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Preface

Susceptibility to infections and autoimmunity is profoundly affected by
neural and neuroendocrine factors that in turn mediate the psychological
status of the organism. Physiological stressors have provided one important
experimental approach to investigate the interactive bidirectional commu-
nication between the immune and nervous systems. The central nervous
system alters the immune response through activation of (1) the hypothal-
amic-pituitary-adrenal (HPA) axis resulting in the production of glucocor-
ticoids, (2) the sympathetic nervous system resulting in the production of
catecholamines, and (3) the parasympathetic nervous system and release of
acetylcholine from the vagus nerve. In this context, the immune system
functions as a “sensory system” alerting the central nervous system to the
presence of pathogenic intruders via cytokine secretion. The immune
system’s response to neuroendocrine factors released by activation of the
CNS may result in increased immunity or immunosuppression depending
on the type and timing of the stresssor in relation to exposure to the
immune agent. Stress-induced immunosuppression causes increased sus-
ceptibility to infection resulting in more severe diseases or may also allow
for the establishment of persistent infections leading to autoimmunity. Con-
versely, inhibition or failure of HPA axis function predisposes to more
severe inflammation in certain conditions. This book focuses on the role of
stress and neuroendocrine factors, in particular the HPA axis and adrener-
gic responses, in the pathogenesis of infectious diseases, autoimmunity, and
inflammation. Although much recent work has highlighted the importance
of cholinergic mechanisms in regulating inflammation, these will not be
addressed here. An in-depth understanding of the cytokine and neuroen-
docrine networks involved in these interactions may lead to the develop-
ment of targeted therapeutics for a variety of diseases.

This book includes selected authorities in research covering the role of
stress in cell trafficking (Dhabhar), and stress effects on sympathetic
nervous system influences on the immune system (Fleshner and Sanders).
The impact of anthrax lethal toxin on the glucocorticoid system (Webster)
and gender dimorphism and the effects of sex hormones on various 
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conditions (Chaudry) are also covered. The neuroendocrine influences 
on influenza (Bailey), herpes (Bonneau), and human immunodeficiency
(Sloan) viral infections are a major focus of this book. Multiple sclerosis
has been selected as an example of autoimmune disease.The clinical aspects
of stress and multiple sclerosis (Mohr) and the effects of stress on 
experimental models of multiple sclerosis (Meagher, Stephan, and Welsh)
are discussed.

This book developed as a result of a symposium held by the International
Society for NeuroImmunoModulation (ISNIM) entitled “Neural and 
Neuroendocrine Factors in Susceptibility and Resistance to Infectious 
Diseases” at the meeting of the American Association of Immunologists,
Denver, Colorado, in May 2003.
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1
Introduction

Esther M. Sternberg

The study of host susceptibility to infectious disease has shifted focus over
the decades from one primarily centered on the organism and its charac-
teristics to one centered on the host’s immune-defense mechanisms. Recent
research has made clear, however, that there is a two-way relationship
between host and invading microorganism in which factors released by the
host in response to the microorganism alter infectivity and course of infec-
tion and in turn by which factors released by the microorganism alter host
defense mechanisms to infection. The purpose of this volume is to highlight
these sometimes symbiotic and sometimes detrimental bidirectional influ-
ences of host-on-pathogen and pathogen-on-host responses. In particular,
this volume focuses on extraimmune host responses of the central nervous
and neuroendocrine systems that are activated during stress and during
infection.

This interaction is particularly relevant to infectious disease, because an
infected host is “stressed” for multiple reasons. Infection itself activates the
stress response, through bacterial or viral products and through host
cytokines released in response to invading microorganisms. In addition,
infection is also associated with psychological and physiological stressors
that further activate host stress-response mechanisms. Cytokines activate
central neuroendocrine stress responses directly, by crossing the blood-
brain barrier at leaky sites and via active transport, or indirectly by 
activating second messenger enzyme systems in cerebral endothelial cells
with resultant release of second messengers such as nitric oxide and
prostaglandins (reviewed in Marques-Deak et al., 2005). In addition,
cytokines activate central vagal autonomic pathways by binding to recep-
tors on vagal paraganglia cells (Watkins and Maier, 1999). This volume will
not focus on these afferent pathways, however, but will focus on the effects
on infection of the hormonal and neurochemical products released when
these stress-response systems are activated.

When considering the effects of neuroendocrine and neural systems on
host defense to infection, one can analyze the relationship at a systems and
anatomical level as well as at a cellular and molecular level. Much research
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has been done in this area at a systems level, examining the effects of the
various effector arms of the central nervous system on host susceptibility
and resistance to infection. These include the hypothalamic-pituitary-
adrenal (HPA) axis and the sympathetic, parasympathetic, and peripheral
nervous systems. It is becoming increasingly clear that there is a specificity
of pattern of activation of stress-response pathways, depending upon the
particular type of stressor to which the host is exposed. Thus, physiological
stress such as hypovolemia and psychological stress such as pain have 
been shown to activate different brain regions. Furthermore, patterns of
activation of central stress-response pathways differ according to route,
dose, and particular pathogen products to which the host is exposed. Finally,
the location at which neurotransmitters and neurohormones are released,
whether locally at sites of inflammation or infection, regionally in lymph
nodes or immune organs, or systemically in the bloodstream, also determine
the ultimate effects of these molecules on host responses to infectious
agents.

This volume will address such systemic physiological responses, includ-
ing the role of stress activation of the neuroendocrine stress response (HPA
axis) on an important aspect of innate first-line host defense—immune cell
trafficking (Dhabhar)—and on viral infection (Theiler’s virus: Welsh et al.).
It will address the effects of activation of the sympathetic nervous system
on cellular and molecular aspects of innate and cell-mediated immunity
(Fleshner; Sanders) and the effects of the autonomic nervous system on
HIV infection (Sloan et al.). In addition, the effects on viral infection of psy-
chological activation of these stress-response systems by stressful and early
life events and naturalistic stressors will be addressed (HSV: Bonneau and
Hunzeker; influenza: Bailey, Padgett, and Sheridan; Theiler’s virus:
Meagher). New research also reviewed in this volume is increasingly
showing that different types of stress, such as restraint versus social stress,
have different effects not only on stress-response activation patterns but
also on susceptibility to and course of infection. In addition, such stressors
differentially affect the course and severity of infection with specific
microorganisms, whether specific viruses (HSV, influenza) or bacteria.

It is also important to consider these relationships at a cellular and mol-
ecular level not only in order to fully understand the pathogenesis of the
effects of physiological stresses on the infected host but also as potential
therapeutic targets. Thus the effects of bacterial toxins on repressing trans-
activation of nuclear hormone receptors such as the glucocorticoid recep-
tor is another level of interaction between microorganism and host that may
play an important role in altering host defenses. In this context, the microor-
ganism could potentially induce a state of glucocorticoid resistance that
would interfere with the host’s ability to suppress inflammation through
release of glucocorticoids from the adrenals—an event that ordinarily
occurs during infection as a result of HPA axis stimulation by cytokines or
bacterial products and should counter excessive host inflammatory
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responses. Defining the precise molecular mechanism of such effects could
lead to development of new therapeutic approaches that bypass the block
and reinstate appropriate glucocorticoid modulation of inflammation in the
context of infection.

Such interactions also underscore the concept that pathology in the
context of infection may result from either inadequate host immune/
inflammatory defenses that are unable to contain the invading micro-
organism or from excessive immune/inflammatory host responses that
result in tissue damage from inflammation. An appropriate inflamma-
tory/immune response is necessary to control and clear infectious agents
from the host. However, during stress, excessive release of glucocorticoids
reduces immune-defense mechanisms, resulting in worse infection. In con-
trast, glucocorticoid resistance induced by bacterial products may prevent
control of inflammatory responses to the pathogen, thus worsening tissue
damage from excessive host responses. In addition, activation of different
arms of the central nervous system stress response may also alter the
balance of appropriate inflammatory responses to pathogens. In some con-
texts, glucocorticoids or adrenergic factors may enhance and in others they
may suppress inflammatory/immune responses. Also addressed in this text
is the important role of sex hormones, in particular estrogens, on this
balance of inflammation and infection.

An additional level at which host defense responses may alter infection
is through the direct effects of neurohormones and neurotransmitters on
microorganism replication. In some cases, mediators released during stress,
such as NO or Hsp72, may facilitate recovery from infection (E. coli: Flesh-
ner), while in others neurotransmitters such as catecholamine accelerate
viral replication (HIV-1: Sloan et al.). Not addressed in this volume, but also
a direct effect of host mediators on pathogens, is the antibacterial effect of
chromogranins released from adrenal medullary cells during adrenergic
activation (Briolat et al., 2005).

Given the complexity of the many hormones and neurotransmitters
released during infection and the changing inflammatory/immune
responses that occur over time as the infection evolves, it is not surprising
that host responses to infectious agents vary greatly depending on host and
environmental and pathogen factors. In some cases, environmental factors
such as psychological stress may contribute to this variability, and in others
internal physiological variables such as physiological stress may contribute.
Interactions of pathogen products with these host response pathways at a
system’s cellular and molecular level also alter host defenses. Similarly,
mediators released by the host in the course of infection alter the infectiv-
ity of pathogens. Careful dissection of these pathogen-host interactions at
all levels will provide insights into pathogenesis of infection and the many
environmental and host factors that alter the course of infection and could
ultimately yield important new therapeutic approaches and targets for
treatment of infection.
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Mechanisms in Host Defense:
Molecular and Cellular Mechanisms



2
Stress-induced Changes in Immune
Cell Distribution and Trafficking:
Implications for Immunoprotection
versus Immunopathology

Firdaus S. Dhabhar

1. Introduction

Effective immunoprotection requires rapid recruitment of leukocytes into
sites of surgery, wounding, infection, or vaccination. Immune cells circulate
continuously on surveillance pathways that take them from the blood,
through various organs, and back into the blood. This circulation is essen-
tial for the maintenance of an effective immune defense network (Sprent
and Tough, 1994). The numbers and proportions of leukocytes in the blood
provide an important representation of the state of distribution of leuko-
cytes in the body and of the state of activation of the immune system. A
stress-induced change in leukocyte distribution within different body com-
partments is perhaps one of the most underappreciated effects of stress and
stress hormones on the immune system.

Because the blood is the most accessible and commonly used compart-
ment for human studies, it is important to carefully evaluate how changes
in blood immune parameters might reflect in vivo immune function in the
context of the specific experiments or study at hand. Moreover, because
most blood collection procedures involve a certain amount of stress,
because all patients or subjects will have experienced acute and chronic
stress, and because many studies of psychophysiological effects on immune
function focus on stress, it is important to keep in mind the effects of stress
on blood leukocyte distribution.

Numerous studies have shown that stress and stress hormones induce
significant changes in absolute numbers and relative proportions of leuko-
cytes in the blood. In fact, changes in blood leukocyte numbers were used
as an indirect measure for changes in plasma cortisol before methods were
available to directly assay the hormone (Hoagland et al., 1946), and numer-
ous studies have shown that glucocorticoid hormones induce significant
changes in blood leukocyte distribution (Fauci and Dale, 1974, 1975;
Dhabhar et al., 1996). Studies have also delineated the rapid and significant
effects of catecholamine hormones in mediating stress-induced changes in
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blood leukocyte distribution (Benschop et al., 1993, 1996; Carlson et al.,
1997; Mills et al., 1998, 2001; Redwine et al., 2003).

Dhabhar et al. were the first to propose that stress-induced changes in
blood leukocyte distribution may represent an adaptive response (Dhabhar
et al., 1994; Dhabhar and McEwen, 1999a). They suggested that acute
stress–induced changes in blood leukocyte numbers represent a redistribu-
tion of leukocytes from the blood to other organs such as the skin and lining
of the gastrointestinal and urinary-genital tracts and draining sentinel
lymph nodes (Dhabhar and McEwen, 1996a, 2001). They hypothesized that
such a leukocyte redistribution may enhance immune function in those
compartments to which immune cells traffic during stress. In agreement
with this hypothesis, it was demonstrated that a stress-induced redistribu-
tion of leukocytes from the blood to the skin is accompanied by a signifi-
cant enhancement of skin immunity (Dhabhar and McEwen, 1996, 1999a;
Dhabhar et al., 2000). Studies also showed that acute stress initially
increases trafficking of all leukocyte subpopulations to a site of surgery 
or immune activation (Viswanathan and Dhabhar, 2005). Although all
leukocyte subpopulations traffic to a site of immune activation in greater
numbers during stress, tissue damage, antigen-, or pathogen-driven
chemoattractants synergize with acute stress to determine which specific
subpopulations are recruited more vigorously (Viswanathan and Dhabhar,
2005).Thus, depending on the primary chemoattractants driving an immune
response, acute stress may selectively mobilize specific leukocyte subpopu-
lations into sites of surgery, wounding, or immune activation. Such a stress-
induced increase in leukocyte trafficking may be an important mechanism
by which acute stressors alter the course of different (innate versus adap-
tive, early versus late, or acute versus chronic) immune responses.

It is important to keep in mind the Yin-Yang nature of a stress-induced
increase in leukocyte trafficking to sites of immune activation. Such an
increase in leukocyte trafficking may be beneficial for promoting immuno-
protection during surgery, wound healing, vaccination, infection, or local-
ized cancer. However, a stress-induced increase in leukocyte trafficking may
have harmful consequences during stress-induced exacerbations of inflam-
matory (e.g., cardiovascular disease, gingivitis) and autoimmune (e.g., pso-
riasis, arthritis, multiple sclerosis) diseases (Amkraut et al., 1971; Al’Abadie
et al., 1994; Garg et al., 2001; Ackerman et al., 2002) or graft-rejection 
(Kok-van Alphen and Volker-Dieben, 1983). Whereas decades of research
have examined the pathological effects of stress on immune function and
on health, the study of salubrious or health-promoting effects of stress is
relatively new (Dhabhar et al., 1995a; Dhabhar and McEwen, 2001). Much
work remains to be done to elucidate the mechanisms mediating these bidi-
rectional effects of stress on health and to translate basic findings regard-
ing the adaptive effects of stress from bench to bedside. Here we discuss
stress-induced and stress hormone–induced changes in blood leukocyte dis-
tribution and examine their functional consequences.
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2. Stress

Although the word stress generally has negative connotations, stress is a
familiar aspect of life, being a stimulant for some but a burden for others.
Numerous definitions have been proposed for the word stress. Each defini-
tion focuses on aspects of an internal or external challenge, disturbance, or
stimulus; on perception of a stimulus by an organism; or on a physiological
response of the organism to the stimulus (Goldstein and McEwen, 2002;
McEwen, 2002; Sapolsky, 2004). Physical stressors have been defined as
external challenges to homeostasis and psychological stressors as the “antic-
ipation justified or not, that a challenge to homeostasis looms” (Sapolsky,
2005). An integrated definition states that stress is a constellation of events,
consisting of a stimulus (stressor), which precipitates a reaction in the brain
(stress perception), which activates physiologic fight-or-flight systems in the
body (stress response) (Dhabhar and McEwen, 1997).The physiologic stress
response results in the release of neurotransmitters and hormones that serve
as the brain’s alarm signals to the rest of the body. It is often overlooked
that a stress response has salubrious adaptive effects in the short run
(Dhabhar et al., 1995a; Dhabhar and McEwen, 1996, 2001) although stress
can be harmful when it is longlasting (Irwin et al., 1990; McEwen, 1998;
Sapolsky, 2004). An important distinguishing characteristic of stress is its
duration and intensity. Thus, acute stress has been defined as stress that lasts
for a period of a few minutes to a few hours and chronic stress as stress that
persists for several hours per day for weeks or months (Dhabhar and
McEwen, 1997). The intensity of stress may be gauged by the peak levels of
stress hormones, neurotransmitters, and other physiological changes such as
increases in heart rate and blood pressure, and by the amount of time for
which these changes persist during and after the cessation of stress.

It is important to bear in mind that there exist significant individual dif-
ferences in the manner and extent to which stress is perceived, processed,
and coped with. These differences become particularly relevant in case of
human subjects because stress perception, processing, and coping mecha-
nisms can have significant effects on the kinetics and peak levels of circu-
lating stress hormones and on the duration for which these hormone levels
are elevated. The magnitude and duration of catecholamine and glucocor-
ticoid hormone exposure in turn can have significant effects on leukocyte
distribution and function (Dhabhar and McEwen, 2001; Pruett, 2001;
Schwab et al., 2005).

3. Stress-induced Changes in Blood Leukocyte Numbers

The phenomenon of acute stress–induced changes in blood leukocyte
numbers is well-known. Changes in blood leukocyte numbers were used as
an indirect measure for changes in plasma cortisol levels long before
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methods were available to directly assay the hormone (Hoagland et al.,
1946). Stress-induced changes in blood leukocyte numbers have been
reported in fish (Pickford et al., 1971), hamsters (Bilbo et al., 2002), mice
(Jensen, 1969), rats (Dhabhar et al., 1994, 1995a, 1996; Rinder et al., 1997),
rabbits (Toft et al., 1993), horses (Snow et al., 1983), non-human primates
(Morrow-Tesch et al., 1993), and humans (Herbert and Cohen, 1993;
Schedlowski et al., 1993a; Mills et al., 1998; Bosch et al., 2003; Redwine et
al., 2004). This suggests that the phenomenon of stress-induced leukocyte
redistribution has a long evolutionary lineage and that perhaps it has impor-
tant functional significance.

Studies in rodents have shown that stress-induced changes in blood
leukocyte numbers are characterized by a significant decrease in numbers
and percentages of lymphocytes and monocytes and by an increase in
numbers and percentages of neutrophils (Dhabhar et al., 1994, 1995a). Flow
cytometric analyses have revealed that absolute numbers of peripheral
blood T cells, B cells, NK cells, and monocytes all show a rapid and signifi-
cant decrease (40% to 70% lower than baseline) during stress (Dhabhar 
et al., 1995a). Moreover, it has been shown that stress-induced changes in
leukocyte numbers are rapidly reversed upon the cessation of stress
(Dhabhar et al., 1995a). In apparent contrast with animal studies, human
studies have shown that stress can increase rather than decrease blood
leukocyte numbers (Naliboff et al., 1991; Schedlowski et al., 1993a; Brosss-
chot et al., 1994; Mills et al., 1995; Bosch et al., 2003). Factors that help resolve
this apparent contradiction are discussed later in this chapter.

4. Hormones Mediating Stress-induced Changes in
Blood Leukocyte Numbers

The catecholamines epinephrine and norepinephrine and the glucocorti-
coid hormones have been identified as the major endocrine mediators of
stress-induced changes in leukocyte distribution (Fauci and Dale, 1974;
Schedlowski et al., 1993a, 1993b; Dhabhar et al., 1995a; Benschop et al., 1996;
Dhabhar et al., 1996). Studies have revealed that stress-induced changes in
leukocyte distribution are mediated by hormones released by the adrenal
gland (Dhabhar et al., 1996; Dhabhar and McEwen, 1999b). Adrenalectomy
(which eliminates the corticosterone and epinephrine stress response) has
been shown to reduce the magnitude of the stress-induced changes in blood
leukocyte numbers. (Dhabhar et al., 1996; Dhabhar and McEwen, 1999b).
Cyanoketone treatment, which virtually eliminates the corticosterone stress
response, also virtually eliminates the stress-induced decrease in blood lym-
phocyte numbers, and significantly enhances the stress-induced increase in
blood neutrophil numbers (Dhabhar et al., 1996). Several other studies have
shown that glucocorticoid treatment induces changes in leukocyte distrib-
ution in mice (Dougherty and White, 1945; Spain and Thalhimer, 1951;
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Cohen, 1972; Zatz, 1975), guinea pigs (Fauci, 1975), rats (Ulich et al., 1988;
Miller et al., 1994; Dhabhar et al., 1996), rabbits (Miller et al., 1994), and
humans (Fauci and Dale, 1974; Fauci, 1976; Onsrud and Thorsby, 1981).

Because adrenal steroids act at two distinct receptor subtypes that show
a heterogeneity of expression in immune cells and tissues (Spencer et al.,
1990, 1991; Miller et al., 1990, 1991, 1992, 1993; Dhabhar et al., 1993, 1995b,
1996), Dhabhar et al. investigated the role played by each receptor subtype
in mediating changes in leukocyte distribution (Dhabhar et al., 1996).Acute
administration of aldosterone (a specific type I adrenal steroid receptor
agonist) to adrenalectomized animals did not have a significant effect on
blood leukocyte numbers. In contrast, acute administration of corticos-
terone (the endogenous type I and type II receptor agonist) or RU28362
(a specific type II receptor agonist) to adrenalectomized animals induced
changes in leukocyte distribution that were similar to those observed in
intact animals during stress.These results suggest that corticosterone, acting
at the type II adrenal steroid receptor, is a major mediator of the stress-
induced decreases in blood lymphocyte and monocyte distribution. Taken
together, these studies show that stress and glucocorticoid hormones induce
a significant decrease in blood lymphocyte numbers when administered
under acute or chronic conditions.

