
which is characterized by a large increase in the number of splenic CD11b+ myeloid
cells.’™1 Experimental observations suggest that the accumulation of monocytes in
the spleen is the result of redistribution from the bone marrow and circulation. After
social disruption, LPS-stimulated splenocytes also secrete higher levels of interleukin
(IL)-6 and tumor necrosis factor (TNF)-a than do cells from control nonstressed
mice.’®' The increase in TNF-o secretion was the result of an increase in the number
of TNF-a—producing cells and an augmentation in TNF-a secretion per CD11b+ cell.’”

Although the mechanisms involved in the development of social disruption-
induced glucocorticoid resistance are not elucidated fully, glucocorticoid resistance
was abolished by depletion of the CD11b+ cell population from splenocyte cultures.®
Additional studies showed that social disruption-induced glucocorticoid resistance
was the result, in part, of the failure of the glucocorticoid receptor to undergo nuclear
translocation in the CD11b+ cells after exposure of the cells to corticosterone.’®
Even though the CD11b+ cell seems to be a target cell affected by social disruption,
the neuroendocrine mechanism by which social disruption alters the responsiveness
of the monocyte to glucocorticoids remains unknown. Several lines of evidence
suggest that the development of glucocorticoid resistance might be related to the
action of proinflammatory mediators. Molecular studies on the in vitro effects of
proinflammatory cytokines on glucocorticoid receptor function have demonstrated
that both IL-1 and TNF-a can attenuate glucocorticoid receptor translocation and
glucocorticoid receptor-mediated gene transcription in various cell lines. We showed
that social disruption attenuated glucocorticoid receptor translocation in vivo.'® In
addition, various types of experimental stressors, including social disruption, have
been shown to induce gene expression and protein secretion of IL-1B. Therefore,
we examined whether IL-1 was a critical factor in the development of glucocorticoid
resistance in socially stressed mice. First, we investigated if repeated social stress
altered plasma levels and tissue gene expression of IL-1a and IL-1B. The results
revealed that social disruption significantly increased splenic and hepatic mMRNA
expression, the plasma protein level of IL-1B, and hepatic mMRNA expression of IL-
1a. Second, we used IL-1 receptor type 1 (IL1R1)-deficient knockout mice to study
the role of IL-1 in glucocorticoid resistance. Knockout mice were subjected to social
disruption and both the tissue distribution of CD11b* cells and the glucocorticoid
sensitivity of the splenocytes were compared with wild-type mice. Mice lacking the
IL1R1 exhibited adrenal hypertrophy and thymic involution in response to stress,
but did not show splenic accumulation of CD11b* cells and failed to develop gluco-
corticoid resistance. These findings suggest that IL-1 plays a critical role in the devel-
opment of the social stress—associated glucocorticoid resistance in the murine
spleen.®

Neuroendocrine mechanisms by which social disruption alters the responsiveness
of monocyte populations to glucocorticoids are under investigation and preliminary
data indicated that the glucocorticoid receptor is phosphorylated in response to social
disruption (Stiner L., unpublished observation, 2008).

Further characterization of the effects of social disruption on the splenic myeloid cell
population included the CD11c+, or dendritic cells. Like CD11b+ monocytes,
CD11c+ cells from socially disrupted mice were glucocorticoid resistant and dis-
played an activated phenotype, as indicated by an increase in surface expression of
CD80, MHC |, and CD44. In addition, splenic CD11c+ cells from socially disrupted
mice produced more cytokines in response to Toll-like receptor stimulation.2® These
social disruption-induced changes in the CD11b+ and CD11c+ myeloid cell popula-
tions indicate that social disruption is likely to have a significant impact on the host’s
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response to an infectious challenge, and may provide a mechanism by which social
disruption enhances adaptive responses to infection.

SOCIAL DISRUPTION EFFECTS ON THE HOST RESPONSE TO INFECTIOUS DISEASE

Successful resolution of an infection requires termination of microbial replication with
little accompanying immunopathology and damage to healthy tissue. Because endo-
crine hormones broadly influence the immune response, stressors are likely to resultin
alterations in host susceptibility to infection.?" In fact, Bailey and colleagues®? found
that social disruption significantly increases the occurrence of gram-positive bacteria
in the liver and in inguinal and mesenteric lymph nodes of healthy mice. A closer look
suggests that social disruption also induces the translocation of cutaneous and
gastrointestinal microflora to secondary lymphoid organs. One could imagine that
certain hormonal influences on the immune system could improve host resistance
and reduce morbidity and mortality, whereas others might increase susceptibility to
disease. Any such changes in host susceptibility would depend upon the effects of
a particular stressor on the specific immune mechanisms necessary to terminate
microbial replication.

Glucocorticoid hormones serve as a regulatory mechanism to prevent excessive
activation of the immune response during an infection.?” To further clarify the role of
glucocorticoid hormones, the authors tested whether or not social disruption-induced
changes in glucocorticoid sensitivity of immune cells would have implications for host
resistance to a variety of infections. The findings indicate that social disruption did, in
fact, alter the course and outcome of several infectious challenges. The effect was
different depending on the timing of the stressor and the specific type of microbial
challenge. In short, social disruption improved host resistance to a bacterial infection
with Escherichia coli?® and increased immunologic memory to an influenza viral chal-
lenge (Mays and colleagues, unpublished observation, 2008), but increased suscep-
tibility to a Theiler viral infection.?*

Enhancement of the immune response to a bacterial infection by social disruption
was assessed using an intravenous challenge with E coli. When compared with in-
fected control nonstressed mice, infected socially disrupted mice more quickly and
effectively cleared E coli from the blood and spleen. It was hypothesized that spleno-
cytes from the socially disrupted animals, presumably the CD11b+ monocytes/
macrophages, were more adept at killing the bacteria. This hypothesis was supported
by the observation that when removed from the spleen and cultured in vitro, adherent
CD11b+ splenocytes from mice subjected to social disruption had a greater ability to
kill E coli than did those cells from control mice.?3

To further examine the biologic significance of social disruption-induced priming of
CD11b+ cells, the activation of specific microbicidal pathways associated with
enhanced bacterial killing (mentioned above) were studied. Social disruption-induced
increase in bactericidal activity was associated with a significant increase in gene
expression for inducible nitric oxide synthase and three subunits of the nicotinamide
adenine dinucleotide phosphate oxidase complex. These genes are responsible for
bacterial killing by generating reactive nitrogen and oxygen intermediates, respec-
tively. These data indicate that social disruption increases bactericidal activity of
CD11b+ splenic macrophages in part by increasing the activity of the pathways
responsible for production of reactive nitrogen and oxygen intermediates.?®

The effect of social disruption on viral infection and immunity has also been examined.
In a study of Theiler virus infection, social disruption resulted in higher virus titers and
slow viral clearance.?* In addition, social disruption altered the behavioral signs of illness
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and motor function associated with the iliness. The behavioral changes were accompa-
nied by histologic evidence of inflammation within the central nervous system. The effect
of social disruption was dependent on the timing of the stressor relative to infection.
Social disruption applied before infection exacerbated behavioral and physiologic
responses, whereas social disruption applied concurrent with infection resulted in
delayed behavioral responses and a normal inflammatory reaction to the virus.?*

Studies have been done in the mouse influenza A/PR/8 viral infection model to
determine the effects of social disruption on infection and immunity. Mice exposed
to social disruption before infection display enhanced immunity to influenza A/PR/8
as evidenced by an increase of cytokine production and clonal expansion of virus-
specific memory T cells. In addition to changes in the memory T cell pool, viral repli-
cation was terminated earlier in socially disrupted mice (Jacqueline W. Mays, John F.
Sheridan, unpublished data 2008). These data show that social stress affects infection
and modulates virus-specific immunity, and also highlight the need to consider social
factors when designing and implementing experimental models of infectious disease.

The influence of social disruption on the response to a nonreplicating immune chal-
lenge also was examined using a laboratory model of endotoxic shock. In this model,
bacterial endotoxins (ie, LPS) induce the expression of high levels of the proinflamma-
tory cytokines TNF-a and IL-1. If produced in excessive quantity, these proinflamma-
tory cytokines kick start the production of a myriad of inflammatory mediators that
lead to multiple organ failure and possibly death.?® One of the main mechanisms by
which inflammatory responses are regulated is HPA activation. More specifically,
the production of glucocorticoid hormones (eg, corticosterone) suppresses excessive
TNF-a and IL-1 production, thereby limiting death associated with endotoxin chal-
lenge. In this model of endotoxic shock, mice subjected to social disruption were
more likely to die than control animals.?® These data indicate that because social
disruption induces a state of glucocorticoid resistance, mice subjected to social
disruption were unable to control the excessive LPS-induced proinflammatory cyto-
kine expression. Thus, glucocorticoid insensitivity increased the likelihood of devel-
oping endotoxic shock.2® Although the result of this stress response, glucocorticoid
resistance, may not seem to normally provide a competitive advantage for an animal,
it may benefit in some situations. Unlike other stress models, social stress in mice
likely results in tissue injury because of fighting. Cutaneous wounds may be invaded
by bacteria, causing local infection. The repair of these wounds, and clearance of
the invading bacteria, may be delayed by high levels of circulating corticosterone
secreted in response to social disruption.2’=3° The development of glucocorticoid
resistance after social disruption, therefore, may be an adaptive mechanism to enable
healing of fight wounds and clearance of bacteria in the presence of high levels of
systemic corticosterone.

INDIVIDUAL DIFFERENCES IN THE RESPONSE TO SOCIAL DISRUPTION

An increasing number of reports demonstrate significant individual differences in the
response to stress. In fact, although the immunologic influence of social disruption
indicates that social disruption has a specific effect on one outcome measure or
another, not all animals respond similarly. For example, some animals subjected to
social disruption do not develop splenomegaly, some do not accumulate CD11b+
monocytes in their spleens, and some do not develop glucocorticoid resistance.

In humans, studies show that personality and other dispositional traits may play
a role in shaping psychologic responses to stressful events. Animal studies show
further that stress responses can be modulated by a variety of host- and

289



290

Avitsur et al

environment-related factors (for review, see Kemeny and Laudenslager).® Individual
differences also are demonstrated in various immunologic changes associated with
stress. The literature contains many studies showing that stressful life events alter
immune activity and increase susceptibility to infection. Together, these studies
have examined the effects of a large number of stressors in a wide variety of popu-
lation study groups. Many of these reports show that the nature, duration, and
severity of the stressors play a key role in modulating the immune response to the
stressor.

Chronic situations, such as unemployment, bereavement, and caregiving for an ill
family member, result in effects different from the more acute, but severe, events,
such as earthquakes, hurricanes, or space flights (reviewed by Biondi%). Personality
traits, coping strategies, and affective state also could account for considerable vari-
ability of immune changes in individuals under similar stress conditions. For example,
persistent distress and worry, loneliness, and depressed mood are associated with
decreased immune function, whereas optimism, social support, and good coping abil-
ities are shown to buffer the negative effects of stress on immune function (reviewed
by Biondi).* Of particular significance to these studies is the observation that early
negative life events are demonstrated to have long-lasting, if not life-long, effects on
the behavior and physiology of the organism. These data suggest that individual differ-
ences in the immune response to a particular stressor may, in some way, be
preprogrammed.31:32

Social stress has long been known to affect physical and psychological health. In
regard to social disruption, significant individual differences in immunologic and
behavioral responses are observed among cohorts of genetically similar inbred
animals. As discussed previously, after social disruption, some mice in the cage
develop splenic glucocorticoid resistance, whereas others do not.” Because genetic
differences are not likely to be the cause of the variability, the authors examined
possible environmental and behavioral factors. Studies have suggested that these
individual differences are mediated by behavioral factors, such as social hierarchy.
Social hierarchy within cages of male mice was identified before and after social
disruption using a battery of behavioral tests. Results showed that, in the majority of
the cages, social order was stable over time.'® Behavioral observations demonstrate
that previous experience of defeat and loss of social status increase the susceptibility
of mice to the development of glucocorticoid resistance after social stress.' For
example, the development of glucocorticoid resistance is more pronounced in mice
exhibiting submissive behavior before social disruption.”-3® In addition, examination
of the association between social status and splenic function showed that the splenic
response to social disruption in subordinate mice was significantly augmented
compared with dominants. This relationship between subordinate social status and
the splenic response to social stress was more notable in cages with stable social hier-
archies.®3 In sum, the data show a role for socio-behavioral factors in determining the
response to social stress. This study further demonstrated the complexity of factors
playing a role in mediating the physiologic response to social stress resulting in
considerable individual differences.3®

Age appears to be another factor that influences the response to social stress.
We examined whether aging is a factor in social defeat-induced immunoregulatory
changes. Proinflammatory cytokine responses were measured in old mice (14
months) and compared with the response of young mice (2 months). The data
indicate that repeated social defeat results in a proinflammatory state that is exac-
erbated in aged mice. The implications of these findings are significant given that
inflammation is a contributing factor to many age-related diseases.3*3%
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THE NATURE OF THE STRESSOR AND THE STRESS RESPONSE

The unique endocrine-immunologic response to social disruption provides further
support for the notion that the nature of the stressor is important in determining the
response to a particular stress. Social disruption elicits an atypical response in that
it enhances some aspects of the immune system despite the activation of the HPA
axis.” A comparison of the response to social disruption with that of other commonly
used chronic stress models reveals several significant differences. For example, social
disruption induces splenomegaly and an increase in splenocyte viability, whereas
restraint stress causes splenic atrophy from cell apoptosis.2’ Additionally, social
disruption, but not restraint stress, induces glucocorticoid resistance.® To better
understand the differences between the response to social disruption and the
response to restraint stress, it may be important to examine the nature and character-
istics of these two stressors.

The overnight restraint stress paradigm is substantively different from social disrup-
tion. For example, mice subjected to restraint experience social isolation, food and
water deprivation, and disruption of their normal diurnal rhythm; animals subjected
to social disruption do not. From a behavioral perspective, restraint stress may model
a naturally occurring event in the life of wild mice. In nature, mice live in underground
burrows that may collapse, leaving a mouse trapped. Forced restraint may imitate the
collapse of a burrow, triggering a “programmed” response specific for these situa-
tions. An appropriate response probably is an attempt to escape by digging a way
out. After several fruitless attempts to escape, a mouse might give up and remain in
its place, immobile.

Social stress presents a more complicated situation. A mouse threatened by
a conspecific may choose between escaping its opponent and fighting back to gain
access to territory and other resources. The choice may be based on the evaluation
of the situation and the expected outcomes of each response. An attacked mouse
probably tries to evaluate its opponent’s strength and vigor based on its scent,
behavior, and size. Previous experiences in similar situations also would affect
behavior. A mouse previously defeated may be more likely to escape future confron-
tations. Additionally, environmental conditions may affect the response. For example,
the likelihood of fighting back may increase if territory or other resources are scarce,
putting a greater value on potential gains for risking such a battle. Alternatively, if food
and water are plentiful, avoiding a battle may be more of a survival advantage.

In sum, a social stressor, such as social disruption, presents a complex and unique
set of circumstances substantively different from those of many other chronic stress
models, including repeated cycles of restraint stress. The response to a stressful chal-
lenge may be based on an evaluation of the characteristics of the specific situation,
the expected outcomes of a particular response to the stressor (ie, fight or flight),
and previous experiences in similar situations. In other words, the range of behavioral
and environmental factors involved in determining the response to a social stressor
may be the basis for some of the individual differences observed in the physiologic
response to this stressor.”

SUMMARY

This article summarized the endocrine and immune changes induced by an experi-
mental model for social stress characterized by repeated defeat. Furthermore, the
article compared and contrasted differences between this stressor and other chronic
stress models in mice. Individual differences in the response to social disruption were
described and discussed in the context of the unique characteristics of this stressor
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and the importance of a variety of behavioral and environmental factors in modulating
the response to social stress. The data indicate that mice facing a social stressor may
use different behavioral coping responses based on the environmental conditions and
previous experiences. These different adaptational responses are reflected in their
behavioral, endocrine, and immune changes in response to the stressor.”-8

In conclusion, although generally it is understood that chronic stressors normally
suppress immune function and increase a host’s susceptibility to disease, this may
not be always true in all cases all the time. For example, under conditions in which indi-
viduals face the chance of repeated injury, it may be an adaptive advantage to main-
tain or even enhance an immune response. The development of glucocorticoid
resistance after social disruption may be such a mechanism, allowing animals to
heal injuries and clear invading microbes in the presence of the anti-inflammatory
stress hormones. Thus, individual differences in response to social disruption are
associated with specific behavioral strategies that can have substantive implications
for host resistance to infectious disease.

REFERENCES

1. Ramsey JM. Basic pathophysiology: modern stress and the disease process.
Menlo Park (CA): Addison-Wesley Publishing; 1982. p. 30-73.

2. Selye H. A syndrome produced by diverse nocuous agents. Nature 1936;138:32.

3. Selye H. The general adaptation syndrome and the diseases of adaptation. J Clin
Endocrinol 1946;6:117-230.

4. Biondi M. Effects of stress on immune function: an overview. In: Ader R, Felten DL,
Cohen N, editors. Psychoneuroimmunology. San Diego (CA): Academic Press;
2001. p. 189-226.

5. Kemeny ME, Laudenslager ML. Introduction beyond stress: the role of individual
difference factors in psychoneuroimmunology. Brain Behav Immun 1999;13:73-5.

6. Ginsburg B, Allee WC. Some effects of conditioning on social dominance and
subordination in inbred strains of mice. In: Schein MW, editor. Social hierarchy
and dominance. New York: Halsted Press; 1975. p. 282-303.

7. Avitsur R, Stark JL, Sheridan JF. Social stress induces glucocorticoid resistance in
subordinate animals. Horm Behav 2001;39:247-57.

8. Stark JL, Avitsur R, Padgett DA, et al. Social stress induces glucocorticoid resis-
tance in macrophages. Am J Physiol Regul Integr Comp Physiol 2001;280:
R1799-805.

9. Engler H, Engler A, Bailey MT, et al. Tissue-specific alterations in the glucocorti-
coid sensitivity of immune cells following repeated social defeat in mice. J Neuro-
immunol 2005;163:110-9.

10. Stark JL, Avitsur R, Hunzeker J, et al. Interleukin-6 and the development of social
disruption-induced glucocorticoid resistance. J Neuroimmunol 2002;124:9-15.

11. Sheridan JF, Stark JL, Avitsur R, et al. Social disruption, immunity, and suscepti-
bility to viral infection. Role of glucocorticoid insensitivity and NGF. Ann N Y Acad
Sci 2000;917:894-905.

12. Avitsur R, Stark JL, Dhabhar FS, et al. Social disruption induced glucocorticoid
resistance: kinetics and site specificity. J Neuroimmunol 2002;124:54-61.

13. Avitsur R, Stark JL, Dhabhar FS, et al. Social stress alters splenocyte phenotype
and function. J Neuroimmunol 2002;132:66-71.

14. Avitsur R, Padgett DA, Dhabhar FS, et al. Expression of glucocorticoid resistance
following social stress requires a second signal. J Leukoc Biol 2003;74:507-13.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Social Interactions, Stress, and Immunity

Avitsur R, Stark JL, Dhabhar FS, et al. Social experience alters the response to
social stress in mice. Brain Behav Immun 2003;17:426-37.

Bailey MT, Avitsur R, Engler H, et al. Physical defeat reduces the sensitivity of
murine splenocytes to the suppressive effects of corticosterone. Brain Behav
Immun 2004;18:416-24.

Avitsur R, Kavelaars A, Heijnen C, et al. Social stress and the regulation of tumor
necrosis factor-alpha secretion. Brain Behav Immun 2005;19:311-7.

Quan N, Avitsur R, Stark JL, et al. Molecular mechanisms of glucocorticoid resis-
tance in splenocytes of socially stressed male mice. J Neuroimmunol 2003;137:
51-8.

Engler H, Bailey MT, Engler A, et al. Interleukin-1 receptor type 1-deficient mice
fail to develop social stress-associated glucocorticoid resistance in the spleen.
Psychoneuroendocrinology 2008;33:108-17.

Powell ND, Bailey MT, Mays J, et al. Repeated social defeat activates dendritic
cells and enhances toll-like receptor dependent cytokine secretion. Brain Behav
Immun 2009;23:225-31.

Bailey M, Engler H, Hunzeker J, et al. The hypothalamic-pituitary-adrenal axis
and viral infection. Viral Immunol 2003;16:141-57.

Bailey MT, Engler H, Powell ND, et al. Repeated social defeat increases bacteri-
cidal activity of splenic macrophages through a toll-like receptor-dependent
pathway. Am J Physiol Regul Integr Comp Physiol 2007;293:R1180-90.
Johnson RR, Storts R, Welsh TH, et al. Social stress alters the severity of acute
Theiler’s virus infection. J Neuroimmunol 2004;148:74-85.

Bailey MT, Engler H, Sheridan JF. Stress induces the translocation of cutaneous
and gastrointestinal microflora to secondary lymphoid organs of C57BL/6 mice.
J Neuroimmunol 2006;171(1-2):29-37.

Purvis D, Kirby R. Systemic inflammatory response syndrome: septic shock. Vet
Clin North Am Small Anim Pract 1994;24:1225-47.

Quan N, Avitsur R, Stark JL, et al. Social stress increases the susceptibility to
endotoxic shock. J Neuroimmunol 2001;115:36-45.

Almawi WY, Beyhum HN, Rahme AA, et al. Regulation of cytokine and cytokine
receptor expression by glucocorticoids. J Leukoc Biol 1996;60:563-72.

Cato ACB, Wade E. Molecular mechanisms of anti-inflammatory action of gluco-
corticoids. Bioessays 1996;18:371-8.

Diegelmann RF. Cellular and biochemical aspects of normal and abnormal
wound healing: an overview. J Urol 1997;157:298-302.

Padgett DA, Sheridan JF, Dorne J, et al. Social stress and the reactivation of
latent herpes simplex virus type 1. Proc Natl Acad Sci U S A 1998;95:7231-5.
Avitsur R, Hunzeker J, Sheridan JF. Role of early stress in the individual differ-
ences in host response to viral infection. Brain Behav Immun 2006;20:339-48.
Caldji C, Diorio J, Meaney MJ. Variations in maternal care in infancy regulate the
development of stress reactivity. Biol Psychiatry 2000;48:1164-74.

Avitsur R, Kinsey S, Bailey MT, et al. Subordinate social stress increases the
vulnerability to the immunological effects of social stress. Psychoneuroendocri-
nology 2007;32:1097-105.

Kinsey SG, Bailey MT, Sheridan JF, et al. Repeated social defeat causes increase
anxiety-like behavior and alters splenocyte function in C57BL/6 and CD-1 mice.
Brain Behav Immun 2007;21:458-66.

Kinsey SG, Bailey MT, Sheridan JF, et al. The inflammatory response to social
defeat is exaggerated in aged mice. Physiol Behav 2007;93:623-36.

293



Sleep and
Psychoneuroimmunology

Mark R. Opp, php®P<*

KEYWORDS

e Cytokine e Interleukin-1 ® Tumor necrosis factor
® Fever

Historic studies of the impact of infection on the central nervous system provide
insight into brain regions involved in the regulation of sleep. Between 1917 and
1928 there was a pandemic of Encephalitis lethargica, an atypical encephalitis char-
acterized by high fever and complex alterations in sleep, among other symptoms.
The first case of Encephalitis lethargica seems to have been reported in 1875 by
Gayet. This case report was followed by one in 1880 by Wernicke, which led to the
designation of this condition as the Gayet-Wernicke syndrome. The general symp-
toms included fever, agitation or stupor, and sometimes coma. Mauthner! localized
to the periventricular gray inflammatory lesions that related to symptom complex.
Mauthner used these observations to advance the idea that there was a sleep center
in brain. The neurologist, Baron Constantin von Economo, working with encephalitic
patients in the 1920s and 1930s, advanced the understanding of the impact of this
infectious process on sleep. von Economo localized encephalitic lesions to the peri-
ventricular gray, the hypothalamus, and the adjacent portions of the mesencephalon.
von Economo was the first to suggest that the hypersomnolence or insomnia resulting
from this infection were related to lesions of specific regions of the hypothalamus:
lesions of the anterior hypothalamus resulted in insomnia whereas lesions of the
posterior hypothalamus led to excessive sleep.? Thus, neurologic evaluation of effects
of encephalitic lesions played a critical role in understanding neuroanatomic
substrates critical to the regulation of sleep.