Apart from glucocorticoids, studies have also demonstrated the impor-
tance of catecholamine hormones in mediating stress-induced changes in
blood leukocyte distribution in rodents and humans (Benshop et al., 1993,
1996; Schedlowski et al., 1993b; Carlson et al., 1997; Mills et al., 1998; Mills
et al., 2001; Redwine et al., 2003; Engler et al., 2004). In apparent contrast
with glucocorticoid hormones, catecholamine hormones have been shown
to increase blood leukocyte numbers in rats (Harris et al., 1995) and humans
(Landmann et al., 1984). On closer examination, it is observed that after
adrenaline or noradrenaline administration, neutrophil and NK cell
numbers increase rapidly and dramatically whereas T- and B-cell numbers
decrease (Tonnesen et al., 1987; Landmann, 1992; Schedlowski et al., 1993b;
Benschop et al., 1996). Carslon et al. have shown that catecholamine pre-
treatment results in increased accumulation of lymphocytes in the spleen
and lymph nodes (Carlson et al., 1997), which would be in agreement with
a catecholamine-induced decrease in lymphocytes in the blood. By acutely
administering epinephrine, norepinephrine, selective α and β adrenergic
receptor agonists, or corticosterone to adrenalectomized animals,
researchers have shown that increases in blood granulocyte numbers may
be mediated by the α1 and β adrenergic receptors and are counteracted by
corticosterone acting at the type II adrenal steroid receptor (Dhabhar and
McEwen, 1999b). Increases in lymphocytes may be mediated by the α2

receptor, whereas decreases in lymphocytes may be mediated by β adren-
ergic and type II adrenal steroid receptors (Dhabhar and McEwen, 1999b).

Therefore, the absolute number of specific blood leukocyte subpopula-
tions may be significantly affected by the ambient concentrations of epi-
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nephrine, norepinephrine, and corticosterone. Differences in concentrations
and combinations of these hormones may explain reported differences in
blood leukocyte numbers during different stress conditions (e.g., short-
versus long-duration acute stress, acute versus chronic stress) and during
exercise.

5. A Stress-induced Decrease in Blood Leukocyte
Numbers Represents a Redistribution Rather Than 
a Destruction or Net Loss of Blood Leukocytes

From the above discussion it is clear that stress and glucocorticoid hor-
mones induce a rapid and significant decrease in blood lymphocyte, mono-
cyte, and NK cell numbers. This decrease in blood leukocyte numbers may
be interpreted in two possible ways. It could reflect a large-scale destruc-
tion of circulating leukocytes. Alternatively, it could reflect a redistribution
of leukocytes from the blood to other organs in the body. In favor of the
latter explanation, experiments were conducted to test the hypothesis that
acute stress induces a redistribution of leukocytes from the blood to other
compartments in the body (Dhabhar et al., 1995a).

The first series of experiments examined the kinetics of recovery of the
stress-induced reduction in blood leukocyte numbers. It was hypothesized
that if the observed effects of stress represented a redistribution rather than
a destruction of leukocytes, one would see a relatively rapid return of
leukocyte numbers back to baseline upon the cessation of stress. Results
showed that all leukocyte subpopulations that showed a decrease in
absolute numbers during stress showed a complete recovery with numbers
reaching pre-stress baseline levels within 3h after the cessation of stress
(Dhabhar et al., 1995a). Plasma levels of lactate dehydrogenase (LDH),
which is a marker for cell damage, were also monitored in the same exper-
iment. If the stress-induced decrease in leukocyte numbers were the result
of a destruction of leukocytes, one would expect to observe an increase in
plasma levels of LDH during or after stress. However, no significant
changes in plasma LDH were observed, further suggesting that a redistri-
bution rather than a destruction of leukocytes was primarily responsible for
the stress-induced decrease in blood leukocyte numbers (Dhabhar et al.,
1995a). Further studies have shown that lymph nodes, bone marrow, and
skin are target organs of a stress-induced redistribution of leukocytes within
the body (Dhabhar, 1998; Stefanski, 2003;Viswanathan and Dhabhar, 2005).

It is important to bear in mind that although glucocorticoids are known
to induce leukocyte apoptosis under certain conditions (Cohen, 1992), glu-
cocorticoid hormones have also been shown to induce changes in various
immune parameters (Munck et al., 1984), including immune cell distribu-
tion (Dhabhar et al., 1995a; Dhabhar and McEwen, 2001), in the absence of
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cell death. It has been suggested that some species may be “steroid-resis-
tant” and others may be “steroid-sensitive,” and that glucocorticoid-induced
changes in blood leukocyte numbers represent changes in leukocyte redis-
tribution in steroid-resistant species (humans and guinea pig), and leuko-
cyte lysis in steroid-sensitive species (mouse and rat) (Claman, 1972).
However, it is now accepted that even in species previously thought to be
steroid-sensitive, changes in adrenal steroids similar to those described here
produce changes in leukocyte distribution rather than an increase in leuko-
cyte destruction (Cohen, 1972).

6. Target Organs of a Stress-induced Redistribution 
of Blood Leukocytes

Based on the above discussion, the obvious question one might ask is,
“Where do blood leukocytes go during stress?” Numerous studies using
stress or stress hormone treatments have investigated this issue. Using
gamma imaging to follow the distribution of adoptively transferred radio-
labeled leukocytes in whole animals, Toft et al. have shown that stress
induces a redistribution of leukocytes from the blood to the mesenteric
lymph nodes (Toft et al., 1993). It has been reported that anesthesia stress,
as well as the infusion of ACTH and prednisolone in rats results in
decreased numbers of labeled lymphocytes in the thoracic duct, and the ces-
sation of drug infusion results in normal circulation of labeled lymphocytes
(Spry, 1972). This suggests that ACTH and prednisolone (which would
produce hormonal changes similar to those observed during stress) may
cause the retention of circulating lymphocytes in different body compart-
ments thus resulting in a decrease in lymphocyte numbers in the thoracic
duct and a concomitant decrease in numbers in the peripheral blood (Spry,
1972). It has also been reported that a single injection of hydrocortisone,
prednisolone, or ACTH results in increased numbers of lymphocytes in 
the bone marrow of mice (Cohen, 1972), guinea pigs (Fauci, 1975), and 
rats (Cox and Ford, 1982). Fauci et al. have suggested that glucocorticoid-
induced decreases in blood leukocyte numbers in humans may also reflect
a redistribution of immune cells to other organs in the body (Fauci and
Dale, 1974). Finally, corticosteroids have been shown to induce the accu-
mulation of lymphocytes in mucosal sites (Walzer et al., 1984), and the skin
has been identified as a target organ to which leukocytes traffic during stress
(Dhabhar and McEwen, 1996; Viswanathan and Dhabhar, 2005). In vitro
catecholamine treatment has also been shown to direct leukocyte traffic to
spleen and lymph nodes (Carlson et al., 1997). Studies have identified lymph
nodes, bone marrow, and skin as the target organs of a stress-induced redis-
tribution of leukocytes within the body (Dhabhar, 1998; Stefanski, 2003;
Viswanathan and Dhabhar, 2005).
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It is important to note that in these studies, a return to basal glucocorti-
coid levels was followed by a return to basal blood lymphocyte numbers,
further supporting the hypothesis that decrease in blood leukocyte numbers
is the result of a glucocorticoid-induced redistribution rather than a gluco-
corticoid-induced destruction of blood leukocytes. The above discussion
shows that a stress-induced decrease in blood leukocyte numbers reflects a
redistribution or redeployment of leukocytes from the blood to other
organs (lymph nodes, bone marrow, and skin) in the body.

7. Acute Stress-induced Changes in Blood 
Leukocyte Numbers: Contradicting Results or 
a Biphasic Response?

As stated before, stress has been shown to induce a significant decrease in
blood leukocyte numbers in a range of different species. However, studies
have also shown that stress can increase rather than decrease blood leuko-
cyte numbers in humans (Naliboff et al., 1991; Schedlowski et al., 1993a;
Brosschot et al., 1994; Mills et al., 1995; Bosch et al., 2003). This apparent
contradiction is resolved when three important factors are taken into
account: first, stress-induced increases in blood leukocyte numbers are
observed after stress conditions that primarily result in the activation of the
sympathetic nervous system. These stressors are often of a short duration
(few minutes) or relatively mild (e.g., public speaking) (Naliboff et al., 1991;
Schedlowski et al., 1993a; Brosschot et al., 1994; Mills et al., 1995). Second,
the increase in leukocyte numbers may be accounted for by stress- or 
catecholamine-induced increases in granulocytes and NK cells (Naliboff et
al., 1991; Schedlowski et al., 1993a; Brosschot et al., 1994; Mills et al., 1995;
Benschop et al., 1996). Because granulocytes form a large proportion of cir-
culating leukocytes in humans (60–80% granulocytes), an increase in gran-
ulocyte numbers is reflected as an increase in total leukocyte numbers in
contrast with rats and mice (10–20% granulocytes). Third, stress or phar-
macologically induced increases in glucocorticoid hormones induce a sig-
nificant decrease in blood lymphocyte and monocyte numbers (Hoagland
et al., 1946; Stein et al., 1951; Schedlowski et al., 1993a; Dhabhar et al., 1996).
Thus, stress conditions that result in a significant and sustained activation
of the hypothalamic-pituitary-adrenal (HPA) axis will result in a decrease
in blood leukocyte numbers.

In view of the above discussion, it may be proposed that acute stress
induces an initial increase followed by a decrease in blood leukocyte
numbers. Stress conditions that result in activation of the sympathetic
nervous system, especially conditions that induce high levels of norepi-
nephrine, may induce an increase in circulating leukocyte numbers. These
conditions may occur during the very beginning of a stress response, very
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short duration stress (order of minutes), mild psychological stress, or during
exercise. In contrast, stress conditions that result in the activation of the
HPA axis induce a decrease in circulating leukocyte numbers. These 
conditions often occur during the later stages of a stress response, long-
duration acute stressors (order of hours), or during severe psychological,
physical, or physiological stress. An elegant and interesting example in
support of this hypothesis comes from Schedlowski et al. who measured
changes in blood T cell and NK cell numbers as well as plasma cate-
cholamine and cortisol levels in parachutists (Schedlowski et al., 1993a).
Measurements were made 2h before, immediately after, and 1h after the
jump. Results showed a significant increase in T cell and NK cell numbers
immediately (minutes) after the jump that was followed by a significant
decrease 1h after the jump.An early increase in plasma catecholamines pre-
ceded early increases in lymphocyte numbers, whereas the more delayed
rise in plasma cortisol preceded the late decrease in lymphocyte numbers
(Schedlowski et al., 1993a). Importantly, changes in NK cell activity and
antibody-dependent cell-mediated cytotoxicity closely paralleled changes
in blood NK cell numbers, thus suggesting that changes in leukocyte
numbers may be an important mediator of apparent changes in leukocyte
“activity.” Similarly, Rinner et al. have shown that a short stressor (1-min
handling) induced an increase in mitogen-induced proliferation of T and B
cells obtained from peripheral blood, whereas a longer stressor (2-h immo-
bilization) induced a decrease in the same proliferative responses (Rinner
et al., 1992). In another example, Manuck et al. showed that acute psycho-
logical stress induced a significant increase in blood Cytolytic T Lympho-
cyte (CTL) numbers only in those subjects who showed heightened
catecholamine and cardiovascular reactions to stress (Manuck et al., 1991).

Thus, an acute stress response may induce biphasic changes in blood
leukocyte numbers. Soon after the beginning of stress (order of minutes)
or during mild acute stress or exercise, catecholamine hormones and neu-
rotransmitters induce the body’s “soldiers” (leukocytes) to exit their “bar-
racks” (spleen, lung, marginated pool, and other organs) and enter the
“boulevards” (blood vessels and lymphatics). This results in an increase in
blood leukocyte numbers, the effect being most prominent for NK cells and
granulocytes. As the stress response continues, activation of the HPA axis
results in the release of glucocorticoid hormones that induce leukocytes to
exit the blood and take position at potential “battle stations” (skin, mucosal
lining of gastrointestinal and urinary-genital tracts, lung, liver, and lymph
nodes) in preparation for immune challenges that may be imposed by the
actions of the stressor (Dhabhar et al., 1995a; Dhabhar and McEwen, 1996,
2001). Such a redistribution of leukocytes results in a decrease in blood
leukocyte numbers, the effect being most prominent for T and B lympho-
cytes, NK cells, and monocytes. Thus, acute stress may result in a redistrib-
ution of leukocytes from the barracks, through the boulevards, and to
potential battle stations within the body.
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8. Stress-induced Redistribution of Blood Leukocytes:
Molecular Mechanisms

It is likely that the observed changes in leukocyte distribution are mediated
by changes in either the expression, or affinity, of adhesion molecules on
leukocytes and/or endothelial cells. It has been suggested that after stress
or after glucocorticoid treatment, specific leukocyte subpopulations (being
transported by blood and lymph through different body compartments)
may be selectively retained in those compartments in which they encounter
a stress- or glucocorticoid-induced “adhesion match” (Dhabhar and
McEwen, 1999a). As a result of this selective retention, the proportion of
specific leukocyte subpopulations would decrease in the blood, whereas 
it increases in the organ in which they are retained (e.g., the skin)
(Viswanathan and Dhabhar, 2005).

Support for this hypothesis comes from studies that show acute psycho-
logical stressors such as public speaking can induce significant changes 
in leukocyte adhesion molecules (Mills and Dimsdale, 1996; Goebel and
Mills, 2000; Bauer et al., 2001; Redwine et al., 2003, 2004; Shephard, 2003).
Prednisolone has also been shown to induce the retention of circulating
lymphocytes within the bone marrow, spleen, and some lymph nodes thus
resulting in a decrease in lymphocyte numbers in the thoracic duct and a
concomitant decrease in numbers in the peripheral blood (Spry, 1972; Cox
and Ford, 1982). Moreover, glucocorticoid hormones also influence the 
production of cytokines (Danes and Araneo, 1989) and lipocortins (Hirata,
1989), which in turn can affect the surface adhesion properties of leuko-
cytes and endothelial cells. Further investigation of the effects of endoge-
nous glucocorticoids (administered in physiologic doses and examined
under physiologic kinetic conditions) on changes in expression/activity of
cell surface adhesion molecules and on leukocyte–endothelial cell adhesion
is necessary.

9. Stress-induced Redistribution of Blood Leukocytes:
Functional Consequences

It has been proposed that a stress-induced decrease in blood leukocyte
numbers may represent an adaptive response (Dhabhar et al., 1994;
Dhabhar and McEwen, 1999a, 2001) reflecting a redistribution of leuko-
cytes from the blood to other organs such as the skin, lining of gastroin-
testinal and urinary-genital tracts, lung, liver, and lymph nodes, which may
serve as potential “battle stations” should the body’s defenses be breached.
Furthermore, such a leukocyte redistribution may enhance immune func-
tion in those compartments to which leukocytes traffic during stress
(Dhabhar et al., 1994; Dhabhar and McEwen, 1996, 1999a).
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Thus, an acute stress response may direct the body’s “soldiers” (leuko-
cytes), to exit their “barracks” (spleen and bone marrow), travel the “boule-
vards” (blood vessels), and take position at potential “battle stations” (skin,
lining of gastrointestinal and urinary-genital tracts, lung, liver, and lymph
nodes) in preparation for immune challenge (Dhabhar and McEwen, 1996,
1997, 1999a). In addition to sending leukocytes to potential “battle stations,”
stress hormones may also better equip them for “battle” by enhancing
processes like antigen presentation, phagocytosis, and antibody production.
Thus, a hormonal alarm signal released by the brain upon detecting a stres-
sor may “prepare” the immune system for potential challenges (wounding
or infection) that may arise due to the actions of the stress-inducing agent
(e.g., a predator or attacker).

The above hypothesis has profound functional and therapeutic implica-
tions.Acute psycho-physiological stress may act as an endogenous adjuvant
to bolster the effects of natural or therapeutic immunization. Indeed,
studies have shown that acute stress administered at the time of primary
(Dhabhar and Viswanathan, 2005; Viswanathan et al., 2005) or secondary
(Dhabhar and McEwen, 1996) immunization induces a significant increase
in indices of innate (Baumann et al., 1983; Pos et al., 1988; Lyte et al., 1990),
cell-mediated (Dhabhar and McEwen, 1996, 1999a; Dhabhar et al., 2000;
Bilbo et al., 2002; Saint-Mezard et al., 2003), and humoral immunity
(Zalcman et al., 1991, 1993). Stress-induced trafficking of leukocytes to sites
of immune activation or surgery may also enhance the rate of wound
healing and recovery (Viswanathan and Dhabhar, 2005). It is important to
keep in mind that a stress-induced increase in leukocyte trafficking to sites
of immune activation is like a double-edged sword: it may be beneficial 
for promoting immunoprotection during surgery, wound healing, vaccina-
tion, infection, or localized cancer. However, it may also mediate stress-
induced exacerbations of inflammatory (e.g., cardiovascular disease,
gingivitis) and autoimmune (e.g., psoriasis, arthritis, multiple sclerosis) dis-
eases (Amkraut et al., 1971; Al Abadie et al., 1994; Garg et al., 2001;
Ackerman et al., 2002).

When interpreting data showing stress-induced changes in functional
assays such as lymphocyte proliferation or NK activity, it may be important
to bear in mind the effects of stress on the leukocyte composition of the
compartment in which an immune parameter is being measured. For
example, it has been shown that acute stress induces a redistribution of
leukocytes from the blood to the skin and that this redistribution is accom-
panied by a significant enhancement of a skin cell mediated immune (CMI)
response (Dhabhar and McEwen, 1996). In what might at first glance
appear to be contradicting results, acute stress has been shown to suppress
splenic and peripheral blood responses to T-cell mitogens (Cunnick et al.,
1990) and splenic IgM production (Zalcman and Anisman, 1993). However,
it is important to note that in contrast with the skin that is enriched in 
leukocytes during acute stress, peripheral blood and spleen are relatively
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depleted of leukocytes during acute stress. This stress-induced decrease 
in blood and spleen leukocyte numbers may contribute to the acute
stress–induced suppression of immune function in these compartments.

Moreover, in contrast with acute stress, chronic stress has been shown to
suppress skin CMI, and a chronic stress–induced suppression of blood
leukocyte redistribution is thought to be one of the factors mediating the
immunosuppressive effect of chronic stress (Dhabhar and McEwen, 1997).
Again, in what might appear to be contradicting results, chronic stress has
been shown to enhance mitogen-induced proliferation of splenocytes
(Monjan and Collector, 1997) and splenic IgM production (Zalcman and
Anisman, 1993). However, the spleen is relatively enriched in T cells during
chronic glucocorticoid administration, suggesting that it may also be rela-
tively enriched in T cells during chronic stress (Miller et al., 1994), and this
increase in spleen leukocyte numbers may contribute to the chronic
stress–induced enhancement of immune parameters measured in the
spleen.

It is also important to bear in mind that the heterogeneity of the stress-
induced changes in leukocyte distribution (Dhabhar et al., 1995a) suggests
that using equal numbers of leukocytes in a functional assay may not
account for stress-induced changes in relative percentages of different
leukocyte subpopulations in the cell suspension being assayed. For example,
samples that have been equalized for absolute numbers of total blood
leukocytes from control versus stressed animals may still contain different
numbers of specific leukocyte subpopulations (e.g., T cells, B cells, or NK
cells). Such changes in leukocyte composition may mediate the effects of
stress even in functional assays using equalized numbers of leukocytes from
different treatment groups. This possibility needs to be taken into account
before concluding that a given treatment changes an immune parameter on
a “per cell” rather than a “per population” basis.

10. Conclusion

It is important to recognize that the relationship between the psychologi-
cal and physiological manifestations of stress and immune function is
complex. Whereas decades of research have examined the pathological
effects of stress on immune function and on health, the study of salubrious
or health-promoting effects of stress is relatively new (Dhabhar et al.,
1995a). Much work remains to be done to elucidate the mechanisms medi-
ating these bidirectional effects of stress on health and to translate basic
findings regarding the adaptive effects of stress from bench to bedside.