Although the Spanish flu pandemic often has been postulated as the infection asso-
ciated with subsequent Encephalitis lethargica, recent evidence suggests Encephalitis
lethargica likely was a poststreptococcal autoimmune disease.®>* A contemporary
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disease with a phenotype remarkably similar to that of the historic Encephalitis lethar-
gica now is prevalent. Dale and colleagues® report 20 cases in which patients ranging
from 2 to 69 years of age had symptoms similar to those reported during the Enceph-
alitis lethargica pandemic. Of these 20 patients, 19 had sleep disturbances: 12 were
hypersomnolent, 2 suffered from insomnia, and 5 exhibited sleep inversion (sleepy
during the day and wide awake at night). Ten patients had lethargy, which was not
associated with any particular sleep phenotype and was in excess of that anticipated
due to motor weakness.>

Observations of the impact of encephalitic lesions as sequelae of autoimmune
disease on central nervous system function, as evidenced by alterations in sleep,
underscore the fundamental nature of brain-immune interactions. The brain uses
a variety of mechanisms to survey the immune system constantly. Responses of the
immune system to invading pathogens are detected by the central nervous system,
which responds by orchestrating complex changes in behavior and physiology. Sleep
is one of the behaviors altered in response to immune challenge. The role of cytokines
as mediators of responses to infectious challenge and regulators and modulators of
sleep is the focus of this article.

INFECTION-INDUCED ALTERATIONS IN SLEEP

Although important observations during the early part of the twentieth century of sleep
disturbances resulting from postinfection encephalitic lesions contributed much to
knowledge of the neuroanatomic basis for sleep, it was not until the 1980s that
systematic studies of the impact of infection on sleep were conducted. The impact
of infection on sleep of humans and laboratory animals has been evaluated for several
classes of pathogens and microorganisms, including viruses, some bacterial strains,
fungus, and at least one parasite. There also have been studies of the impact of
prion-related diseases on sleep.

Viral Infections

The onset of the AIDS epidemic in the 1980s provided a tragic opportunity to deter-
mine the impact of viral infections on sleep of humans. The first reports of HIV effects
on sleep®® demonstrated disruptions to nighttime sleep in individuals who were sero-
positive yet asymptomatic. Many subsequent studies also reported nighttime sleep
disturbances and daytime fatigue before onset of AIDS.8'® The early reports of
Norman and coworkers indicate an increase in non-rapid eye movement (NREM) sleep
stages 3 and 4.'2'4 Other studies fail to detect increases in total amounts NREM
stages 3 and 4 sleep,®'® but demonstrate NREM sleep stages 3 and 4 were distrib-
uted more evenly across the night (NREM stages 3 and 4 normally occur primarily
in the first half of the night). Such differences among studies may well be the result
of variable lengths of time subjects were infected before sleep study and differing
rates of disease progression. It is clear, however, that nighttime sleep of HIV-infected
individuals is altered long before they become symptomatic for AIDS.

Preclinical studies demonstrate that feline immunodeficiency virus (FIV) alters sleep
of cats in conjunction with sequelae that, in many respects, are similar to those of hu-
mans infected with HIV. Infection of cats with FIV, a feline retrovirus, induces a gradual
change in the normal timing of NREM sleep, increases arousals, and reduces REM
sleep.'® Some aspects of alterations in sleep during HIV infections are mimicked by
intracerebroventricular (ICV) administration of the envelope glycoproteins (gp). HIV
gp60, gp120, and gp41'7-'° and FIV gp120'6-2° alter sleep of rats. Effects of these
HIV gp on sleep may be mediated, in part, by actions of interleukin (IL)-1 or other
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proinflammatory cytokines, as gp120 and gp160 increase cytokine messenger RNA
(mRNA) in rat brain.'®?" Observations of sleep of HIV-infected humans also supports
the hypothesis that HIV infection-induced alterations in sleep are mediated, in part, by
actions of cytokines. Darko and colleagues® report that the normal coupling of circu-
lating tumor necrosis factor (TNF)-o and the slow frequency components of the elec-
troencephalogram (EEG), known as slow wave sleep delta power, is disrupted in
progressive HIV infection. Collectively, clinical studies demonstrate profound alter-
ations in nighttime sleep of individuals infected with HIV that become progressively
more severe as the infection progresses to AIDS. Mechanisms contributing to the
effects of HIV on sleep are likely to include actions of cytokines in the central nervous
system.

Another virus shown to alter sleep is the influenza virus. Influenza/rhinovirus infec-
tion of humans variably increases®? or decreases®® slow wave sleep time. Brown
and colleagues®? demonstrate reductions in total sleep time during the acute incuba-
tion (asymptomatic) period of influenza A and B and rhinovirus colds; total sleep time
increased when subjects were symptomatic. In contrast, Drake and colleagues®®
report that rhinovirus type 23 infection of volunteers does not affect sleep during the
acute incubation period but reduces total sleep time during the symptomatic period
of the infection. The reasons for differences between these studies are not clear,
and additional investigation is necessary. In contrast to results from human subjects,
multiple studies consistently demonstrate that rabbits?*2® or mice?®-28 infected with
influenza do spend more time in NREM sleep. The increases in NREM sleep of rabbits
infected with influenza, although robust, are brief. In contrast, increases in NREM
sleep of mice infected with influenza are prolonged, lasting at least 96 hours.?” Differ-
ences in duration of sleep alterations during influenza infections between rabbits and
mice may be the result of the degree to which the virus replicates; mouse-adapted
strains of influenza undergo complete replication whereas in rabbits the virus
undergoes only partial replication. The increases in NREM sleep of mice during influ-
enza infection are most apparent during the dark period of the light-dark cycle, the
time when mice are most active and sleep the least. The extent of influenza-induced
NREM sleep enhancement in mice likely is the result of the precise interferon
response; increased NREM sleep is associated with increased interferon produc-
tion.?® The impact of Newcastle disease virus (NDV) on sleep of mice also has been
determined: NDV induces a short-lasting increase in NREM sleep.2® NDV does not
replicate in mice, suggesting that viral replication is a critical determinant of the
severity of the ensuing infection.

Bacterial Infections

Most studies of the effects of bacterial infections on sleep have been conducted in
rabbits. These studies are reviewed extensively elsewhere.?®3° Briefly, rabbits
respond to infections with gram-positive and gram-negative bacterial infections with
biphasic changes in NREM sleep; sleep initially is enhanced and subsequently sup-
pressed.3'32 The duration and magnitude of NREM sleep alterations depend on the
specific pathogen, the route of infection, and whether or not the bacteria is viable or
has been killed. REM sleep is suppressed for the duration of the infection. The devel-
opment of fever generally occurs with increases in NREM sleep. The febrile responses
of rabbits are protracted and persist during periods when NREM sleep is suppressed,
however, indicating that fever and increased NREM sleep may be dissociated. Rabbits
also respond to killed bacteria or to isolated bacterial components with increases in
NREM sleep, indicating that bacterial replication in the host is not necessary to elicit
alterations in sleep. Structure and function studies indicate that particular properties
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of the pathogen may be responsible for various aspects of alterations in sleep. For
example, NREM sleep of rabbits increases more rapidly, but for a shorter duration,
in response to gram-negative bacteria than in response to gram-positive bacteria.
Lipid A from gram-negative endotoxin elicits increases in NREM sleep of rabbits within
an hour of administration, whereas muramyl dipeptide, a synthetic analog of the
monomeric muramyl peptide component of bacterial cell wall peptidoglycan,
increases NREM sleep after a longer latency.3334

Other Pathogens

Sleep is altered in response to pathogens other than virus and bacteria. For example,
the sleep of rabbits is altered by infection with the fungus Candlida albicans in a manner
similar to that of gram-positive bacteria.®2 Prions also disrupt sleep. Scrapie-infected
brain homogenates from animals or from human postmortem tissue alter EEG param-
eters and sleep-wake behavior of rats and cats.3*37 Mice devoid of the prion protein
gene have alterations in circadian rhythms and sleep.®®3° Human fatal familial
insomnia is characterized by profound alterations in sleep secondary to prion-induced
degeneration of the thalamus.*°

“Sleeping sickness,” perhaps the most notorious of infection-induced alterations in
sleep, is caused by the protozoan Trypanosoma brucei. Infection with this parasite
induces disruptions to nighttime sleep, there are many short bouts of sleep during
daytime, and the normal distribution of sleep and wakefulness across the 24-hour
day disappears.*’**2 The impact of trypanosomiasis on sleep-wake behavior has
been modeled in rabbits and rats.*>® Infection of rabbits induces an increase in
NREM sleep after several days that is concurrent with fever and other signs of clinical
illness. This initial period of NREM sleep subsides, but there are episodes of increased
NREM sleep that occur in association with recrudescence of the parasite.*® As in
humans, rats and rabbits lose the circadian rhythms of sleep and body temperature.

CYTOKINES AND SLEEP REGULATION

During the early period of the Encephalitis lethargica pandemic, two laboratories
working independently published studies that resulted eventually in modern research
on infection-induced alterations in sleep. The groups of Ishimori in Japan,*” and
Legendre and Piéron in France*®*® conducted experiments in which dogs were sleep
deprived for prolonged periods. Cerebrospinal fluid from these sleep-deprived dogs
was injected into rested dogs, which then were observed to fall into a deep sleep
that resembled in some ways a narcosis. The results of these studies largely were
forgotten until the 1960s, when John Pappenheimer at Harvard University conducted
similar experiments. Pappenheimer demonstrated that cerebrospinal fluid from sleep-
deprived goats increases sleep and reduced motor activity when injected into rats.%°
This substance in cerebrospinal fluid of sleep-deprived goats, termed factor S,
eventually was extracted,®? purified,?® characterized,?* and determined to be muramyl
peptide.55-56

Because muramyl peptides already were known to induce the synthesis and secre-
tion of lymphocyte activating factor/endogenous pyrogen (now known as IL-1), the
first studies to determine the impact of cytokines on sleep followed rapidly. In 1983
and 1984, an abstract and two original papers were published reporting alterations
in sleep after administration of IL-1.5%° These studies demonstrated that IL-1 in-
jected ICV into rabbits and rats increased the amount of time spend in NREM sleep,
suppressed REM sleep, and altered properties of the EEG. In the 2 decades since
the initial reports of the effects of IL-1 on sleep-wake behavior, various cytokines,
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chemokines, and growth factors have been administered to laboratory animals or
human volunteers to determine effects on sleep.

Many studies now provide evidence that IL-1 and TNF contribute to the regulation of
physiologic, spontaneous NREM sleep. Evidence is accumulating that IL-6 may
contribute to alterations in sleep during pathologies in which this cytokine is elevated.
The evidence supporting a role for these three cytokines in the regulation and modu-
lation of NREM sleep is the subject of recent reviews.3%-60-62 Data implicating these
cytokines in the regulation and modulation of sleep are derived from three types of
studies: biochemical, molecular genetic, and electrophysiologic. Biochemical studies
use the administration of cytokines, cytokine agonists, or cytokine antagonists in labo-
ratory animals (or, in some cases, human volunteers). A variety of receptor knockout
mice are used in molecular genetic studies to determine the impact of deficits in cyto-
kine systems on spontaneous sleep-wake behavior and on responses to challenge.
Electrophysiologic studies are conducted in vivo in freely behaving rats and in vitro
in slice preparations. In addition, studies of calcium ion imaging evaluate the impact
of selected cytokines on calcium flux in primary culture. Data from selected studies
representative of each of these aforementioned approaches are reviewed in this
section.

Biochemical Studies

The first studies conducted to determine the impact of cytokines on sleep focused on
administering cytokine preparations or recombinant cytokine proteins in laboratory
animals. Early studies of this type used rats and rabbits as subjects, although cats
are the experimental subjects in at least two publications. More recently, cytokines
have been administered to mice and the impact on sleep determined. Routes of
administration of cytokines include ICV, intraperitoneal, and intravenous. The effects
of antagonizing components of selective cytokine systems generally are determined
after ICV administration of the antagonist.

The list of cytokines and chemokines administered to laboratory animals or human
subjects and demonstrated to alter sleep is extensive and includes IL-18, IL-1a, IL-2,
IL-4, IL-6, IL-8, IL-10, IL-13, IL-15, IL-18, TNF-a, TNF-B, interferon (IFN)-o/B, IFN-vy,
and macrophage inflammatory protein-18 (now known as CCL4). Several growth
factors have been studied with respect to sleep, including epidermal growth factor,
acidic fibroblast growth factor, nerve growth factor, brain-derived neurotrophic factor,
glia-derived neurotrophic factor, transforming growth factor-f, granulocyte-macro-
phage colony-stimulating factor, granulocyte colony-stimulating factor, and insulin-
like growth factor. This review focuses on IL-1, TNF, and IL-6; the remainder of these
cytokines, chemokines, and growth factors are not discussed further. Interested
readers are referred to recent reviews for more details.30-60-62

Data derived from biochemical studies that implicate IL-1 and TNF in the regulation
of NREM sleep generally are obtained from similar types of studies. For sake of
brevity, data concerning multiple aspects of IL-1 and the regulation of sleep are
provided. Similar data exist for TNF.62:63 [L-1, when injected centrally or peripherally
into laboratory animals, increases the amount of time spent in NREM sleep.5474
Although low doses of IL-1 need not alter REM sleep, the doses of IL-1 used most
frequently in laboratory studies (2.5-5.0 ng) consistently reduce REM sleep. Antago-
nizing the IL-1 system using the IL-1 receptor antagonist,®® antibodies directed
against IL-1,757 or an IL-1 receptor fragment’” reduces the amount of time laboratory
animals spend in NREM sleep. IL-18 mRNA in rodent brain exhibits diurnal rhythms,
with peak message expression during the light period,”®7® the time when laboratory
rodents spend the most time in NREM sleep. There also are diurnal rhythms of
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IL-1-like activity in cerebrospinal fluid in cat that parallel sleep® and IL-1 in human
plasma peaks at sleep onset.®"

In addition to diurnal variation in mMRNA and protein, effects of IL-1 depend on the
diurnal timing of administration. IL-1 is more effective in increasing NREM sleep and
slow frequency components of the EEG of rats when administered before dark onset
than when administered before the beginning of the light period.6%2 This differential
responsiveness may be because of the fact that laboratory rodents sleep the most
during the early part of the light period, and it may be difficult to increase the amount
of sleep further, a so-called “ceiling effect.” It is likely, however, that differentially
responsiveness of rodents to IL-1 administration is the result primarily of the status
at the time IL-1 is administered of feedback mechanisms governing their actions.
The hypothalamic-pituitary-adrenal (HPA) axis, via actions of glucocorticoids, is the
major regulator of IL-1 synthesis in brain.®® The diurnal rhythm of HPA axis activity
of rodents is out of phase with that of sleep and IL-1 mRNA expression. Manipulating
HPA axis activity modulates cytokine mRNA in brain.84-8® As such, the effects of exog-
enous IL-1 administration on sleep-wake behavior are greatest when the IL-1 is given
at the time when HPA axis activity is lowest (ie, during the dark period).

Molecular Genetic Studies

Many components of cytokine systems in mice have been the target of genetic manip-
ulation. Few of these animals have been the subject of sleep research. To date there
are published reports of the impact of genetic ablation (knockout) of the genes for
several cytokine receptors. These include the IL-1 receptor type 1,8 TNF p55
receptor,®® and TNF p75 receptor.8® With respect to ligand knockouts, a mouse defi-
cient in both TNF-a. and a-lymphotoxin has been studied with respect to sleep.®®
Finally, mice lacking IL-6 also have been investigated in this regard.®®°! Mice in which
the signaling receptors for IL-1 and TNF have been knocked out spend less time in
NREM sleep. There are differences in the timing of these reductions in NREM sleep
depending on which receptor has been knocked out; mice lacking IL-1R1 spend
less time in NREM sleep during the dark period of the light-dark cycle than do control
mice,®” whereas mice lacking the TNF p55 receptor spend less time in NREM sleep
during the light period.®® Double knockout mice lacking TNF and «-lymphotoxin or
mice lacking TNF p75 receptors spend less time in REM sleep during the light
period,®® although the mechanisms mediating these effects on REM sleep remain
unclear. The timing of NREM and REM sleep is normal in mice lacking IL-6.%° Mice
lacking IL-6 do not differ from control mice in the amount of time spent in NREM sleep,
although these animals do spend 30% more time in REM sleep across the 24-hour
day.°

Mice lacking components of cytokine systems still respond to challenge, although
the nature of the response may be modulated. For example, mice lacking the TNF
p55 receptor respond to IL-1 with increases in NREM sleep, whereas mice lacking
the IL-1R1 spend more time in NREM sleep after administration of TNF.87-88 |L-6
knockout mice respond to IL-1 with increases in NREM sleep, although the maximal
increase in NREM sleep of IL-6 knockout mice is approximately 50% of the increase
of C57BL/6J control mice.®2 C57BL/6J mice respond to the immune challenge of intra-
peritoneal administration of the bacterial cell wall component lipopolysaccharide with
increases in NREM sleep and fever, although the magnitude of effect depends on
timing of administration.®” IL-6 knockout mice respond to lipopolysaccharide chal-
lenge with increases in NREM sleep that are 50% to 85% less than those of
C57BL/6J mice, and develop profound hypothermia instead of fever.®' IL-6 knockout
mice and TNF p75 knockout mice®® respond to 6-hour sleep deprivation in a manner
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generally identical to control animals, except in the case of IL-6 knockout mice the
recovery process takes longer.%°

Electrophysiologic Studies

In vivo electrophysiology studies indicate that IL-1 may exert direct effects on neurons
in brain regions known to be involved in the regulation of sleep-wake behavior. Brain
regions implicated in the regulation of NREM sleep include the hypothalamus and the
basal forebrain. The preoptic area of the hypothalamus is a key regulatory region for
NREM sleep; the ventrolateral preoptic area and the median preoptic nucleus
(MnPN) contain high numbers of c-Fos reactive neurons after spontaneous NREM
sleep but not after wakefulness.®>%* Administration of IL-1 into rats increases the
number of c-Fos immunoreactive neurons in the MnPN.®® In the ventrolateral preoptic
area and MnPN are neurons that are sleep active, that is, their discharge rates are
higher during sleep than during wakefulness. The adjoining magnocellular basal fore-
brain contains neurons that are wake active, meaning their spontaneous discharge
rats are greater during wakefulness then during NREM sleep. Perfusion of IL-1 by
microdialysis into the preoptic area/basal forebrain of unanesthetized, freely behaving
rats reduces discharge rates of wake-active neurons.®® A subset of sleep-active
neurons in this brain region increases discharge rates during IL-1 perfusion.

The role of the serotonergic system in the regulation of sleep has been the subject of
intense study for more than 40 years. It now is generally accepted that serotonin per se
is an arousal-promoting neurotransmitter.®” The dorsal raphe nucleus of the brainstem
is the origin of the major ascending serotonergic pathways to the forebrain. IL-1 recep-
tors are contained in the dorsal raphe nucleus.®® Microinjection of IL-1 into the dorsal
raphe nucleus increases NREM sleep of rats.®® In vitro studies suggest the effects on
NREM sleep of IL-1 microinjected into the dorsal raphe nucleus are mediated by sero-
tonergic neurons. Intracellular recordings from electrophysiologically and pharmaco-
logically defined serotonergic neurons in guinea pig slice preparations indicate that
IL-1 reduces discharge rates by 50% in the majority of serotonergic neurons.®®
Because serotonin promotes wakefulness, these results suggest that inhibition of
serotonergic neurons in the dorsal raphe nucleus may be one mechanism by which
IL-1 promotes NREM sleep.

Additional in vitro evidence supports a role for IL-1 in the regulation of spontaneous
NREM sleep. IL-1 in subfemtomolar concentrations suppresses stimulated glutama-
tergic synapses in hippocampal slice preparations.'° These effects in slice prepara-
tions are receptor mediated as they are attenuated in the presence of the IL-1 receptor
antagonist. IL-1 also affects calcium ion flux, as determined in studies using primary
culture. Picomolar concentrations of IL-1 increase cytoplasmic calcium ions in primary
cultures of rat hypothalamic neurons.'®" The neurons responding to IL-1 under these
conditions are primarily y-aminobutyric acid (GABA)-ergic, suggesting effects on GA-
BAergic neurotransmission. Collectively, data derived from electrophysiologic studies
of behaving rats, from slice preparations, and from calcium imaging in primary
neuronal cultures indicate direct effects of IL-1 on neurons in brain regions involved
in the regulation of sleep.

SUMMARY

Personal experience indicates we sleep differently when sick. Data reviewed demon-
strate the extent to which sleep is altered during the course of infection of host organ-
isms by several classes of pathogens. One important unanswered question is whether
or not the alterations in sleep during infection are of functional relevance. That is, does
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the way we sleep when sick facilitate or impede recovery? One retrospective, preclin-
ical study suggests that sleep changes during infection are of functional relevance.
Toth and colleagues'®? analyzed sleep responses of rabbits to three different micro-
bial infections. Those rabbits that exhibited robust increases in NREM sleep were
more likely to survive than those that exhibited long periods of NREM sleep suppres-
sion. These tantalizing data suggest that the precise alterations in sleep through the
course of infection are important determinants of morbidity and mortality. Data from
healthy subjects demonstrate a role for at least two cytokines in the regulation of spon-
taneous, physiologic NREM sleep. A second critical yet unanswered question is
whether or not cytokines mediate infection-induced alterations in sleep. The hypoth-
esis that cytokines mediate infection-induced alterations in sleep is logical based on
observations of the impact of infection on levels of cytokines in the peripheral immune
system and in the brain. No attempts have been made to intervene with cytokine
systems in brain during the course of infection to determine if there is an impact on
infection-induced alterations in sleep. Although substantial progress has been made
in elucidating the myriad mechanisms by which cytokines regulate and modulate
sleep, much remains to be determined with respect to mechanistic and functional
aspects of infection-induced alterations in sleep.
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An increasing body of evidence suggests that patients who have major depressive
disorder show alterations in immunologic markers including increases in proinflamma-
tory cytokine activity and inflammation. Animal models of a depression-like syndrome
called “sickness behavior” have shown clearly that cytokines are implicated in the
development of these symptoms. Inflammation of the central nervous system (CNS)
is a pathologic hallmark of multiple sclerosis (MS). Patients affected by this disease
also show a high incidence of depression. Accumulating evidence for cytokine-medi-
ated sickness behavior from animal studies suggests that some aspects of depression
and fatigue in MS may be linked to inflammatory markers. This article reviews the current
knowledge in the field and illustrates how the sickness behavior model may be applied
to investigate depressive symptoms in inflammatory neurologic diseases such as MS.

MAJOR DEPRESSION AND MEDICAL COMORBIDITY

Neuropsychiatric disorders, especially major depressive disorder, are now one of the
leading causes of disability.” Major depressive disorder, with a lifetime incidence of
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more than 10%,%3 is a potent risk factor for disease morbidity, with depressed
persons showing a mortality rate twice that found in nondepressed persons.*~” Altered
functioning of the immune system is a mechanism that might contribute to medical
morbidity of major depression including risk of infectious disease® as well as inflam-
matory disorders.® Depressed persons show reductions of cellular and innate immune
responses that are associated with susceptibility to infectious disease,'®'" whereas
other studies have found that depression is linked to immune activation in patients
who have inflammatory disorders such as rheumatoid arthritis® or cardiovascular
disease'®'® or who are undergoing cytokine therapy.'