An important function of endocrine mediators released under conditions
of acute stress may be to ensure that appropriate leukocytes are present in
the right place and at the right time to respond to an immune challenge
that might be initiated by the stress-inducing agent (e.g., attack by a preda-
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tor, invasion by a pathogen, etc.). The modulation of immune cell distribu-
tion by acute stress may be an adaptive response designed to enhance
immune surveillance and increase the capacity of the immune system to
respond to challenge in immune compartments (such as the skin and the
epithelia of lung, gastrointestinal and urinary-genital tracts) that serve as
major defense barriers for the body. Thus, neurotransmitters and hormones
released during stress may increase immune surveillance and help enhance
immune preparedness for potential (or ongoing) immune challenge. Such
stress-induced increases in leukocyte trafficking may enhance immunopro-
tection during surgery, vaccination, or infection but may also exacerbate
immunopathology during inflammatory (cardiovascular disease, gingivitis)
or autoimmune (psoriasis, arthritis, multiple sclerosis) diseases.
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3
Stress-induced Sympathetic Nervous
System Activation Contributes to
Both Suppressed Acquired
Immunity and Potentiated Innate
Immunity: The Role of Splenic NE
Depletion and Extracellular Hsp72

Monika Fleshner

1. Introduction

The following chapter will review the evidence that exposure to the same
intense acute stressor can produce dichotomous effects on immune func-
tion and host defense that are dependent on the type of immune response
tested and will develop the hypothesis that a common neuroendocrine
mechanism exists for both outcomes, that is, activation of the sympathetic
nervous system (SNS). First, I will describe research supporting the hypoth-
esis that excessive SNS activation can produce suppression of a measure 
of acquired immunity, the in vivo antibody response to a benign protein.
Importantly, only “excessive” SNS activation can produce the immunosup-
pression. Frequently, stressor exposure stimulates the SNS response but
does not excessively drive the response to produce a state of catecholamine
depletion in innervated tissues. We predict in the absence of tissue norepi-
nephrine (NE) depletion, stimulation of the SNS will not suppress acquired
immunity. Second, I will review the research supporting the hypothesis that
stress-induced activation of SNS facilitates innate immune host defense.
The role of the SNS in stress-induced potentiation of innate immunity con-
trasts with that of SNS effects on acquired immunity in that it does not
depend on excessive SNS drive or tissue catecholamine depletion. In our
studies, innate immune function was assessed by measuring the host’s initial
response to an in vivo bacterial challenge that depends on innate and not
acquired immune cells (Campisi et al., 2005). Finally, I will introduce a pre-
viously unrecognized feature of the stress response, the extracellular release
of an endogenous stress protein (eHsp72), which is stimulated by SNS 
activation and functions as a “danger signal” for the immune system con-
tributing to facilitated host defense.
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1.1. Excessive Sympathetic Nervous System Output Is
Detrimental to Health
Stimulation of the SNS is a hallmark of the acute stress response 
(Goldstein, 1987). SNS activation has many physiological consequences that
work in concert to promote the fight-or-flight response (Jansen et al., 1995;
Goldstein, 1996) and facilitate features of innate immunity (Campisi and
Fleshner, 2003; Johnson et al., 2005). SNS activation is a powerful feature
of the acute stress response that is adaptive when the response is acute and
constrained. If, however, SNS activation is frequent or excessive, it can
produce negative health consequences (Seals and Dinenno, 2004). For
example, chronically elevated SNS responses are believed to mechanisti-
cally contribute to the etiology of “metabolic syndrome,” a key antecedent
to clinical atherosclerotic diseases that includes visceral adiposity, glucose
intolerance, insulin resistance, dyslipidemia, and hypertension (Baron, 1990;
Julius et al., 1992; Lind and Lithell, 1993). In addition, it has been reported
in both the human and animal literatures that chronic or excessive SNS acti-
vation can lead to arterial wall thickening (Pauletto et al., 1991; Chen et al.,
1995; Xin et al., 1997), hypertension (Lind and Lithell, 1993), α- and β-
adrenergic receptor desensitization (Abrass, 1986; Xiao and Lakatta, 1992;
Dinenno et al., 2002), and immunosuppression (Irwin, 1993; Kennedy et al.,
2005b). The negative consequences of frequent and/or excessive SNS activ-
ity have been convincingly demonstrated in transgenic mice lacking func-
tional α2A adrenergic receptor (ADR) autoinhibition in the midbrain. Due
to the lack of normal α2AADR central nervous constraint on SNS drive,
these mice have chronically activated peripheral SNS responses and rapidly
develop cardiac dysfunction (Baum et al., 2002). Unfortunately, neither
tissue NE nor immune function was assessed in this study.

1.2. Stress Modulates Immune Function: Acquired 
versus Innate
Exposure to physical and/or psychological stress modulates the immune
response (Adell et al., 1988; Plotnikoff, 1991; Laudenslager, 1994; Maier 
et al., 1994). Stress is neither globally immunosuppressive nor immunopo-
tentiating but rather immunomodulatory. Factors that impact the effect of
stress on the immune response include the following: the duration and
intensity of stressor exposure (Monjan, 1976); the perceived controllability
of the stressor (Laudenslager, 1983); the physiological state of the organ-
ism (e.g., young vs. old, anxious vs. calm, healthy vs. ill, and physically active
vs. sedentary) (Brown, 1988; Ader, 1991; Dishman, 1995; Bonneau, 1997;
Moraska and Fleshner, 2001; Fleshner et al., 2002); and the timing and
measure of the immune response (e.g., days vs. hours, acquired vs. innate)
(Fleshner et al., 1998; Deak et al., 1999).
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1.3. Animal Model of Acute Stress
Our laboratory has been studying the behavioral and physiological conse-
quences of exposure to a well-characterized animal model of stress:
inescapable tailshock. This model of stress involves exposing rats to
random, intermittent (average intertrial interval 60s), inescapable tail-
shocks (100, 1.6mA, 5s), administered when the rats are lightly restrained
in Plexiglas tubes. The use of this stressor is important for several reasons.
First, a great deal is known about the behavioral, neural, endocrine, and
immunological consequences of exposure to this acute stressor (Watkins,
1990; Fleshner, 1993; Laudenslager, 1994; Maier et al., 1994; Brennan, 1995;
Fleshner et al., 1995a, 1995b, 1995c; Brennan, 1996; Deak, 1997; Deak et al.,
1997; Fleshner et al., 1998; Maier, 1998; Milligan et al., 1998; Nguyen et al.,
1998a, 1998b; Deak, 1999; O’Conner, 1999; Nguyen et al., 2000; Moraska and
Fleshner, 2001; Campisi et al., 2002; Fleshner et al., 2002; Moraska et al., 2002;
Campisi and Fleshner, 2003; Campisi et al., 2003b, 2003c; Gazda et al., 2003;
Greenwood et al., 2003a, 2003b; Day et al., 2004). Second, the effects of acute
stressor exposure on immune function are stressor dependent (Ader, 1991;
Plotnikoff, 1991), therefore the use of a consistent stressor is necessary to
advance our understanding of the mechanism responsible for stress-
induced immunomodulation. Third, tailshock stress allows the administra-
tion of a discrete, consistent, and quantifiable stressor that does not produce
physical injury.

2. Stress Suppresses Acquired Immunity

2.1. In Vivo Generation of Antibody Against KLH Is a
Measure of Acquired Immunity
Acquired immunity is characterized by two primary features: exquisite
antigen specificity and immunological memory. The effector cells of the
acquired immune response include T cells and B cells. Our assessment of
acquired immune function has been the generation of an immunoglobulin
response to keyhole limpet hemocyanin (αKLH Ig). This measure of
immune function has both experimental advantages and clinical relevance
that include the following: (1) the cells involved with the generation of this
response remain in the hormonal milieu of the organism; (2) the kinetics of
the developing response can be easily monitored; (3) use of a benign protein
does not produce the behavioral confounds associated with the generation
of sickness; (4) antibody reflects a functionally important end product of
the immune system; (5) measurement of the antigen specific antibody
response more accurately reflects the function of acquired immunity; (6)
measurement of αKLH Ig is quantifiable making the results directly com-
parable across studies; (7) the cells involved with this response are T cells
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and B cells, two primary players in acquired immune responses; (8) the anti-
body response generated against KLH is similar to the immunological
response generated after vaccination to tetanus toxoid; (9) a reduction in
specific antibodies to bacteria, virus, or soluble toxin could render the
organism more susceptible to disease caused by these pathogens; (10) KLH
is clinically relevant because it is used as a immunotherapeutic in the treat-
ment of cancer (Lamm, 1993; Jurincic-Winkler, 1995; Livingston, 1995;
Gilewski, 1996; Jurincic-Winkler, 1996), and stress-induced modulation of
the antibody response to KLH could affect the efficacy of this type of vac-
cination and immunotherapy; (11) a final advantage to measuring αKLH
responses is that the results we find in animals can easily be tested in
humans (Smith et al., 2004a, 2004b).

2.2. The Spleen Is Site for Stress-induced KLH 
Antibody Suppression
Rats that are immunized with KLH and exposed to a single session of
inescapable tailshock have a long-term (+21 days) reduction in serum levels
of αKLH IgM, IgG, and IgG2a (Laudenslager et al., 1988; Fleshner et al.,
1995d, 1998; Gazda et al., 2003).We know that the final site of stress-induced
immunomodulation is the spleen because if we remove the spleen from
adult male rats prior to intraperitoneal immunization with KLH and 
stressor exposure, we eliminate the stress-induced reduction in αKLH Ig
(Fleshner, 2005). Importantly, the stress-associated suppressive effect is 
specific to the generation of antibody to the antigen. Total serum IgM and
IgG is not reduced (Fleshner et al., 1992; Smith et al., 2004b).

2.3. Cellular Mechanisms of Stress-induced KLH
Antibody Suppression
The generation of an antibody response to a T cell–dependent soluble
protein, such as KLH, involves the interaction of antigen presenting cells
(APCs; B cells and/or dendritic cells), T helper cells (Th), and B cells. After
intraperitoneal injection of KLH, antigen is transported to the draining
lymph nodes and spleen. B cells expressing the B-cell receptor (BCR) that
bind KLH must receive T-cell help from the KLH-specific T helper cells in
the form of costimulation and cytokines. The Th “help” facilitates B-cell
proliferation, B-cell differentiation into antibody-secreting cells (Clark and
Ledbetter, 1994; Foy et al., 1996), and Ig isotype switching (IgM to IgG or
IgG2a (Stevens et al., 1988)). The proliferation of KLH-specific Th and B
cells is greatest in the draining lymph nodes and spleen 4–7 days after KLH
(Fleshner et al., 1995d, 1998; Gazda et al., 2003). Using flow cytometric
analysis (Fleshner et al., 1995d, 1998), ELISPOT (Laudenslager, 1994),
and antigen-specific proliferative assays (Gazda et al., 2003), we have 
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determined that the suppression in αKLH Ig is likely due to a failure of 
the stressed rats to increase KLH-specific T helper cell numbers (Fleshner
et al., 1995d, 1998). With fewer αKLH T helper cells, there is less T-cell help
and fewer KLH-specific B in the spleen (Laudenslager, 1994). Fewer KLH-
specific B cells leads to a reduction in serum αKLH Ig. Thus, tailshock-
induced suppression of αKLH Ig is a well-characterized animal model of
stress-induced immunosuppression.

2.4. Excessive Sympathetic Nervous System Response
Suppresses Acquired Immunity
Although the specific mechanism responsible for stress-induced suppres-
sion of αKLH Ig remains under investigation, excessive SNS output likely
plays a role. Most primary and secondary lymphoid tissues (including 
the spleen) receive dense SNS innervation (Felten, 1987; Felten and
Olschowka, 1987; Meltzer, 1997), and Th cells (Sanders, 1997; Kohm and
Sanders, 2000, 2001; Swanson et al., 2001), B cells (Kasprowicz et al., 2000;
Kohm et al., 2002; Podojil and Sanders, 2003; Podojil et al., 2004), and mono-
cytes-macrophages-dendritic cells (Takahashi et al., 2004) express adrener-
gic receptors β2ADR. If we focus on the role of the SNS in stress-induced
immunomodulation, there is evidence that SNS contributes to stress-
induced suppression of specifically the αKLH Ig response (Irwin, 1993).
Although earlier work suggested that high concentrations of NE could sup-
press various aspects of immunity, more recent data support the hypothe-
sis that splenic NE depletion, not circulating or splenic NE elevation, may
be responsible for stress-induced suppression of in vivo αKLH Ig responses.

There are several lines of evidence to support this shift in dogma from
“too much NE” to “too little NE.” First, if one examines the past literature
demonstrating that high levels of NE are immunosuppressive, many studies
were done in vitro, examined mitogen-stimulated proliferative or cytokine
responses, and tested pharmacological concentrations of NE (Ramer-
Quinn, 1997; Malarkey et al., 2002). Under these circumstances, NE sup-
presses immune function and can be fatal to immune cells (Del Rey et al.,
2003). Second, activation status of the immune cells was rarely considered
in these earlier studies. For example, it was recently reported that modula-
tion of dendritic cell function after NE exposure occurred only in the early
phases of dendritic cell activation (Maestroni, 2002), and β2ADR are dif-
ferentially expressed on naïve versus stimulated B cells (Sanders et al.,
2003). Thus past research supporting a simple view that too much NE is
responsible for stress-induced suppression of in vivo immune responses has
limitations.

Recent evidence is consistent with the dogmatic shift that too little NE
may be responsible for stress-induced suppression of in vivo antibody
responses and that dynamic interactions between SNS and immune cells
occur to produce optimal Ig responses. For example, during the generation
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of an in vivo antibody response to KLH, NE is released from peripheral
nerves innervating the spleen (Kohm et al., 2000). NE binding to the B-cell
β2ADR stimulates the expression of costimulatory molecules (Kohm et al.,
2002), Ig production (Kasprowicz et al., 2000), and splenic germinal center
formation (Kohm, 1999). As depicted in Figure 3.1 and Figure 3.2, deple-
tion of splenic NE content to an equal level as that produced by tailshock
stress by cutting the splenic nerve or dennervating the spleen (Fig. 3.1) prior
to in vivo KLH immunization reduces αKLH Ig (Fig. 3.2). In addition,
splenic NE depletion produced by pharmacological lesion [6-OHDA
(Kohm, 1999)] or pharmacological competition [α-methyl-p-tyrosine
(Kennedy et al., 2005b)] prior to immunization with KLH has also been
reported to reduce the antibody response.Thus, splenic NE depletion in the
absence of stress is sufficient for suppression αKLH Ig. We also have evi-
dence that stress-induced suppression of αKLH Ig requires splenic NE
depletion and not circulating NE elevation (Kennedy et al., 2005b). Rats
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Figure 3.1. Adult male F344 rats (n = 10 per group) were deeply anesthetized and,
using a dissection scope, the incoming splenic nerve was transected under halothane
anesthesia. Sham-operated controls were also surgical manipulated, but the splenic
nerve remained intact. Rats were allowed 3 weeks to recover from surgery. After
recovery, rats were either exposed to tailshock stress (100, 5 s, 1.6mA) or no stress
and sacrificed immediately after stressor termination. Spleens were removed and
NE content was measured using HPLC. The NE depletion produced by dennerva-
tion was equal to that produced by tailshock stress. Because splenic dennervation
prevents SNS drive from brain to spleen, tailshock stress did not deplete the NE in
spleen further in dennervated rats. (*p < 0.05 sham stressed is different from sham
not stressed control; #p < 0.05 dennervation not stressed is different from sham not
stressed control.)



treated with a substrate for NE synthesis (tyrosine) prior to stressor expo-
sure are protected from stress-induced splenic NE depletion and αKLH
Ig suppression. Importantly, blood concentrations of NE in the tyrosine-
treated stressed rats were equal to saline-injected stressed rats, yet tyrosine
completely prevented the suppression in αKLH Ig. Tyrosine is a precursor
for the synthesis of NE (and dopamine (DA)) and during times of intense
SNS drive can be rate limiting (Gibson and Wurtman, 1977; Milner and
Wurtman, 1987; Acworth et al., 1988). Furthermore, central activation of 
the SNS in the absence of stressor exposure with an α2AADR antagonist
(Mirtazapine, Mirt) that acts in the brain to release the SNS from α2AADR-
mediated inhibition (Dazzi et al., 2002) elevates blood NE for longer dura-
tion and to a higher level than that produced by stress. Yet, in spite of high
blood concentrations of NE at the time of immunization, Mirt produces
neither splenic NE depletion nor αKLH Ig suppression (Kennedy et al.,
2005b). Blood NE is derived from spillover of NE released by nerve ter-
minals in sympathetically innervated tissues. We speculate that the lack of
splenic NE depletion in spite of equal or greater blood concentration on
NE after Mirt injection may be due to a more global, whole-body activa-
tion of the SNS; whereas tailshock stress may activate more selective central
SNS circuits (Greenwood et al., 2003b) perhaps excessively driving SNS
output to select tissues such as the spleen.
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Figure 3.2. Adult male F344 rats were deeply anesthetized and, using a dissection
scope, the incoming splenic nerve was transected. Sham-operated controls were also
surgical manipulated, but the splenic nerve remained intact. Rats were allowed 3
weeks to recover from surgery and were immunized with KLH and returned to their
home cages (n = 15; denervation vs. n = 15; sham). Blood samples were collected
across days. Splenic dennervation suppressed αKLH IgM and IgG. Data are
reported as relative optical density units (OD). (p values reported for surgery × time
interactions.)



2.5. Summary
These results suggest that excessive stress-induced activation of the SNS
response is detrimental to acquired immunity. Why would our normally
adaptive acute stress response produce immunosuppression? It would seem
unlikely that this feature of stress response would have survived evolu-
tionary selection. Although speculative, I can offer several possible expla-
nations. First, our data suggest that organisms are vulnerable to antibody
suppression only if antigen (KLH) is administered in the presence of splenic
NE depletion. Our stress model produces splenic NE depletion and a
window of susceptibility that is ∼5–6h in duration (Kennedy et al., 2005b).
Clearly, exposure to intense acute stressors such as combat stress during
war or intense physical activity (marathon) does not always lead to illness.
This may due in part to the narrow window of susceptibility described in
our work. Perhaps intense acute stressor exposure and pathogen exposure
do not always align. This would be fortuitous for the host, making it less
likely that the host will suffer the negative consequences of intense acute
stressor exposure on acquired immunity and host defense, although, unfor-
tunately, chronic or enduring mental or physical stressors may produce
longer-lasting splenic NE depletions that would likely result in an extended
window of stress susceptibility. In addition, we propose that SNS activation
during acute stressor exposure is in most circumstances adaptive to host
defense.The second half of this chapter will present evidence that SNS acti-
vation facilitates a different branch of the immunity, the innate immune
response.

3. Stress Facilitates Innate Immunity

3.1. Introduction
The innate immune response is commonly referred to as the first line of
defense. This more primitive type of immunity differs from acquired immu-
nity in that innate immune cells recognize molecular patterns, rather than
exquisitely specific amino acid sequences, and innate immunity lacks
immunological memory. The primary effector cells of the innate immune
system are macrophages and neutrophils. Several measures of innate immu-
nity are optimized after exposure to an acute stressor in a healthy organ-
ism and include the following: the acute-phase response (APR), neutrophil
and macrophage cellular function, local in vivo inflammatory responses, and
recovery from bacterial challenge. The APR is a constellation of physio-
logical changes initiated at a site of infection or trauma that collectively act
to help clear the pathogen in a nonselective manner. Several components
of the APR are triggered by exposure to acute stress. For example, uncon-
trollable tailshock stress increases levels of acute-phase proteins such as
haptoglobulin (Deak et al., 1997) and α1acid glycoprotein (Deak et al.,
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1997). In addition, circulating IL6 (Takaki et al., 1994), complement func-
tion (Coe et al., 1988; Fleshner et al., 2002), and circulating neutrophils
(Fleshner et al., 2002) are increased after exposure to acute tailshock stress.
Each of these substances can facilitate the development and resolution of
the local inflammatory response (Baumann and Gauldie, 1994). In fact,
Noursadighi et al. (2002) recently reported that prior pharmacological 
stimulation of the acute-phase response protected animals from lethal
Escherichia coli infection, and this protection was due to enhanced early
bacterial clearance, phagocytosis, and neutrophil oxidative burst.At the cel-
lular level, acute stressor exposure increases the neutrophil oxidative burst
(Smith and Pyne, 1997) and phagocytosis activity (Harmsen and Turney,
1985; Lyte et al., 1990). In addition, lipopolysaccharide (LPS)-stimulated
leukocyte nitric oxide (NO) (Fleshner et al., 1998) and IL1β (Moraska et
al., 2002) responses are potentiated after tailshock exposure. Similar effects
on antigen-stimulated NO production after exposure to a variety of acute
stressors has also been reported (Coussons-Read et al., 1994; Fecho et al.,
1994; Lysle et al., 1995). Neutrophil oxidative burst, phagocytosis, NO pro-
duction, TNF-α, and IL-1β production each play an important role in local
inflammation (Ianaro et al., 1994; Bellingan et al., 1996; Ali et al., 1997; Mac
Micking, 1997; Dinarello, 2000). Many of the cellular products secreted by
activated macrophages/neutrophils are potent, nonspecific suppressors of
pathogen growth (Zidel, 1998). For example, NO, prostaglandin (PGE2),
and superoxide radicals are all toxic to cells and function in a nonspecific
fashion to kill pathogens (Tomioka, 1992).

3.2. Subcutaneous Bacterial Challenge Is a Measure 
of Innate Immunity
To assess the effects of acute stress on innate immunity, we have completed
a series of studies examining the effect of acute tailshock stress on the
development and recovery from a subcutaneous challenge with live E. coli.
The strain of bacteria and route of challenge were chosen for the following
reasons: (1) the effect of subcutaneous E. coli in nonstressed rats has been
thoroughly characterized. We (Campisi et al., 2003a) have previously com-
pleted dose-response experiments testing the effect of E. coli on measures
of innate immune activation (peripheral and local cytokines) and sickness
responses (fever and spontaneous activity). (2) Previous work (Deak et al.,
1999) indicated that a subcutaneous injection of E. coli, rather than Staphy-
lococcus aureus, stimulated a more consistent and robust in vivo inflam-
matory response. (3) E. coli challenge is known to stimulate an immediate
innate inflammatory response (Campisi et al., 2002), and macrophages and
neutrophils are primarily responsible for host defense to this pathogen (Ali
et al., 1997; Fleshner et al., 2002). (4) E. coli is a common pathogen found
in nature as well as in the laboratory. (5) E. coli is not normally present in
subcutaneous tissue of nonchallenged animals. Thus, we can be confident
that any E. coli retrieved and cultured for assessment of colony-forming
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units (cfu) is from the experimental challenge and not from endogenous
bacteria. (6) The robust inflammatory response induced by subcutaneous
injection of E. coli allows in vivo measurements of various features of the
sickness response, such as the diameter and grade of inflammation (Deak
et al., 1999; Campisi et al., 2002; Fleshner et al., 2002), fever (Campisi et al.,
2003a), circulating and local cytokines (Campisi et al., 2003a), local NO
(Campisi et al., 2003b), body weight loss (Campisi et al., 2002), and activity
(Campisi et al., 2003a). (7) A subcutaneous injection allows site-specific
analyses of the in vivo immune response using an ex vivo approach. That
is, after exposure to in vivo stress and bacterial challenge, we can remove
the inflammatory site, place it in culture, and assess the ongoing response
by sampling culture supernatants. This is especially advantageous because
assessment of peripheral circulating leukocytes and circulating cytokines
has limited relevance to the local immune response generated in response
to challenge.