Association of Depression with Enumerative and Functional Inmune Measures

Increases in the total number of white blood cells and in the numbers and percentages
of neutrophils and lymphocytes were among the first immunologic changes identified
in depressed persons.’® Further evaluation of lymphocyte subpopulations found that
depression is related negatively to the number and percentage of lymphocytes
(B cells, T cells, T-helper [Th] cells, and T-suppressor/cytotoxic cells) as well the
natural killer (NK) cell phenotype, although such differences have not been replicated
consistently.'®

To evaluate the function of the immune system in depressed patients, most studies
have relied on results from assays of nonspecific mitogen-induced lymphocyte prolif-
eration, mitogen-stimulated cytokine production, and NK cytotoxicity. More than
a dozen studies have been conducted on lymphocyte proliferation in depression,
and there is a reliable association between major depression and lower proliferative
responses to the three nonspecific mitogens, phytohaemaglutinin, concanavalin-A,
and pokeweed.'® In addition, a number of independent laboratories have confirmed
reduced NK activity in major depression.'®

Cytokines and Depression

Animal models that use chronic mild stress to induce depression-like syndromes
report alterations in immune parameters including increased interleukin (IL)-1 produc-
tion."” Studies of stimulated cytokine production in humans have not yielded consis-
tent findings, however. For example, in whole-blood assays, Kronfol and colleagues™®
found increased lipopolysaccharide-stimulated production of IL-1 and IL-6 but no
change in the expression of tumor necrosis factor (TNF)-a. Other studies have sug-
gested a shift in the relative balance of Th1 versus Th2 cytokine production with
increases in the capacity of lymphocytes to produce interferon (IFN) in depression,®
but no difference in the stimulated production of IL-2 has been found.%2° These nega-
tive findings cannot be ascribed to differences in depressed samples, because
reduced NK activity has been found in depressed patients whose IL-2 production
was normal.2°

Recent attention has focused on evaluating different patterns of cytokine activation
in subtypes of depression. Whereas one study found no differences in the capacity of
lymphocytes to produce IL-2 in melancholic and non-melancholic depression,?’
another study suggested that peripheral blood mononuclear cells of non-melancholic
depressed patients showed a greater stimulated capacity to produce IL-1 8 and IL-1
receptor antagonist as compared with responses from controls and melancholic
depressed patients,?? although earlier work by this group of investigators did not iden-
tify such increases in IL-1 production.?® Nevertheless, further observations suggest
that the melancholic, but not non-melancholic, depressed patients showed evidence
of activation of the hypothalamic-pituitary-adrenal (HPA) axis, which is thought to
inhibit immune activation and the expression of inflammatory markers and might
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account for the reported differences in the melancholic and non-melancholic
groups.??

In contrast to the inconsistent findings regarding association between depression
and production of inflammatory cytokines, meta-analyses indicate that depression is
associated with an increase in circulating levels of the proinflammatory cytokine
IL-6.7® As compared with controls, elevated levels of IL-6 have been found in adults
who have major depression,?42° in depressed elderly populations?” and in persons
who have chronic medical disorders such as rheumatoid arthritis,® cancer,?® and
cardiovascular disease.?® It is hypothesized that increases in circulating levels of proin-
flammatory cytokine are caused by activation of monocyte populations. Increases in
circulating levels of other proinflammatory cytokines such as tumor TNF-a and IL-1
have been reported in depressed patients>3! including patients who have late-life
depressive disorder.3? The number of studies that have examined these additional
cytokines is too few to make firm conclusions, however. One study also reported
increased plasma levels of IL-12 in a large cohort of depressed patients.3®

Behavioral Effects of Proinflammatory Cytokines

Abundant evidence indicates that peripheral and central administration of cytokines is
associated with the development of so-called “sickness behavior.” For example, in
animal models, proinflammatory cytokine induction or administration yields a set of
behavior changes characterized by decreased appetite, weight loss, sleep distur-
bances, retardation of motor activity, reduced interest in the physical and social envi-
ronment, and loss of libido.®* In healthy human volunteers, endotoxin-induced
endogenous cytokine production is associated with the transient development of
depressed mood, anxiety, and memory impairments.3®

The therapeutic administration of cytokines (eg, in antiviral or cancer therapy)
provides another paradigm to study the effects of cytokines on behavioral and cogni-
tive measures in humans. Several studies have reported that IFN-o. administration in
patients who have cancer or hepatitis C is accompanied by behavioral side effects
that are similar to the sickness behaviors observed in animals. A few studies have re-
ported similar observations for IFN- (MS therapy), IL-1, IL-2, and TNF-a (cancer treat-
ment). The most common side effects of these treatments are flulike symptoms such
as fever, malaise, headache, and myalgia, which typically occur early (approximately 2
weeks) after the start of treatment but tend to attenuate as treatment continues. In
contrast, neuropsychiatric symptoms, including anxiety, dysphoria, anhedonia,
fatigue, anorexia, and cognitive and psychomotor slowing, generally occur after 1 to
3 months of therapy; these depressive symptoms persist unless treatment is termi-
nated or supplemented by antidepressant medications.3® Administration of IL-2 or
IFN-a can activate the proinflammatory cytokine network and cause the subsequent
elevation of IFN-v, IL-6, IL-8, and other cytokines. It therefore is conceivable that
the comparatively late onset of neuropsychiatric symptoms reflects an epiphenom-
enon to the induction of endogenous cytokines.

Brain Signaling by Cytokines

Cytokines are relatively large, hydrophilic molecules that under physiologic conditions
do not readily cross the blood-brain barrier. There are, however, several ways by
which peripheral cytokines may enter the brain. For example, passive diffusion may
allow entry of cytokines in certain brain regions (eg, the circumventricular regions)
where the blood-brain barrier is less restricted or absent. Furthermore, active trans-
port mechanisms have been identified for some cytokines such as IL-1«, IL-18, and
TNF-a.3” Other mechanisms by which peripheral cytokines may influence the brain
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include second-messenger induction through receptor binding on cerebral vascular
endothelial cells and signaling through the vagus nerve.3®

Of particular relevance to this article, cytokines themselves have been found to
promote degeneration of the blood-brain barrier in inflammatory conditions.3® In MS
a pronounced breakdown of the blood-brain barrier, entry of inflammatory cells into
the CNS, and local production of cytokines within the brain are at the core of
presumed pathogenesis. Thus in MS, the effect of cytokines on the brain, in addition
to their contribution to neuronal and oligodentroglial damage, may be important for
behavioral symptoms. This possibility is discussed in detail later.

Effects of Cytokines on Neuroendocrine Function and Neurotransmitters

Several biologic mechanisms have been proposed to explain the association between
depression and inflammation. The effects of cytokines on neurotransmitters in the
CNS, most notably serotonin and norepinephrine, are explained by a prevailing bio-
logic hypothesis of depression, which states that serotonin deficiency plays a crucial
role in the pathogenesis of this disorder. This hypothesis is based largely on the obser-
vation that pharmacologic enhancers of serotonergic neurotransmission (eg, selective
serotonin re-uptake inhibitors) are effective antidepressants. Evidence suggests that
some cytokines may be involved in serotonergic depletion in the CNS. For example,
IFN-a. has been shown to interfere with serotonin metabolism and reduce serotonergic
availability.*© Similarly, cytokines may affect the noradrenergic system, which also is
thought to play an important role in depression. Pronounced and sustained hyperse-
cretion of brain norepinephrine has been reported in patients who have major depres-
sion.*" A number of studies have shown that IL-1 administration can activate the
central noradrenergic system in animals markedly,*° thus providing another potential
pathway related to cytokine-induced depression.

Another important mechanism involves the activation of the neuroendocrine system
by cytokines. Patients who are depressed show elevated levels of corticotropin-
releasing hormone (CRH),*2 and this key peptide is involved in integrating neural neuro-
endocrine as well as immune responses to stress. Release of this peptide in the brain
alters a variety of immune processes, including aspects of innate immunity, cellular
immunity, and in vivo measures of antibody production.*®44 Peripheral immune
measures also change after lesioning of the brain (eg, hypothalamus) or in response
to the stimulation of certain brain regions that ultimately impact CRH systems. The brain
controls immune cells in lymphoid tissue in the same way it controls other visceral
organs, namely by coordinating autonomic and neuroendocrine pathways. When these
pathways are blocked by specific factors that bind to sympathetic or hormone recep-
tors, the effects of CRH on immune function are blocked also.4546

CLINICAL APPLICATION: DEPRESSION IN MULTIPLE SCLEROSIS

Immune infiltration and inflammation of the central nervous system are pathologic hall-
marks of MS,*” and cytokines are secreted in the brain by invading cells as well as by
resident microglia and astrocytes.*® Depression is one of the most common symp-
toms in MS: numerous clinical studies have reported that patients who have MS
have a lifetime risk of major depression of 25% to 50%.%° A recent large-scale
community-based study®® showed that 40% of patients who had MS had clinical
depressive symptoms. Based on the sickness behavior literature reviewed previously,
it is possible that inflammatory markers may be linked causally to the high prevalence
of depression in patients who have MS. Depressive disorders within neuromedical
illnesses such as MS present special challenges for detection and treatment. In
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particular, the understanding of the pathogenesis of depressive symptoms in MS is
crucial for the development of novel treatment strategies.

Although the presence of depression in MS does not seem to be related to the
severity of neurologic impairment®' and also can occur in early stages of the
disease,? it has a strong impact on the patient’s functional status. Patients who
have MS and comorbid depression perform more poorly on tests of cognitive func-
tion.53%4 It also has been shown that depression adversely affects quality of life in
patients who have MS,%® contributes to disruptions of social support,®® and interferes
with work attendance.®” Because depression is linked to poorer treatment compli-
ance,®® it potentially can affect long-term health outcomes. Finally, it is reported
that depression is the most powerful determinant of suicidal intent in patients who
have MS.%°

Despite evidence that depression is a major complication of MS with implications
for the health status of these patients, this condition remains underdiagnosed and
undertreated.®® It is therefore important to understand better the pathogenesis of
depression and its potential interactions with MS disease processes to develop novel
treatment options.

Pathogenetic Models of Depression in Multiple Sclerosis

To date, little is known about the pathogenetic factors that account for the develop-
ment of depressive symptoms in MS. Several models have been proposed to explain
the strong association of depression and MS. A recent consensus statement issued by
experts assembled by the National Multiple Sclerosis Society®® stated that the path-
ogenesis is most likely multifactorial, including psychologic, social, neurobiologic,
immunologic, and genetic factors. Some of the pathogenetic models proposed are
reviewed briefly here.

Psychosocial factors

A simple explanation for the occurrence of depression in MS is that it is primarily reac-
tive in nature, that is, a response to facing a chronic illness characterized by an uncer-
tain prognosis and with no therapeutic cure available. There is no direct correlation
between disease severity and depression in MS.%' Whether or not depression
develops in response to the iliness, psychosocial factors such as coping strategies
or social support may play a role. For example, coping and social support seem to
mediate the relationship between disease and depression in MS,%"%2 although
depression is not simply a failure of patients to cope with the psychosocial chal-
lenges.®0 Interventions designed to provide social support (eg, peer groups) have
failed to show an effect on mood.®® Furthermore, psychosocial factors alone cannot
account for the higher frequency of depression seen in MS than in other chronic
progressive diseases.®* It therefore has been proposed that depression may be
related to disease-specific processes such as CNS damage or changes in immune
parameters, as hypothesized previously in this article.

Damage to the central nervous system

Another plausible explanation for the higher incidence of depression in MS may
involve disease-specific and damage to particular locations in the CNS. Pujol and
colleagues®® reported a specific association of lesions in the left suprainsular white
matter and depressive symptoms, accounting for a significant 17% of the depression
variance. More recently, black holes as detected on T1-weighted images (which are
thought to reflect severe tissue damage) in superior frontal and superior parietal
regions have been found to predict depression.®® Feinstein and colleagues®” found
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greater volume of left medial inferior prefrontal lesions detected on T2-weighted
images. One other study has shown more frontal atrophy in patients who have MS
and depression than in nondepressed patients who have MS.®8 Although these
studies suggest that the location and severity of MS lesions may be associated with
certain depressive features in MS, no clear anatomic pattern has been established
so far.

Experimental Autoimmune Encephalomyelitis is Associated with Depression-Like
Behavioral Symptoms

A limited number of studies have investigated sickness behavior in experimental auto-
immune encephalomyelitis (EAE), the animal model of MS. Behavioral signs including
anorexia, weight loss, and reduced social exploration characterize EAE,®® and these
behavioral alterations occur after immunization but before the onset of neurologic
signs of disease. Hence it is thought that these symptoms reflect motivational defects
rather than impairments in motor function. For example, EAE is accompanied by
decreased sucrose consumption (but no change in water consumption), which can
be interpreted as a sign of anhedonia. Furthermore, in accordance with a cytokine-
mediated pathogenesis of these symptoms, a later study showed that the onset of
sickness behavior coincided with inflammatory cell infiltration of the brain as well as
mRNA expression of IL-1, TNF-a, and prostaglandin E2 in brain tissue.”® Anti-inflam-
matory treatment ameliorated the behavioral effects.””

Aspects of Depression and Fatigue in Multiple Sclerosis Resemble Sickness Behavior
Seen in Animal Models

One intriguing aspect of depression in MS is its relation to fatigue. Fatigue is a common
symptom in depression and in MS. Mohr and colleagues’™ noted “a relationship
between fatigue and depression has long been suspected in MS,” but “why and
how this relationship might exist has remained generally unarticulated.” Although
earlier studies have not found evidence for an association of depression and fatigue
in MS,”374 |ater reports usually have confirmed a moderate correlation.”>7® The rela-
tionship seems to differ in the different dimensions of fatigue (the association was
stronger with mental fatigue than with physical fatigue),”® thus suggesting that
different mechanisms may contribute to fatigue in MS. A cytokine-mediated patho-
genesis of depression and mental fatigue (but not physical fatigue) could explain these
differential associations.

Clinical Evidence for the Role of Inflammation in Multiple Sclerosis Sickness Behavior

Depression is a suspected side effect of MS treatment with IFNB-1a. It has been sug-
gested that IFN treatment in MS may induce depression or worsen existing depressive
symptomatology. Although several studies have investigated this hypotheses using
datasets from phase Il clinical trials, it seems that anecdotal evidence of increased
depression during IFN treatment is explained better by prior history of depression.®°

Some recent studies have investigated the inflammation hypothesis of depression in
MS by correlating endogenous inflammatory markers and depressive symptoms. The
first study published by Fassbender and colleagues®' showed that during relapse MS
patients who had higher depression scores had significantly increased white blood
cell counts in the cerebrospinal fluid. Depression scores also were higher in patients
who had MRI evidence for CNS inflammation as indicated by gadolinium-enhancing
lesions on T1-weighted MRI. Depression scores in this study also correlated with acti-
vation of the HPA axis. In another study assessing MS patients during relapse, Kahl
and colleagues® reported that mRNA levels of TNF-a. and IFN-y obtained from
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whole-blood samples were increased, and both cytokines significantly correlated with
scores on the Beck Depression Inventory (BDI). Th2-type cytokines such as IL-10 and
IL-4 were not correlated with BDI scores. During remission in a subgroup of patients
(with follow-up at 3 and 6 months and 1 year), only TNF levels showed a significant
correlation with BDI scores. In line with these findings, Mohr and colleagues®® also
showed a positive correlation of depression and in vitro IFN-y production. In this small
study, amelioration of depression after psychotherapy or antidepressant medication
treatment was paralleled by decreases in the capacity to produce IFN-vy. In another
study, treatment of MS depression with lofepramine, a derivative of the antidepressant
medication imipramine, was associated with decreases of gadolinium-enhancing
lesion load on T1-weighted scans.®

A few studies have investigated the association of inflammatory markers and fatigue
in MS. An early study could not find correlations of fatigue and urinary neopterin,
C-reactive protein, and soluble intercellular adhesion molecule 1 in a sample of 38
patients who had MS.8 More recently, however, cytokines typically associated with
sickness behavior have been found to be associated with MS fatigue. For example,
Flachenecker and colleagues® showed a positive correlation with TNF-a mRNA
levels. Heesen and colleagues®” reported correlations of TNF-o. and IFN-v in vitro
production and fatigue severity. TNF-a levels also were associated with self-report
measures of daytime sleepiness.

In summary, these findings are in accordance with the cytokine hypothesis of MS
depression and fatigue. It is not known, however, whether depression is secondary,
primary, or coincidental with inflammation in this population, even though treatment
with antidepressant medication has been shown to decrease inflammatory markers
in MS.

SUMMARY

There is strong evidence that depression involves alterations in multiple aspects of
immunity that may contribute to the development or exacerbation of a number of
medical disorders and also may play a role in the pathophysiology of depressive
symptoms. Accordingly, aggressive management of depressive disorders in medically
ill populations or individuals at risk for disease may improve disease outcome or
prevent disease development. On the other hand, in light of data suggesting that
immune processes may interact with the pathophysiologic pathways known to
contribute to depression, novel approaches to the treatment of depression may target
relevant aspects of the immune response. Taken together, the data provide compel-
ling evidence that a psychoimmunologic frame of reference may have profound impli-
cations regarding the consequences and treatment of depression.

In addition, this approach may be used to investigate the possibility that peripheral
and central production of cytokines may account for neuropsychiatric symptoms in
inflammatory diseases. This article summarizes evidence for a cytokine-mediated
pathogenesis of depression and fatigue in MS. The effects of central inflammatory
processes may account for some of the behavioral symptoms seen in patients who
have MS that cannot be explained by psychosocial factors or CNS damage. This
immune-mediated hypothesis is supported by indirect evidence from experimental
and clinical studies of the effect of cytokines on behavior, which have found that
both peripheral and central cytokines may cause depressive symptoms. Emerging
clinical data from patients who have MS support an association of central inflamma-
tion (as measured by MRI) and inflammatory markers with depressive symptoms and
fatigue.
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Based on the literature reviewed in this article, subtypes of MS fatigue and depres-
sion may exist that are caused by different pathogenetic mechanisms, including
inflammation and CNS damage as well as psychosocial factors or predisposition.
The existence of these subtypes could have important clinical implications. For
example, an inflammatory depression may require different therapeutic approaches
than a reactive depression in MS. Future research should aim to characterize these
subtypes better with the goal of optimizing treatment.
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Aging is a process of intrinsic, progressive, and generalized physical deterioration that
occurs over time, beginning at about the age of reproductive maturity. Aging steadily
reduces an organism’s ability to cope with intrinsic and extrinsic factors that cause
stress, and thus it increases the probability of morbidity and mortality. It is well estab-
lished that one of the intrinsic factors associated with aging is attenuated immune
function or immunosenescence.’ This age-dependent impairment of immune function
results from weakened defenses by cells involved in innate? and adaptive immunity.3
Specifically there is a reduction in naive T cells, which are critical for mounting both
cell-mediated (T-cell) and humoral-mediated (B-cell) adaptive immune responses to
novel antigens.* Immune dysfunction in the elderly is confounded further by a decrease
in the production of anti-inflammatory hormones.® A consequence of these age-
related impairments in the immune and endocrine systems is a heightened proinflam-
matory profile in the aged brain.® For example, increased innate immune activity and
inflammation in the brain of the aged are involved in the pathophysiology of several
neurodegenerative diseases including Alzheimer’s disease and Parkinson’s disease.”
Furthermore, even in the absence of neurologic disease, an elevated inflammatory
profile has been detected in aging brain® with innate immune glia (astrocytes and
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microglia) displaying a more reactive phenotype.®~'2 Recent findings indicate that
a reactive glia population sets the stage for an exaggerated neuroinflammatory cyto-
kine response after peripheral innate immune activation.0:13.14

The potential for reactive glia to mount an exaggerated response to a secondary
stimulus from the peripheral innate immune system is important for several reasons.
First, inflammatory cytokines in the brain including interleukin (IL)-18, IL-6, and tumor
necrosis factor alpha (TNF-a) are key mediators of the sickness behavior syndrome.'®
Although transient brain exposure to inflammatory cytokines is beneficial in the host’s
innate immune response,’® excessive or prolonged exposure is associated with
a myriad of neurobehavioral complications including cognitive dysfunction,!”
anorexia,'® and mood and depressive disorders.'®?! Second, inflammatory cytokines
are involved in chronic neurodegenerative diseases such as multiple sclerosis and
Alzheimer’s disease.?? Finally, excessive or prolonged exposure to inflammatory cyto-
kines in the brain abrogates neuronal plasticity, resulting in behavioral and cognitive
impairments.23-2% Therefore it is hypothesized that an exacerbated neuroinflammatory
cytokine response in the aged disrupts neuronal synaptic plasticity, creating a brain
environment that is permissive to severe long-lasting mental health complications
(Fig. 1).

This hypothesis is clinically relevant, because cognitive and behavioral disorders are
more frequent in older patients during an illness and are positively correlated with
increased morbidity and mortality.2628 For example, it is estimated that 15% to
30% of the elderly suffer from a depressive disorder associated with disease or
illness.?” Furthermore, acute cognitive impairment (ie, delirium) is the most common
psychiatric condition experienced by the elderly admitted to emergency department
with a chronic disease or infection.?® The overall occurrence of neurobehavioral
complications in the elderly is expected to increase dramatically because, based on
2001 Census Bureau projections, by the year 2025 20% of the U.S. population will
be over the age of 65 years.?® In fact, in the last century the average life span increased
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Fig.1. Proposed mechanism of how aging exacerbates neuroninflammation and neurobeha-
vioral deficits when the peripheral innate immune system is activated. BBB, blood-brain
barrier; IL, interleukin; TNF, tumor necrosis factor.
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from 47 to 78 years, and the elderly population tripled, from 4% to 13%. Unfortunately
it is predicted that this greater life expectancy will result in only a modest increase in
health span, with significant increase in years of poor or compromised physical and
mental health. Thus, a better understanding of how the interaction between the brain
and immune system is dysregulated with age is needed to improve the likelihood of
successful aging.

THE RELATIONSHIP BETWEEN THE BRAIN AND THE INNATE IMMUNE SYSTEM

The bidirectional communication between the immune system and brain is critical for
mounting the appropriate immunologic, physiologic, and behavioral responses to
immune activation by infectious pathogens. The host’s first line of defense is the innate
immune system. Innate immune cells are armed with pathogen-associated molecular
pattern receptors, such as the family of Toll-like receptors, which recognize specific
pathogenic elements and elicit an immune response.®® This innate immune stimu-
lation results in the production of inflammatory cytokines including IL-18, IL-6, and
TNF-o by active peripheral macrophages or monocytes. These cytokines utilize
both neural (by the afferent vagus nerve)®'32 and humoral (by circumventricular
organs®334 and direct transport3®) pathways to communicate this innate immune chal-
lenge to the brain. This cytokine-mediated immune system-brain communication acti-
vates microglia, the resident innate immune cells of the brain, which induce and
propagate these same cytokine signals throughout the central nervous system
(CNS)."® Inflammatory cytokines produced within the CNS target neuronal substrates
and elicit the behavioral symptoms of sickness, including fever, increased sleep,
reduced appetite, lethargy, and decreased social behavior.”® Collectively these
behavioral symptoms of sickness are evolutionarily conserved and function to
increase the metabolic demand for clearance of pathogens as well as limit the spread
of infection to others.3® Moreover, the neuroinflammatory-modulated response asso-
ciated with sickness behavior is a beneficial and transient response.®” Thus, it is
important to distinguish this neuroinflammatory process from that caused by enceph-
alitis, which is associated with infiltration of T cells into the brain, neurodegeneration,
and a break down of the blood-brain barrier.

Critical for this immune system-CNS interaction and the modulation of sickness
behavior are the resident innate immune cells of the brain. Aside from neurons, macro-
glia and microglia are the two primary cell types located throughout the CNS. The
macroglia are derived from a nerve cell lineage and are classified into three distinct
subtypes: astrocytes, oligodendrocytes, and Schwann cells. These macroglia are
the most populous cells of the CNS and support and maintain neuronal plasticity
throughout the CNS. Microglia also are interspersed throughout the brain and repre-
sent approximately 10% of the CNS population. Microglia differ from the macroglia
because they are derived from a monocyte/macrophage cell lineage. Microglia are
pivotal in innate immune activation and function to modulate neuroinflammatory
signals throughout the brain. In the absence of stimulus, microglia are quiescent
and have a ramified morphology.3® During an innate immune response microglia are
activated and become deramified. Active microglia show macrophage-like activities
including scavenging, phagocytosis, antigen presentation, complement activation,
and inflammatory cytokine production. Moreover microglia recruit and activate astro-
cytes to propagate these inflammatory signals further.” Normally these neuroinflam-
matory changes are transient, with microglia returning to a quiescent state after the
resolution of the immune challenge. Aging, however, may provide a brain environment
in which microglia activation is not resolved, leading to a heightened sensitivity to
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immune activation; this lack of resolution may contribute to the pathogenesis of neuro-
logic disease.

Evidence of an Altered Glia Population in the Aged Brain

Age-associated alterations in immunity are apparent in the innate immune cells of the
brain. Recent evidence indicates there is an elevated inflammatory profile in the aging
brain consisting of an increased population of reactive or primed glia. Glial phenotypes
of reactivity include increased microglia expression of major histocompatibility
complexes (MHC), scavenger receptors, and complement receptors and increased
astrocyte expression of glial fibrillary protein (GFAP). For example, increased micro-
glial expression of MHC class Il was detected in brains of aged but otherwise healthy
humans, nonhuman primates, and rodents using either immunohistochemical or
mRNA measurements.® 12:3%-43 Microglial expression of complement receptor-3'2
and the macrosialin (CD68) scavenger receptor'®** also were elevated in the brain
of aged rodents. Furthermore, the expression of GFAP, a marker of astrogliosis,
was increased in several of these same rodent models of aging.2 1% It is noteworthy
that the actual number of resident astrocytes and microglia did not increase in the
brain with age.’*® Therefore the expression of markers indicative of glial reactivity
seems to be increased in existing astrocytes and microglia populations. There is,
however, evidence of sex-dependent and region-specific glia increases with age.*®
Also, although active and reactive glia have a similar morphology (ie, deramified), reac-
tive glia do not produce appreciable levels of proinflammatory cytokines in this state.3¢
In fact, in rodent models of prion and Parkinson’s disease reactive microglia have an
anti-inflammatory or atypical cytokine profile in the absence of immune
stimulation.*748

In humans, alterations in microglia phenotype are especially prevalent in patients
who have inflammatory disease or injury. For example the MHC class Il marker in hu-
mans, HLA-DR, was detected in patients who have Alzheimer’s disease*® and in older
patients who have coronary artery disease*® or spinal cord tract degeneration.>®
These alterations in the glia population were detected in healthy, cognitively normal
(ie, nondemented) subjects as well, however. For instance, older individuals had
increased IL-1a—positive microglia with morphologic changes indicative of enlarged
or phagocytic microglia in the hippocampus.®! Increased HLA-DR expression on
the surface of microglia also was found in the hippocampus of older individuals.*® A
subsequent study using a cognitively normal elderly donor revealed increased HLA-
DR-positive microglia in the cortex and morphologic alterations in microglia including
deramification, spheroid formation, and fragmentation of processes. These morpho-
logic alterations were interpreted as indicating microglial senescence. These changes,
however, were predicted to result in functional defects that trigger an intracerebral
inflammatory response that supports the development of age-associated neurode-
generative diseases such as Alzheimer’s disease.”? Taken together, these findings
suggest that even in the absence of detectable disease, the glia population undergoes
an age-related transformation that creates a more sensitive brain environment
(Table 1).

Immune Consequences of Reactive Glia in the Aged Brain

A potential consequence of a reactive glial cell population in the brain is an exagger-
ated inflammatory response to innate immune activation. Perry and colleagues®® at
the University of Southampton, United Kingdom, have proposed that systemic infec-
tion exacerbates the progression of neurodegenerative disease. In this circumstance
the brain environment created by the neurologic disease provides a primary trigger for
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Table 1
Evidence for an age-related increase in reactive glia
Author Principal Finding Detection Model Brain Region
Perry et al (1993) MHC class Il (Ox-6) IHC Rat Multiple
and Complement
type-3 receptor
(Ox-42)
Ogura et al (1994) MHC class Il (Ox-6) IHC Rat Multiple
Sheffield et al MHC class Il (LN-3) IHC Monkey  Hippocampus
(1997)
Streit et al (1997) HLA-DR (LN-3) IHC Human Hippocampus
Sheng et al (1998) IL-1alpha IHC/morphology Human Hippocampus
Morgan et al (1999) MHC class Il (Ox-6) IHC Rat Hippocampus
and GFAP
Lee et al (2000) GFAP mRNA/microarray Mouse Cortex and
cerebellum
Nicolle et al (2001) MHC class Il (Ox-6) IHC Rat Hippocampus
Streit et al (2004) HLA-DR (LN-3) IHC/morphology Human Cortex
Godbout et al MHC class Il, CD68, mRNA/microarray Mouse Whole brain
(2005) GFAP
Frank et al (2005) MHC class Il and mRNA/gPCR Rat Hippocampus
CD86
Wong et al (2005) CD68 IHC/qPCR Mouse Corpus
callosum

Abbreviations: GFAP, glial fibrillary protein; IHC, immunohistochemistry; IL, interleukin; MHC,
major histocompatibility class; PCR, polymerase chain reaction.

microglia reactivity, and peripheral infection provides the secondary stimulus.®? In the
ME-7 murine model of prion disease, microglia are activated throughout the limbic
system, including the hippocampus where neuron loss occurs.3® In mice with preclin-
ical ME-7-induced prion disease, peripheral lipopolysaccharide (LPS) challenge,
a potent activator of the innate immune system, induced an exaggerated depression
in locomotor behavior and body temperature and increased brain IL-1 compared
with controls.’* In a transgenic murine model of amyotrophic lateral sclerosis, disease
progression was exacerbated in presymptomatic mice given repeated intraperitoneal
injections of LPS.5* The expression of Toll-like receptor 2 and TNF-a was increased in
discrete brain and spinal cord regions where degeneration occurred,®* and the
average life span of amyotrophic lateral sclerosis mice given LPS was decreased by
3 weeks. These experimental findings have clinical relevance, because systemic infec-
tion in humans exacerbates disease progression of Alzheimer’s disease and multiple
sclerosis.®? For instance, peripheral infection precipitated relapse in patients who had
multiple sclerosis®® and enhanced the progression into dementia in patients who had
Alzheimer’s disease.®® Furthermore, deposition of p amyloid within senile plaques is
a classic feature of Alzheimer’s disease, and conditions leading to the expression of
inflammatory cytokines in brain are associated with the induction of B amyloid
precursor protein.®” In the Tg2576 murine model of Alzheimer’s disease, intravenous
injection of LPS caused age-dependent increases in brain IL-18 and TNF-a. levels and
increased p amyloid deposition.®® This deposition may promote neuroinflammation
further, because p amyloid activates microglia.>® Collectively these data indicate
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that innate immune activation contributes both to the pathogenesis of neurodegener-
ative disease and to the severity of the associated neurobehavioral complications.

Hypersensitivity to innate immune activation in the brain also is evident in several
animal models of aging. For instance, primary mixed glia cultures and coronal brain
sections established from the brain of aged rodents were hyper-responsive to LPS
stimulation and produced more inflammatory cytokines (IL-18 and IL-6) than cultures
established from adult brains.®%8" In a murine model of aging, older mice were more
sensitive to septic shock induced by intracerebroventricular (ICV) administration of
LPS. Older mice had elevated TNF-a production in the brain and plasma after LPS
challenge compared with adult controls.®? In another murine model of aging, microar-
ray analysis revealed that peripheral injection of LPS induced a higher expression of
IL-1B and TNF-a in the hippocampus of aged mice than in adults.®® Moreover, a recent
study using microarray analysis showed increased markers of glia reactivity, including
MHC class Il, CD68, and GFAP, in the brain of aged mice.® In this model peripheral
stimulation of the innate immune system with LPS caused an exaggerated inflamma-
tory cytokine response in the aged brain with increased production of IL-6 and IL-1p.
Furthermore, aged mice that experienced a LPS-induced amplified and prolonged
neuroinflammatory response showed a delayed recovery from sickness behavior.'®
Finally, in a rat model of aging, in which increased reactive glia with MHC class I
expression were detected,® peripheral injection of Escherichia coli promoted higher
levels of IL-1B in the hippocampus of aged rats than in adults.'® This increased IL-
1B production in the hippocampus of aged rats after E coli challenge was associated
with impaired long-term hippocampal-dependent memory.® Neither of these
studies'®'® found peripheral inflammatory cytokines to be a reliable indicator of the
exaggerated neuroinflammatory response. Taken together these results suggest
that the presence of reactive glia in the aged or diseased brain is permissive to an
amplified and prolonged neuroinflammatory response, which may lead to subsequent
behavioral and cognitive complications.

ARE NEUROBEHAVIORAL COMPLICATIONS A CONSEQUENCE OF PROLONGED EXPOSURE
TO PROINFLAMMATORY CYTOKINES?

Recent experimental evidence suggests that an amplified and prolonged inflammatory
response in the aged brain promotes protracted behavioral and cognitive impair-
ments.'®'3 These findings seem to be supported by clinical evidence indicating that
many of the behavioral consequences of illness and infection in the elderly, if pro-
longed, can have deleterious affects on mental health. For example, there is an
increased prevalence of delirium in elderly emergency department patients®* as
a result of infections unrelated to the CNS.28:85 The most striking characteristic of
pneumonia (either viral or bacterial) in the aged is that it frequently presents clinically
as delirium, even in the absence of classic pneumonia symptoms.®® A clinical study
showed that 34% of elderly patients diagnosed with delirium had an infection. A
follow-up of these patients 1 year later revealed increased rates of mortality, institu-
tionalization, and hospital readmittance.®” Furthermore, delirium is a risk factor for
progression into dementia. For example, a recent clinical trial of 203 subjects over
the age of 65 years found that those initially diagnosed as having delirium had an
18% probability of developing dementia within 1 year and had a significantly higher
mortality rate within a 3-year period.®® Moreover, peripheral infection increased the
risk of dementia in otherwise healthy individuals over the age of 84 years.?® Acute
cognitive impairment or dementia often results in a failure of self-care and is associ-
ated with delayed recovery from illness, resulting in increased rates of



Age and Inflammation

hospitalization,®*7° institutionalization,®” and mortality.”! Taken together these data
indicate that age is a risk factor for delirium and dementia following a peripheral infec-
tion and suggest that inflammatory cytokines play a role in the origin of these
deficits.%®

Mood and depressive symptoms also are common in elderly patients who are ill and
are associated with increased morbidity and mortality.?6 A number of clinical and labo-
ratory studies of depression support the premise that there is a causative relationship
between inflammatory cytokines and depressive disorders. For example, the chronic
stress associated with care-giving for a patient who had Alzheimer’s disease was
associated with increased peripheral IL-6 and depressive symptoms.”? Elderly
patients who experienced a prolonged inflammatory response to an influenza vaccina-
tion also had a higher incidence of mild depressive symptoms.”® Moreover, increased
inflammatory cytokines have been associated with major depression in chronically in-
fected patients,?®74 in patients who have chronic inflammatory diseases (eg, coronary
heart disease and rheumatoid arthritis),”® and in patients who have cancer and are
undergoing cytokine immunotherapy.”® Several studies have found evidence of
increased cytokines, including IL-6 and IL-1B, in the plasma or in the cerebrospinal
fluid of depressed patients.”>77-80 Furthermore, the heightened levels of cytokines
were associated with the severity of the depressive symptoms.”6-7881 Collectively
these findings suggest that a prolonged neuroinflammatory response in the elderly
has a profound effect on mental health and lifespan (Fig. 2).

DOES HEIGHTENED INFLAMMATORY CYTOKINE EXPOSURE IMPAIR NEURONAL PLASTICITY
AND CAUSE NEUROBEHAVIORAL COMPLICATIONS?

Inflammatory cytokines provoke behavioral responses, in part, by modulating
neuronal activity. Synaptic plasticity encompasses a number of important brain func-
tions that maintain cognitive and behavioral homeostasis including long-term potenti-
ation (LTP), neurogenesis, and neurite outgrowth. This effect is clinically relevant
because impaired neuronal plasticity may underlie several complications in mood
and behavior.82#3 Neuronal plasticity is essential in brain areas associated with modu-
lating cognition and behavior, such as the hippocampus. In fact, the hippocampus and
the hypothalamus have the highest expression of inflammatory cytokine receptors for
IL-1p8* and IL-6.8% In some instances inflammatory cytokine exposure leads to
neuronal cell death,®® especially in neurologic disease, endotoxic shock, or chronic
inflammatory conditions, but normal neuroinflammatory responses that mediate sick-
ness behavior do not.™® In fact, in primary or transformed cultures cytokines such as
IL-6 and IL-1B have growth-promoting effects on neurons®” and may play a role in
early brain development. Several experimental examples, however, indicate that

44 Neuroinflammatory Response Jll #4 Neurobehavioral Complications 44 Morbidity and Mortality

Delirium
& Sickness
Depression
Dementia

lliness or

infection - Increased Hospitalization

Fig. 2. The elderly population is more susceptible to peripheral infection and has a higher
incidence of mental health complications that affect health and lifespan.
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excessive and prolonged exposure to inflammatory cytokines impairs synaptic plas-
ticity and may underlie cognitive and behavioral complications seen with age and
infection.

Several studies have demonstrated that inflammatory cytokines impair the ability to
maintain LTP in the hippocampus, a critical physiologic process involved in memory
consolidation. For example, IL-6 exposure abrogated LTP in rat hippocampal brain sli-
ces.®8 Lynch and colleagues®® at Trinity College, Ireland, demonstrated that peripheral
LPS injection impaired LTP in the hippocampus of rats through a pathway involving IL-
1B production.®® Moreover, ICV infusion of recombinant IL-1p alone attenuated LTP in
the hippocampus.2® The inflammatory-dependent impairment of LTP was associated
with increased oxidative stress, decreased glutamate release, and neuronal
apoptosis.?>8° Moreover, activation of p38 stress kinase and nuclear factor «B
(NFkB) transcription factor also were involved in this inflammatory cytokine-depen-
dent disruption of LTP.?° Finally, in this model inhibition of LTP was reversed by ICV
infusion of the anti-inflammatory cytokine IL-10.%"

Inflammatory cytokines also can impair neurite outgrowth, a critical process
involved in modifying existing synaptic connections. For example, in primary hippo-
campal neurons cultured on astrocytes, IL-18 stimulated astrocytes to produce
TNF-a, which inhibited the neurite outgrowth and branching.®? Furthermore neurite
outgrowth and branching was unaffected by TNF-a in primary neurons established
from TNF receptor |- and ll-deficient mice.®? Astrocytes with a more reactive pheno-
type, even in the absence of immune stimulus, may impair neuronal plasticity in the
aged brain. For instance, neurite outgrowth of embryonic neurons was reduced
when co-cultured with reactive astrocytes derived from aged brains compared with
results in adults. Decreasing astrocyte reactivity through the attenuation of GFAP
expression by RNA interference restored neurite outgrowth in this culture system.%3

Several studies have shown that inflammatory cytokines reduce hippocampal neu-
rogenesis, a process that is critical for memory and learning.®* Neurogenesis is signif-
icant because it allows new neurons with a high degree of plasticity to become
incorporated into the hippocampal circuitry.®® For instance, neuroinflammation
induced by ICV or intraperitoneal injection of LPS reduced neurogenesis in the hippo-
campal dentate gyrus.?%® Resident microglia activated to produce cytokines were
implicated, because two anti-inflammatory drugs known to attenuate microglia
activity, idomethacin (a nonsteroidal anti-inflammatory drug) and minocycline,
restored neurogenesis. Finally, inflammatory cytokine exposure in the brain can also
diminish neurogenesis. In transgenic mice whose astrocytes chronically overproduce
IL-6, hippocampal neurogenesis was decreased by 63%.24 Collectively, inflammatory
cytokine exposure disrupts synaptic plasticity, which may underlie mental health
complications associated with age and inflammation.

HOW DO GLIA BECOME MORE REACTIVE WITH AGE?

There are several plausible explanations for increased glia sensitivity with age (Fig. 3).
One explanation is that inflammatory cytokine exposure over a course of a lifespan
increases the number of reactive glia in the brain. A recent longitudinal study from
Sweden demonstrated that young individuals exposed to inflammatory events early
in life had a higher morbidity and mortality rate as they aged.®” Therefore inflammatory
exposure, especially early in life, may predict inflammatory associated complications
later in life. Several experimental rodent studies have demonstrated that neonatal
exposure to inflammatory stimulus interferes with brain-immune system coordination
and may predispose these animals to inflammatory processes later in life.%8-1%0
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Fig. 3. Inflammatory exposure over the course of a lifespan may influence thenuber of rea-
tive glia in the brain. GFAP, glial fibrillary protein; MHC, major histocompatibility class.

Although neonatal exposure to a pathogen may interfere with the development of the
immune system, this model system also may provide insight into why reactive glia
populations are more prevalent with age. In a recent study, neonatal rats were chal-
lenged with live replicating E coli and then in adulthood were given a secondary chal-
lenge with LPS. The secondary challenge with LPS caused a significant increase in
astrocyte expression of GFAP in the CA3 region of the hippocampus in rats infected
as neonates.’®! Moreover, astrocyte reactivity to secondary challenge of LPS in adult-
hood was associated with a severe deficit in hippocampal-dependent memory. '
Although the IL-1f cytokine response was unchanged in the hippocampus, increased
astrocyte expression of GFAP was interpreted as suggesting an exaggerated neuro-
inflammatory response. Reactive glia also may be derived by inflammatory process
later in life. For example, inflammatory cytokines such as IL-6 and IL-18 have been de-
tected in the aged brain, even in the absence of inflammatory stimulus or neurologic
disease.'%7194 A potential outcome of increased IL-6 exposure with age is a more
reactive or abundant glia population. Support for this notion comes from studies in
which heightened expression of IL-6 in neurons of transgenic mice increased the
number and size of astrocytes and the number of ramified microglial cells.'®® Further-
more, IL-6 also stimulated embryonic cerebral precursor cells to differentiate into
astrocytes.'® Thus, IL-6 may also increase the number of astrocytes in the brain by
redirecting progenitor cells toward a glial cell lineage. Taken together these data
suggest that inflammatory exposure may prime the glia of the brain to secondary insult
and predispose individuals for inflammatory complications.

Another possible explanation for reactive glia in the aged brain is increased oxida-
tive stress and damage. According to the free radical hypothesis of aging, oxidative
damage to cell membranes and intracellular proteins increases because of an
increase in oxygen free radicals (ie, reactive oxygen species), a decrease in the
capacity of the antioxidant defense mechanisms to scavenge reactive oxygen
species, or some combination of these two.'%” For example oxidative stress contrib-
utes to the inflammatory milieu of the aging brain and is associated with the
age-related decline in cognitive and motor function.’®1% An age-related decline in
cognition was associated with increased MHC class ll-positive microglia in the
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hippocampus.®® Supporting evidence for this premise is derived from recent rodent
studies of aging using the caloric restriction model. In the calorie restriction model,
total calories are restricted by 40% from weaning onwards, while dietary intake of
essential nutrients is maintained. One of the principal findings of this model is that
life span is extended by 30% to 50%. It is proposed that increased lifespan is caused
by increased DNA repair, increased metabolic efficiency, and reduced reactive by-
products.’® Global evaluations of the inflammatory state of the aged brain using mi-
croarray analysis have revealed a gene-expression profile indicative of oxidative
stress, complement activation, and glial cell reactivity in the neocortex, cerebellum,
and hippocampus.® 10111 Restricting caloric intake reversed the age-related expres-
sion of the oxidative and inflammatory markers.® In fact, calorie restriction both limited
the inflammatory profile of the aged brain and enhanced the expression of growth and
trophic factors.? In several other models, calorie restriction also reduced other inflam-
matory markers in the aged rodent brain, including GFAP and CD68 scavenger
receptor.'’44 Thus, an inflammatory brain profile is detrimental to successful aging,
potentially through the reduction of important neurotrophic factors involved in the
maintenance of neuronal plasticity.

LIMITING INFLAMMATORY EXPOSURE WITH ANTIOXIDANTS

The induction of sickness behavior is a necessary and important response to systemic
infection.®” Instances when sickness behavior is too severe or prolonged, however,
may cause long-lasting behavioral and cognitive impairments.'%1® Therefore devel-
oping interventions that limit this neuroinflammatory process without affecting
induction of the response is of particular interest. One potential cytokine target could
be IL-6. Although IL-6 exposure alone does not induce sickness behavior,'2 in combi-
nation with other cytokines it has an important role in the maintenance of sickness
behavior. This notion is supported by evidence that IL-6 knockout mice recovered fast-
er from LPS-induced sickness,'"'® and protracted IL-6 expression in the brain of aged
mice was positively correlated with prolonged sickness behavior.® Moreover, the anti-
oxidant a-tocopherol (vitamin E) attenuates the inflammatory response induced by LPS
by reducing lipid peroxidation and IL-6 cytokine production in the brain and primary
microglia.’* This immunomodulary action of a-tocopherol facilitated the recovery
from LPS-induced sickness behavior in adult''® and aged mice."'® Furthermore, atten-
uation of NFkB in the brain with a-tocopherol or central injection of NFkB decoy also
improved the recovery from LPS-induced sickness behavior.'”:118 Thus, attenuating
neuroinflammation with antioxidants facilitates recovery from the behavioral symp-
toms of sickness and may prevent the onset of neurobehavioral impairments. There-
fore it may be worthwhile to investigate whether antioxidant therapy decreases the
incidence of peripheral infections in a susceptible elderly population'® and whether
it aids in the recovery from infection in this same population.