3.3. Stress Facilitates Recovery from Subcutaneous 
E. coli Challenge: A Role for NO
Using subcutaneous E. coli, we tested if exposure to acute tailshock prior
to bacterial challenge would improve host defense due to potentiation of
innate immunity (Campisi et al., 2002; Campisi and Fleshner, 2003; Campisi
et al., 2003b). Rats exposed to tailshock stress and subcutaneously injected
immediately after stressor termination with 2.5 × 109 CFU of freshly grown
E. coli resolve their inflammation 10–14 days faster (Campisi et al., 2002;
Campisi and Fleshner, 2003; Campisi et al., 2003b), experience less bacter-
ial-induced body weight loss (Campisi et al., 2002), and release 300% more
nitric oxide (NO) at the inflammatory site compared with bacterially
injected nonstressed controls (Campisi et al., 2003b). It has been demon-
strated that stress-induced potentiation of NO is important in host defense
against bacteria because inhibition of NO at the inflammatory site with L-
NIO (NOS inhibitor) reduces the effect of stress on facilitation of recovery
from bacterial challenge (Campisi et al., 2003b). NO contributes to almost
every stage of inflammation by affecting leukocyte migration, adherence,
antimicrobial activities, and phagocytic ability, and in fact can act to restrict
the development of inflammation (Ali et al., 1997). One beneficial effect of
stress on recovery from bacterial challenge could be greater NO-mediated
bacterial killing. Consistent with this idea is that rats challenged with E. coli
after stress have fewer E. coli cfu retrieved from the inflammatory site 2, 4,
and 6h after challenge compared with nonstressed E. coli–challenged
controls (Campisi et al., 2003b). The enhanced release of NO appears to be
an important mediator; however, the mechanisms involved in stress-
induced facilitation of NO and recovery from bacterial inflammation
remain unknown. We propose that an endogenous stress protein, heat 
shock protein 72, may be responsible for this effect (Campisi and Fleshner,
2003).
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4. Stress and Extracellular Heat Shock Proteins

4.1. Introduction
4.1.1. Intracellular Heat Shock Proteins

Heat shock proteins (Hsp) consist of several families of highly con-
served proteins that play a role in a number of important cellular functions
(Morimoto, 1994). Induction of intracellular heat shock proteins were first
reported in 1962 (Ritossa, 1962) and the term heat shock protein was first
coined in 1974 (Tissieres et al., 1974). The focus of the current chapter is on
one member of the 70-kDa Hsp (Hsp70) family of proteins, Hsp72. The
Hsp70 family of proteins includes the constituitive 73-kDa protein (HSC73)
and a highly stress-inducible 72-kDa protein (Hsp72) (Morimoto, 1994;
Hartl, 1996). Intracellular Hsp72 is found in nearly every cell of the body
and can be upregulated after exposure to a variety of cellular and organis-
mic stressors (Morimoto, 1994; Hartl, 1996). Although basal concentrations
of Hsp72 are low in most tissues, high concentrations of intracellular Hsp72
can be found in the absense of stressors in some tissues such as the frontal
cortex (Heneka et al., 2003), pituitary (Campisi et al., 2003c), adrenal
(Campisi et al., 2003c), and brown fat (Matz et al., 1996a, 1996b). The cel-
lular functions of intracellular Hsp72 include limiting protein aggregation,
facilitating protein refolding, and chaperoning proteins (Morimoto, 1994;
Hartl, 1996) and function en masse to improve cell survival in the face of a
broad array of cellular stressors (Morimoto, 1994; Hartl, 1996). Induction
of Hsp72 is not simply a consequence of cellular stress but rather improves
resistance to death after cellular insult.

4.1.2. Extracellular Heat Shock Proteins

Clearly, a great deal is already understood about the function of intracel-
lular Hsp72; however, the focus of the current review is on stress-induced
release of extracellular Hsp72. We have chosen to focus on extracellular
Hsp72 (eHsp72) because stress-induced release of eHsp72 into the blood
has only recently been documented and we are only now recognizing its
powerful immunological functions. In fact, we propose that the function 
of in vivo endogenous eHsp72 is likely context dependent, such that in 
a normal physiological state eHsp72 faciltates innate immune responses 
to acute pathogenic challenge, whereas in a pathological state eHsp72 
may exacerbate chronic inflammatory diseases (e.g., atherosclerosis,
Alzheimer disease, Crohn disease). The first reports that eHsp72 is
detectable in the circulation of humans were published by Pockely and col-
legues in 2000. This group reported that people suffering from a variety of
disease states such as renal disease (Wright et al., 2000), hyptertension
(Pockley et al., 2002), and atherosclerosis (Pockley et al., 2003) have chron-
ically elevated basal levels of eHsp72 relative to healthy age-matched 
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controls. In addition to elevated basal eHsp72 associated with disease
pathology, Dybdahl et al. (2002) reported patients with coronary artery
disease have an acute increase in eHsp72 in response to the stress of coro-
nary bypass surgery. Not long after these reports, we (Campisi and Flesh-
ner, 2003; Campisi et al., 2003b; Fleshner et al., 2003) and Febbraio et al.,
(Walsh et al., 2001; Febbraio et al., 2002) reported that organisms in the
absence of clinical disease states also rapidly increase the concentration of
eHsp72 in blood after exposure to acute stressors. These papers were the
first to demonstrate that an increase of eHsp72 in the blood occurs in
healthy organisms after exposure to acute stressors and led us to suggest
that stress-induced eHsp72 release may be a previously unrecognized
feature of the normal stress response.

4.2. Stress-induced Sympathetic Nervous System Output
Stimulates eHsp72 Release
4.2.1. Necrosis- versus Exocytosis-Mediated Release

There are currently two potential mechanisms for extracellular Hsp72
release. The first is that eHsp72 is released from the intracellular pool after
necrotic or lytic cell death. The second is that eHsp72 is released via a 
receptor-mediated exocytosis mechanism. Gallucci, Loema, and Matzinger
(Gallucci et al., 1999) first suggested that Hsp72 is released only in patho-
logical circumstances such as those that result in necrotic/lytic death and
not after apoptosis or programmed cell death. More recently, Basu et al.
(Basu et al., 2000), Sauter et al. (Sauter et al., 2000), and Berwin et al.
(Berwin et al., 2001) supported these ideas and demonstrated that indeed
Hsp72 was released after necrotic/lytic but not apoptotic cell death. In these
studies, cellular necrosis was induced in vitro by either repeated freeze/thaw
exposures (Basu et al., 2000; Sauter et al., 2000; Berwin et al., 2001), hypo-
tonic lysis (Sauter et al., 2000), or viral lysis (Berwin et al., 2001). Apopto-
sis was induced by exposure to UV (Basu et al., 2000; Sauter et al., 2000) or
serum-depleted culture media (Berwin et al., 2001) and verified using flow
cytometric assessment of AV and PI staining. Necrotic (lytic or messy) death
versus apoptosis (controlled programmed death) was verified via cytomet-
ric assessment of annexin V (AV) + propridium iodide (PI) staining (Del
Bino et al., 1999; Hammill et al., 1999; Honda et al., 2000; Lecoeur et al.,
2001); necrotic (AV+PI+), apoptotic (AV+PI−), or viable (AV−PI−).

In contrast with necrotic/lytic release of eHsp72, we propose that eHsp72
released after exposure to a psychological and/or physical stressor most
likely occurs via an exocytosis pathway in the absence of necrosis. This
hypothesis is based on the following observations. First, there is precedent
for an exocytotic eHsp72 releasing mechanism. In the brain, for example,
glial cells may exocytotically release Hsp72 (Guzhova et al., 2001; Tytell,
2005). In addition, there is recent evidence that suggests that eHsp72
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released during times of stress are in exosomes (Lancaster and Febbraio,
2005), small membrane vesicles secreted by various cell types including
antigen-presenting cells, B cells, and T cells of the immune system (Chaput
et al., 2004). Exosomes contain numerous costimulatory and antigen-
presenting molecules including Hsp70, and such release does not appear to
depend on the classical secretory pathway (Lancaster and Febbraio, 2005).
Second, eHsp72 is elevated in the blood within 10–25min of tailshock or
restraint stressor onset (Fleshner and Johnson, 2005). The rapidity of the
response suggests the classic protein induction/necrosis release pathway is
not likely. Third, eHsp72 is increased in the blood after exposure to psy-
chological stressors such as conditioned contextual fear and predatory
stress (Fleshner et al., 2004), stressors that are not likely to induce necrosis.
Fourth, Febbraio and colleagues (Walsh et al., 2001; Febbraio et al., 2002)
reported that intense exercise (∼65% V02max) increases eHsp72 in blood
within 30min of exercise onset and that this occurs in the absence of cel-
lular necrosis (Febbraio et al., 2002). Fifth, the increases in concentrations
of eHsp72 released into the blood are two to six fold above baseline (pre-
stress) levels. If necrotic/lytic cell death were the source of eHsp72 in the
blood, it would require a large number of cells to simultaneously die a
necrotic/lytic death. Nonetheless, it is still not possible to rule out necrotic
release at this time because we only tested splenic necrosis and some other
currently unidentified tissue in body may demonstrate greater necrosis than
the spleen. In addition, stress may produce a low level of necrosis in a large
number of tissues in the body, and that in combination with this global
stress-induced cellular necrosis produces increases in circulation eHsp72.

Thus, we propose that release of eHsp72 via necrotic cell death does
occur after exposure to some stressors; however, it likely results in a local,
restricted, and tissue-specific increase in eHsp72 at the site of server tissue
damage or injury. In this local fashion, eHsp72 released from necrotic cells
may indeed function to facilitate local innate immune responses. In contrast
with local release, we hypothesize that the observed large increases in
eHsp72 in the blood after exposure to a whole-organism stressor is due to
a receptor-mediated exocytosis releasing mechanism and is not dependent
on necrotic/lytic cell death.

4.2.2. eHsp72 Release Involves Norepinephrine and α1ADRs

We have recently reported the role of the sympathetic nervous system, and
specifically norepinephrine (NE), in the stress-induced release of eHsp72
(Johnson et al., 2005). Using pharmacological blockade and stimulation of
adrenergic receptors, we completed a series of studies that tested the effect
of labetalol (α1ADR and β1ADR antagonist), propranolol (βADR antago-
nist), and prazosin (α1ADR antagonist) on tailshock-induced release of
eHsp72. The results of these studies were that labetalol and prazosin but
not propranolol blocked the effect of tailshock on eHsp72. We also tested
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the effect of phenylephrine (α1ADR agonist) and isoproterenol (β1ADR
agonist) in the absence of stress to release eHsp72. We found that phenyle-
phrine but not isoproterenol released eHsp72 (Johnson et al., 2005). Inter-
estingly, as stated above there is accumulating evidence that Hsp72 is
released in exosomes and is released in a calcium-dependent fashion upon
stimulation of the cell (Savina et al., 2003). Because activation of α1ADR
results in a rise in intracellular calcium (Schwietert et al., 1992), the release
of exosomes is one potential mechanism by which catecholamines trigger
the rise in eHsp72. These data support our hypothesis that eHsp72 is being
induced and/or released via an α1ADR-mediated mechanism. We hypoth-
esize that NE released from sympathetic nerve terminals binds to α1ADR
and stimulates Hsp72 release.We propose that NE and not epinephrine (E)
is responsible because NE binds with a higher affinity to α1ADR than does
E (Hardman and Limbird, 2001), and adrenalectomy depletes ∼95–99% of
E (Hessman et al., 1976; Vollmer et al., 1995) yet has no effect on eHsp72
release after tailshock stress (Johnson et al., 2005).

4.3. Immunostimulatory Effect of Extracellular Hsp72
Extracelluar Hsp72 can robustly stimulate inflammatory cytokine produc-
tion and other innate immune responses (Multhoff et al., 1999; Asea et al.,
2000a; Breloer et al., 2001). We and others have reported that eHsp72 in
vitro stimulates inducible NO synthase (Panjwani et al., 2002), NO (Campisi
et al., 2003b), TNF-α (Asea et al., 2000b; Campisi et al., 2003b), IL1-β (Asea
et al., 2000b; Campisi et al., 2003b), and IL6 (Asea et al., 2000b; Campisi et
al., 2003b) production from macrophages and neutrophils. Importantly,
these studies carefully demonstrated that stimulation of inflammatory
cytokines and NO by eHsp72 in vitro was specific to eHsp72 and was not
due to nonspecific effects of endotoxin contamination in the recombinant
Hsp72 protein (Asea et al., 2000b; Panjwani et al., 2002; Campisi et al.,
2003b). Furthermore, eHsp72 has also been reported to stimulate the
human complement pathway independent of antibodies (Prohaszka et al.,
2002). Thus, eHsp72 is immunostimulatory in its own right and acts as an
adjuvant (Asea et al., 2000a; Srivastava, 2002; van Eden et al., 2005; Wang
et al., 2005). Although the immunological function of eHsp72 has been
explored in vitro, little is known about what function eHsp72 may serve 
in vivo.

4.4. Extracellular Hsp72 and the Danger Theory
Extracellular Hsp72 is released during times of stress and can stimulate
innate immunity. In fact it has been proposed that eHsp72 released during
stress may function as a “messenger of stress” or “danger signal” to the
immune system. Matzinger (Matzinger, 1994, 1998) first proposed the
hypothesis that the body may release endogenous danger signals capable
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of stimulating immunity. In brief, the danger theory states that immune 
activation involves danger/nondanger molecular recognition schemas.
The danger theory postulates that innate immune cells are activated by
danger/alarm signals that are derived from stressed or damaged self.
Although the danger theory is controversial when viewed as exclusionary,
the ideas suggested are intriguing when viewed as complementary to other
schemas. Clearly, innate immunity has evolved several strategies of activa-
tion. Consequently, it is reasonable to propose that innate immune cells can
be activated by both exogenous antigens (i.e., lipopolysaccharide) binding
to a limited number of germ-line encoded receptors [i.e., CD14 (Janeway
and Medzhitov, 2002)] and by endogenous molecules that are released
during times of cellular stress or danger.

One important and unresolved issue for the danger theory is what mol-
ecules serve as danger signals to the immune system. We (Fleshner et al.,
2002; Campisi and Fleshner, 2003) and others (Colaco, 1998; Moseley, 1998;
Chen et al., 1999; Asea et al., 2000b; Ohashi et al., 2000; Todryk et al., 2000;
Breloer et al., 2001; Bethke et al., 2002; Habich et al., 2002; Vabulas et al.,
2002) have suggested that eHsps may serve this function. Although Hsps fit
the theoretical framework proposed by Matzinger, there is currently little
supporting in vivo experimental evidence. It has been reported that humans
who experienced trauma had increased serum levels of eHsp72 and that
higher levels of eHsp72 correlated with improved survival (Pittet et al.,
2002). Based on the danger theory, it would follow that if a danger signal
serves to facilitate or target immune function, and eHsp72 acts as a danger
signal, then organisms with increased eHsp72 should have improved
immune responses and facilitated host defense to some types of pathogenic
challenges.

4.5. Innate Immune Cell Activation: Toll-like Receptors
Bind eHsp72
The search for the eHsp72 receptor is a topic of intense investigation.There
is evidence of a cell-surface receptor for Hsp70 on macrophages/neu-
trophils (Asea et al., 2000b; Reed and Nicchitta, 2000; Sondermann et al.,
2000; Asea et al., 2002), B cells (Arnold-Schild et al., 1999), and NK cells
(Multhoff et al., 2001; Gross et al., 2003). A number of cell-surface binding
proteins for eHsp have been implicated. Most research to date, however,
suggests that eHsp72 transduces an inflammatory signal to innate immune
cells (macrophages/dendritic/neutrophils) by binding to either Toll-like
receptor-2 (TLR-2) and/or TLR-4 in a CD14-dependent fashion (Asea et
al., 2000b; Visintin et al., 2001; Asea et al., 2002; Vabulas et al., 2002). Mam-
malian Toll-like receptors are transmembrane proteins that are evolution-
arily conserved between very primitive organisms (such as insects) and
humans (Akira et al., 2001). It has been suggested that just as released
eHsps may function as danger signals or messenger of stress to the immune
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system, the TLRs may function as surveillance receptors for those signals
(Johnson et al., 2003a). In addition, exposure to prior injury stress was
recently reported to produce a long-term (1–7 days) potentiatation of TLR-
2– and TLR-4–induced IL-1β, IL-6, and TNF-α production by spleen cells
(Paterson et al., 2003), and chronic social stress (Avitsur et al., 2003) mod-
ulates TLR-4–mediated responses. These data support the hypothesis that
stress-induced modulation of innate immune function may involve TLR-2
and TLR-4. Extracellular Hsp72 exerts its effects on innate immune cells 
by stimulating the inflammatory MyD88/IRAK/NF-kappa-B signal trans-
duction pathway (Vabulas et al., 2002). A rapid intracellular Ca2+ flux
ensues within 10s of eHsp72 binding with high affinity to monocytes or
macrophages (Asea et al., 2000b). This is important because it distinguishes
eHsp72 signaling from LPS signaling, which does not induce Ca2+ flux
(McLeish et al., 1989). Based on work by Asea and colleagues (Asea et al.,
2000a, 2000b, 2002), eHsp72-induction of NF-kappa-B and inflammatory
cytokines requires the expression of CD14, in addition to TLR-2 and TLR-
4. Asea and colleagues have proposed that CD14 could function as a core-
ceptor for eHsp72 (Asea et al., 2000b).

One implication of these results is that eHsp72 released into the blood
after exposure to psychological and/or physical stressors may result in
optimal stimulation of the inflammatory cascade only in the presence of
CD14 activation. Interestingly, binding CD14 plus either TLR-2 and/or
TLR-4 with selective receptor agonists (Pam3Cys binds TLR-2 or Taxol
binds TLR-4) resulted in synergistic increases in NF-kappa-B (Asea et al.,
2002). In addition, we have preliminary data that low doses of LPS plus
eHsp72 produced synergistic stimulation of NO from peritoneal macro-
phages. Thus, facilitation of innate immune responses by eHsp72 after 
exposure to stress may be restricted to cells that express CD14 and/or are
binding bacteria or LPS via CD14. We hypothesize that acute stress–
induced release of eHsp72 acts as a danger signal, preparing the immune
system for possible subsequent pathogenic challenge. If no pathogenic 
challenge ensues, then eHsp72 has minimal impact on innate immune cell
production of NO and/or inflammatory cytokines. If, however, the host is
exposed to a pathogen, such as bacteria, eHsp72 via TLR-2 and/or TLR-4
could stimulate a potentiated NO and/or cytokine response, resulting in
facilitated bacterial killing. One extension of this idea is that if, in contrast,
the host suffers from chronic inflammatory disease (e.g., atherosclerosis,
Alzheimer disease, Crohn’s disease), then stress-induced eHsp72 may exac-
erbate the inflammatory disease states.

4.6. Stress Facilitates Recovery from Subcutaneous 
E. coli Challenge: A Role for eHsp72 
We have completed a series of studies that lend support to the hypothesis
that stress-induced increases in eHsp72 functions to facilitate innate 
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immunity in the presence of pathogenic challenge (E. coli). First, rats
exposed to tailshock stress and challenged with subcutaneous E. coli have
an increase in eHsp72 at the site of inflammation (Campisi et al., 2003b).
Second, eHsp72 administered to the site of inflammation in the absence of
stress improved recovery from bacterial challenge (Campisi et al., 2003b).
Third, prazosin in vivo blocked the tailshock-induced increase of eHsp72 in
the blood (Johnson et al., 2005), and preliminary data suggests that prozosin
also blocks the increase eHsp72 at the inflammatory site and prevented the
stress-induced reduction in bacterial load at the inflammatory site. Fourth,
in vivo immunoneutralization of eHsp72 by anti-Hsp70-Ab46 at the site of
inflammation attenuated the facilitory effect of tailshock stress on bacterial
inflammation development and resolution. Importantly, anti-Hsp70-Ab46
(generously provided by Dr. Asea) blocked eHsp72 but not LPS-
stimulated NO release from macrophages, tested in vitro. Finally, prelimary
data suggest that low doses of LPS + eHsp72 in vitro results in synergistic
NO response from macrophages.

4.7. Summary
As depicted in Figure 3.3 and previously discussed (Fleshner and 
Laudenslager, 2004; Fleshner and Johnson, 2005), we propose that exposure
to a stressor activates the sympathetic nervous system leading to the release
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Figure 3.3. Depicted is our current hypothesis of how exposure to acute stress can
lead to potentiated innate immunity. After exposure to a variety of stressors, the
body responds by activating the sympathetic nervous system to release norepi-
nephrine. Norepinephrine then binds to alpha1-adrenergic receptor and stimulates
the release of extracellular heat shock protein 72 (eHsp72) into the blood. Fur-
thermore, we suggest that in presence of a pathogen and perhaps an inflammatory
site, the circulating eHsp72 can extravasate into tissues and interact with innate
immune cells to facilitate their responses.



of eHsp72 into the blood via an α1ADR-medicated mechanism. If the
animals are challenged with E. coli, eHsp72 extravasates from the blood
into the subcutaneous space due to bacterial stimulated release of other
inflammatory mediators that render the blood vessel leaky (PGE2, BK, etc.)
(Ali et al., 1997). This is supported by recent evidence that the blockade of
vascular leaking at the inflammatory cite prevents the local accumulation,
but not elevated circulating levels, of eHsp72 after stress (Sharkey et al.,
2005). Extracellular Hsp72 at the inflammatory site binds to TLR-2 and
TLR-4 on macrophage and/or neutrophils. Macrophages and/or neutrophils
that have received a stimulatory signal via CD14 binding to LPS will mount
potentiated innate immune responses (i.e., NO, TNF, IL-1, IL-6) that result
in optimal bacterial killing. The release of eHsp72 in response to a global
stressor such as uncontrollable tailshock, therefore, facilitates innate
immune function only in the presence of pathogenic challenge. This is con-
sistent with previous literature on the priming effects of stress on innate
immunity (Johnson et al., 2002a, 2002b, 2003b).

5. General Conclusions

These data support the hypothesis that exposure to intense acute stressor
activates a cascade of physiological responses that work together to
promote host survival. Here we suggest that in addition to classically asso-
ciated consequences of activation of the SNS (i.e., pupil dilation, increased
heart rate, increased respiration, increased muscular blood flow, etc.), the
release of endogenous danger signals that prime immunity also occur. Thus
we propose that SNS-induced release of eHsp72 should be considered a
normal and adaptive feature of the stress response. If, however, SNS acti-
vation is chronic or excessive, then the response is maladaptive contribut-
ing to a plethora of negative effects such as “immunosuppression” and
“metabolic syndrome,” a key antecedent to clinical atherosclerotic diseases
and immunosuppression (Irwin, 1993; Kennedy et al., 2005b).

Based on our results, it follows that to prevent the negative consequences
of activation of the acute stress response, one would need an intervention
that can constrain excessive SNS output and prevent splenic NE depletion.
Such an intervention should constrain but not eliminate SNS responses,
so as to allow the host to reap the positive, while minimizing the nega-
tive, effects of SNS activation. We have evidence that exercise is such an
intervention.

We have conducted a series of studies investigating the impact of tail-
shock on various aspects of the stress response including SNS activation,
splenic NE depletion, αKLH Ig suppression, eHsp72 release, and increased
host defense against a bacterial challenge. Physical active status was varied
in these studies by housing animals with either mobile or locked running
wheels. In these conditions, male F344 rats will run an average distance of
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15km/wk (Campisi et al., 2003c; Greenwood et al., 2003a). Nearly 100% of
their running occurs during the dark part of their circadian cycle (Solberg,
1999). This level of activity produces physiological changes that are indica-
tive of “metabolic fitness.” In some rat strains, wheel running reduces body
weight gain (Noble et al., 1999), body fatness (Podolin, 1999), triglycerides
concentrations (Suzuki, 1995) and increases lipid metabolism (Podolin,
1999), HDL/LDL ratio (Kennedy et al., 2005a), muscular hypertrophy
[triceps and plantaris (Ishihara et al., 1998)], red blood cell hemoglobin
content (Kennedy et al., 2005a), and endurance.

What we found was that animals that lived a sedentary lifestyle with
locked running wheels and were exposed to tailshock stress had excessive
SNS responses leading to splenic NE depletion and αKLH Ig suppression
(Kennedy et al., 2005b). Sedentary rats exposed to stress, however, also have
eHsp72 release and increased host defense against a bacterial challenge
(Campisi et al., 2002; Campisi et al., 2003b). In contrast, rats that were phys-
ically active for 6 weeks prior to exposure to tailshock stress had con-
strained SNS responses such that tailshock elevated blood levels of NE but
did not drive the response excessively, did not lead to splenic NE depletion
(Greenwood et al., 2003b), and did not produce αKLH Ig suppression
(Moraska and Fleshner, 2001). Thus, physical activity prevented the nega-
tive effects of acute stress on acquired immunity by constraining SNS drive
(Fleshner, 2005). Importantly, physically active rats exposed to stress still
reap the immunopotentiating effects of stress. Rats that lived with a mobile
running wheel for 4–6 weeks prior to exposure to tailshock stress have
increases in circulating eHsp72 and potentiated host defense against bac-
terial challenge equal to or better than that produced by stress in seden-
tary rats (Fleshner et al., 2002).

In conclusion, our work reveals the immunomodulatory effect of activa-
tion of the acute stress response and supports the hypothesis that a common
neuroendocrine mechanism, that is, activation of the sympathetic nervous
system (SNS), can be responsible for both suppression of acquired and facil-
itation of innate immune responses. Future work should strive to develop
interventions, such as exercise, that allow us to reap the positive physio-
logical and immunological effects, while minimizing the maladaptive 
consequences, of activation of the acute stress responses.
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4
Anthrax Lethal Factor Represses
Glucocorticoid and Progesterone
Receptor Activity

Jeanette I. Webster, Mahtab Moayeri, and Esther M. Sternberg

1. Introduction

Death from anthrax has been reported to occur from systemic shock. The
lethal toxin (LeTx) is the major effector of anthrax mortality. Although the
mechanism of entry of this toxin into cells is well understood, its actions
once inside the cell are not as well understood. LeTx is known to cleave
and inactivate mitogen activated protein kinase kinases (MAPKKs). We
have recently shown that LeTx represses the glucocorticoid receptor both
in vitro and in vivo. This repression is partial and specific, showing some
receptor specificity and some promoter specificity.This toxin does not affect
glucocorticoid receptor (GR) ligand binding or DNA binding in an in vitro
electrophoretic mobility shift assay using a DNA probe. However, in chro-
matin immunoprecipitation assays, LeTx prevents GR binding to chro-
matin.We have suggested that LeTx may function by removing/inactivating
one or more of the many cofactors and/or accessory proteins involved in
nuclear hormone receptor signaling. Although the precise involvement of
this nuclear hormone receptor repression in LeTx toxicity is unknown,
examples of blunted hypothalamic-pituitary-adrenal (HPA) axis and glu-
cocorticoid signaling in numerous autoimmune/inflammatory diseases
suggest that such repression of critically important receptors could have
deleterious effects on health. In addition, removal of endogenous gluco-
corticoids and treatment with glucocorticoids (in LT-resistant mice)
increases susceptibility to LeTx, suggesting that a precise balance of gluco-
corticoid levels is required for LeTx survival.

2. Hypothalamic-Pituitary-Adrenal Axis and
Glucocorticoid Responses

A balance within the body between the brain and immune systems is main-
tained and regulated by the hypothalamic-pituitary-adrenal (HPA) axis 
and the resultant immunomodulatory hormones, glucocorticoids (Webster
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et al., 2002). The endogenous glucocorticoid in man is cortisol, whereas in
rodents it is corticosterone. The expression of corticotrophin releasing
hormone (CRH) in the hypothalamic region of the brain is activated by
inflammatory or other stimuli. In turn, CRH stimulates the release of
adrenocorticotropin hormone (ACTH) into the bloodstream from the 
anterior pituitary gland. ACTH then stimulates the synthesis and release of
glucocorticoids from the adrenal glands. In order to maintain regulation 
of this axis, glucocorticoids feed back and downregulate the HPA axis at
the level of the hypothalamus and pituitary. In addition to regulation of 
the immune system, glucocorticoids are also essential for the regulation of
several homeostatic systems in the body, including the central nervous
system, cardiovascular system, and metabolic homeostasis. Glucocorticoid
regulation of the immune system will not be discussed in detail here 
but has been the subject of another recent review (Webster et al.,
2002).

The many functions of glucocorticoids are elicited through the glucocor-
ticoid receptor (GR), a cytosolic receptor. This receptor, along with recep-
tors such as the thyroid hormone, mineralocorticoid, estrogen and
progesterone receptors, is a member of the nuclear hormone receptor
superfamily (Evans, 1988). For GR, the receptor is located in the cytoplasm
in a protein complex, which includes Hsp90 and Hsp70, in the absence of
ligand. When the ligand binds, GR is released from the protein complex,
dimerizes, and translocates to the nucleus. Once in the nucleus, GR 
regulates gene expression by binding to specific DNA sequences called 
glucocorticoid response elements (GREs) (Aranda and Pascual, 2001;
Schoneveld et al., 2004). GR is able to upregulate gene expression, such as
for the gluconeogenic enzyme tyrosine animotransferase (TAT) (Jantzen et
al., 1987), through direct DNA binding. However, it can also repress gene
activation, such as the POMC gene, by direct binding to DNA sequences
called negative GREs (nGREs) (Drouin et al., 1989). GR can also nega-
tively regulate gene expression without direct binding to DNA. In this case,
GR interferes with the action of other signaling pathways, such as NF-κB
and AP-1. It is through such interference with other signaling pathways that
glucocorticoids exert many of their anti-inflammatory actions (McKay 
and Cidlowski, 1999; Adcock, 2000; De Bosscher et al., 2003; Smoak and
Cidlowski, 2004). GR is essential for life, and mice lacking GR die shortly
after birth due to defects in lung maturation (Cole et al., 1995). However,
mice with a point mutation that inhibits GR dimerization (GRdim/dim) are
viable. In these mice, GR functions that require dimerization, such as 
GREmediated gene activation, are prevented, but GR functions that do not
require dimerization, such as interactions with NF-κB and AP-1, are still
possible. This suggests that the anti-inflammatory actions of GR mediated
through protein-protein interactions rather than direct DNA binding are
essential for life (Reichardt et al., 1998).

58 J.I. Webster et al.



2.1. Protective Features of an Intact HPA Axis and
Glucocorticoid Response

An intact HPA axis and resultant glucocorticoid responses are critical in
maintaining body homeostasis and protecting against insults of a variety of
sources. The importance of this has been shown in several systems but most
compelling is the fact that lack of GR is incompatible with life (Cole et al.,
1995). However, endogenous glucocorticoids can be removed by adrena-
lectomy, and adrenalectomized animals can survive provided the appropri-
ate hormones are replaced exogenously. In addition, strain differences in
glucocorticoid responsiveness are associated with differential inflammatory
disease susceptibility.

Blockade of the HPA axis, either by adrenalecomy or hypophysectomy,
or removal of functional GR by the antagonist RU486, has been shown to
exacerbate disease course even to the extent of death in response to numer-
ous bacterial or viral infections. Conversely, corticosterone replacement
promotes survival and disease remittance. This was shown first in mice
where adrenalectomy significantly reduced the lethal amount (LD50) of
Escherichia coli serotype O111:B4 endotoxin (McCallum and Stith, 1982).
In F334/N rats, treatment with RU486 and streptococcal cell walls (SCWs)
resulted in higher mortality rates than SCW or RU486 alone (Sternberg et
al., 1989a). Similarly, in LEW/N rats, myelin basic protein (MBP)-induced
experimental allergic encephalomyelitis (EAE) was exacerbated by
adrenalectomy. Replacement of corticosterone, depending on dose used,
either returned disease status to that of control animals or completely 
alleviated symptoms (MacPhee et al., 1989). Furthermore, intervention of
the HPA axis by hypophysectomy resulted in increased mortality rates from
Salmonella (Edwards et al., 1991), and adrenalectomy increased mortality
rates after murine cytomegalovirus (MCMV) virus infection, which was
reversed by dexamethasone treatment (Ruzek et al., 1999).

In addition, Clostridium difficile toxin A–induced fluid secretion and
inflammation, (Castagliuolo et al., 2001; Mykoniatis et al., 2003) and mor-
tality from Shiga toxin in BALB/c mice (Gómez et al., 1998) were enhanced
by RU486 and adrenalectomy. Again glucocorticoid treatment reversed
these effects, increasing survival rates from Shiga toxin (Gómez et al.,
1998; Palermo et al., 2000) and reversing the inflammatory responses to
Clostridium difficile toxin A (Castagliuolo et al., 2001; Mykoniatis et al.,
2003) in adrenalectomized animals. In fact, replacement of a physiological
corticosterone dose resulted in an inflammatory response equivalent to
sham-operated animals, whereas replacement of a high corticosterone dose
resulted in a reduction of the inflammatory response (Castagliuolo et al.,
2001).
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2.2. Diminished HPA Axis and GR Responses in Disease

A blunted HPA axis response (i.e., blunted glucocorticoid secretion in
response to stimuli) has been associated with numerous autoimmune/
inflammatory diseases in both animal models and humans. In animals, a
blunted HPA axis has been associated with autoimmune thyroiditis in
chickens (Wick et al., 1998), lupus in mice (Hu et al., 1993; Lechner et al.,
1996), and numerous autoimmune/inflammatory diseases in rats (Wilder et
al., 1982; Sternberg et al., 1989a, 1989b).

The inflammatory resistant Fischer (F334/N) rats have a hyper-HPA axis
with hypersecretion of CRH, ACTH, and corticosterone in response to a
stimuli thereby allowing corticosterone to suppress the immune system.
Conversely, inflammatory-prone Lewis (LEW/N) rats have a blunted HPA
axis with minimal production of CRH, ACTH, and corticosterone in
response to stimuli. If the stimulus is a proinflammatory or antigenic 
molecule, then the immune system will not be downregulated due to the
lack of corticosterone, and these animals will be susceptible to development
of a variety of autoimmune/inflammatory diseases (Wilder et al., 1982;
Sternberg et al., 1989a, 1989b; Moncek et al., 2001). Interestingly, BALB/c
mice also have a hyper-HPA axis and C57/BJ mice a relative blunted HPA
axis response similar to the F334/N and LEW/N rats (Shanks et al., 1990).

In humans, a blunted HPA axis response has been associated with
rheumatoid arthritis (Cash et al., 1992; Chikanza et al., 1992; Crofford et al.,
1997; Cutolo et al., 1999; Eijsbouts and Murphy, 1999; Gutierrez et al., 1999),
system lupus erythematosus (SLE) (Gutierrez et al., 1998; Crofford, 2002),
Sjögren syndrome (Johnson et al., 1998; Valtysdottir et al., 2001; Crofford,
2002), allergic asthma and atopic skin disease (Rupprecht et al., 1995;
Buske-Kirschbaum et al., 1997, 1998, 2003; Buske-Kirschbaum and 
Hellhammer, 2003), chronic fatigue syndrome (Demitrack et al., 1991;
Demitrack and Crofford, 1998; Neeck and Crofford, 2000; Racciatti et al.,
2001; Gaab et al., 2002, 2004; Crofford et al., 2004; Roberts et al., 2004),
fibromyalgia (Demitrack and Crofford, 1998; Crofford et al., 1994, 2004;
Neeck and Crofford, 2000; Calis et al., 2004), and multiple sclerosis 
(Michelson et al., 1994; Wei and Lightman, 1997; Huitinga et al., 2003).

Glucocorticoid resistance and/or diminished function of GR has also
been associated with numerous diseases. Familial glucocorticoid resistance
is a hereditary disease usually involving mutations in the GR.To date, three
point mutations and a deletion in the ligand binding domain of GR and a
point mutation in the hinge region have been identified in families with
familiar glucocorticoid resistance (Kino and Chrousos, 2001). Polymor-
phisms in GR-α could also cause changes in glucocorticoid sensitivity, as
has been shown for a polymorphism in codon 363 (Huizenga et al., 1998).
However, no relationship between this and other polymorphisms and glu-
cocorticoid resistance was seen in a normal population (Koper et al., 1997).
For a recent update on all known GR mutations and polymorphisms in both
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patients and cell lines, see the recent review by Bray and Cotton (Bray and
Cotton, 2003). GR-β, a splice variant of the glucocorticoid receptor, has
been suggested to function as a dominant negative repressor of GR (Oakley
et al., 1996, 1999; Vottero and Chrousos, 1999), although other investigators
failed to find such a repressor function (Hecht et al., 1997; Brogan et al.,
1999; Carlstedt-Duke, 1999). However, an increased expression of GR-β
relative to GR-α has been shown in several autoimmune/inflammatory 
diseases including glucocorticoid resistant asthma (Leung et al., 1997;
Hamid et al., 1999; Sousa et al., 2000; Strickland et al., 2001), ulcerative colitis
(Honda et al., 2000; Orii et al., 2002), chronic lymphocytic leukemia (Shahidi
et al., 1999), nasal polyposis disease (Hamilos et al., 2001; Pujols et al., 2003),
rhinosinusitis (Fakhri et al., 2003, 2004), interstitial lung disease (Pujols et
al., 2004), and rheumatoid arthritis (DeRijk et al., 2001; Chikanza, 2002). In
childhood leukemia, glucocorticoid resistance was not associated with over-
expression of GR-β but is possibly due to overexpression of another splice
variant, GR-γ (Haarman et al., 2004). In addition, decreased GR numbers
have been associated with various diseases, including Crohn’s disease (Hori
et al., 2002) and rheumatoid arthritis (Schlaghecke et al., 1992).

Glucocorticoid insensitivity need not result from a mutation in the glu-
cocorticoid receptor itself. There are multiple steps in glucocorticoid 
signaling, and a problem/defect at any of these points could result in 
glucocorticoid insensitivity. These include transport of the hormone in the
blood, availability of the hormone, entry of the hormone into the cell, dis-
sociation from the heat shock protein complex, dimerization, translocation
to the nucleus, and interaction with DNA, cofactors and the transcriptional
machinery. In the blood, cortisol is bound to cortisol binding globulin
(CBG) and only the free, non-protein-bound portion is active. Therefore,
increased expression of CBG would decrease the bioavailability of cortisol.
This has been suggested to cause the glucocorticoid resistance seen in
patients with long-standing Crohn’s disease (Mingrone et al., 1999). The
enzyme 11β-dehydroxysteroid dehydrogenase (11β-HSD) converts active
glucocorticoids into an inactive state (Seckl and Walker, 2001). Therefore,
changes in this enzyme would result in changes in the ratio of glucocorti-
coids in the active versus inactive state. Furthermore, dysregulation of this
enzyme has been correlated with obesity and type 2 diabetes (Rask et al.,
2001; Lindsay et al., 2003; Westerbacka et al., 2003; Seckl et al., 2004;
Valsamakis et al., 2004) and decreased 11β-HSD mRNA is seen in ulcera-
tive colitis (Takahasi et al., 1999). Multidrug resistance proteins (MDR) are
members of the ATP-binding cassette (ABC) family of transporters, which
have been shown to be capable of exporting glucocorticoids from cells and
thereby regulating the intracellular hormonal concentration (Kralli and
Yamamoto, 1996; Medh et al., 1998; Webster and Carlstedt-Duke, 2002).
Overexpression of MDR-1 has been shown in glucocorticoid-resistant
inflammatory bowel disease/ulcerative colitis (Farrell et al., 2000; Hirano 
et al., 2004), rheumatoid arthritis (Llorente et al., 2000), systemic lupus 
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erythematosos (SLE) (Diaz-Borjon et al., 2000), and myasthenia gravis
(Richaud-Patin et al., 2004). In addition, defects in the cofactors involved
in the interaction between the glucocorticoid receptor and the transcrip-
tional machinery may cause changes in glucocorticoid resistance. The HIV
protein, virion-associated protein (Vpr), functions as a cofactor to enhance
glucocorticoid responses resulting in the HIV-associated glucocorticoid
hypersensitive state (Kino et al., 1999). Conversely, a defect in a cofactor
has been proposed to be the cause of resistance to multiple steroids in two
sisters (New et al., 1999, 2001).

In light of these facts and the importance of an intact HPA axis and func-
tional GR for health, we suggested that another mechanism by which 
glucocorticoid resistance may occur is through effects of bacterial proteins
on glucocorticoid receptor signaling. The observations that normally 
inflammatory-resistant F334/N rats die from a severe inflammatory
response that results if they are simultaneously treated with RU486, a GR
antagonist, and streptococcal cell walls (Sternberg et al., 1989a) and that
this strain of rats are highly susceptible to death from anthrax lethal toxin
(Ezzell et al., 1984) led to the hypothesis that LeTx may act as a GR antag-
onist and facilitate shock in a manner similar to RU486.

3. Anthrax Lethal Toxin

The spore-forming, Gram-positive bacteria Bacillus anthracis contains two
plasmids [for a review on the bacterium, please refer to the review by Mock
and Fouet (Mock and Fouet, 2001)]. The three proteins that comprose the
two toxins are encoded on one of these plasmids, pXO1.Together these pro-
teins form a variation of the classical A-B toxins. Protective antigen (PA)
and edema factor (EF) constitute the edema toxin and PA and lethal factor
(LF) the lethal toxin (LeTx) (Collier and Young, 2003). The involvement of
the lethal toxin and anthrax infection is evident as strains lacking the pXO1
plasmid are attenuated in virulence, and the lethal toxin alone manifests
distinct symptoms of B. anthracis infection such as pleural effusions (Klein
et al., 1962; Fish et al., 1968; Pezard et al., 1991; Moayeri et al., 2003; Cui et
al., 2004). Therefore, much of anthrax research has focused on LeTx and its
mechanism of action, and this toxin will also be the focus of this review.