SUMMARY

This article reviews the literature indicating that the innate immune cells of the brain
become more reactive with age. Although it is unclear how glia reactivity increases,
emerging evidence suggests these alterations allow exacerbated neuroinflammation
and sickness behavior following peripheral immune activation. This amplified or pro-
longed exposure to inflammatory cytokines in the brain may impair neuronal plasticity
and underlie a heightened neuroinflammatory response in the aged that also may lead
to other neurobehavioral impairments such as delirium, depression, and, potentially,
the onset of neurologic disease. Therefore pharmacologic strategies to decrease
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neuroinflammation associated with infection may be important for improving recovery
from sickness and reducing neurobehavioral deficits in the elderly.
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The pyschoneuroimmune (PNI) response can be broadly described as the “brain-
based” component of innate immune activation. When the innate immune system is
triggered, cytokines are elicited that orchestrate the physiologic, metabolic, behav-
ioral, and psychological changes that occur in an individual as a result of infection.
Then, like a counterweight, negative regulation of these pathways restores homeo-
static balance. A sizable body of knowledge has arisen demonstrating that type 2 dia-
betes (T2D) is associated with alterations in the innate immune system. In addition, this
proinflammatory-leaning imbalance is implicated in the development of secondary
disease complications and comorbidities, such as delayed wound healing, acceler-
ated progress of atherosclerosis, and retinopathy, in people who have T2D. The
consequences of T2D-associated proinflammation on the PNI response has only of
late become recognized. New experimental data and the results of recently published
health-related quality-of-life surveys indicate that individuals who have T2D experi-
ence diminished feelings of happiness, well being, and satisfaction with life. These
emotional and psychological consequences of T2D point to altered neuroimmunity
as a previously unappreciated complication of T2D. This review article discusses
recent data detailing the impact of T2D on a person’s PNI response.
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TYPE 2 DIABETES

Diabetes is a widespread disease of impaired glucose metabolism that can be divided
into two major categories. Type 1 diabetes (T1D) occurs when insulin, the primary
hormone that increases tissue uptake of circulating blood glucose, is absent. Some-
times, T1D is referred to as insulin-dependent or juvenile-onset diabetes, and its cause
is typically an autoimmune-based destruction of insulin-secreting pancreatic beta
cells. T2D, also known as noninsulin dependent or adult-onset diabetes, is the more
prevalent form of diabetes, affecting more than 23.6 million individuals in the United
States.” T2D accounts for 85% to 90% of all cases of diabetes.? In fact, the prevalence
of T2D is predicted to grow to affect upward of 300 million people globally during the
next decade.® Typically, the onset of T2D occurs after age 30, and there is a significant
genetic component. The concordance rate among identical twins is nearly 100%,*
whereas first-degree relatives of people who have T2D have a 20% to 40% chance
of developing T2D.®

T2D is a multifaceted disease that is associated with a number of maladies, and
effective treatment of T2D and its associated complications is made difficult because
of the complex and poorly understood disease progression. Data indicate that dia-
betes develops over the course of decades® and the elevated risk of complications
begins many years before the clinical diagnosis of diabetes is made.® Overt T2D is
preceded by a number of underlying conditions, such as insulin resistance, impaired
glucose tolerance (IGT),>” subclinical proinflammation,® and metabolic syndrome.?
Developing diabetes, which is indicated by the presence of insulin resistance and
IGT, often goes undetected because of the body’s ability to compensate. Euglycemia
is usually maintained for many years, even though a state of insulin resistance exists.
When the ability of insulin-sensitive tissues to uptake glucose starts to decline, the
pancreatic beta cells can increase their output of insulin to compensate for diminished
tissue sensitivity and rising blood glucose. With increasing insulin resistance, beta
cells are unable to compensate. Even at this extreme, normal fasting glucose levels
are often maintained, but individuals begin to experience bouts of postprandial hyper-
glycemia, hence, IGT.2

T2D is strongly associated with a sedentary lifestyle and obesity.®'° In addition,
a recent downward shift in onset age? and a rise in the incidence in Asian populations,
which traditionally have lower rates of obesity,>'! suggest that other precipitating
factors may be involved. Early detection of diabetes is paramount for reducing asso-
ciated morbidity and mortality rates because progression of T2D often goes unde-
tected as a result of a lack of routine screening during the “prediabetic” IGT period.

T2D is associated with a long list of complications, including increased risk of
cerebrovascular and cardiovascular disease, impaired wound healing, increased
susceptibility to infection, and increased incidence of Alzheimer disease.”27'° The
mechanism by which T2D accelerates and exacerbates the development of these
conditions is not fully understood; however, the close relationship between these
disease states and T2D suggests a shared common pathogenic precursor.?° One
likely suspect is chronic inflammation because many diabetic complications, including
altered psychoneuroimmunity, have an inflammatory component to their pathology.
Overall, T2D is now considered to be a proinflammatory disease involving chronic acti-
vation of the innate immune system,®?" likely impinging on quality of life. For people
who have T2D, health-related quality-of-life assessments show lower satisfaction
than for control subjects,?? especially in regard to negative impact on the emotional
attribute, which measures perceived happiness.?® In sum, T2D not only debilitates
physically but also depresses emotional health and well-being.
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TYPE 2 DIABETES AS A PROINFLAMMATORY DISEASE

The relationship between T2D and the innate immune system is bidirectional. Dysre-
gulated innate immunity characterized by persistent, subclinical, chronic inflammation
is intimately associated with the insulin-resistant state, obesity, and T2D.242® Most
evidence indicates that chronic inflammation directly contributes to the pathogenesis
of T2D.824:26-32 Historically, the concept that inflammation is associated with insulin
resistance has been explored for more than 20 years.333* More recently, Pickup?’
and Crook® advanced the hypothesis that T2D is a disease of the innate immune
system. This hypothesis was based on findings in a large number of individuals who
had T2D and who showed subtle elevations in proinflammatory biomarkers and acute
phase reactants, including interleukin-1p (IL-1), tumor necrosis factor-a. (TNFa), IL-6,
sialic acid, serum amyloid, C-reactive protein, and cortisol.®2129:3537 |n gddition,
prospective studies showed that alterations in C-reactive protein and IL-6 predict
the development of T2D in human subjects,®” as do elevations in the acute-phase
reactants fibrinogen and plasminogen activator inhibitor (PAl)-1.38

Recent T2D work has solidified our understanding of the mechanism by which
chronic inflammation can cause insulin resistance. Cai and colleagues®? reported
that NF-kB and inflammatory transcriptional targets are activated in the liver by
both diet-induced obesity and genetic-onset obesity. Moreover, they were able to
reproduce similar changes in the hepatic inflammatory profile by selectively express-
ing a constitutively active IKK- in hepatocytes, which, in turn, caused mice to exhibit
a T2D phenotype. The activation of the NF-«B pathway resulted in increased hepatic
production of TNF-a, IL-1B, and IL-6. Also, Cai and colleagues® neutralized IL-6,
systemically reversing the T2D phenotype. In support of Cai and colleagues, Arkan
and colleagues®' selectively knocked out IKK-B in either hepatocytes or myeloid cells.
Hepatocyte-specific deletion of IKK-B preserved hepatic insulin sensitivity resulting
from a high-fat diet, genetic obesity, or aging. However, deletion of IKK-f in myeloid
cells resulted in global protection of insulin sensitivity resulting from a high-fat diet,
genetic obesity, or aging.®' These results underscore the potential importance of
myeloid cells (monocytes and macrophages) to chronic inflammation-induced insulin
resistance.

On the other hand, there is still some uncertainty as to whether chronic inflammation
leads to insulin resistance or whether insulin insensitivity brings about a condition of
chronic inflammation. Symptoms inherent to T2D, such as hyperglycemia, hyperinsu-
linemia, and insulin resistance, can independently induce proinflammation by way of
dysregulation of macrophage activation. In diet-induced obesity, overnutrition and
increased fat mass result in infiltration of macrophages into adipose tissue, where adi-
pokines, low levels of oxygen, or adipocyte apoptosis may stimulate macrophages to
secrete proinflammatory cytokines.252%3° Proinflammatory cytokines such as
TNF-62%40 and IL-6*"** induce insulin resistance in a number of tissues, and insulin
resistance leads to IGT. In turn, hyperglycemia*®4® and hyperinsulinemia®’ indepen-
dently induce proinflammation, as measured by IL-6 secretion,*® and heightened
acute inflammatory responses to stimuli like lipopolysaccharide (LPS).*® In healthy
subjects, insulin inhibits acute-phase protein synthesis,?! and, in animal models of
T2D, the acute-phase response is increased by the relative insulin deficiency that
results from insulin resistance.?""%® Hyperglycemia has been postulated to play
a role in the generation of acute-phase proteins and the inflammatory response®!-52
because treatments that both increase insulin sensitivity and lower blood glucose
levels reduce the levels of serum acute-phase proteins.>2:5% Additionally, macrophage
function, which plays a crucial role in the inflammatory response as an initiating event
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of the neuroimmune response, is altered by hyperinsulinemia and hyperglycemia.*9-%4-5°
Diabetes-associated alterations in the innate immune response have primarily been
described within the context of the peripheral complications of T2D. Not only does
the proinflammation observed with insulin resistance likely contribute to acceler-
ated progression of T2D and its complications but it also likely exacerbates
PNI-based sequelae, negatively impacting the emotional well-being and quality
of life for patients who have diabetes.

THE PSYCHONEUROIMMUNE RESPONSE

The PNl response, or brain-based innate immune reaction, is initiated by infection with
pathogenic microorganisms that trigger, in the host, a set ofimmunologic, physiologic,
metabolic, and behavioral responses mediated by innate immune cells that recognize
pathogen-associated molecular patterns by way of Toll-like receptors (TLRs). LPS is an
archetypal, pathogen-associated molecular pattern and a component of gram-nega-
tive bacterial cell walls. LPS binds to TLR-4 and CD-14 on the surface membrane of
monocytes and macrophages. The proinflammatory cytokines that are produced as
a result of subsequent TLR-4-dependent NF-kB pathway activation are part of a cyto-
kine network that includes both proinflammatory and anti-inflammatory cytokines.
These anti-inflammatory cytokines can specifically inhibit a single proinflammatory
cytokine. For instance, IL-1 receptor antagonist (IL-1ra) binds to the IL-1 receptor 1
to competitively block IL-1-mediated signaling, or these anti-inflammatory cytokines
can nonspecifically down-regulate production or action of proinflammatory cytokines,
for instance, IL-4 and IL-10, reduce the secretion of IL-1B, IL-6, and
TNF-o. by macrophages.®® Importantly, dysregulated or excessive inflammation can
exacerbate pre-existent disease states®'52 and profoundly depress a person’s mood
and feeling of well-being,®3%* The possible association between heightened peripheral
inflammation and central inflammation has only recently been systematically tested in
animal models of T2D, despite the obvious clinical implications.

FEVER

Fever is one of the host defense mechanisms against infection, injury, and inflamma-
tion. Fever is an adaptive homeostatic state that is characterized by an increased set
point in body temperature.®® Elevated body temperature stimulates the proliferation
of immune cells and is unfavorable for the growth of many bacteria and viruses.®
When exogenous pyrogens (experimentally represented by LPS) invade the organism,
feveris caused through the activation of myeloid cells that subsequently release endog-
enous pyrogens, proinflammatory cytokines, prostaglandins, and free radicals. This is
of clinical importance because cytokine immunotherapy, which can activate cytokine
cascades, is also associated with fever.®” Importantly, evidence indicates that both
peripheral and brain-based IL-18 and TNF-a are involved directly in the pyrogenic
response to inflammation.®®7% In the periphery, IL-1 and TNF-a cause increased
production of IL-6, the principal endogenous pyrogen.®® The liver is the main clearance
organ for circulating LPS.”'~73 Kupffer cells account for 80% to 90% of the total popu-
lation of fixed tissue macrophages in the body”*7® and are believed to be responsible
for the liver’s clearance of LPS. Additionally, Kupffer cells may be a principle producer of
cytokines and, hence, the feverinduced by LPS.”® Therefore, altered peripheral macro-
phage function caused by T2D likely has a pronounced effect on the febrile response.

The effect of insulin resistance has been studied in the Zucker (fa/fa) rat model of
obesity and T2D.”7 In this study, various cytokines were infused directly into the lateral
ventricle of the brains by way of a surgically implanted cannula. The obese rats
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exhibited a differential febrile response to the pyrogenic cytokine IL-1. They reached
a peak febrile temperature that was about 0.5°C higher than that of their lean counter-
parts, and interestingly, the febrile response of these obese rats persisted over a longer
duration than did that of the control lean rats. A second independent study using both
fa/fa rats and Otsuka Long-Evans Tokushima fatty rats (which are obese because of
the absence of the cholecystokinin-A receptor) also demonstrated a febrile response
to intravenous Escherichia coli-derived LPS, which trended higher in obese animals
when compared with lean counterparts.”® It is important to point out that some con-
flicting data have been reported regarding the effect of obesity and T2D on febrile
responsiveness because changes in ambient temperature alter the fever response
in fa/fa rats,”® and IL-6 administered directly into the brain does not induce a higher
fever in obese rats.”” These findings underscore the importance of the experimental
conditions, presence of specific exogenous pyrogen, and method of administration
of the exogenous pyrogen in making an interpretation of data regarding an effect of
T2D on febrile responsiveness.

In their laboratory, the authors used the db/db (C57BL/6 J-lepr?®@®) mouse model
of T2D. The db/db mouse displays characteristic hyperphagia, metabolic dysfunction,
morbid obesity, and neuroendocrine abnormalities that parallel uncontrolled human
T2D (Table 1). Using this model, the authors observed exacerbated febrile responsive-
ness to intraperitoneal LPS in diabetic mice compared with nondiabetic, heterozygote
control (db/+) mice (Fig 1). When 8-week-old db/db mice and db/+ mice were in-
jected intraperitoneally with LPS, LPS-induced fever was significantly increased in
db/db mice compared with db/+ mice. The peak change in colonic temperature as
measured using a rectally inserted thermocouple was 1.5°C for db/db mice but only
0.6°C for db/+ mice. In addition, db/db mice had a marked extension in the duration
of fever compared with db/+ mice. Together, these results indicate that the febrile
responsiveness, an important aspect of brain-based innate immunity is exacerbated
in an experimental model of T2D.

SICKNESS BEHAVIOR

LPS is a potent activator of the neuroimmune system,®® and LPS-induced sickness
has been is a key tool in PNI research. Sickness behavior refers to a coordinated

Table 1
Comparisons of body weight, blood glucose levels, and serum insulin levels for db/+ mice and Db/db
mice, with Db/db mice showing elevated body weight, blood glucose levels, and serum insulin levels

Characteristic

(Measurement) db/+ Mice db/db Mice
Body weight (g) 27.6 + 0.55 36.7 + 0.572
FBG (mg/dl) 115.2 + 19.08 400.4 + 15.35°
RBG (mg/dl) 169.8 + 12.23 423.0 + 17.84°
FSI (ng/ml) 1.3 + 0.05 2.4 + 0.05

RSI (ng/ml) 2.2 +0.08 5.4 + 0.09°

Results represent the average of n = 5 mice + SEM.

Abbreviations: FBG, fasting blood glucose; FSI, fasting serum insulin; RBG, random blood
glucose; RSI, random serum insulin.

2 P<.05.

From O'Connor JC, Satpathy A, Hartman ME, et al. IL-1beta-mediated innate immunity is ampli-
fied in the db/db mouse model of type 2 diabetes. J Immunol 2005;174;4993; with permission.
Copyright © 2005, The American Association of Immunologists, Inc.
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Fig.1. Febrile response to lipopolysaccharide (LPS) in db/db mice. 8-week-old db/db and db/+
mice were injected intraperitoneally with LPS (100 pg/kg). Colonic temperature was measured

at the times indicated. Data represent an average of five mice per group & SEM. P<.05 db/db
versus db/+.

set of nonspecific behavioral modifications that occur in individuals during an infec-
tion.86:81-84 Sjckness behavior is typically accompanied by fever and a variety of
behavioral responses, including decreased appetite, fatigue, sleep disturbances,
retardation of motor activity, reduced interest in the physical and social environment,
loss of libido, impaired cognitive abilities, anhedonia, and depressed mood.%6:85.8¢
Although these behavioral changes are often interpreted to be an unavoidable conse-
quence of a degraded state, increasing evidence suggests that these cytokine-medi-
ated symptoms are part of an organized and evolutionarily conserved adaptive
defense response to infection. Sickness behavior reflects motivational reorganization
whereby the individual’s priorities are restructured to maximize the immune system’s
efficiency in fighting infection. The main proinflammatory cytokines responsible for the
initiation of the host’s behavioral response to infection are IL-1, IL-6, and TNF-0.8":87
These cytokines are secreted by activated monocytes and macrophages. However,
as in models of experimental stroke, brain IL-1 appears to be the predominant cyto-
kine that mediates sickness behavior,?”-88 because intracerebroventricular adminis-
tration of IL-1ra blocks some sickness behaviors caused by peripheral or central
innate immune system activation.8%%°

Of clinical importance, these behavioral responses have been observed during the
course of infection and also during systemic or central administration of cytokines.
Cancer therapies involving treatment using proinflammatory or antiviral cytokines
(mainly IL-2, TNF-a,, and IFN-a) have been associated with flu-like and depressive
symptoms, and signs of cognitive impairment.®! Administration of IFN-a, which has
been used in the treatment of chronic hepatitis C, is associated with symptoms of
cognitive impairment, behavioral despair, fatigue, and depressed mood.®! The symp-
toms of sickness behavior almost immediately disappear after termination of cytokine
administration, supporting a causal role for cytokines in the mediation of these behav-
iorally based sequelae. Therefore, patients who have T2D, or even some prediabetic
risk factors, may not only experience more debilitating conditions during an iliness or
infection but also may not tolerate immunotherapy as well. The heightened PNI
responses may also interfere with a patient’s diabetes treatment regimen because
depressed mood or loss of the feeling of well-being is also a strong predictor of patient
noncompliance with a prescribed course of therapy.9%93

LPS-induced social withdrawal is a classic behavioral feature of the innate immune
response that is routinely used as a quantitative measure in rodents because of a large
and repeatable change in interaction patterns that is easy to measure.®® When tested
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in the db/db mice, LPS-induced sickness behavior was significantly augmented
compared with that of nondiabetic control mice. Consistent with the experimental
results showing the impact of T2D on the febrile response, the db/db mice were
more sensitive to the behavioral effects of intraperitoneal LPS. Using a weight-
adjusted dose of LPS, both the magnitude and duration of sickness behavior were
exacerbated in the db/db mice. However, although a dose of 100 nug/kg LPS is
commonly used in the study of sickness in rodents, under these conditions the db/db
mice would receive a significantly larger dose of LPS because of their obesity-associ-
ated increase in body weight.*® Clearance of LPS from the peritoneal cavity occurs
primarily by way of the peritoneal lymphatic system and hematogenously by way of
the portal vein.%* Because abdominally based inflammation uses the vagus nerve to
communicate with the brain, locally elevated LPS levels in the peritoneum (resulting
from a weight-based strategy of LPS administration) would likely artificially heighten
sickness behavior in obese mice versus thin mice. Therefore, LPS-dependent behav-
ioral changes using a fixed dose of LPS were examined. Interestingly, these data also
showed an exacerbated sickness behavior response in the db/db mice in which
recovery from sickness was significantly delayed.*® The db/db mice, also, had a signif-
icant increase in peritoneal levels of IL-1B and diminished up-regulation of the impor-
tant IL-1 negative regulatory molecules, IL-1ra and IL-1R2 (the IL-1 decoy receptor), in
both the periphery and the brain.*® The importance of these studies is that they were
the first to show decreased ability to recover from brain-based innate immune activa-
tion in a mouse model of T2D.

Heightened brain-based immune responsiveness has been identified in the nonob-
ese diabetic mouse (a model of T1D),%® indicating that both T1D and T2D (ie, diabetes
in general) are associated with dysregulated neuroimmunity. Hence, altered central
innate immunity may be a common feature or possibly a complication of diabetes.
The mechanism responsible for neuroimmune dysregulation in diabetes is likely hyper-
glycemia. The authors showed that in a mouse model of T1D, LPS-dependent social
withdrawal was augmented and reliant on elevated blood glucose.®® T1D was induced
in mice using streptozotocin, a potent, pancreatic, beta-cell toxin that in 4 days causes
blood glucose levels to exceed 400 mg/dL.%® When T1D mice were challenged using
LPS, LPS-induced social withdrawal was more than double that of nondiabetic mice.
Examination of peritoneal proinflammatory cytokine levels 2 hours after LPS adminis-
tration showed that diabetic mice had 4-, 2.5- and 3.6-fold greater concentrations of
IL-1B, IL-6, and TNF-a, respectively, compared with nondiabetic mice. Control of
blood glucose levels moderated the LPS-induced social withdrawal. Finally, adminis-
tration of streptozotocin to hyperglycemic and hyperinsulinemic db/db mice did not
alter the LPS-induced social withdrawal.®® Together, these findings indicate that
mice that have T1D have augmented sickness in response to innate immune challenge
that is caused by hyperglycemia and not by hyperinsulinemia.

Overall, most conditions with an inflammatory component that is comorbid with
diabetes are made more ominous by also having T2D. For example, delayed wound
healing has long been recognized as a complication of T2D. In rodents, prolonged
secretion of proinflammatory cytokines is identified at the wound site in T2D mice.®”
Likewise, in experimental animal models of cerebral ischemia, diabetic mice suffer
more severe damage and have poorer outcomes compared with nondiabetic mice.
The authors showed that acute hypoxia triggers neuroimmune system activation,
causing loss of interest in the social environment, and that recovery from hypoxia-
induced neuroimmune system activation was impaired in the db/db mouse model
of T2D.%8 Importantly, recovery from the behavioral consequences of acute hypoxia
was nearly ablated in mice that lack IL-1R1 signaling and in mice that were
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intracerebroventricularly administered a caspase-1 inhibitor that blocks conversion of
pro-IL-1B to IL-1p. Diabetic mice had prolonged recovery from neuroimmune system
activation caused by the loss of brain-based up-regulation of IL-1ra and IL-1R2, but
the speed of behavioral recovery could be doubled by administration of subcutaneous
IL-1ra to these mice.®® Such results demonstrate that acute hypoxia activates the IL-1
arm of the neuroimmune system, which diabetes exacerbates because of brain-based
loss of IL-1 counter-regulation, and that treatment with IL-1ra ameliorates that
condition.

On the flip side, anti-inflammatory cytokines have effectively been used to attenuate
the behavioral changes that occur during immune activation. Central administration of
recombinant IL-1ra,® IL-10,% IL-4,%° and insulin-like growth factor-1 (IGF-1)'00:101
dampens the sickness behavior response induced by activation of the innate immune
system. Importantly, the authors found that IGF-1 attenuates sickness behavior in
response to peripheral LPS challenge in db/+ mice.'°" Although db/db mouse perito-
neal macrophages elaborate more proinflammatory cytokines, they also, as noted
previously in this article, fail to up-regulate two key counter-regulators of IL-1 in
response to LPS: IL-1ra and IL-1R2.4® In addition, this failure to up-regulate IL-1ra
and IL-1R2 occurs not only in microbial-based innate immune activation (ie, LPS)
but also during nonmicrobial-based innate immune activation (ie, acute hypoxia).®®
Thus, an imbalance in IL-1-based proinflammation and anti-inflammation appears
key to T2D-associated dysregulated neuroimmunity. However, the story is not quite
so simple because of an important difference between T2D in humans and the db/
db mouse model of T2D; the absence of functional leptin signaling in db/db mice. In
a recent article, the authors reported that leptin is key to acute hypoxia recovery
because it dramatically augments IL-1ra production in mice.'°? In fact, leptin appears
to be a more potent inducer of IL-1ra than hypoxia. In leptin-receptor-defective (db/
db) and leptin-deficient (ob/ob) mice, recovery from hypoxia was delayed, and in
ob/ob mice, leptin administration completely reversed this delayed recovery. In addi-
tion, leptin administration to normal mice cut recovery time from hypoxia by one third
and, in turn, boosted levels of serum IL-1ra. Finally, administration of leptin failed to
alter hypoxia recovery in IL-1ra knockout mice.'® These results show that by
enhancing IL-1ra production, administration of leptin promoted sickness recovery
from hypoxia, but they also suggest that diabetes in humans may be different because
it is often associated with up-regulation of IL-1ra.%3

HUMORAL AND NEURAL ROUTES COMMUNICATE IMMUNE STATUS TO THE BRAIN

Activated macrophages are the primary cellular source of IL-1f, TNF-a, and IL-6, and
these proinflammatory cytokines are key to the communication between the immune
system and the brain.’®* There are a number of different routes by which the periph-
erally-generated cytokines may communicate with the brain.®” The first of these routes
involves the circumventricular organs, those regions of the brain that lack a fully intact
blood-brain barrier (BBB). In these organs, cytokines can freely diffuse from the blood
into the brain parenchyma, where they then may interact with macrophages.'%
Another route by which cytokines communicate with the brain is across the intact
BBB. Blood-borne cytokines may interact with endothelial cells, which, in turn, signal
perivascular macrophages located on the brain side of the BBB. Cytokines can also be
actively transported across the BBB by way of a saturable transporter mechanism.°®
Regardless of the signal, when activated, perivascular macrophages can communi-
cate with microglia, which are the resident macrophages of the brain.
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Another route facilitates communication between the periphery and brain. Locally,
peripheral inflammation is initially communicated to the brain by way of afferent vagus
nerve fibers, which results in up-regulation of glial cell-derived proinflammatory cyto-
kines in the brain.®® Sensory vagal afferent terminals express receptors for IL-1, and
following peripheral activation of the innate immune system, increased expression
of c-fos occurs in the brain in the projection areas of the vagus. Subdiaphragmatic
vagotomy in rodents prevents both behavioral depression and activation of the limbic
system following intraperitoneal administration of LPS or recombinant IL-1p."° Induc-
tion of central IL-1B expression by using peripheral LPS or IL-18 is blocked in vago-
tomized animals, but when IL-1B is injected centrally, vagotomy has no effect on
the activation of the brain-based innate immune response.’®® Recently, the relative
contribution of the humoral versus neural communication pathways in mediating
PNI has been debated, because subdiaphagmatic vagotomy does not block all
aspects of the PNI response.’®” Therefore, cytokines mediate immune-system-to-
brain communication in a complex, and often redundant, network that involves both
neural and humoral components.