LeTx entry into cells is now fairly well understood at the molecular level
(Abrami et al., 2003, 2004) and is summarized in Figure 4.1. Only
macrophages from a limited group of inbred mice have been shown to be
sensitive to rapid lysis by LeTx and thus have until recently been suggested
to be the target of LeTx action (Friedlander, 1986; Singh et al., 1989;
Friedlander et al., 1993; Roberts et al., 1998). LeTx at sublytic concentra-
tions induces macrophage apoptosis (Park et al., 2002; Popov et al., 2002b).
Similar proapoptotic behavior is seen in human peripheral blood mononu-
clear cells (PBMC) but these cells are not lysed by LeTx (Popov et al.,
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2002a). Recent data has suggested that macrophage lysis is not essential for
LeTx toxicity, however, it appears to potentially exacerbate the toxin’s
effects in mice (Moayeri et al., 2003, 2005). Most species harbor LeTx-
resistant macrophages. However, a more complicated involvement of
macrophage sensitivity in the pathogenesis of anthrax is suggested by 
discoveries showing that resistant C57BL/6J macrophages or human
macrophages can be made sensitive to LeTx by treatment with poly-d-
glutamic acid (the major component of the B. anthracis capsule),
peptidoglycan (a component of Gram-positive bacterial cell walls),
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Figure 4.1. Mechanism of action of anthrax lethal toxin. PA binds to two different
receptors, tumor endothelial marker 8 (TEM-8) and capillary morphogenesis
protein 2 (CMG-2) (Bradley et al., 2001; Scobie et al., 2003), which seem to be ubiq-
uitously expressed. PA is then cleaved by the enzyme furin (Klimpel et al., 1992),
heptamerizes, and then binds EF and/or LF (Singh et al., 1999). This complex is then
internalized by clathrin-dependent raft-mediated endocytosis (Abrami et al., 2003),
and the LF/EF are translocated across the endosomal membrane and into the
cytosol via a pH- and voltage-dependent mechanism (Blaustein et al., 1989; Zhao et
al., 1995; Wesche et al., 1998). Once inside the cell, the mechanism of action of LF
is less well understood. It is known to cleave and inactivate members of the MAPKK
family, and we now show that it can inactivate the glucocorticoid receptor probably
by directly or indirectly destabilizing or interfering with GR binding to chromatin.



lipopolysaccharide (LPS; a component of Gram-negative bacterial cell
walls), or TNF-α (Park et al., 2002; Popov et al., 2002a; Kim et al., 2003).
Recent studies show that the differentiation state of human monocytic cells
determines their LeTx sensitivity (Kassam et al., 2005). Therefore, it is pos-
sible to imagine sensitization of macrophages during the course of infec-
tion in hosts normally harboring LT-resistant macrophages may play a role
in B. anthracis pathogenesis.

LF, a zinc metalloprotease, is known to cleave and inactivate some
members of the mitogen activated protein (MAP) kinase kinase
(MAPKK/MEK) family (Duesbery et al., 1998; Vitale et al., 1998;Pellizzari
et al., 2000). The cleavage and inactivation of MAPKKs results in inhibition
of downstream signaling pathways such as AP-1 and NFAT (Paccani et al.,
2005). However, LF cleavage of MAPKKs alone cannot account for
macrophage lysis as LF internalization (Menard et al., 1996; Roberts et al.,
1998; Singh et al., 1989) and MAPKK cleavage in sensitive and resistant
macrophages and cell lines (Pellizzari et al., 1999, 2000; Watters et al., 2001)
are the same. Inhibition of the proteolytic function of LF prevents LeTx
toxicity in sensitive cells (Klimpel et al., 1994; Menard et al., 1996; Duesbery
et al., 1998; Hammond and Hanna, 1998; Vitale et al., 1998) suggesting that
cleavage of MAPKKs or other potentially unidentified substrates is neces-
sary for LeTx macrophage lysis. It is possible that the response to MAPKK
cleavage in different cells may lead to a different cascade of events that in
sensitive cells leads to cell lysis but not in resistant cells, thereby defining
differential sensitivity to LeTx.The resistance response, in turn, can be over-
come by pretreatment with LPS or B. anthracis cell wall products. One such
potential factor involved in this differential response may be the kinesin
Kif1C, which was identified as the macrophage sensitivity locus for LeTx
(Watters et al., 2001). The function of Kif1C is unknown, but it has been
suggested to be involved in endoplasmic reticulum (ER) transport (Dorner
et al., 1998). Although a single locus is linked to macrophage sensitivity to
LeTx, another group has shown contribution of two additional loci, Ltxs2
and Ltxs3, to mouse susceptibility to LeTx (McAllister et al., 2003).The rel-
ative contribution of the different macrophage sensitivity loci to LeTx sus-
ceptibility has been shown to vary among different mouse strains (Moayeri
et al., 2004).

Despite recent reports on endothelial cell sensitivity to LeTx (Kirby,
2004; Pandey and Warburton, 2004), most studies on the mechanism of
LeTx-mediated cell death use the macrophage as a model. However, the
mechanism by which LeTx induces apoptosis (Park et al., 2002) or necrosis
(Kim et al., 2003) in macrophages or other cell types is currently unknown.
Recent studies have focused on gene array and proteome changes in
response to toxin using dying LeTx-sensitive macrophages at late time
points, yielding a variety of changes primarily associated with stress
responses or energy production in cells (Bergman et al., 2005; Chandra 
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et al., 2005; Comer et al., 2005) and not providing too many clues to the early
events involved in toxicity. Other studies on LeTx have reported on the
toxin’s ability to interfere with immune cell function through its inhibition
of MAPKK function. For example, LeTx represses LPS-induced cytokine
(TNF-α, IL-1α, IL-6, and IL-12) production in dendritic cells (Agrawal et
al., 2003) and anthrax cell wall–induced cytokine release in peripheral blood
mononuclear cells (PBMCs) (Popov et al., 2002a). Recently, the toxin has
been shown to inhibit T-cell activation (Paccani et al., 2005).

Death from anthrax lethal toxin has been reported to occur from sys-
temic shock (Smith et al., 1955), resembling cytokine-mediated LPS-
induced shock (Hanna et al., 1993). However, the involvement of cytokines
in LeTx toxicity has been a matter of some controversy. In sensitive
macrophages, LeTx (1pg/ml for 16h) alone did not induce TNF-α, IL-6, IL-
1α, or IL-1β (Erwin et al., 2001). However, others have shown that in a
LeTx-sensitive macrophage cell line and in macrophages from ICR mice,
sublytic LeTx concentrations (1pg/ml for 6h) alone was able to induce
TNF-α and IL-1β (Hanna et al., 1993; Shin et al., 2000). Analysis of more
than 40 cytokines and inflammatory mediators in BALB/cJ and C57BL/6J
mice after LeTx administration showed an early transitory increase of
numerous factors in BALB/cJ but not C57BL/6J mice. However, no inflam-
matory cascade was induced and no TNF-α induction was seen (Moayeri et
al., 2003) while animals from both strains were susceptible to LeTx. The
transitory response seen in the Balb/c animals was directly linked to the
macrophage lysis event (Moayeri et al., 2004). Inflammatory responses 
were also absent in a rat infusion model of LeTx killing (Cui et al., 2004).
Knockout mice for the TNF or IL-1 receptors or iNOS did not differ in
their susceptibility to anthrax infection compared with control mice (Kalns
et al., 2002). In fact, in both sensitive and resistant macrophage cell lines,
LeTx inhibits LPS/IFN-γ stimulation of TNF-α and NO probably through
inactivation of the MAPKK pathways (Pellizzari et al., 1999, 2000; Erwin et
al., 2001) much in the manner LPS-mediated cytokine responses are shut
down by LT in dendritic cells (Agrawal et al., 2003). Although there is con-
flicting data regarding cytokine induction by LeTx alone, there seems to be
consistency in that LeTx inhibits bacterial or LPS-induced cytokine release
probably through inhibition of MAPKK. It is likely that an inflammatory
cytokine release is not critical for LeTx lethality and induction of circula-
tory shock (Moayeri et al., 2003; Cui et al., 2004). However, cytokines are
likely released in response to exposure to B. anthracis spores (Pickering and
Merkel, 2004; Pickering et al., 2004; Popov et al., 2004) and may alter
macrophage and other cell responses to LeTx in ways we currently cannot
predict. In rats, LeTx-mediated killing can occur as rapidly as 45min (Ezzell
et al., 1984) and clearly does not require transcription-translation events,
and thus cytokine expression. The method by which LeTx induces circula-
tory shock in different animal models remains to be elucidated.
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4. Anthrax Lethal Toxin Repression of GR

We have recently shown that LeTx does inhibit dexamethasone-induced
GR transactivation in two cellular systems. In a transient transfection
system, the ability of GR to activate a reporter gene was repressed 50% by
LeTx, and in cells endogenously expressing GR the ability of dexametha-
sone to induce the tyrosine aminotransferase gene was also repressed 50%
by LeTx. In addition, we also showed that the ability of dexamethasone to
induce the liver tyrosine aminotransferase gene in vivo in BALB/c mice was
also repressed 50% by LeTx (Figure 4.1) (Webster et al., 2003). This LeTx-
mediated repression of GR function is specific to gene activation as it has
no effect on GR repression of NF-κB (Webster and Sternberg, 2005). LeTx
does not function as a true GR antagonist, such as RU486, to repress GR
gene activation as it does not prevent ligand binding to the receptor
(Webster et al., 2003).

LeTx not only represses GR but also represses the progesterone 
receptor B (PR-B) and estrogen receptor α (ER-α) to different extents.
However, not all nuclear hormone receptors are repressed by LeTx, for
example ER-β is not repressed by LeTx (Webster et al., 2003). Upon further
analysis, we have shown that LeTx shows receptor specificity but also some
promoter specificity. For example, on a simple promoter, (GRE)2 tk-luc,
which contains 2 GRE sequences before the minimal tk promoter, LeTx
represses GR and PR-B but has no effect on MR. LeTx also has no effect
on the androgen receptor (AR) on its simple promoter, (ARE)4 luc.
However, on the complex promoter, mouse mammary tumor virus
(MMTV), which contains 1000 base pairs of the MMTV promoter, LeTx is
able to repress GR, PR-B, AR, and MR (Webster and Sternberg, 2005).
Therefore, LeTx shows some receptor and some promoter specificity in the
repression of nuclear hormone receptors.

The features that determine LeTx repression are a matter of current
research. LeTx, unlike a true antagonist such as RU486, does not fully
repress these receptors. This led to the suggestion that LeTx may be 
removing/inactivating one or more of the many cofactors involved in 
the interaction of nuclear hormone receptors and the transcriptional
machinery (Webster et al., 2003). It is feasible that removal of one or more
of these multiple pathways may result in partial repression as some 
activity could still be afforded through the remaining intact pathways.

We had previously shown that LeTx does not interfere with the GR-
DNA interaction, at least on a simple GRE sequence in an in vitro elec-
trophoretic mobility shift assay (EMSA) experiment (Webster et al., 2003).
However, further analysis using chromatin immunoprecipitation (ChIP)
assays showed that LeTx did, in fact, prevent GR binding to DNA in the
context of native chromatin (Webster and Sternberg, 2005). The observa-
tion of this difference in assays employing an oligonucleotide versus native
chromatin eludes toward the molecular mechanism of action of LeTx. As
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stated above, we had previously suggested that the site of action of LeTx is
one of the many cofactors involved in nuclear hormone receptor gene acti-
vation (Webster et al., 2003), but this could now be extended to included
the accessory proteins that interact with GR at the level of DNA binding.

Interestingly, arsenic has been shown to inhibit GR in a similar manner.
Low levels of arsenic inhibit GR-mediated gene activation but not gene
repression, and this appears to be also dependent on the DNA binding
region of the receptor (Bodwell et al., 2004). This suggests that it is possi-
ble that other toxins (bacterial or environmental) may be able to interfere
with GR signaling through a similar mechanism. Other bacterial proteins
have previously been shown to affect the HPA axis and glucocorticoid 
signaling [reviewed by us (Webster and Sternberg, 2004)], but this mecha-
nism of repression of nuclear hormone receptors by LeTx is novel.
Recently, activation of some nuclear hormone receptors, namely RXR and
LXR, has been shown to prevent cell death and apoptosis of macrophage
cell lines infected by Bacillus anthracis (Valledor et al., 2004). These 
data suggest that nuclear hormone receptors may play a role in bacteria-
mediated cell killing.

One unanswered question has been the role of HPA axis/glucocorticoid
responses during exposure to anthrax lethal toxin. As we have previously
described, an intact HPA axis response is essential for survival from a range
of proinflammatory, bacterial, and viral insults.We have recently shown that
adrenalectomy also enhances sensitivity to LeTx in all mouse strains tested
including DBA/2J mice, which are completely resistant to LeTx when the
adrenals are intact (Moayeri et al., 2005). However, unlike the studies
described earlier, dexamethasone treatment does not prevent this increased
mortality rate but rather sensitizes mice to LeTx (Moayeri et al., 2005).
Although this data is contrary to what one might initially expect, there is
data to demonstrate that the HPA axis needs to be carefully balanced for
optimal host responses in bacterial exposures. Perturbations in either direc-
tion are detrimental to health. Indeed, prolonged treatment of septic shock
with high doses of glucocorticoids has been shown to be detrimental to
health, and increased cortisol levels have been shown in critically ill patients
(Vermes and Beishuizen, 2001; Thompson, 2003; Hamrahian et al., 2004).
These data suggest that a carefully balanced HPA axis is required for sur-
vival from LeTx. In agreement with this is the observation that blood cor-
tisol levels increase in BALB/cJ mice, which are normally sensitive to LeTx,
after LeTx administration, whereas there is no change in DBA/2J blood
cortisol levels (Moayeri et al., 2005).

4.1. p38 MAPK and GR
Because LeTx has been shown to cleave and inactivate members of the
MAPKK family (Duesbery et al., 1998; Vitale et al., 1998; Pellizzari et al.,
2000), we tested the effect of other MAPKK inhibitors on dexamethasone
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induction of GR-mediated transactivation. We have shown that dexam-
ethasone-induced GR transactivation was specifically repressed by
inhibitors of the p38 MAPKK pathway but not by inhibitors of the other
MAPKK pathways (Webster et al., 2003). Whether repression of GR by
LeTx is a direct effect of p38 MAPKK inactivation or if it is purely a cor-
relative effect remains to be determined. Published literature shows that
activation of MAPKK pathways, not repression of basal MAPKKs, inacti-
vates GR (Lucibello et al., 1990; Schule et al., 1990; Rogatsky et al., 1998;
Krstic et al., 1997; Herrlich, 2001; Karin and Chang, 2001; Lopez et al., 2001;
Irusen et al., 2002; Szatmary et al., 2004;Wang et al., 2004).Therefore, if LeTx
repression of GR is mediated through its inactivation of p38 MAPKK, then
this is a novel mechanism of action. There are, however, a few studies
emerging that suggest an interaction between p38 and GR. In osteoclasts,
the p38 inhibitor SB203580 was shown to prevent dexamethasone induc-
tion of Hsp27 suggesting that p38 is involved in the dexamethasone induc-
tion of Hsp27 in these cells (Kozawa et al., 2002). It is possible that the effect
of p38 on GR (or other nuclear hormone receptors) is dependent on the
presence of specific cofactors, such as peroxisome-proliferator-activated
receptor γ co-activator 1 (PGC-1). In HeLa cells and in the absence of 
PGC-1, the p38 inhibitor had no effect on GR-mediated transactivation
suggesting that p38 does not act directly on GR. However, in the presence
of PGC-1, coexpression of constitutively active MKK6 enhanced GR trans-
activation, and this could be repressed by SB203580 (Knutti et al., 2001).
The role of p38 in LeTx repression of GR is currently under investigation.

4.2. Therapeutic Implications
Reduced glucocorticoid production as a result of a blunted HPA axis
response or diminished glucocorticoid sensitivity has been associated with
numerous autoimmune/inflammatory diseases, as described above.We have
recently described a new mechanism of glucocorticoid resistance related to
exposure to the bacterial toxin anthrax lethal toxin. Although we have yet
to show the full extent of the involvement of LeTx repression of nuclear
hormone receptors in LeTx toxicity, it is reasonable to predict that there
may be potential clinical therapeutic implications of LeTx repression of
GR. It is clear that a balanced HPA axis and glucocorticoid production is
required for survival from LeTx. If other bacterial toxins also induce GR
resistance, this could potentially also contribute to their toxicity. This data
suggests that care should be taken when treating exposure to LeTx with
glucocorticoids (and potentially the anthrax bacterium) as glucocorticoid
treatment may not be in the patient’s best interest. Identification of the
precise mechanism by which LeTx represses GR and other nuclear
hormone receptors could provide novel targets for therapy of anthrax and
possibly other bacterial toxins.
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5
Adrenergic Regulation of 
Adaptive Immunity

Virginia M. Sanders

1. Introduction

The early hypothesis that the brain and immune system communicated with
each other was first proposed from the results of a study on the effect of
taste aversion conditioning of humoral immune responsiveness (Ader and
Cohen, 1975). Many studies have since confirmed the existence of such a
bidirectional regulation [reviewed in (Besedovsky and Del Rey, 1996;Ader,
2000; Kohm and Sanders, 2001)] and provide plausible mechanisms by
which the immune system alerts the brain that it is responding to an antigen,
as well as mechanisms by which the brain regulates the level of immune
cell activity that develops (Figure 5.1). Four key discoveries indicate that
mechanisms exist by which the brain is able to communicate with cells of
the peripheral immune system. First, primary and secondary lymphoid
organs are innervated with sympathetic nerve fibers, and mechanisms exist
by which signals are sent from the activated immune system to the brain.
Second, the sympathetic neurotransmitter norepinephrine (NE) is released
from nerve terminals residing within the parenchyma of lymphoid tissues
after antigen or cytokine administration. Third, lymphoid cells, except for
Th2 cells, express the β2-adrenergic receptor (β2AR) that binds NE to trans-
duce extracellular signals to the cell interior. And finally, NE regulates lym-
phocyte activity at the level of gene expression. Although NE appears to
regulate immune system activity overall, we will focus this chapter to a dis-
cussion of the role NE plays in regulating CD4+ T-cell and B-cell activity,
with special emphasis placed on the role it plays in regulating the level of
cytokine and antibody produced.

2. Sympathetic Innervation of Lymphoid Tissue and
Norepinephrine Release

In general, the Sympathetic Nervous System (SNS) maintains homeostasis
by regulating the activity of organ systems that are not under volunt-
ary, conscious control, and is typically associated with the physiological
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flight-or-fight response, such as that involved in the regulation of cardio-
vascular, respiratory, and metabolic function during times of critical need.
A dense perivascular network of sympathetic nerve fibers are present in
the splenic white pulp, thymus, and lymph nodes of mice and humans. Nerve
endings that terminate in the parenchyma of the white pulp are especially
numerous in the periarteriolar lymphoid sheath (PALS) and are adjacent
to both CD4+ and CD8+ T cells, as well as macrophages [reviewed in (Felten
et al., 1987a, 1998)].

Systemic infection decreased the level of norepinephrine (NE) in the
spleen via the endotoxin released from bacterial cell walls, suggesting that
the decrease was due to either decreased NE production, increased NE
release, increased NE diffusion/metabolism, and/or decreased reuptake of
NE back into the nerve terminal. Later studies showed that lipopolysac-
charide (LPS)- or infection-induced activation of immune cell populations
increased the rate of NE release in both the spleen and the heart during
the first 12h of exposure, indicating that the decrease in splenic NE levels
induced by LPS exposure was due to an increase in the level of systemic
sympathetic nerve activity [reviewed in detail in (Kohm and Sanders,
2001)]. Other types of immune stimuli also influenced the rate of NE release
in lymphoid organs. One of the earliest studies showed that sheep erythro-
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Figure 5.1. Pathways of communication between the central nervous and immune
systems. The presence of sympathetic nerve fibers in lymphoid organs and the
release of norepinephrine from nerve terminals located in the direct vicinity of
immune cells provide a mechanism by which norepinephrine might influence
immune cell function.The activity of the central nervous system (CNS) may be influ-
enced by products of activated immune cells because circulating cytokines are either
actively transported into the CNS or cytokine receptors expressed on the vagal
nerve transmit signals to the CNS. Hormone production resulting from activation
of the hypothalamic-pituitary-adrenal (HPA) axis may also influence a variety of
systemic immune cell activities but is not shown in this diagram or discussed in this
chapter.



cyte (sRBC)-induced immune cell activation decreased the total lymphoid
tissue content of NE by increasing the level of sympathetic nerve activity
(Besedovsky et al., 1979) and the rate of NE release in the spleen without
disrupting the homeostatic mechanisms responsible for maintaining con-
stant levels of NE tissue content (Fuchs et al., 1988). Likewise, using [3H]-
NE turnover analysis, immunization of scid mice reconstituted with
antigen-specific B cells and Th2 cells showed that the rate of NE release
was increased in an antigen-specific manner in the spleen and bone marrow
18–25h, but not 1–8h, after immunization. This increase in rate was only
partially blocked by the ganglionic-blocker chlorisondamine, indicating that
pre- and postganglionic mechanisms were involved in regulating NE
release. Thus, sympathetic outflow is increased into the spleen and bone
marrow during the early immune cell activation events that take place in
response to antigen, suggesting that NE may serve as one mechanism by
which the brain communicates with the immune system to regulate immune
cell activity.

3. Initial Evidence That Norepinephrine Plays a Role 
in Regulating Adaptive Immune Cell Activity

After infection, immune cells of the adaptive immune system, CD4+ and
CD8+ T cells and B cells, protect the host by specifically destroying the infec-
tious pathogen and by providing pathogen-specific long-term protection.
Thus, the adaptive immune system acts in an antigen-specific manner, gen-
erates long-term protection, and is divided into two major branches: the
cell-mediated and humoral. Due to the ability of CD4+ T cells to activate
or “help” B cells to make antibody, these cells were called T helper (Th)
cells. The ability of CD4+ T cells to promote either a cell-mediated or a
humoral response was first understood when Mosmann et al. (1986), and
later Romagnani et al. (1991), showed that clones of CD4+ T cells from mice
and humans, respectively, could be divided into two distinct effector subsets,
Th1 and Th2 cells, based on the cytokines that they produced.We now know
that the two effector cell subsets are derived from a common precursor cell
called the naive CD4+ T cell [reviewed in (Swain et al., 1996)]. The B cell is
responsible for generating the humoral antibody response and is provided
help to do so by the CD4+ effector cells. The following sections in this
chapter will focus on the evidence that NE plays a role in regulating CD4+

T-cell and B-cell activity.
Pharmacological evidence for involvement of the sympathetic nervous

system in regulating the level of an immune response has been obtained
using the chemical neurotoxin 6-hydroxydopamine (6-OHDA), a drug that
depletes NE from peripheral sympathetic nerve terminals by first displac-
ing NE from the terminal and then reversibly destroying the terminal of
adult mice for 4–8 weeks. When the SNS of mice was deleted using 6-
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OHDA, immune responses were found to be either enhanced, suppressed,
or unaltered [reviewed in (Kohm and Sanders, 2001)], suggesting that NE
either suppressed, enhanced, or had no effect, respectively, on an immune
response when it was released within the vicinity of immune cells respond-
ing to antigen. However, differences in the dose and/or time of 6-OHDA
administration and the type of immune response being measured make it
difficult to conclude whether these disparate findings reflect different
aspects of a related phenomenon.