The various cytokines affecting the brain have two possible origins. First, cytokines
originating from the peripheral immune organs can cross the BBB. Stimulation of the
peripheral immune system could signal the brain in both a local and a systemic
manner. Cytokines can reach the central nervous system directly by crossing at
accessible areas in the BBB through the circumventricular organs.’®® This was
demonstrated by the appearance of significant quantities of human recombinant IL-1
in mouse cortex after its subcutaneous injection, without an elevation of mouse IL-1
levels.'®® In addition, there is convincing evidence for the active, saturable, and
specific transport of certain cytokines across the BBB.%%11° Second, cytokines can
be produced by cells within the central nervous system. Most of the cytokines and
their receptors have been identified in various cell types of the central nervous system
in both healthy and diseased states. It is believed that cytokines produced by neurons
and glial cells within the brain participate in the complex autonomic, neuroendocrine,
metabolic, and behavioral responses to infection, inflammation, ischemia, and other
brain injuries.’-113

TYPE 2 DIABETES AFFECTS THE BLOOD-BRAIN BARRIER

As one of the primary interfaces between cytokines and the brain, the BBB has also
been shown, in a few reports, to be compromised in cases of T2D. Normally, the
BBB refers to a specialized feature of the brain’s capillary bed, in which capillaries
are connected via tight junctions. Brain endothelial cells have a significantly lower
rate of endocytosis and lack nearly all intracellular pores spanning the capillary walls.
These features help prevent the uncontrolled entry of blood-borne molecules into the
brain.’* MRI has shown that patients who have T2D have increased BBB permeability
compared with healthy controls subjects.'® Experimentally, streptozotocin-induced
diabetes in rats was recently shown to increase BBB permeability, and treatment of
these diabetic rats using statins (a class of cholesterol-lowering pharmaceutics)
reduced BBB permeability.''® In animal models that had insulin deficiency and
marked hyperglycemia, there was a regionally specific decrease in cerebral blood
flow (CBF), which may be a compensatory or protective mechanism. Duckrow and
colleagues''” found that hindbrain blood flow was more reduced than forebrain blood
flow. Moreover, decreased regional CBF was dependent acutely and chronically on
the degree of hyperglycemia. In these studies, an osmotic effect as a possible cause
was eliminated because control experiments using mannitol showed no CBF change.
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The results of studies of CBF in people who had hyperglycemia and hypoglycemia are
more inconsistent that those of animal studies, which may be the result of the extreme
glucose ranges that are often seen in animal models. Although the impact of diabetes-
associated BBB permeability, specifically on the PNI response, has not been system-
atically studied, it seems reasonable to hypothesize that compromised BBB integrity
may be a pathologic contributor to exacerbated brain-based responses to peripheral
immune challenge.

TYPE 2 DIABETES AFFECTS THE SOURCE OF PROINFLAMMATORY CYTOKINES

Macrophage activation, an initial step in cell-based innate immune activation, results
in the elaboration of proinflammatory cytokines and has repeatedly been shown to be
perturbed in both human and animal studies of T2D. Because cytokines secreted by
activated macrophages help direct the brain-based response to infection, diabetes-
associated alterations in cytokine secretion caused by macrophages would likely
have significant impact on the concomitant metabolic and behavioral changes that
ensue. However, in animal models of T2D, the specific model and the experimental
conditions being used impacted macrophage bioaction. In human patients who had
T2D, circulating monocytes were reported to have increased expression of
CD14,""® which is a coreceptor for LPS. The scavenger receptor, CD36, is also up-
regulated in macrophages by T2D.""® Moreover, data from the authors’ laboratory
indicate that resident peritoneal macrophages isolated from db/db mice elaborate
more IL-1B in response to LPS than occurs in nondiabetic mice. The authors found
that the peritoneal fluid of db/db mice, when exposed to a fixed dose of LPS, had
a peak increase in IL-1B concentration more than double that of nondiabetic mice
exposed to LPS, and that resident peritoneal macrophages isolated from db/db
mice produced more IL-1B after LPS stimulation.*® Naguib and colleagues®’ noted
that the inflammatory response to bacteria is prolonged in db/db mice as the result
of unresolved proinflammatory cytokine expression. Studies conducted using macro-
phage cell lines®®'2° and primary macrophages'?'122 indicate that the diabetic milieu
heightens macrophage responsiveness to innate immune activators like LPS. Contrary
reports also exist demonstrating that macrophage activity is diminished by T2D condi-
tions. For example, Zykova and colleagues'®® showed that peritoneal macrophages
elicited using thioglycollate from C57BL/KS-lepr-db/db mice had a diminished
cytokine secretion response to LPS + IFNy ex vivo.

Hyperglycemia appears to be the predominant factor in making macrophages more
responsive to immune stimulation. Several studies involving streptozotocin-induced
diabetes in laboratory rodents have found hyperglycemia to cause heightened macro-
phage activation in response to stimuli, such as LPS. However, in terms of PNI, proin-
flammatory cytokine expression in the brain is critical in making functional changes in
the brain-based response. This has been demonstrated using cytokine receptor
knockout mice. Specifically, IL-1 receptor knockout mice are resistant to the behav-
ioral changes normally induced by direct central administration of IL-1 into the lateral
ventricle. Studies have confirmed that the degree of hyperglycemia usually observed
in cases of T2D does, in fact, augment microglia-mediated inflammatory responses. In
the Ins2 (Akita) mouse model of diabetes, hyperglycemic conditions resulted in
morphologic changes in retinal microglia consistent with an activated state,’?* and
LPS in the presence of high-glucose conditions synergistically increased cytotoxicity
in primary rat microglia as a result of increased free radical production.’?? In an exper-
imental model of ischemic stroke, microglia of db/db mice exhibited delayed expres-
sion of bfl-1, which is an endogenous bcl-2-related inhibitor of apoptosis.’2®
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The mechanism by which hyperglycemia enhances macrophage activation is likely the
result of an increase in oxidative stress or advanced glycation end products. During
states of hyperglycemia, proteins can become nonenzymatically glycosylated, and
glycosylated proteins are known to activate macrophages and render cells more
susceptible to subsequent cytotoxic events.'?® However, in some models of T2D,
like the Ins2 (Akita) or db/db mouse, hyperglycemia is associated with an induction
of insulin resistance characterized by diminished signal transduction by way of the
insulin receptor and insulin receptor substrate (IRS) proteins.'?*

ANTI-INFLAMMATORY CYTOKINE RESISTANCE

As discussed previously in this article, experimental results from animal models of T2D
suggest that negative regulation of inflammatory processes is impaired, and chronic
inflammation appears to induce a state of insulin resistance, likely mediated through
impaired IRS-mediated signaling and increased expression of inhibitory proteins
called suppressors of cytokine signaling (SOCS). Normal counter-regulation of
proinflammation involves anti-inflammatory cytokines, such as IGF-1, IL-4, IL-10,
and IL-13. These cytokines reduce the secretion of proinflammatory cytokines by
macrophages and stimulate the secretion of a number of anti-inflammatory molecules,
such as IL-1ra, IL-1R2, and soluble TNF receptors. IGF-1, IL-4, IL-10, and IL-13 use
IRS proteins as a component of their own tyrosine phosphorylation signaling path-
ways. Importantly, up-regulation of SOCS proteins would inhibit certain actions of
these anti-inflammatory cytokines because SOCS proteins recognize and bind to tyro-
sine phosphorylated motifs on membrane receptors to inhibit downstream signal
amplification. Therefore, it is likely that during insulin-resistant states, there also exists
a degree of anti-inflammatory cytokine resistance, which compounds the inflamma-
tion inherent to diabetes-associated hyperglycemia.

In vivo data demonstrate the diminished ability of anti-inflammatory molecules to
attenuate the PNI response.’®’ The hypothesis of diabetes-induced resistance to
anti-inflammatory cytokines was described by Hartman and colleagues.®* In this
study, T2D conditions resulted in impaired IRS-2-mediated signal transduction in
both a macrophage cell line and primary macrophages. Interestingly, the anti-inflam-
matory molecules IL-4 and IGF-1 showed diminished ability to signal by way of this
shared pathway. In turn, others researchers showed that IRS-2—deficient lymphocytes
have a diminished capacity to secrete TH2 cytokines.?” Although the specific impact
of SOCS up-regulation on PNI is not clear, SOCS proteins likely play an important role
in diabetes-associated resistance to the immunologic effects of IL-10, IL-4, and IGF-1.
The ability of IGF-1 to attenuate LPS-induced sickness behavior is impaired in db/db
mice,®" and SOCS proteins are up-regulated in number of models of T2D.28129 |n
addition, the authors were the first to report the relevance of the IL-4/IRS-2/phospha-
tidylinositide (P13 K) pathway in macrophages by showing that IL-4-dependent elab-
oration of IL-1ra requires IRS-2-mediated PI3 K activity in primary macrophages.'3°
The authors also demonstrated that macrophages isolated from db/db mice have
impaired IRS-2-mediated PI3 K activity and constitutively overexpress SOCS-3.
Examination of IL-4 signaling in db/db macrophages revealed that IL-4—-dependent
IRS-2/PI3 K complex formation and IRS-2 tyrosine phosphorylation were reduced
compared with that of db/+ macrophages. SOCS-3/IL-4 receptor complexes,
however, were increased in db/db mouse macrophages compared with those of
db/+ mouse macrophages, as was db/db mouse macrophage SOCS-3 expression.
These results indicate that in the db/db mouse model of T2D, macrophage expression
of SOCS-3 is increased, resulting in impaired IL-4-dependent IRS-2/PI3 K formation
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that induces a state of IL-4 resistance, disrupting IL-4-dependent production of IL-1ra.
More studies, however, are needed to delineate the role of SOCS up-regulation in
T2D-assocaited PNI because, as mentioned previously in this article, the db/db
mouse model of T2D is significantly different than for people who have diabetes.

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS

One of the methods of central nervous system regulation of innate immunity is by
neuroendocrine control of immunocompetent cells by way of the hypothalamic—pitu-
itary—adrenal (HPA) axis. In the HPA axis, the hypothalamus acts as a master gland,
exhibiting control over the network. The bidirectional communication of the neuroen-
docrine and immune systems is achieved by the actions of proinflammatory cytokines
such as IL-1B, TNF-a, and IL-6, which are potent triggers to the HPA axis. Receptors
for IL-1 have been identified in the hypothalamus, and IL-18 has been shown to induce
the release of adrenocorticotropic hormone (ACTH) indirectly via corticotropin
releasing factor in a dose-dependent manner.'3" It has been suggested that a negative
feedback loop on macrophage IL-1 secretion is mediated by the HPA axis and sympa-
thetic nervous system by the actions of central IL-1B."2 The primary route of HPA acti-
vation by the actions of peripheral IL-13 appears to be accomplished by the
stimulation of vagal afferents.’33

Glucocorticoids inhibit the production of IL-1B via a negative feedback loop.'®* In
fact, glucocorticoids serve as critical negative regulators of all myeloid cells.'3® Gluco-
corticoids, which are often released in response to stress, have anti-inflammatory and
immunosuppressive effects. They not only negatively regulate macrophages but also
stimulate the secretion of IL-10."% Hypophysectomy, which is the surgical removal of
the pituitary, has demonstrated the role of this gland in maintaining proper immune
function. Hypophysectomy results in decreased numbers of lymphocytes, decreased
antibody response, and reduced thymus and spleen weights.'3” Adrenalectomy
results in elevated proinflammatory cytokine expression in both the spleen and the
brain in response to LPS'3® and in increased mortality in response to LPS, IL-18,
TNF-a, and infection.3%:140

A number of studies have identified impaired HPA responsiveness associated with
T2D, as reviewed by Chan and colleagues’*! A recent study has shown that hyperin-
sulinemia, independent of glucose, increased the HPA response in rats and that dia-
betes significantly impaired the ability of the HPA response to appropriately match the
potency of the stressor.'*? T2D is also associated with chronic activation of the HPA
axis and hypersecretion of glucocorticoids.'#%144 Chronic elevation of glucocorticoids
results in a state of resistance or glucocorticoid insensitivity, causing failure of gluco-
corticoid-dependent negative feedback.'#3144 Hyperinsulinemia and insulin resis-
tance likely alter the same pathways in the brain that are impacted in peripheral
macrophages and tissues.

SUMMARY

The idea that T2D is associated with augmented innate immune function characterized
by increased circulating levels of acute phase reactants and altered macrophage
biology is well established, even though the mechanisms involved in this complex
interaction are still not entirely clear. Initially, the majority of studies investigating
innate immune function in cases of T2D were limited to the context of wound healing,
atherosclerosis, stroke, and other commonly identified comorbidities. Several impor-
tant recurring themes, however, have come from these data. First, T2D is associated
with a state of chronic, subclinical inflammation. Second, in macrophages, T2D
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conditions enhance proinflammatory reactions and impair anti-inflammatory
responses. Third, recovery from innate immune activation and resolution of inflamma-
tion in T2D is impaired. In sum, the impact of diminished emotional well-being on the
quality of life for people who have diabetes is significant, and given the importance of
inflammation to T2D, PNI-based T2D sequelae should be considered a complication
of diabetes that warrant serious clinical attention.
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Stroke is one of the most common causes of death and disability in the Western world,
and the key underlying pathologic event, cerebral ischemia, contributes to many other
neurologic and neurosurgical disorders including head injury, subarachnoid hemor-
rhage, birth asphyxia, and vascular dementia.

In spite of its frequency and severity, there are no widely effective treatments for
stroke. Thrombolysis (using tissue plasminogen activator, tPA) is the only acute phar-
macologic treatment; other approaches (eg, aspirin, statins, management of hyper-
tension and diabetes, and lifestyle changes) focus attention on prevention. Several
hundred compounds have been shown to limit experimental ischemic brain injury in
rodents by neuroprotective mechanisms, but none has yet proven effective in humans,
for reasons that have been discussed extensively.! Most of these putative therapies
have attempted to protect neurons from delayed injury, for example by blocking
excitoxicity or detrimental changes in intracellular ion concentrations.

The potential contribution of immune or inflammatory processes to ischemic brain
damage has been realized gradually over the past 15 years. As with many other
aspects of central nervous system (CNS) function or disease, the prevailing view of
the brain as an immune-privileged organ somewhat hindered research into neuroim-
mune interactions and neuroinflammation, despite the widespread acceptance of
the dependence of multiple sclerosis on such processes and the inflammatory
component of many CNS infections.

The early focus of stroke research was on cardiovasculature and neuronal function
and injury. In contrast, it now is recognized widely that glial cells play both beneficial
and detrimental roles in ischemic brain damage and recovery. In addition the vascular
endothelium, extracellular matrix, adherent or invading immune cells, and numerous
physiologic, endocrine, and immune factors within and outside the CNS markedly
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influence the outcome after a cerebrovascular event. Elevated body temperature
strongly correlates with worse damage, and fever, itself mediated by inflammatory
molecules, is a key risk factor for poor outcome.? Even in the absence of an overt
acute-phase response, peripheral systemic or local inflammation or infection is
believed to be a causal factor in the development of stroke and adversely influences
outcome, presumably by neural or humoral afferent signals. The precise mechanisms
by which peripheral events influence ischemic brain damage are unknown but provide
an interesting opportunity for therapeutic intervention.

Similarly endocrine status affects the incidence and impact of stroke and related
conditions linked to cerebral ischemia. Many neuropeptides (eg, corticotrophin-
releasing factor, corticotropin, thyrotropin-releasing hormone, orexin) have been
implicated in the pathogenesis of stroke,®® and the hypothalamic-pituitary-adrenal
(HPA) axis” and gonadal steroids® also have been reported to influence stroke.

Although there is no reported evidence to suggest that psychologic state
determines when a stroke occurs or the neurologic outcome in any individual patient,
cerebral ischemia has a profound influence on behavior and mood, and depression
and fatigue are common and debilitating conditions in patients who have suffered
a stroke.

STROKE

Stroke occurs when there is a disruption of the blood supply to the brain either by
occlusion (ischemic stroke) or rupture (hemorrhagic stroke) of a blood vessel. The
majority of strokes are ischemic (80%); primary intracerebral hemorrhage (15%) and
subarachnoid hemorrhage (5%) account for the other forms of the disorder.® It is
a heterogeneous condition with a number of underlying causes.

Clinical Features

The clinical features of stroke vary according to the location and extent of resulting
injury and may include disruption of consciousness, motor, cognitive, sensory func-
tion, or coordination. In clinical practice assessment of the presenting features of
the stroke can be used to determine the vascular territory likely to be affected (Oxford
Community Stroke Project Classification), and prognosis varies depending on classi-
fication of initial event. One-year mortality is 66% for total anterior circulation stroke,
compared with 11% in patients after lacunar stroke.'® " Initial stroke severity,'? age,'®
coexisting medical disorders,’* and gender also influence outcome.®

Burden

Stroke is a major health problem. In the United Kingdom it is the most common cause
of acquired disability in adults.'® Worldwide it is predicted that mortality from stroke
will almost double by 2020 because of an ageing population and smoking behavior.'”
Stroke affects between 174 and 216 people per 100,000 population in the United
Kingdom.'8

Only 25% of patients make a total recovery after stroke.’®2° A third of sufferers die
within 30 days of onset, and two thirds of survivors are left with residual effects. Of
these, one third have severe disabilities and require daily assistance. After hospitaliza-
tion most sufferers return home where they rely on informal caretakers (most often
their spouses) for support;2° four out of five families are affected by stroke.?"
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Pathology

Ninety-five percent of ischemic stroke events (transient ischemic attack and stroke)
can be attributed to the consequences of atheroma (50% atherothromboembolism,
25% small vessel disease within the brain, 20% arising from emboli from the heart,
5% resulting from other causes).® ' Individuals who have this disease almost always
have atheroma in other arteries. Many risk factors for the development of atheroma
have been identified, and these risk factors apply to other disorders in which vascular
occlusion occurs (eg, coronary heart disease, myocardial infarction, claudication) as
well as to stroke.

Treatment

In recent years the treatment of patients after stroke has changed dramatically with the
development of specialist stroke care, new treatments, and improved secondary
prevention.? Recombinant tissue plasminogen activator (r-tPA) remains the only
licensed treatment for acute ischemic stroke. r-tPA is given at approved centers within
3 hours of stroke onset once hemorrhage and other contraindications to treatment
have been excluded. Further trials of r-tPA are in progress.??

A significant proportion of those who have a stroke will have a further vascular event
(up to 12% risk of further stroke; 3% risk of myocardial infarction within a year).
Secondary prevention is important. Aspirin, started soon after stroke prevents 9 deaths
or further strokes per 1000 patients treated.?® Both primary and secondary prevention
strategies focus on the management of modifiable risk factors of stroke, which include
lifestyle modification and drug therapies. Statins seem to have effects on reducing the
risk of stroke independent of their actions on reducing cholesterol.?* It is suggested
that statins have neuroprotective properties that include amelioration of the cytokine
response to cerebral ischemia.?® A recent phase Il trial found lower rates of delayed
ischemic deficit in patients who had subarachnoid hemorrhage treated with pravasta-
tin.26 Angiotensin-converting enzyme inhibitors used in the management of hyperten-
sion also have anti-inflammatory actions including reduction in interleukin (IL)-6
levels.?”28 Concomitant treatment with angiotensin-converting enzyme inhibitors at
the time of stroke has been associated with lower levels of inflammatory response
and improved outcome.?®

CENTRAL NERVOUS SYSTEM IMMUNE/INFLAMMATORY RESPONSE TO INJURY
Unique Features of the Brain

Inflammation is an innate immune response involving complex cellular processes in
response to injury or infection. The CNS traditionally has been considered an
immune-privileged site, but although it is somewhat resistant to inflammation, it is
by no means exempt. Studies in the mouse using Bacillus Calmette Guerin as an
inflammatory challenge show a rapid and acute inflammatory response characterized
by leukocyte infiltration in the periphery. The same challenge in the CNS induced a de-
layed response that was markedly curtailed.®° These studies illustrate that (1) the CNS
is maintained in an immunosuppressed state, blunting the response to inflammatory
challenge, and (2) common molecular mechanisms exist in peripheral and central
inflammation.

In addition to cellular and molecular mechanisms, several anatomic features of the
CNS act to limit the scope of brain inflammation: The CNS is protected by the blood-
brain barrier (BBB), which restricts the infiltration of leukocytes and macromole-
cules.®" Edema in the brain is limited by the cranium, and there is no classic lymphatic
drainage.32 Akin to inflammation in peripheral tissues, however, immune/inflammatory
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processes in the CNS play an important role in maintaining tissue homeostasis.
Uncontrolled or excessive inflammatory responses to injury or infection clearly are
detrimental and can have particularly devastating results in the CNS where tissues
lack the capacity to regenerate (Fig. 1).

Key Mediators of the Central Nervous System Inflammatory Response and Ischemic
Brain Injury

Stroke is the consequence of a transient or permanent reduction in cerebral blood flow
caused by an embolus, thrombosis, or hemorrhage resulting in energy depletion, loss
of cellular membrane potentials, calcium overload, and brain infarction.3® Endothelial
and glial cells of the CNS respond rapidly (activation) to tissue injury by releasing
inflammatory mediators (eg, cytokines, chemokines) that cause marked changes in
BBB permeability.34-3® Disruption of the BBB by this active process or mechanical
means allows leukocytes to infiltrate the CNS. Once within the brain, leukocytes are
triggered to release more proinflammatory cytokines, chemokines, elastases, free
radicals, and matrix metalloproteinases (MMPs), which further exacerbate damage.®”

Free Radicals

Endothelial / Astrocyte SNA Cytokines
Glial Cell Activation Chemokines
COX-2, PLA,, INOS

Microglia Complement

Ischemia Resident CNS Cells
. ) @ Infarct
v @ Penumbra

T

Cytokines = <{ CRP Free Radicals

@CcINC-1 |?Aslr\fg‘slnes a2
BBB Breakdown

Fig. 1. Immune/inflammatory responses and their contribution to ischemic injury after
stroke. Energy failure following a reduction in blood flow induces a region of cell death
(Infarct) and a surrounding area of defective tissue (Penumbra). Over a course of days to
weeks, inflammatory processes in resident and infiltrating cells in the penumbra exacerbate
the infarct. Endothelial and glial cells become activated, release a plethora of mediators,
including free radicals, cytokines, and chemokines, and increase the production of enzymes
(eg, cyclooxygenase-2, phospholipase A,, inducible nitric oxide synthetase). These enzymes
can induce neuronal cell death and affect the blood-brain barrier, leading to leukocyte infil-
tration. Leukocytes cause further damage to the blood-brain barrier and parenchymal tissue
through the production of free radicals and matrix metalloproteinases. Cytokines mediate
the hepatic acute-phase response leading to the release of C-reactive protein and cyto-
kine-induced neutrophil chemoattractant-1, which enhance the inflammatory process.
BBB, blood-brain barrier; CINC-1, cytokine-induced neutrophil chemoattractant-1; COX-2,
cyclooxygenase-2; CRP, C-reactive protein; iNOS, inducible nitric oxide synthetase; MMP,
matrix metalloproteinase; PLA,, phospholipase A,.
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Neutrophils are guided to the damaged CNS by chemokines (eg, cytokine-induced
neutrophil chemoattractant, CINC-1)® and bind to adhesion molecules (eg, P-selec-
tin, E-selectin, and intracellular adhesion molecule [ICAM]-1). The expression of these
molecules is increased in brain endothelium following ischemia and in response to
inflammatory mediators (eg, IL-1).3%*! The expression of CD11a, a leukocyte glyco-
protein that binds to adhesion molecules, aiding their infiltration across the intact
BBB, also is increased in patients after stroke.*? In addition to their contribution to
parenchymal inflammation, neutrophils may exacerbate damage in other ways. (1)
Endothelial attachment of these large cells can occlude vessels and further reduce
blood flow and consequently hinder reperfusion.*344 (2) Binding of neutrophils can
trigger an intracellular signaling cascade in endothelial cells that can increase BBB
permeability,*® enabling peripheral molecules to enter the injury site.