With these caveats in mind, studies that used NE-depleted mice showed
that Th1 cell–mediated immune responses were suppressed. For example,
when mice were exposed to 6-OHDA before sensitization with the hapten
Trinitrochlorobenzene (TNCB), the resulting Th1 cell–mediated contact
hypersensitivity response was decreased in comparison with NE-intact con-
trols (Madden et al., 1989). This finding suggested that NE was required for
the generation of a Th1 cell–mediated immune response and may have
affected the precursor cell from which the Th1 cell develops. Also, if mice
were treated with 6-OHDA at least 3–5 days after sensitization with TNCB,
a time when activated naïve CD4 + T cells were committed to differentiate
into Th1 cells, the resulting contact hypersensitivity response was also
decreased (Madden et al., 1989). Thus, this study indicated that chemical
sympathectomy was suppressive both during naive T-cell priming and at a
time when the cells were committed to the Th1-cell phenotype, suggesting
that NE was needed at both the naïve and effector stages for an optimal
Th1 cell–mediated response to develop. However, one limitation to this
experimental design is that the cells may have been exposed to the large
bolus of NE released after 6-OHDA treatment, so that it is unclear whether
this NE signal, or the lack of NE, was responsible for the effects measured.

To begin to address this possibility, mice that are genetically deficient for
the enzyme dopamine β-hydroxylase, which is required to synthesize NE
from dopamine, were used to determine if NE regulates the magnitude of
a Th1 cell–driven response (Alaniz et al., 1999). These NE-deficient mice
showed a significant decrease in the level of IFN-γ produced by CD4+ T
cells and in immunological protection when exposed to the Th1-promoting
pathogens Listeria monocytogenes or Mycobacterium tuberculosis. These
data show that the absence of NE results in a diminished Th1 cell–driven
response in vivo, suggesting that NE plays a role in upregulating the mag-
nitude of a Th1 cell–mediated immune response. However, one caution is
that due to the deficiency of dopamine β-hydroxylase, these mice expressed
an increase in the level of dopamine (Alaniz et al., 1999). Because dopamine
has been shown to decrease CD4+ T-cell function (Kauassi et al., 1987), the
decrease in the NE-deficient mice may not be due to the absence of NE
but rather due to the exposure of the T cells to concentrations of dopamine
that are higher than in wild-type mice. Nonetheless, taken together, these
studies are the first to indicate that NE may exert an enhancing effect on
either early naïve CD4 + T-cell development into a Th1 cell, the commitment
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to becoming a Th1 cell, and/or the amount of IFN-γ secreted by the Th1
cell.

The role that NE plays in a Th2 cell–driven response is less clear, and the
role it plays in a Th1 cell–mediated response has been challenged. When
two strains of mice, C57Bl/6J (Th1 cell–slanted strain) and Balb/c (Th2
cell–slanted strain), were depleted of NE and immunized 2 days later with
the T cell–dependent antigen KLH, splenic cells from both strains of mice
produced significantly higher levels of IL-2 and IL-4 after reactivation in
vitro when compared with cells isolated from NE-intact controls
(Kruszewska et al., 1995). Although IFN-γ levels were not determined, the
increase in serum IgG2a in these mice suggested that this cytokine was also
increased when NE was depleted. These results refute the results described
above indicating that NE may exert an enhancing effect on Th1 cell devel-
opment and/or IFN-γ production. Thus, it remains unclear whether or not
NE is needed to obtain an optimal Th1 cell–driven response in vivo.

The role played by NE in regulating the magnitude of an antibody
response has also been studied in 6-OHDA–induced NE-depleted mice.
Unfortunately, however, in vivo results show either a decrease (Kasahara
et al., 1977b; Hall et al., 1982; Livnat et al., 1985; Cross et al., 1986; Fuchs 
et al., 1988; Madden et al., 1989; Ackerman et al., 1991b) or increase 
(Besedovsky et al., 1979; Miles et al., 1981; Chelmicka-Schorr et al., 1988) in
Th cell–dependent antibody production. Both the hemagglutinin titer and
number of plaque-forming cells that formed in response to primary immu-
nization with sRBC were decreased in NE-depleted mice when compared
with NE-intact mice, but the secondary response to antigen in these mice
was unchanged (Kasahara et al., 1977a; 1977b), suggesting that NE was
needed for the development of an optimal primary antibody response but
not the secondary response. However, the secondary antibody response was
suppressed when 6-OHDA was administered at the same time as the sec-
ondary exposure to antigen, suggesting that the concentration of NE at the
time of antigen exposure may be a determining factor in the development
of an optimal primary or secondary antibody response. More recently,
the level of serum antigen-specific antibody produced by dopamine β-
hydroxylase–deficient mice was significantly lower than the level of anti-
body produced by B cells in wild-type mice (Alaniz et al., 1999). Thus,
these results suggested that NE was needed to produce an optimal level of
antibody in vivo after immunization with antigen.

In contrast, NE depletion was also reported to increase the number of
antibody-secreting cells after immunization with the T cell—dependent
antigen sRBC (Besedovsky et al., 1979). As well, NE depletion in mice
increased the number of antibody-forming cells activated by T-independent
antigens but in contrast did not alter the number of antibody-secreting cells
activated by a T cell–dependent antigen (Miles et al., 1981). Another study
reported a strain-specific enhancement in antibody production against a T
cell–dependent antigen in NE-depleted C57Bl/6J (Th1-slanted strain) and
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Balb/c (Th2-slanted strain) mice (Kruszewska et al., 1995). In this study, the
serum levels of Keyhole Limpet Hemocyanin KLH-specific IgM, total IgG,
IgG1, and IgG2a were enhanced in NE-depleted C57Bl/6J mice 1–2 weeks
postimmunization, whereas only IgG1 was enhanced in NE-depleted Balb/c
mice. To address the possibility that the 6-OHDA–displaced NE might
affect immune cells before a state of NE depletion was established and
before antigen was delivered, another model system had to be developed.

Antigen-specific Th2 and B cells were adoptively transferred into NE-
depleted severe combined immunodeficient (scid) mice after the mice that
were depleted of NE by 6-OHDA prior to cell transfer (Kohm and Sanders,
1999). Four weeks after the primary immunization, a significantly lower
serum level of antigen-specific IgM and IgG1 was measured in NE-depleted
mice as compared with NE-intact mice, and this effect was prevented by
the administration of a β2AR-selective agonist. Secondary immunization of
these mice depleted of NE 9 weeks earlier induced serum levels of antigen-
specific IgG1 that were not only lower but also delayed in reaching a
maximal level. NE-depletion did not alter T- and B-cell trafficking to the
spleen but was found to decrease follicular expansion and germinal center
formation in the spleen when compared with NE-intact controls. Taken
together, these data suggest that stimulation of the β2AR during the course
of a T-dependent immune response is necessary to maintain an optimal
level of antibody production during a primary and secondary response in
vivo.

4. Receptors for Adrenergic Receptors on Adaptive
Immune Cells

Norepineprhine, also known as noradrenaline, and epinephrine, also known
as adrenaline, are catecholamines that bind to adrenergic receptors.
Radioligand binding studies on immune cell subsets show binding sites 
that are saturable, reversible, high affinity, and almost exclusively of the
β2AR subtype [reviewed in (Sanders et al., 2001)].

Radioligand binding analysis identified the βAR on both human and
murine T cells, with most characterized as being of the β2AR subtype
[reviewed in (Sanders et al., 2001)]. Thus far, no radioligand binding data
have shown the presence of a high-affinity β1AR or β3AR on T cells. On
average, there are approximately 400 binding sites per CD4+ T cell.Although
it is difficult to conduct a radioligand binding analysis on naïve CD4 + T cells
because of the low numbers of cells obtainable, RT-PCR analysis was used
to show that naïve cells express the β2AR (Swanson et al., 2001). Resting
clones of Th1 effector cells, but not clones of Th2 effector cells, express a
detectable level of the β2AR, as determined using both radioligand binding
with iodopindolol and immunofluorescence staining with a polyclonal anti-
β2AR antibody directed against the cytoplasmic region of the β2AR
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(Sanders et al., 1997). This finding was confirmed when a β2AR-selective
agonist induced an increase in the intracellular concentration of cAMP in
clones of Th1 cells but not in clones of Th2 cells (Sanders et al., 1997). Upon
cell activation, with either Concanavalin A (Con A), phorbol-12 myristate
13-acetate ester (PMA)/calcium ionophore, contact sensitization activation,
or an anti–T cell receptor antibody, the level of β2AR expression on acti-
vated unfractionated splenic or lymph node T cells either increased (Sanders
and Munson, 1985b; Westly and Kelley, 1987; Madden et al., 1989; Radojcic
et al., 1991; Ramer-Quinn et al., 1997) or decreased (Radojcic et al., 1991;
Cazaux et al., 1995), but remained undetectable on Th2 clones (Ramer-
Quinn et al., 1997). Because the β2AR was expressed by naïve CD4 + T cells,
the lack of β2AR expression on Th2 cells suggests that the β2AR gene is
repressed as the naïve T cell differentiates into a Th2 cell (Fig. 5.2). Stimu-
lation of the βAR on CD4+ T cells increases both the intracellular concen-
tration of cAMP and adenylate cyclase activity [reviewed in (Sanders et al.,
2001)].

Radioligand binding analysis revealed that B cells express almost twice
the level of the βAR than CD4+ T cells and, again, the receptor is of the
β2AR subtype [reviewed in (Sanders et al., 2001)]. Expression of the β2AR
on naïve antigen-specific B cells was confirmed using both radioligand
binding with iodopindolol, immunofluorescence staining with a polyclonal
anti-β2AR antibody directed against the cytoplasmic region of the β2AR
(Kohm and Sanders, 1999), and RT-PCR. No data show the presence 
of β1AR or β3AR on B cells. A few radioligand binding studies report 
the presence of the αAR on B cells (McPherson and Summers, 1982;
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Titinchi and Clark, 1984; Goin et al., 1991). However, the results from these
studies may be misleading because αAR-expressing platelets were not
removed from lymphocyte samples and, therefore, may have complicated
the interpretation of binding results. Stimulation of the β2AR on B cells
enhances the intracellular accumulation of cAMP and adenylate cyclase
activation [reviewed in (Sanders et al., 2001)].

Taken together, these data suggest that CD4+ naïve T cells, Th1 cells, and
B cells, but not Th2 cells, express the β2AR, and that stimulation of the
receptor is capable of increasing both the intracellular concentration of
cAMP and the activity of PKA.

5. Effect of Norepinephrine and β2-Adrenergic
Receptor Stimulation on Adaptive Immune Cell Activity

The findings summarized thus far in this chapter suggest strongly that NE
serves as a messenger from the brain, which is translated by the β2AR
expressed on immune cells into an intracellular signal that regulates the
magnitude of a specific immune cell activity.

The Th1 cell was defined by its ability to produce the cytokines 
interleukin-2 (IL-2), IL-3, interferon-γ (IFN-γ), tumor necrosis factor-α
(TNF-α),and granulocyte/macrophage-colony stimulating factor (GMCSF).
Through the production of these cytokines, Th1 cells augment a cell-medi-
ated immune response through the activation of phagocytes, cytotoxic CD8+

T cells, NK cells, and B cells [reviewed in (Mosmann and Coffman, 1989)].
The Th2 cell was defined by its ability to produce the cytokines IL-3, IL-4,
IL-5, IL-6, IL-10, and IL-13. Th2 cells promote humoral immunity by acti-
vating B cells to increase expression of MHC class II, to proliferate, and to
produce IgG1 and IgE [reviewed in (Mosmann and Coffman, 1989)]. Later
experiments showed that both Th1 and Th2 cells derived from a common
precursor cell, called the naïve CD4 + cell [reviewed in (Swain et al., 1996)].

Because the naïve and Th1 cells expressed the β2AR, it was possible that
NE could send a message to a precursor naïve T cell to directly change the
number of cells that differentiate into a Th1 cell and/or change the level of
IFN-γ produced by the effector Th1 cell, thereby affecting any effector
response dependent on IFN-γ. The literature records that an elevation of
cAMP, the second messenger activated by β2AR stimulation, inhibits pro-
liferation of a polyclonally activated population of unfractionated CD4+ T
cells by decreasing IL-2 expression and secretion (Mary et al., 1989;
Wacholtz et al., 1991; Chen and Rothenberg, 1994; Tamir and Isakov, 1994)
and IL-2 receptor expression (Feldman et al., 1987; Krause and Deutsch,
1991; Tamir and Isakov, 1994). Likewise, an increase in intracellular cAMP
in Th1 cells inhibits the production of IL-2 (Gajewski et al., 1990; Munoz 
et al., 1990; Novak and Rothenberg, 1990) and IFN-γ (Gajewski et al., 1990)
by Th1 cells, but in contrast, either does not change (Pochet and Delespesse,
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1983; Gajewski et al., 1990; Novak and Rothenberg, 1990; Betz and Fox,
1991; Katamura et al., 1995; Paliogianni and Boumpas, 1996; Yoshimura 
et al., 1998), inhibits (Parker et al., 1995; Borger et al., 1996a), or enhances
(Betz and Fox, 1991; Lacour et al., 1994a, 1994b; Borger et al., 1996b;
Crocker et al., 1996; Naito et al., 1996; Wirth et al., 1996) the production of
IL-4 and IL-5 by Th2 cells.

However, if NE is to send a message to the cell, it must stimulate a recep-
tor. Thus, it was found that although cAMP affects Th2 cytokine produc-
tion, NE has no effect on a Th2 cell because the Th2 cell does not express
the β2AR (Sanders et al., 1997). For the Th1 cell that expressed the β2AR
and is responsive to NE, it appears that the timing of β2AR stimulation to
cell activation plays a role in determining the effector response. For
example, exposure of Th1 cells to a β2AR-selective agonist before their acti-
vation by antigen-presenting B cells decreases both IL-2 and IFN-γ pro-
duction (Sanders et al., 1997). However, stimulation of the β2AR on Th1
cells either at the time of or after cell activation induces a trend toward an
increase in IFN-γ (Ramer-Quinn et al., 1997). Thus, an elevation in intra-
cellular cAMP within each CD4+ T-cell subset appears to affect cell activ-
ity, but NE and β2AR stimulation specifically affect naïve and Th1 cell
activity only, with the effect depending on the time of β2AR stimulation in
relation to cell activation.

Because both NE and cytokines are present within the naïve CD4 + T-cell
microenvironment during cell activation and differentiation within lym-
phoid tissues, it is possible that NE and cytokines act together to regulate
Th1 cell development and subsequent function as an effector cell. Data
show that NE stimulates the β2AR on a naïve CD4 + T cell to generate Th1
cells that produce more IFN-γ per cell upon reactivation, without affecting
the number of Th1 cells that develop, when compared with naïve T cells not
exposed to NE (Swanson et al., 2001). It was also found that IL-12 was
essential for NE and β2AR stimulation to exert this enhancing effect, sug-
gesting that the IL-12R and β2AR signaling pathways may affect each other.
Thus, these findings may have relevance for vaccination protocols in which
the goal might be to increase IFN-γ production by a limited number of Th1
cells that develop. However, the mechanism by which the NE message
delivered to a naïve T cell translates into an enhancing effect on the level
of Th1 cell IFN-γ production remains unknown.

Likewise, β2AR stimulation and elevation of cAMP affect polyclonally
activated B-cell proliferation (Diamantstein and Ulmer, 1975;Watson, 1975;
Vischer, 1976; Johnson et al., 1981; Muraguchi et al., 1984; Blomhoff et al.,
1987; Holte et al., 1988; Cohen and Rothstein, 1989; Muthusamy et al., 1991;
Whisler et al., 1992) by either inhibiting early biochemical events and pro-
liferation (Blomhoff et al., 1987; Holte et al., 1988; Muthusamy et al., 1991)
or enhancing B-cell proliferation (Cohen and Rothstein, 1989; Li et al., 1989;
Whisler et al., 1992) and specific IgG isotype production in the presence of
specific cytokines (Roper et al., 1990, 2002; Stein and Phipps, 1991a, 1991b,
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1992). A pharmacologic characterization of the enhancing effect of NE on
the IgM response showed that either NE alone or NE in the presence of
phentolamine produced an enhanced IgM response, suggesting that βAR
activation was responsible for the enhancement (Sanders and Munson,
1984a). β2AR stimulation with the agonist terbutaline enhanced the anti-
body response with a similar magnitude and kinetics to that produced by
NE, and the enhancement was blocked with propranolol (Sanders and
Munson, 1984a), suggesting that β2AR activation was responsible for medi-
ating the enhancing effect of NE. For a review of the early history of find-
ings in this area, please refer to Sanders and Munson (1985a).

The enhancing effect induced by NE and β2AR stimulation also occurs
for IgG1 and IgE (Kasprowicz et al., 2000). The mechanism by which these
two antibody isotypes are made is complicated, but a working knowledge
of these mechanisms is essential to understand the mechanism by which NE
and β2AR stimulation affect the level to which these isotypes are produced.
Highly regulated events take place at the DNA level during B-cell differ-
entiation. First, somatic hypermutation occurs when a germinal center
forms to generate immunoglobulin diversity and high-affinity B-cell-
receptor selection (Diaz and Casali, 2002). Second, class switch recombina-
tion occurs so that a B cell can differentiate into a cell that produces an
antibody isotype other than IgM. The production of germline (GL) γ1
mRNA is necessary before a B-cell class switches to production of the
mature form of IgG1 that will be secreted from the cell. Once GLγ1 expres-
sion occurs, the switch recombination site at the 5′ end of the constant
region of IgG1 becomes accessible to the recombination transcriptional
machinery (Stavnezer-Nordgren and Sirlin, 1986). Once a B cell has class-
switched to IgG1, the level of mature IgG1 produced by a B cell is regulated
by activity at the 3′-IgH enhancer region within the IgH locus in the mouse
(Khamlichi et al., 2000). A number of octamer sequences are contained
within the 3′-IgH enhancer region (Clerc et al., 1988), one of which binds
the B cell—specific transcription factor Oct-2 that regulates activity of the
3′-IgH enhancer either alone or synergistically with its coactivator OCA-B
(Tang and Sharp, 1999). Both Oct-2 and OCA-B are induced when CD40
is stimulated on the B cell (Pinaud et al., 2001; Stevens et al., 2000), and dele-
tion of Oct-2 decreases serum IgG1 (Corcoran and Karvelas, 1994; Humbert
and Corcoran, 1997), while deletion of OCA-B decreases serum IgG1 and
germinal center formation (Kim et al., 1996; Nielsen et al., 1996; Schubart
et al., 1996). Taken together, these data indicate that 3′-IgH enhancer activ-
ity is regulated by Oct-2 and OCA-B and that these proteins determine if
a B cell will produce an optimal level of IgG1.

Although the Th2 cell that helps a B cell to make IgG1 or IgE is not
affected by β2AR stimulation because it does not express the receptor, it
was possible that the β2AR-induced effect on B-cell activity could result in
an increase in T-cell activity to increase the level of IL-4 produced by the
Th2 cell, a cytokine that is needed for the isotype switch to IgG1 or IgE.
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Thus, to study the effect of β2AR stimulation on the B cell alone and to
eliminate any contribution of an indirect effect on Th2 cell activity, the Th2
cell was removed from subsequent experiments and was substituted with
the two essential T cell–derived B-cell activation signals, CD40L and IL-4
(Fig. 5.3). Using this model system, data show that β2AR stimulation
increases the amount of IgG1 produced per B cell without affecting the
number of cells that are generated to produce IgG1, as compared with B
cells not exposed to β2AR stimulation. The mechanism responsible for the
β2AR-induced increase in the amount of antibody produced per cell
appears to involve both a direct and an indirect mechanism. The direct
mechanism appears to involve a direct signaling cascade from CD86 to
affect 3′-IgH-enhancer activity in the B cell. Via this mechanism, stimula-
tion of the β2AR increases the rate of mature IgG1 transcription (Podojil
and Sanders, 2003) without affecting mature IgG1 transcript stability,
the number of IgG1

+ and IgG1-secreting B cells generated, or the level of
sterile germline γ1 transcript produced (Podojil and Sanders, 2003). These
findings suggest that β2AR signaling in a B cell affects the steady-state 
level of mature IgG1 transcript produced without affecting class switch
recombination.