Free radicals such as nitric oxide and superoxide are produced locally in response
to ischemia through diverse mechanisms, including mitochondrial dysfunction and
neutrophil activation. They contribute significantly to ischemic inflammation by
damaging cellular molecules*® and the BBB*” and by mediating edema.*® Free radical
production increases the expression of cytokines,*® which in turn can induce free
radical-producing enzymes, such as nitric oxide synthase.?° The enzymatic activity
of cyclooxygenase (COX) and phospholipase also induces free radical production.3':52
Phospholipase A, activity yields arachidonic acid from membrane phospholipids,
which can be metabolized by COX-1 and -2 to yield prostanoids. COX-1 is expressed
constitutively and plays a role in the production of prostacyclin, a prostanoid with anti-
platelet and vasodilatory actions. Mice lacking COX-1 have reduced cerebral blood
flow in the penumbra following ischemia.?® COX-2 is induced in neurons and glia by
inflammatory stimuli and is thought to contribute to neurodegeneration through the
production of prostaglandins.>* Recent evidence indicates that prostaglandins have
beneficial and detrimental effects depending on the receptor they activate. For
example, prostaglandin E, enhances ischemic neurotoxicity through activation of
the EP1 receptor®® but can have protective effects through the EP2 receptor.®

Cytokines produced in the brain in response to ischemia include IL-1, IL-6, and
tumor necrosis factor-a. (TNF-a). These cytokines have pleiotropic effects that may
be beneficial or harmful depending on the effector cell, the cytokine concentration,
the extracellular composition, and the duration of action. Intracerebroventricular
(ICV) administration of proinflammatory cytokines can induce neutrophil recruitment
in naive rodents®” and humans.*' Besides their actions on the BBB, these cytokines
can affect glial cell activation and neuronal cell viability directly.58 IL-1 and IL-6 induce
fever, which may exacerbate tissue injury.3® IL-1 also has been implicated in the initi-
ation of edema following hypoxic injury.®® In addition, anti-inflammatory cytokines
such as transforming growth factor-p (TGF-f) are expressed following stroke and
may exert beneficial effects (eg, stimulating angiogenesis) during brain recovery.°

IL-1, IL-6, and TNF-a induce the release of hepatic acute phase proteins, such as
C-reactive protein (CRP) and CINC-1.%' Circulating CRP levels are elevated in
patients after stroke,®? and CRP can induce activation of the complement system.53
The complement system is a cascade of proteins involved in the innate response to
injury or infection that participates in phagocytosis, cytolysis, and immune reac-
tions.®* Complement production is increased by proinflammatory cytokines®®:¢®
and has been documented in patients after stroke.®” Dysregulated activation of the
complement system can lead to the production of a membrane attack complex
(the terminal product of the cascade) that induces neuronal cell death.?® Mice lacking
an initiating component of the cascade have greatly reduced ischemic brain injury.®®
Recently it was shown that complement inhibition reduces the expression of
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proinflammatory cytokines and adhesion molecules in a murine model of ischemia-
reperfusion injury.”®

MMPs are a family of extracellular proteinases, and their role in cerebral ischemia,
particularly in BBB breakdown, has attracted much attention in recent years.”! Resi-
dent CNS cells and leukocytes are capable of producing MMP, and in a murine model
of stroke leukocyte-derived MMP-9 contributes to BBB breakdown.”? Furthermore,
increased plasma MMP-9 levels correlate with hemorrhagic transformation in patients
after stroke” and together with MMP-13 are indicative of infarct volume 24 hours after
stroke.”* MMP-9 is a key mediator of neuronal injury,”® and its expression is induced
by the proinflammatory cytokines IL-1 and TNF-a..7%77

EVIDENCE THAT IMMUNE MEDIATORS CONTRIBUTE TO STROKE

There is now substantial evidence that the expression of both proinflammatory (IL-1,
IL-6, and TNF-o2) and anti-inflammatory (IL-10 and TGF-B) cytokines is increased
locally within the CNS in response to ischemia and contributes to subsequent injury.
This section focuses on this evidence and the contribution of adhesion molecules
as immune mediators whose expression is increased by cytokines.

Interleukin-1

IL-1 is an inflammatory cytokine with two well-characterized agonists, IL-1a and IL-18,
and a receptor antagonist (IL-1ra). In experimental rat model, cerebral ischemia IL-1
expression has been detected after only 30 minutes.”® In this study, the cellular source
was microglia and endothelial cells, but IL-1B also is expressed by invading
macrophages and at a later time point by astrocytes.”®8° |L-1 acts on astrocytes
and endothelial cells that express IL-1 receptor type |, IL-1 receptor type Il, and IL-1
receptor accessory protein; no data have demonstrated their expression on
microglia.8! Therefore endothelial cells and astrocytes are the likely targets of IL-1.
Several studies have revealed that ICV or systemic (Fig. 2) injection of IL-1p into
rodents significantly exacerbates brain damage in animals exposed to cerebral
ischemia.®2-84 |n IL-1 knock-outs, infarct size is reduced 70% in the IL-1a/p knock-
out compared with wild type, but no significant reduction is seen in the IL-1a or
IL-1pB single knock-outs,® suggesting a compensatory effect. IL-1B is secreted in
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Fig. 2. Infarct sizes increase in a dose-dependant manner after systemic injection of IL-1B in
mice with experimental cerebral ischemia (30-minute middle cerebral artery occlusion).
(Courtesy of Barry McColl MD, Manchester, UK, with permission.)
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an inactive proform; cleavage of this protein by caspase-1 releases the active form.®
In caspase-1 knock-outs, ICAM-1 expression of the cerebral vasculature is greatly
reduced,®” and this reduction corresponds with reduction in injury.

IL-1 has a naturally occurring antagonist, IL-1ra, which binds the type | receptor but
does not initiate signaling. When injected ICV, IL-1ra reduces infarct volume by as at
least 50% in rodents exposed to cerebral ischemia.82-84.8889 || _1ra injected system-
ically also reduces ischemic injury.®®2 Antibodies raised against IL-1ra induce
a significant increase in ischemic damage after cerebral ischemia, suggesting that
endogenous IL-1ra is neuroprotective.®®

The authors have completed a small randomized, placebo-controlled, double-blind
phase Il study.®* Two hundred eighteen patients were screened, and 34 were
accepted for the trial to receive either placebo or IL-1ra within 6 hours of onset of
symptoms. IL-1ra was administered intravenously as a 100-mg loading dose over
60 seconds and 2 mg/kg/h administered over 72 hours. There were no serious adverse
events associated with IL-1ra treatment. IL-1ra caused a significant reduction in circu-
lating CRP (26%), IL-6 (23%), and white blood cell and leukocyte count (27%). These
results show that IL-1ra has the potential to be a therapeutic drug for the treatment of
stroke.

Tumor Necrosis Factor-o

In patients after acute cerebral stroke, the expression of proinflammatory cytokine
TNF-a is increased in both the cerebrospinal fluid and serum.®%°® TNF-o. administered
intracerebroventricularly exacerbates damage in a dose-dependent manner in cere-
bral ischemia in hypertensive rats.®” Damage is reduced in animals injected with
soluble TNF-« receptor or a monoclonal antibody raised against TNF-a,%7-° suggest-
ing TNF-a, has a role similar to that of IL-1p. It has been observed, however, that mice
deficient in TNF-a receptor have increased damage after ischemic brain injury,'° sug-
gesting that this cytokine also has neuroprotective properties. A further study found
that TNF-a deficient mice have poorer chronic but improved acute outcome in cortical
contusion injury,'®! suggesting its dual effects are time dependent.

Interleukin-6

IL-6 levels in the cerebrospinal fluid are significantly higher than serum levels in
patients after stroke.'®? As with TNF-a, evidence supporting the role of IL-6 in stroke
is conflicting. Administration of IL-6 is neuroprotective in rats exposed to experimental
cerebral ischemia,'®® and this protection is thought to be mediated through the
increased expression of IL-1ra and soluble TNF-o receptor.’® Several studies,
however, have indicated a detrimental role for IL-6 in other neurodegenerative
diseases.'® In contrast, injury induced by experimental cerebral ischemia in IL-6-defi-
cient mice was the same as in the wild-type mice."°®

Interleukin-10

Circulating leukocytes exhibit increased levels of IL-10 secretion in patients after
ischemic or hemorrhagic stroke,'®” and clinical studies illustrate that low circulating
levels of IL-10 correlate with worse outcome after stroke.'%® Administration of IL-10
reduces infarct volumes by 20% in rats after cerebral ischemia.'®

Transforming Growth Factor-f

Clinical studies have shown that there is increased TGF- mRNA and protein in the
borders of the infarct in patients after stroke.®® Several lines of evidence indicate
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that ICV administration of TGF-f attenuates damage induced by focal or global cere-
bral ischemia in rats.”’®'"" Intracortical injection of soluble TGF-B receptor in rats
increases neuronal death in cerebral ischemia.’'?

Thus studies of cytokines provide evidence that IL-1 is detrimental to outcome, and
IL-10 and TGF-B are neuroprotective. Results for IL-6 and TNF-a. are varied and
suggest divergent responses to these mediators. These discrepancies could result
from model variation and the associated differences in the spatial and temporal
expression of cytokines after brain injury.

Adhesion Molecules

To investigate the contribution of leukocytes in experimental cerebral ischemia,
studies targeting adhesion molecules have been performed in mice. Systemic admin-
istration of antibodies directed against adhesion molecules (CD11b/CD18) on neutro-
phils decreases infarct and the number of apoptotic cells in permanent cerebral
ischemia.’"® Blocking leukocyte adhesion molecules, ICAM-1, on endothelial cells
has a stronger effect, reducing infarct volume by 80%,'' and mice in which ICAM-
1 is deleted showed a fivefold decrease in ischemic injury.!'®> Compared with the
wild-type animals, P-selectin null mice have a significantly increased blood flow
following reperfusion as well as a decrease in infarct size and infiltrating neutrophils.™®

Enlimomab is a murine monoclonal antibody raised against ICAM-1 and has been
observed to inhibit neutrophil adhesion to brain endothelium in vitro.'” Administration
of this antibody to rats and rabbits exposed to cerebral ischemia reduces infarct size
and improves behavioral outcome.’ 8129 After a successful safety study,?° enlimbo-
mab was used in a phase Il clinical trial.'?" It was concluded that the use of mouse
anti-ICAM-1 as a treatment for human stroke was not viable, because outcomes
were significantly worse outcome than with placebo. A possible explanation for these
results is that the murine antibody was recognized as a foreign antigen and caused an
immune response. A major concern with anti-inflammatory therapy is the increased
risk of peripheral infection, which is known to exacerbate brain damage.

COMMUNICATION BETWEEN THE BRAIN AND THE PERIPHERY

It is now evident that systemic inflammation is detrimental in the outcome and severity
of stroke.'?2123 Increased peripheral markers of inflammation (neutrophil count, body
temperature, and CRP levels) predict poor outcome after stroke.®24125 The brain
now is recognized as immunologically active and is in direct contact with the immune
system; thus a systemic inflammatory response can influence brain function.

Cytokines play a local role at the point of infection in mediating immune defense in
response to a pathogenic challenge, but they also signal the CNS, thereby initiating
brain-mediated defenses such as fever.'2® Although it is clear that systemic cytokines
such as IL-1 signal the brain, the exact mechanisms by which this signaling is accom-
plished remain unclear. Cytokines are not able to cross the BBB passively in signifi-
cant quantities. There are four possible routes by which blood-borne cytokines,
such as IL-1, can signal the brain: (1) by specific transporters;'27:128 (2) by binding
to receptors on the cerebral vascular endothelium, which leads to the release of
secondary messengers that can cross into the brain;'?° (3) by signaling at the regions
of the brain where the BBB is weak or absent (circumventricular organs);'*° or (4) by
a neural route. 31132

Risk factors for atherosclerosis, such as smoking, obesity, hypertension, and dia-
betes, do increase the risk of stroke and have been linked to inflammation. Circulating
CRP and TNF-a levels increase with these risk factors, 33134 and elevated levels of
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plasma IL-6, soluble ICAM-1, vascular adhesion cell molecule-1, and E-selectin have
been correlated with increased blood pressure.'3%136 High levels of these inflamma-
tory mediators increase the risk of stroke and enhance leukocyte attachment after
cerebral ischemia.

Systemic administration of IL-1p increases cerebral infarct volumes in mice sub-
jected to experimental cerebral ischemia (see Fig. 2), and this increased infarct volume
is attenuated by administration of IL-1ra.®2 The exact mechanism by which these
effects occur is largely unknown. Peripheral administration of IL-1 induces fever, 126
increases expression of adhesion molecules on brain endothelium, 3”138 and triggers
release of BBB-permeable mediators such as nitric oxide,3® all of which worsen
ischemic brain injury. In patients after stroke, plasma levels of IL-6 are increased®?
and are associated with poor outcome, and the production of cytokines in circulating
mononuclear cells has been documented.™4°

IL-1, IL-6, and TNF-a. can each activate the HPA axis, a homeostatic stress
response (for review see’#"), and subsequent release of cortisol inhibits the innate
inflammatory response and further HPA activation.’#? Glucocorticoids can reduce
ischemic injury in rats,*® but there is also evidence that endogenous glucocorticoid
production exacerbates ischemic brain damage.#4+14% Activation of the HPA axis
can play a major role in CNS injury-induced immunodepression, shutting down the
systemic immune response and leaving the patient prone to infection.’4®

After experimental stroke in mice, activated spleen cells secrete significantly
enhanced levels of TNF-«, IL-6, interferon-v, IL-2, and chemokines such as macro-
phage inflammatory protein-2.'4” Severe head injury induces chemokine release in
the brain from astrocytes and microglia, but the levels seem insufficient to mobilize
peripheral leukocyte populations.®® In fact, leukocyte mobilization and infiltration in
response to brain injury depend on the hepatic release of the chemokine CINC-1.°"
IL-1B injected into the brain causes increased expression of CINC-1 from the liver
and controls the subsequent mobilization, attachment, and infiltration of neutrophils
to the brain.®” The mechanism by which expression of CINC-1 is increased in the liver
after brain injury is still unclear.

PSYCHOLOGIC RESPONSE

Psychologic factors may influence the onset of stroke and initiation of disease
processes associated with the risk of stroke. This section focuses on the psychologic
responses that result from stroke in humans. The psychologic response to stroke is
complex and includes changes in cognition, affective state, and behavior.'#® Symp-
toms such as fatigue, depression, sleep disturbance, loss of appetite, emotional
changes, and cognitive disturbances are common after stroke and in other neurologic
disorders.'®%-152 The great variation in response to stroke among individual patients
does not seem to depend on the characteristics of the ischemic insult. Psychosocial
factors, including previous mood state and social support, are known to be important
in determining the consequences of stroke to the individual and the quality of
survival.'®® Psychologic responses to stroke are likely to be mediated by multiple
mechanisms including immune function. As outlined earlier, there is bidirectional
communication between the immune system and the brain. Behavioral, affective,
and cognitive functions may be driven by the immune response.’541%5

Stroke, as does any other form of acute injury or infection, initiates a constellation of
physiologic, behavioral, and psychologic changes that have been characterized as the
acute-phase response’%® or sickness behavior.'”-1%8 |n noncompromised individuals,
such behavioral change may be adaptive, serving to limit energy expenditure and
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promote recovery. Sickness behavior has been characterized as malaise, reduced
appetite, weakness, fatigue, sleep disturbance, disinterest for usual activities and
social interactions, and changes in pain perception.'®” Exogenous proinflammatory
cytokines or endotoxin challenge that induces cytokine production causes sickness
behavior in both humans (Table 1) and experimental animals. 59169

Psychologic responses to stroke are reported well beyond the acute phase of injury
and may persist for months or years after the initial event.’”! For many patients such
responses are perceived as problematic, being pathologic rather than adaptive. They
are important consequences of stroke that represent a huge burden on patients, and
some are associated with poorer recovery and increased mortality.

Poststroke Fatigue

Poststroke fatigue differs from normal fatigue (general tiredness caused by exertion
that resolves with rest) in that it is not associated with exertion and is characterized
as pervasive, abnormal, persistent, and excessive weariness.”2 Approximately half
of all survivors experience some degree of fatigue following stroke,”® and stroke is

Table 1

Evidence for the role of cytokines in psychologic responses in humans

Cytokine  Evidence for Role in Psychologic Response Reference
TNF-o. Increased levels in response to endotoxin challenge in healthy 161

volunteers with verbal and nonverbal memory function, depressed
mood (also IL-6, IL-1ra)

Increased levels in response to endotoxin challenge in healthy male
volunteers associated with changes in sleep (decreased non—rapid
eye movement sleep) and increased sleepiness (also IL-6, IL-1ra)

Direct relationship of production and cognitive deterioration in AIDS
patients

162

163

IL-1 Increased levels in patients with major depression given endotoxin 164

challenge and associated suppression of rapid eye movement sleep
and improved mood (transient < 24 hours) (also IL-6 and TNF)
Increased levels of IL-1 have been associated with disruption of 157
cognitive function (attentional and mnemonic deficits) in
volunteers independent of the effects of fever

IL-2 Depressive symptoms, impairments of memory attention and 165

executive functions in patients
Fatigue, depression, cognitive disturbances reported by treated
cancer patients

161

IL-6 Negative association between circulating levels and cognitive 166

function in volunteers receiving a low dose of endotoxin

INF-o Healthy volunteers show decreased reasoning speed, cancer and 167

Hepatitis C patients report fatigue, sleepiness, anorexia, difficultly
in concentration

Difficulty in concentration leading to poor performance in
psychometric testing

Mood disturbances in treated patients coinciding with cytokine
treatment that increase with dose and duration and disappear
within 2 weeks of end of treatment

80% of patients who had cancer and were treated with cytokines 170
reported moderate to severe fatigue

Fatigue, depression, cognitive disturbances are commonly reported

168

169
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associated with increased physical and mental “fatigability,” leading to poor concen-
tration, memory difficulties, irritability, and emotional lability and adversely affecting
daily functioning. In a study of younger patients poststroke fatigue was described
as overwhelming and uncontrollable.'* It currently is poorly understood and is a ne-
glected area of stroke care,'”® possibly because of its hidden nature which sufferer’s
themselves find difficult to describe.’”® In a long-term follow-up study, poststroke
fatigue independently predicted decreased functional independence, institutionaliza-
tion, and mortality even after adjustment for age.'””

Poststroke fatigue is associated with sleep disturbance and depression, but
although these problems often occur concurrently, it is clear that for many stroke
patients fatigue is a separate problem.'”817® The severity and duration of poststroke
fatigue has not been associated with stroke-related variables such as lesion
location.'® Fatigue has been reported as an independent risk factor for first-ever
stroke.'®" Physical activity has been linked with the IL-6 system, and through this
system regular activity influences mood, performance, and cognitive function.®?

Depression After Stroke

Physical and cognitive symptoms of depression and other psychologic consequences
of stroke overlap with the physical effects of stroke, making diagnosis, measurement,
and estimate of incidence difficult to establish.’® The consequences of brain injury
may be indistinguishable for psychologic and physical consequences of stroke.
Depression is estimated to occur in 19% to 40% of patients after stroke.’®* The pres-
ence of depression 1 month after stroke is associated with higher rates of mortality at
12 and 24 months independent of initial stroke severity.'® Although a relationship
between site of injury within the brain and depression has been demonstrated, 8¢
the relationship does not explain most depressive symptoms.

Sleep Disturbances

Sleep-wake disorders are common after stroke (20%-40% of patients) and include
insomnia, increased sleep needs (hypersomnia), and excessive daytime sleeping.'®”
These effects may be caused by the area of the brain affected by the stroke
(eg, thalamic or brainstem involvement) or result from multiple factors.

Other Psychologic Responses

In addition to the responses already outlined, patients experience many other
problems after stroke that are analogous to components of sickness behavior.

Emotional lability, irritability, changes in cognitive function including memory diffi-
culties, change in appetite, decrease in social activities and contacts, and altered
pain sensation are common.’”"

Possible Mechanisms of Psychologic Responses to Stroke

It has been suggested that psychologic effects associated with both acute and
chronic neurologic disorders share at least some underlying immunologic mecha-
nisms.'”? How inflammation and immune response to injury such as stroke might
influence longer-term psychologic responses to stroke has not been fully elucidated.
In cancer, excessive activation of the central cytokine systems is thought to be
responsible for the persistent symptoms associated with the disease.'®® Stroke is
associated with inflammation, and IL-1 clearly is implicated in the pathogenesis of
damage following ischemia.'®1%0 |nflammatory markers including IL-6 (measured
as a surrogate for IL-1, which is rarely detected in peripheral circulation) are elevated
in plasma for many months after stroke and correlate with stroke severity.®5 Such
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cytokine activation may be responsible for or contribute to longer-term psychologic
responses following stroke.

SUMMARY

There is now considerable evidence from both experimental and clinical studies that
immune and inflammatory processes can contribute to the onset of stroke and the
neurologic and psychologic outcomes. Several specific therapeutic targets have
been identified that may significantly improve the devastating impact of stroke.
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It is well known that physically fit individuals are at a lower risk of developing age-
related diseases and are likely to experience greater longevity.! Epidemiologic studies
have shown that physical exercise is an effective means of preventing several chronic
diseases, such as heart disease and type 2 diabetes.>® Some studies also have
shown that physically active individuals are less susceptible than sedentary individuals
to viral and bacterial infections, suggesting that exercise improves overall immune
function.*® Physical exercise also has been shown to protect against cognitive impair-
ment and depression.® Unfortunately, the mechanisms behind these favorable effects
of exercise are not understood fully.

Determining the exact mechanism by which exercise exerts its range of health
benefits has proven to be a challenge, especially in human studies, because of indi-
vidual variability, the heterogeneous nature of exercise, and the numerous systems
that exercise affects. Several factors need to be taken into account, including human
genetic variability, the subjective nature of defining differing levels of exercise inten-
sity, differences in training duration, and the relationship between exercise and other
lifestyle factors. There is evidence to support a variety of mechanisms, including
a decrease in age-associated immunosenescence,” an increase in innate immune
function,® a decrease in chronic inflammation,® an increase in stress resistance,®
a decrease in adiposity,’® and more global physiologic changes such as lower blood
pressure, an improved lipid profile, and decreased insulin resistance.®1'~'3 This article
focuses on how exercise may affect the innate immune system, highlighting its role in
regulating the inflammatory process, which recently has been found to be an under-
lying contributor to many chronic diseases.'* 8 It also discusses potential mecha-
nisms whereby exercise may affect the innate immune system.
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THE EMERGING IMPORTANCE OF INNATE IMMUNITY IN DISEASE

The initial phases of an organism’s response to infection depend on the innate immune
response.'” This response encompasses a variety of mechanisms that recognize and
respond to pathogens. The innate immune system may be activated by several
different mechanisms including exposure to microorganisms, food ingestion, or any
other situation in which human beings are exposed to their external environment.'®
Moreover, tissue necrosis and extracellular release of cellular contents including
heat shock proteins (HSP) also can activate innate immunity.® Normal aging is asso-
ciated with reductions in T-lymphocyte function® and changes in innate immunity,'®
making older individuals more susceptible to infection. The dysregulation in immune
function termed “immunosenescence” is thought to contribute to many age-related
diseases.

Inflammation

The term “inflammation” is used to describe the environment produced by activated
macrophages, including a milieu of chemokines, cytokines, and other proteins that are
a central aspect of the innate immune response. The inflammatory response may be
acute, as in a transitory physical injury or infection, or it may be low grade and chronic,
as in long-term infections and autoimmune diseases.?® Chronic, low-level inflamma-
tion is defined as two- to fourfold elevation in circulating levels of proinflammatory
and anti-inflammatory cytokines and acute-phase proteins such as C-reactive protein
(CRP), as well as minor increases in counts of neutrophils and natural killer cells.®

Recently, it has been appreciated that low-level inflammatory mechanisms are
involved in the pathogenesis of several chronic diseases, including ischemic cardio-
vascular disease, colorectal cancer, stroke, type 2 diabetes, chronic obstructive
pulmonary disease, and Alzheimer’s disease.® A low-grade inflammatory profile also
has been associated recently with ageing and obesity and is predictive of the devel-
opment of several chronic diseases.

Macrophages

Macrophages, acting as central mediators of the innate immune response, provide
a first line of defense against many common microorganisms. Tissue-resident macro-
phages are activated during an inflammatory response or are recruited to the host
tissue from the blood by chemokines. Although they traditionally are considered cells
that secrete inflammatory proteins and phagocytose pathogens, it is now understood
that macrophages are quite a bit more complex. For example, they act differently de-
pending on their activation status, which is influenced largely by the microenvironment
in which they reside. That is, a macrophage may be classically activated for bacterial
killing if it is exposed to the cytokine interferon-gamma (IFN-v) as well as an immune
activator, such as lipopolysaccharide (LPS). These cells are proinflammatory in that
they produce interleukin (IL)-1, TNF-a, IL-6, and IL-12.2" Macrophages also may be
alternatively activated when they are exposed to cytokines such as IL-4, IL-13, or
transforming growth factor-beta.?> When macrophages are alternatively activated,
they secrete the anti-inflammatory cytokines IL-10 and IL-1 receptor antagonist (ra)
and produce other factors such as transforming growth factor-beta and vascular
endothelial growth factor that promote healing and repair. These alternatively acti-
vated macrophages have anti-inflammatory effects and may have roles in tissue heal-
ing and repair by promoting angiogenesis or stabilizing atherosclerotic plaques.?®
They also have been implicated in accelerating tumor growth by secretion of growth
factors and inhibition of anti-tumor T1 helper cells.??
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Many studies from the author’s laboratory and others have demonstrated dysregu-
lation in macrophage function as a consequence of aging and disease. Moreover, it
has been suggested that dysregulated macrophage function may contribute to the
increased susceptibility to infection®* and reductions in wound healing®® seen in
aged and diseased people. The author and others have demonstrated that aging
results in a decrease in the ability of macrophages to become acutely classically acti-
vated when presented with agents such as IFN-y or LPS.25-2° This effect may be
mediated by reduced IFN-y signaling through stat-1 protein.?® These findings suggest
that, with aging, the ability of macrophages to kill microbes becomes impaired. Unfor-
tunately, little is known about the effects of aging or chronic disease on alternative
macrophage activation.

Cytokines

The innate inflammatory response is orchestrated predominantly by cytokines. Cyto-
kines have many important functions in regard to immunity. Cytokine production, like
many aspects of immune function, is dysregulated in aged individuals.3® Thus, age-
associated shifts in cytokine profiles affect the immune response and pathogen resis-
tance. In general, aging is associated with an increase in proinflammatory cytokines,
such as TNF-« and IL-6, and a decrease in anti-inflammatory cytokines.®°

Several chronic conditions are orchestrated by inflammatory cytokines. For
example, TNF-a is increased in many chronic conditions such as obesity, atheroscle-
rosis, and type 2 diabetes.®3"%2 TNF-o has been shown to cause insulin resistance
and has been suggested as a mechanistic link between obesity and inflammatory
diseases such as heart disease and type 2 diabetes.’®3® Additionally, proinflamma-
tory cytokines such as TNF-a produce a dyslipidemic state®* and activate endothelial
cells, resulting in vasoconstriction and hemostasis.3®

EXERCISE, MACROPHAGES, AND INFLAMMATION

Both epidemiologic and longitudinal data suggest that increasing physical activity is
an effective means of reducing systemic low-level inflammation in conditions such
as obesity, metabolic syndrome, and diabetes, as well as in healthy aged individuals.
Moreover, there is evidence indicating that exercise can also reduce acute
inflammation.

Exercise Reduces Acute Inflammation

In both human and animal models, acute inflammation can be reduced with exhaus-
tive or even moderate exercise. Using a mouse model, the authors’ laboratory showed
that daily strenuous exercise had an anti-inflammatory effect on allogeneic tumor
growth by decreasing the number of infiltrating macrophages and neutrophils.®® The
exercise did not have an effect on maximal tumor size but did delay tumor growth
and lead to a more rapid regression of the tumor. The stress of the exhaustive exercise
may have had an anti-inflammatory effect through activation of the hypothalamic-pitu-
itary-adrenal (HPA) axis resulting in glucocorticoid suppression of immune response. It
also has been shown that moderate-intensity exercise can decrease inflammatory
responses, including leukocyte infiltration and activation of nuclear factor kB, in
a mouse model of ovalbumin-sensitized pulmonary inflammation.3” This anti-inflam-
matory effect was brought about by exercise-released glucocorticoids and could be
blocked by the glucocorticoid antagonist RU486.

An organism usually responds to infection and the presence of LPS with inflamma-
tion, such as TNF-a production. Exercise may modulate this response. Bagby and
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colleagues®® reported that exhaustively exercised rats had markedly decreased TNF
production in response to LPS administration for up to 6 hours. The authors suggest
that increased corticosterone in response to exercise suppressed macrophage func-
tion, thereby leading to the blunted inflammatory response. In a human study using
exhaustive exercise, Starkie and colleagues®® administered an LPS challenge to
young males who rested, exercised exhaustively, or were administered IL-6. After
the LPS challenge, both the exercise and IL-6 groups had significantly decreased
plasma TNF-o compared with the rest group. This study suggested that exercise-
induced production of IL-6 acted as an anti-inflammatory cytokine, blocking
TNF-a production. These studies indicate that factors released by exercise, such as
glucocorticoids or other stress hormones (eg, epinephrine, IL-6), lead to an acute
decrease of inflammation in response to specific inflammatory challenges.

Exercise Reduces Chronic Inflammation: Cross-Sectional Data

At least 17 cross-sectional studies have evaluated the effects of various forms of exer-
cise or physical activity on serum CRP, a marker of inflammation produced by the liver
as part of the acute phase response.*C In all these studies, the average CRP in the
highest category of physical activity was significantly lower than in the lowest level
of physical activity.*? Three recent cross-sectional studies demonstrated that physical
fitness, assessed either indirectly by self rating*'#? or directly by maximum oxygen
uptake (VOomay),*® was inversely associated with CRP in middle-aged healthy adults,
even after adjusting for potential confounds including age, body composition, dia-
betes, and pharmacologic interventions.*'*3 Jankord and Jemiolo** studied 12
extremely healthy older men who were either very active or less active and found
that the most active participants had significantly lower levels of the inflammatory
cytokine IL-6 and higher levels of the anti-inflammatory cytokine IL-10. This finding
suggests an anti-inflammatory effect of exercise and the possibility of a dose
response, such that greater levels of fitness are more associated with an anti-inflam-
matory profile than are lower degrees of physical fitness.** The findings of this study
illustrate that this relationship is true for extremely healthy older adults and suggest
that exercise may be an effective way to decrease the inflammatory profile that
accompanies normal aging.

Another cross-sectional study conducted by Pischon and colleagues*® noted that
the inverse relationship between physical activity and inflammatory markers was virtu-
ally abolished when the authors adjusted for the effect of body mass index (BMI), sug-
gesting that the anti-inflammatory effect of exercise may be mediated by a reduction in
adiposity. A significant negative relationship remained between leptin and physical
activity, however. Leptin has been shown to have several important immunologic roles
and to be associated with inflammation. Thus, an independent exercise-associated
reduction in circulating leptin levels may help explain the mechanism behind exer-
cise’s anti-inflammatory role.

Although the cross-sectional nature of these studies prevents the determination of
a cause—effect relationship, the large sample sizes and care taken to adjust for several
lifestyle factors clearly indicate that exercise has an independent anti-inflammatory
effect. The effect seems to be active in individuals who have metabolic syndrome,
heart disease, and insulin resistance as well as in healthy individuals.

Exercise Reduces Chronic Inflammation: Longitudinal Data

Given the abundance of cross-sectional evidence suggesting a link between exercise
and inflammation, some investigators have conducted longitudinal studies to test
whether exercise training is associated with a reduction in inflammation in subgroups
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of the population. Adamopoulos and colleagues*® conduced a 12-week training study
with a randomized crossover design and found that moderate exercise training
reduced peripheral markers of inflammation (granulocyte macrophage colony-stimu-
lating factor, monocyte chemoattractant protein [MCP-1], soluble intracellular adhe-
sion molecule-1, and soluble vascular adhesion molecule-1) in 12 patients who had
stable chronic heart failure.*® Another group conducted a randomized 2 x 2 factorial
trial of 12 weeks of exercise training using a group of sedentary adult men who had
metabolic syndrome and found that individuals who exercised and took the
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, pravastatin, had signifi-
cant reductions in the inflammatory markers MCP-1 and IL-8 compared with individ-
uals who took the drug without exercising.*’ In terms of the lowering of the
inflammatory marker MCP-1, there was no statistical difference between the individ-
uals who took the drug and exercised and those who exercised and took a placebo.
This finding suggests that the anti-inflammatory effect of exercise was stronger than
that of this particular statin drug in terms of lowering MCP-1 levels. Similarly, Gold-
hammer and colleagues*® studied 28 patients who had coronary heart disease and
who underwent a 12-week intense aerobic training program; they found that many
proinflammatory mediators (eg, CRP, IL-1, IL-6, and IFN-y) were reduced after the
training program. They also showed that levels of the anti-inflammatory cytokine IL-
10 increased, suggesting that the mechanism of exercise’s anti-inflammatory effect
may involve increased expression of anti-inflammatory proteins. These authors re-
ported that levels of inflammatory cytokines decreased after exercise, even in the
absence of significant weight reductions.

Anti-inflammatory effects of exercise have been observed in children and adoles-
cents as well as in healthy adults. Balogopal and colleagues®® investigated the impact
of a diet and exercise intervention on inflammatory markers in 21 obese, insulin-resis-
tant adolescents. The intervention was associated with reductions in body fat, insulin
resistance, and levels of the inflammatory markers CRP, fibrinogen, and IL-6. Kelly and
colleagues®® also studied an overweight adolescent population to determine the
effects of an 8-week exercise-training regimen on indices of subclinical inflammation,
endothelial function, and insulin sensitivity. In that study, aerobic exercise improved
fitness and endothelial function but was not associated with a reduction in CRP.
Possibly, the 8-week training protocol was too short to determine effects attributable
to exercise training.

Okita and colleagues®! tested whether 2 months of exercise training was associated
with reductions in weight and serum CRP levels in 199 healthy adult women. The
subjects lost an average of 3 kg (P < .01), and CRP levels decreased by an average
of 0.22 mg/L (P < .01). Interestingly, the largest weight-reduction quartile did not
show significant decreases in CRP levels, whereas the moderate weight-reduction
quartile showed remarkable CRP decreases. The authors suggest that the strenuous
exercise routine used may have had a negative effect in the quartile of the greatest
weight reduction. That is, this particular group may have experienced overtraining,
which has been shown to lead to muscle damage and increased inflammation. This
particular quartile did experience the greatest increase in serum levels of uric acid,
an indicator of vigorous exercise training.®! These findings suggest an anti-inflamma-
tory effect of exercise independent of weight loss. In the 16-week longitudinal trial
conducted by Marcell and colleagues,®? exercise training was not associated with
improved levels of CRP or adiponectin in a population of middle-aged overweight
adults. These researchers studied the effects of either moderate or intense exercise
on plasma levels of CRP and adiponectin and found that, although fitness improved
in both groups compared with the control group, no major differences in inflammatory
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markers were found after the exercise-training period. At baseline, however, fitness
(assessed by a VOonax test) was correlated with lower CRP levels (r = —0.38;
P = .006).52

With few exceptions, longitudinal studies have indicated that exercise training has
an anti-inflammatory effect for individuals who have chronic diseases such as heart
disease and metabolic syndrome and for overweight but otherwise healthy children
and adults. The studies conducted have varied in the duration of the training protocols,
but most have been between 8 and 12 weeks long. The duration of the training
protocol seems to affect whether differences in inflammatory markers are observed.
The shorter studies, such as the 8-week study conducted by Balogopal,*® tend not
to show significant reductions in inflammatory markers. A possible explanation is
that the anti-inflammatory effect of exercise requires a longer duration of training.
The strength of the reciprocal relationship between fithess and inflammation observed
in cross-sectional studies would support this possibility. Although virtually all the 12-
week training studies reported decreases in inflammatory markers, the 16-week study
conducted by Marcell and colleagues® did not result in improvements in the inflam-
matory protein CRP. In that study, however, the sample size was rather small, with
only 17 individuals in each group (low-intensity training, high-intensity training, or no
training). Further long-term studies using larger samples are needed before any
conclusions can be made regarding the long-term effects of exercise training on
markers of inflammation.

POTENTIAL MECHANISMS RESPONSIBLE FOR THE ANTI-INFLAMMATORY
EFFECT OF EXERCISE
Exercise Reduces Adiposity

Adipose tissue now is classified as an endocrine organ, because it secretes a wide
variety of hormones and inflammatory mediators.5® Accordingly, it has been hypoth-
esized that the negative relationship between exercise training and systemic inflam-
mation might result from the weight loss (eg, fat loss) effect of exercise. In fact,
BMI545% and, more specifically, percentage fat mass®¢-°8 have been associated posi-
tively with several of the inflammatory markers (ie, TNF-a, IL-6, CRP) that also have
been shown to be reciprocally related to physical activity.248545% Some studies,
however, report that the relationships between inflammatory markers and physical
activity are independent of differential levels of obesity, %4160 suggesting that exer-
cise has an independent anti-inflammatory effect. One drawback of these previous
studies is that only a few have assessed adiposity directly by measuring percentage
body fat.526% Most have used BMI to assess body fatness indirectly, which may
have prevented the proper statistical adjustment for total adiposity in population
studies.®’ For example, Nicklas and colleagues®® conducted a large clinical trial
including sedentary older individuals who were randomly assigned to one of four treat-
ments: control, diet-induced weight loss, exercise, or diet plus exercise, for 18
months. They found that the diet-induced weight loss resulted in significant reductions
in inflammatory markers compared with the groups that had no weight loss, but the
effect of exercise was no stronger than the effect of diet alone. They concluded that
the exercise effect resulted from weight loss. These authors did not assess body fat
directly; thus, it is possible that the exercise group lost a greater percentage fat
mass then did the diet-only group, although the total weight reductions were similar.
On the other hand, You and colleagues®® found that exercise plus diet, but not diet
alone (which produced a similar fat reduction), was associated with a significant
reduction in all the inflammatory markers measured, including IL-6, TNF-a, and
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CRP, in that population of obese postmenopausal women. These authors did measure
the percentage of body fat directly. Additional large-scale studies using a direct
assessment of total body adiposity are needed before the mechanistic effect of exer-
cise on inflammation can be evaluated properly.

Exercise Reduces Macrophage Accumulation

Recent studies have shown that macrophages accumulate in white adipose tissue of
obese humans®® and rodents.®* It has been shown that a large portion of the inflam-
matory response associated with obesity is derived from macrophages residing in the
stromovascular portion of fat tissue.®* That is, although adipocytes produce inflamma-
tory cytokines such as TNF-o and IL-6 and hormones such as leptin, most of the
inflammatory cells in the adipose tissue are produced by macrophages that were
drawn to the adipose tissue.®® Moreover, the number of macrophages present in
adipose tissue is directly correlated with both adiposity and adipocyte size.?® This
macrophage population is classically activated®® and contributes significantly to the
inflammatory state associated with obesity and its comorbidities.®® What is not known
is how or why macrophages are attracted to adipose tissue in obesity. A recent study
by Cinti and colleagues® suggested that obesity-associated adipocyte necrosis is
mechanistically responsible for the macrophage accumulation and ensuing inflamma-
tory response. Adipose tissue has been shown to secrete MCP-1,%” a chemokine that
attracts macrophages. Exercise has been shown to decrease the expression of MCP-1
in individuals who have metabolic syndrome.*” Thus, by limiting the growth and
subsequent necrosis of adipocytes, exercise may serve to decrease macrophage
accumulation in fat tissue and thus decrease inflammation. This suggestion has not
yet been tested.

The Interleukin-6 Paradox

Like adipose tissue, skeletal muscle acts as an endocrine organ, secreting media-
tors that have the ability to reduce or enhance systemic low-level inflammation.
Through the production of myokines, skeletal muscle links physical activity to
several physiologic processes, including metabolism, endocrine control, and
immune function.® This activity is exemplified best by the findings that skeletal
muscle is a major source of the cytokine IL-6 during exercise. Both mRNA and
circulating levels of IL-6 increase with exercise and correlate with the increase in
IL-6 gene expression in skeletal muscle cells after exercise.® Moreover, IL-6
increases in proportion to exercise duration, intensity, number of muscle fibers re-
cruited, and individual fitness level.68

Although traditionally considered a proinflammatory cytokine, IL-6 recently has been
suggested to have anti-inflammatory properties.®® Thus, the mechanism behind the
anti-inflammatory effect of exercise may in fact be an increase in the level of IL-6. Mech-
anistically, IL-6 may work to antagonize the proinflammatory effects of TNF-o.”° Starkie
and colleagues®® tested this hypothesis by conducting three experiments using human
volunteers who rested, rode a bicycle for 3 hours, or were infused with IL-6 for 3 hours
while they rested. After 2.5 hours, all participants received an immune-system stimulus
(LPS) to induce low-grade inflammation. In the control group, LPS-stimulated
TNF-a production increased in the control group but was prevented completely in the
exercise group (which resulted in elevations in circulating IL-6) and in the nonexercised
IL-6-infusion group. These data provide circumstantial evidence that exercise-induced
increases in IL-6 may prevent inflammation-induced elevations in TNF-a. Definitive
evidence to support this hypothesis is needed, however.
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The Cholinergic Anti-Inflammatory Pathway

Recently, Pavlov and Tracey”" described what they refer to as “the cholinergic anti-
inflammatory pathway.” They suggest that stimulation of the parasympathetic nervous
system, by way of the efferent vagus nerve, inhibits proinflammatory cytokine release
and protects against systemic inflammation. What they describe is a central homeo-
static mechanism by which the sympathetic division of the autonomic nervous system
stimulates the inflammatory response through the release of epinephrine and norepi-
nephrine, while the parasympathetic nervous system works reciprocally to suppress
this release of proinflammatory cytokine. The authors note, “[T]he bi-directional
brain-periphery communication, which occurs through reciprocal autonomic nervous
system mechanisms, hormones and humoral factors, is vital for regulating visceral
functions and maintaining homeostasis.” One of the major functions of the efferent
vagus nerve is to control heart rate. One of the long-term responses to exercise
training is a decrease in heart rate variability”? so the parasympathetic nervous system
becomes more efficient in stimulating the reciprocating sympathetic nervous system.
Thus, exercise training may increase efferent vagus nerve activity, and this increased
activity may contribute to the anti-inflammatory effect of exercise. To the author’s
knowledge, this hypothesis has not yet been investigated.

Exercise: A Unique Stressor

Although chronic exercise is associated with a decrease in systemic inflammation,
acute exercise results in varying degrees of microtrauma to the muscle, connective
tissue, or bones and joints, especially in unaccustomed subjects. These microtraumas
lead to a mild inflammatory response to repair the damaged tissue. This inflammatory
response is a normal phenomenon that occurs with exercise training and, over time,
leads to adaptation and improved fitness. Without adequate rest, the damaged tissue
does not have time to repair, and a chronic inflammatory condition, overtraining
syndrome, may develop.”® Systemic inflammation is proposed as the central feature
of over-training syndrome, for which symptoms include generalized fatigue, depres-
sion, muscle and joint pain, or loss of appetite.

Stress may be defined as a stimulus that activates the HPA axis or the sympathetic
nervous system to help an organism adapt physiologically to deal with a threat.”*
Although paradoxical, it is likely that the acute stress associated with exercise even-
tually leads to a decrease in chronic inflammation. Certain stressors, such as exercise,
might enhance some aspects of immune function by enhancing the organism’s ability
to adapt. It has been shown that increased aerobic fitness is associated with a lower
HPA axis response to psychologic stress in humans.” A cross-sectional study was
recently conducted using older and young unfit women (based on a VOya test <
the average for the respective age group) compared with older fit women (who had
a VO,ax > than the average of their age group). All participants underwent a stress
test battery that combined mental and physical challenges as well as a psychosocial
stressor. The older unfit women had greater cortisol responses to the challenge than
both the young-unfit and the older-fit women. Thus, these findings suggest that higher
aerobic fitness among older women is associated with a reduction in age-related
changes in the response to stress and may be an effective means of modifying age-
related neuroendocrine changes.” Animal studies also have shown that trained rats
exhibit stress resistance. For example, Greenwood and colleagues’® found that 4 to
6 weeks of voluntary wheel running prevented stress-induced norepinephrine deple-
tion in certain body tissues. They suggest that the mechanism may have to do with
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adaptations in peripheral sympathetic nerve synthesis/release rates and central
sympathetic circuit activation.”®

Another mechanism by which exercise increases stress resistance may be through
increases in endogenous antioxidant defenses and increased expression of HSP. One
study conducted in diabetic rats showed that endurance exercise increased tissue
HSP expression, suggesting that exercise training may be protective against oxidative
stress.”” Campisi and colleagues”® also conducted a study to determine whether prior
voluntary wheel running increased the stress-induced induction in HSP72 in the brain
as well as in peripheral and immune tissues. These investigators conducted experi-
ments using Fischer 344 rats, which were housed with an active running wheel or
an immobilized running wheel for 8 weeks before tail-shock stress exposure. Although
both groups of rats underwent a normal stress response (an increase in serum corti-
costerone), the active rats responded to this stress with a greater and faster HSP72
response, supporting the hypothesis that exercise training is associated with
increased stress resistance.

De la Fuente and colleagues’® suggest that the favorable effects of exercise on
disease prevention probably involve increased expression of intracellular antioxidants.
Although heavy exercise is associated with an increase in the inflammatory response
and in the production of reactive oxygen species, it has been suggested that adapta-
tion to regular exercise training is modulated by free radicals produced during
exercise. That is, regular exercise training leads to an adaptation of antioxidative
mechanisms.®° If oxidative stress is related causally to chronic low-level inflammation,
it stands to reason that regular exercise might reduce such inflammation by increasing
endogenous antioxidant defenses.

SUMMARY

Regular exercise is protective against several chronic diseases ranging from physio-
logic diseases such as cardiovascular disease to neurologic diseases such as
dementia and depression. Exciting recent research points to chronic inflammation
as an underlying contributor to many age-related chronic diseases. Cross-sectional
and longitudinal studies in animals and humans have shown both an acute and
a chronic anti-inflammatory effect. Because innate immunity is a key regulator of
inflammatory processes, and chronic inflammation contributes to many illnesses,
the effect of regular exercise on innate immunity, most importantly macrophages,
holds much promise in terms of defining these mechanisms. Unfortunately, the mech-
anisms responsible for the observed anti-inflammatory effect of regular exercise have
not been elucidated. This article presents several compelling potential mechanisms
for the anti-inflammatory effect of exercise, including loss of body fat, reductions in
macrophage accumulation in adipose tissue, altered macrophage phenotype in
adipose tissue, exercise-induced muscle production of IL-6, or alterations in the
balance between the sympathetic and parasympathetic nervous systems. Further
investigation to confirm or reject these testable hypotheses will allow better applica-
tion of exercise therapy to treat and prevent illnesses associated with chronic
inflammation.
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