The indirect mechanism appears to involve a β2AR-induced increase in
CD86. In vivo data show that antigen induces an increase in CD86 expres-
sion on a B cell and that NE depletion prevents this increase in CD86 from
occurring. In vitro, β2AR stimulation on a B cell increased CD86 expres-

5. Adrenergic Regulation of Adaptive Immunity 91

Th2 B

CD40L CD40

CD28 CD86

IL-4 IL-4R

ββββ2AR

Norepinephrine

Figure 5.3. Critical B-cell surface molecules involved in activating a B cell to IgG1
production. Th2 cells do not express the β2AR, while B cells do, suggesting that any
effect mediated by norepinephrine on a Th2 cell–dependent antibody response, such
as IgG1, will occur through a direct effect on the B cell. The Th2-associated CD40L,
IL-4, and CD28 serve as essential activating ligands for the B cell–associated CD40,
IL-4R, and CD86 (B7-2). These essential signals can also be delivered to the B cell
without the presence of an intact Th2 cell. In this model system, a resting B cell can
be fully activated in vitro by the exogenous addition of CD40L-infected Sf9 cells,
recombinant IL-4, and either an anti-CD86 antibody or a CD28 fusion protein.



sion (Kasprowicz et al., 2000) but did not affect the level of expression for
other B-cell surface molecules. Stimulation of CD86 alone on a CD40L/IL-
4–activated B cell increases the level of IgG1 produced (Jeannin et al., 1997;
Kasprowicz et al., 2000) and differentially affects the level of antiapoptotic
and proapoptotic molecules expressed (Suvas et al., 2002). Taken together,
these findings suggest that the enhancing effect of β2AR stimulation on a
B cell–mediated IgG1 response is partially mediated indirectly via a direct
effect on the level of CD86 expression, which, upon stimulation, signals for
an increase in IgG1 to occur to a level above that induced by CD40L and
IL-4 alone.

A combination of β2AR and CD86 stimulation produces an additive
enhancing IgG1 effect (Fig. 5.4). The mechanism responsible for mediating
this additive increase in IgG1 involves a CD86-induced increase in the
expression of the transcription factor Oct-2 and a β2AR-induced increase
in the coactivator OCA-B, respectively (Podojil et al., 2004). The increased
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level of the transcription factor Oct-2, along with the increased level of its
coactivator protein OCA-B, then bind cooperatively to the 3′-IgH enhancer
region to increase the rate at which IgG1 mRNA is produced. CD86 and
the β2AR appear to induce these effects via the activation of NF-κB and
protein kinase A (PKA), respectively (Podojil et al., 2004). These findings
were replicated in vivo; that is, in mice depleted of NE but exposed to dif-
ferent combinations of anti-CD40 antibody, IL-4, a β2AR agonist, and/or an
anti-CD86 antibody, a β2AR-induced increase in OCA-B, a CD86-induced
increase in Oct-2, increased binding of both factors to the 3′-IgH enhancer
in the IgH locus, and an increase in IgG1 mRNA and protein were mea-
sured (Podojil et al., 2004). As was also seen in vitro, each receptor stimu-
lated individually in vivo induced an increase in IgG1, but together they
induced an additive effect (Podojil and Sanders, 2003; Podojil et al., 2004).
These findings suggest that signaling pathways activated in a B cell by both
an immunoreceptor (CD86) and a neuroreceptor (β2AR) converge to reg-
ulate the IgG1 response. For a more detailed description of how the study
of the role played by the β2AR in enhancing the IgG1 response led to the
discovery of the signaling pathway activated by CD86, please refer to the
review by Podojil and Sanders (2005).

An understanding of the regulatory mechanism by which CD86 and/or
the β2AR increases the level of IgG1 produced by a murine B cell may help
to explain how acute versus chronic stress contributes to either enhancing
or suppressing the level of immunity in humans. Also, an understanding of
the mechanism by which IgG1 is regulated by CD86 and the β2AR will be
useful in the design of targeted therapeutic approaches for individuals who
might manifest changes in the level of these receptors and/or the ligands
that stimulate these receptors during vaccination (e.g., in aged individuals).

6. Summary

An important function of the sympathetic nervous system is to maintain
the internal environment of the body by making modest adjustments in cel-
lular activities. In keeping with this function, many of the modest changes
induced in immune cell function by sympathetic neurotransmitters dwarf
in comparison with the large changes induced by regulatory molecules asso-
ciated with the immune system itself. Although these modest changes in
immune function render data interpretation difficult, they are relevant and
necessary for maintaining immune homeostasis. By pursuing the study of
the cellular, biochemical, and molecular mechanisms by which NE regulates
immune homeostasis, we will better understand how these mechanisms 
may be influencing the etiology or progression of immune and nervous
system–related disease states.

To date, convincing data are lacking to support a role for a neuroim-
mune interrelationship in the etiology or progression of a disease state.
For example, if the sympathetic neurotransmitter NE plays a role in 
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modulating immune function, then an age-related decline in lymphoid
tissue innervation (Felten et al., 1987b, 1989; Bellinger et al., 1990; Acker-
man et al., 1991a) may contribute to the age-associated increase in the inci-
dence of autoimmunity, cancer, and susceptibility to infection (Biondi and
Zannino, 1997). On the other hand, if cytokines play a role in modulating
nervous system function, then an age-related decline in immune function,
coupled with changes mediated via the NE impact on immune function,
may contribute to the age-associated increase in behavioral and cognitive
dysfunctions (Forster and Lal, 1991). Although these possibilities are spec-
ulative, they do emphasize a need to understand the mechanisms by which
one system influences the functioning of the other.

The knowledge gained from such studies will contribute to a better
understanding of the apparently conflicting role played by the sympathetic
nervous system in regulating immune homeostasis. For example, the level
of immunocompetence may change as a result of either a change in the level
of locally secreted NE in lymphoid organs, a change in the level of expres-
sion of the β2AR on lymphocytes, a change in the ratio of CD4+ T-cell subsets
participating in a particular immune response, or a change in the state of
T-cell or B-cell activation when the β2AR is stimulated. Although such
changes in immunocompetence may not be immediately life-threatening to
an individual, they may alter long-term health status and quality of life. The
finding that NE stimulation of the β2AR on a T cell or B cell appears to
affect the level of protein produced per cell, as opposed to affecting the
number of cells producing the effector protein, may indicate that a common
mechanism is used by immune cells to translate the message sent by the
brain to maintain immune homeostasis in the periphery.
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6
Gender Dimorphism and the Use of
Sex Steroid/Receptor Antagonist
After Trauma

Mashkoor A. Choudhry and Irshad H. Chaudry

1. Introduction

Trauma remains the major cause of deaths in the United States and in other
developing countries. Moreover, a significant number of trauma victims who
survive initial injury succumb subsequently because of sepsis and multiple
organ failure (Bone, 1992; Nathens and Marshall, 1996; Baue et al., 1998;
Marshall, 1999; Angele et al., 2000; Baue, 2000; Choudhry et al., 2003). Thus,
sepsis and organ dysfunction continue to be the major cause of morbidity
and mortality in trauma patients. Although intensive investigations during
the past three decades have helped identify some of the mechanisms
responsible for sepsis and organ dysfunction, despite all these efforts the
prognosis of trauma patients remains elusive. Furthermore, these studies
suggest that the postinjury pathogenesis is complex and is influenced by
multiple factors. Among these, gender is suspected to be a major factor that
plays a significant role in shaping the host response to injury (Schroder et
al., 1998; Angele et al., 2000; Schroder et al., 2000; Croce et al., 2002;
Yokoyama et al., 2002; Chaudry et al., 2003; George et al., 2003b; Choudhry
et al., 2004). The primary aim of this article is to present a comprehensive
summary of the studies dealing with the role of gender in response to
trauma as well as to discuss potential targets that can be used to modulate
endogenous levels of sex hormones to improve organ functions after exper-
imental trauma.

2. Gender Dimorphism in Trauma Patients

In recent years, recognition of gender-based differences in patient response
to injury/disease has been the subject of much interest (Bone, 1992; Diodato
et al., 2001; Verthelyi, 2001; Muller et al., 2002; Orshal and Khalil, 2004;
Morales-Montor et al., 2004). Although the findings of some clinical studies
do not support the role of gender in the overall outcome of trauma patients,
others have provided evidence in support of the suggestion that gender
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plays a significant role in the outcome of trauma patients (Schroder et al.,
1998; Eachempati et al., 1999; Offner et al., 1999; Oberholzer et al., 2000;
McGwin et al., 2002; Bowles et al., 2003; George et al., 2003a, 2003b; Gannon
et al., 2004). Recently, a retrospective analysis of more than 150,000 blunt
or penetrating trauma patients (George et al., 2003a, 2003b) suggested that
after blunt trauma, male patients had a significantly higher risk of death as
compared with female patients. In addition, these findings suggested that
premenopausal women had a survival advantage in blunt trauma patients;
however, the opposite pattern prevailed in patients with penetrating trauma
(George et al., 2003a, 2003b). Similarly, findings from a prospective analy-
sis of septic patients suggested significantly more deaths in males compared
with females (Schroder et al., 1998). Consistent with these findings, another
study (Wichmann et al., 2000) concluded that while the overall mortality
was not different between males and females after sepsis, only a few female
patients required intensive care. In addition, the severity of sepsis/septic
shock in females was much lower in intensive care patients. Similar con-
clusions that the male gender is associated with increased risk of major
infection after trauma was drawn in yet another study (Offner et al., 1999).
Collectively, these findings suggest that gender plays a role in the outcome
of trauma patients. In contrast, some other studies failed to establish 
the relationship between gender and the outcome of trauma patients
(Eachempati et al., 1999; Croce et al., 2002; Bowles et al., 2003; Gannon et
al., 2004). For instance, Eachempati et al. (1999) did not find significant dif-
ferences in mortality between males and females among patients admitted
to intensive care units with symptoms of systemic inflammatory response
syndrome. Bowles et al. (2003) enrolled 15,170 trauma patients over a 5-
year period (1993–1997) and compared outcomes based on gender, age, and
severity of injury. They found that age, mechanism, and severity of injury
but not gender influenced survival, thus the role of gender in the outcome
of trauma patients remains controversial.

Although the cause for the observed differences in clinical studies
remains to be established, a series of experimental studies of trauma suggest
that the response to injury is different in males and females (Yao et al., 1998;
Angele et al., 2000; Kahlke et al., 2000a, 2000b; Samy et al., 2001; Kovacs 
et al., 2002; Yokoyama et al., 2002; Chaudry et al., 2003). These studies have
shown that alterations in immune and cardiovascular functions after
trauma-hemorrhage are more severe in mature males, ovariectomized and
aged females, whereas both immune and cardiac functions are maintained
in proestrus females under those conditions (Yao et al., 1998; Angele et al.,
2000; Kahlke et al., 2000a, 2000b; Samy et al., 2001; Kovacs et al., 2002;
Yokoyama et al., 2002; Chaudry et al., 2003). Similarly, liver functions after
trauma-hemorrhage were found to be depressed in males but were main-
tained in proestrus females (Remmers et al., 1997, 1998a). Moreover,
the survival rate of proestrus females subjected to sepsis after trauma-
hemorrhage is significantly higher than age-matched males or ovariec-
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tomized females (Zellweger et al., 1997).Thus, the results obtained in exper-
imental model of trauma clearly suggest that the alterations in immune and
other organ functions are gender specific. However, the findings from these
experimental studies suggest that sex hormone levels and not the gender
itself play roles in shaping the host response to an injury such as trauma.
Because in patient studies the levels of sex hormones were not determined
at the time of injury, it is difficult to ascertain the role of gender in the pre-
viously published studies. Therefore, in order to determine the role of
gender in post-trauma morbidity and mortality, more patient studies should
be planned. These studies should enroll a more homogenous patient popu-
lation (e.g., age-matched), and the patient outcome should be correlated
with the levels of sex hormones rather to the gender of the patients.

3. Sex Hormones and Response to 
Experimental Trauma

The action of sex hormones starts immediately after their synthesis when
they migrate from the bloodstream to the cell across the cell membrane by
a simple diffusion mechanism. Once inside the cells, the sex hormones like
other steroids form complexes with their cytosolic and/or nuclear receptors.
This complex then binds to chromatin and stimulates the transcription of 
a set of genes with a specific sex steroid–responsive regulatory element
(Landers and Spelsberg, 1992; Olsen and Kovacs, 2001; Orshal and Khalil,
2004). Thus, both androgen and estrogen mediate their actions by activat-
ing the transcription factors and accordingly are expected to alter signaling
at the nuclear level. However, there is mounting evidence indicating that
sex steroids can also induce a nongenomic response within cells, a response
that is not mediated through nuclear receptors but rather initiated at the
plasma membrane, presumably through unconventional surface receptors
(Landers and Spelsberg, 1992; Benten et al., 1999; Zhang and Shapiro, 2000;
Jarrar et al., 2002;Wunderlich et al., 2002; Zhang et al., 2002; Mize et al., 2003;
Orshal and Khalil, 2004). Previous studies have utilized multiple ways to
modulate the actions of sex hormones and then determined their role in
post-trauma organ dysfunction. Some of these approaches are discussed in
the following section.

3.1. Sex Hormones and Immune Response to Trauma
Previous studies have shown that the suppression of immune response is
apparent immediately after trauma-hemorrhage in males and persists for a
prolonged period of time, despite fluid resuscitation (Chaudry et al., 1990;
Zellweger et al., 1995; Xu et al., 1998; Samy et al., 2000). The suppression of
immune functions after trauma-hemorrhage is characterized by a decrease
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in macrophage antigen presentation and T-cell proliferation (Fig. 6.1). In
addition, a decrease in Th1 cytokines (IL-2 and IFN-γ) and increase in Th2
cytokines (IL-4 and IL-10) was commonly reported under those injury con-
ditions (Chaudry et al., 1990;Ayala et al., 1992;Wichmann et al., 1996a, 1997;
Xu et al., 1998; Angele et al., 2000; Kahlke et al., 2000a; Knoferl et al., 2001,
2002; Jarrar et al., 2002). Females in the proestrus stage of estrus cycle,
however, have normal/maintained immune responses after trauma-
hemorrhage (Fig. 6.1). Surgical removal of ovaries 2 weeks prior to trauma-
hemorrhage, however, resulted in suppressed immune responses similar to
those observed in male mice after trauma-hemorrhage (Kahlke et al., 2000a,
2000b; Jarrar et al., 2000c; Knoferl et al., 2001). Furthermore, castration 2
weeks prior to trauma-hemorrhage prevents the suppression of immune
functions in male mice (Wichmann et al., 1996b). Administration of male
sex hormones 5α-dihydrotestosterone (5α-DHT) in castrated males results
in suppression of splenic and peritoneal macrophage cytokine production
(Angele et al., 2001).Additionally, pretreatment of female mice with a phys-
iological amount of 5α-DHT for 2 weeks prior to trauma-hemorrhage also
caused suppressed splenic and peritoneal macrophage cytokine production
(Angele et al., 2001). On the other hand, female sex steroids have been
shown to prevent the suppression in immune cell functions after trauma-
hemorrhage (Kahlke et al., 2000b; Angele et al., 2001; Knoferl et al., 2001,
2002). Treatment of male mice with 17β-estradiol prevented the decrease
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in splenic and peritoneal macrophage production of cytokines (Knoferl 
et al., 2000). The decrease in Th1 cytokine after trauma-hemorrhage was
also prevented in 17β-estradiol–treated male mice. In addition, administra-
tion of 17β-estradiol in ovariectomized females after trauma-hemorrhage
restores immune functions similar to those observed in sham-injured
animals. These findings suggest that changes in immune functions after
trauma-hemorrhage are gender specific. In particular, male sex hormones
5α-DHT contribute to the suppression of immune cell functions, whereas
the female sex hormones 17β-estradiol maintain immune function after
trauma-hemorrhage.

3.2. Sex Hormones and Alterations in Cardiac Function
Similar to immune response, sexual dimorphism has also been reported
with respect to cardiac functions (Fig. 6.1). Findings from previous studies
have shown that cardiac output, stroke volume, +dP/dt, −dP/dt, and total
peripheral resistance were markedly altered after trauma-hemorrhage in
males (Wang et al., 1993; Remmers et al., 1997;Angele et al., 1998c; Remmers
et al., 1998a; Yao et al., 1998; Mizushima et al., 2000; Ba et al., 2001; Ancey
et al., 2002; Kuebler et al., 2002; Ba et al., 2003; Yang et al., 2004). However,
in proestrus females, which have high circulating levels of estrogen, cardiac
functions are maintained after trauma-hemorrhage and fluid resuscitation
(Fig. 6.1) (Ba et al., 2003). In contrast, cardiac functions are suppressed in
ovariectomized females (Yang et al., 2004). Administration of a single dose
of 17β-estradiol in ovariectomized females prevented the depression in
cardiac function after trauma-hemorrhage (Mizushima et al., 2000; Yang et
al., 2004). Similar administration of 17β-estradiol in males also prevented
cardiac dysfunction after trauma-hemorrhage (Chaudry et al., 2003; Yang et
al., 2004). Additional findings suggest that decreasing androgen levels by
performing castration 2 weeks prior to trauma-hemorrhage significantly
improved/restored cardiac function under those conditions (Chaudry et al.,
2003; Yang et al., 2004). On the other hand, administration of male sex hor-
mones 5α-DHT in castrated males and in females resulted in suppressed
cardiac function after trauma-hemorrhage (Chaudry et al., 2003; Yang et al.,
2004). Thus, similar to immune function, male sex hormones are found to
suppress cardiac function; female hormones on the other hand prevent the
suppression of cardiac function after trauma-hemorrhage. However, the
mechanism of the beneficial effects of female or harmful effect of male
steroids after trauma-hemorrhage remains to be established. Previous
studies have shown that 17β-estradiol may mediate its salutary effect on
cardiac function via modulation of proinflammatory cytokines such as IL-
6 and TNF-α (Levine et al., 1990; O’Neill et al., 1994; Yamauchi-Takihara et
al., 1995; Kerger et al., 1999; Mizushima et al., 2000; Yang et al., 2004). In
addition, administration of 17β-estradiol also prevented the decrease in
nitric oxide synthase and increased leukocyte infiltration (Angele et al.,
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1998c). Both diminished nitric oxide synthase activity and increased leuko-
cyte infiltration potentially contribute to altered cardiac functions after
trauma hemorrhage (Miyao et al., 1993; Hierholzer et al., 1998; Kerger et al.,
1999). Thus, estradiol-mediated prevention of both the decrease in nitric
oxide synthase and increase of leukocyte infiltration is likely another poten-
tial mechanism by which estrogen mediates its salutary action on cardiac
function after trauma-hemorrhage.Altogether, one or more than one of the
above mechanisms could be responsible for the protective effects of 17β-
estradiol observed in the males after trauma-hemorrhage and resuscitation.

3.3. Sex Hormones and Alterations in 
Hepatocellular Function
In addition to impaired cardiac and immune functions, alterations in hepatic
functions have also been found to be gender-specific after trauma-hemor-
rhage. These findings suggest that liver functions are markedly depressed in
male rats after trauma-hemorrhage and resuscitation (Remmers et al.,
1998a, 1998b; Jarrar et al., 2000c; Kuebler et al., 2002; Chaudry et al., 2003;
Jarrar et al., 2004). On the other hand, female animals during the proestrus
stage of their estrus cycle showed normal liver functions after trauma-
hemorrhage and resuscitation (Jarrar et al., 2000b).The findings also showed
that ovariectomized females had depressed hepatocellular function after
trauma-hemorrhage (Jarrar et al., 2000c; Kuebler et al., 2001). However,
administration of 17β-estradiol in ovariectomized females after trauma-
hemorrhage restored liver functions under those conditions (Knoferl et al.,
2001). These results collectively suggest that, as with immune and cardiac
functions, male sex steroids have a deleterious effect on liver function,
whereas estrogen maintains liver function after trauma-hemorrhage.

3.4. Sex Hormones and Mortality in Animals After
Trauma-Hemorrhage from Subsequent Sepsis
In addition to organ function, studies were also performed to determine
whether or not modulation of sex hormones after trauma-hemorrhage
influences the mortality in animals from subsequent sepsis. Findings from
these studies suggested that more than 70% of male animals die after sepsis
induced by cecal ligation and puncture (CLP) after trauma-hemorrhage
(Zellweger et al., 1997). In contrast, morality in proestrus females was found
to be ∼20%. Furthermore, studies have shown that prior castration or treat-
ment of male animals with 17β-estradiol resulted in increased survival of
trauma-hemorrhage after sepsis (Zellweger et al., 1997). In contrast, sur-
gical removal of ovaries in female mice prior to trauma-hemorrhage
increased the lethality from subsequent sepsis (Zellweger et al., 1997;
Chaudry et al., 2003).
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4. Sex Hormone Receptors

Androgen and estrogen receptors are expressed in almost all the cells,
including cells from the immune system, heart, and liver (Chaudry et al.,
2003; Orshal and Khalil, 2004). Two major subtypes of estrogen receptors
(ERs) (i.e., ER-α and ER-β) have been identified. Furthermore, several
subtypes of ER-α, such as ER-αA, ER-αC, ER-αE, and ER-αF, and of ER-
β, such as ER-β1, ER-β2, ER-β4, and ER-β5, have been described (Kos et
al., 2002; Orshal and Khalil, 2004). Although some studies suggest that ER-
α promotes the protective effects of estrogen, others have shown that ER-
β is more critical for the beneficial effect of estrogen (Case and Davison,
1999; Kos et al., 2002; Pare et al., 2002; Scobie et al., 2002; Orshal and Khalil,
2004). A recent study showed that ER-α is essential for thymic and splenic
development in males, whereas expression of ER-β is required for estro-
gen-mediated thymic cortex atrophy and thymocyte phenotypic shift in
females (Erlandsson et al., 2001). Previous studies have demonstrated that
B-cell lymphopoiesis is normal in female ER-α–disrupted mice (Smithson
et al., 1998), suggesting that ER-β might be responsible for regulating B-
cell formation in bone marrow (Kincade et al., 2000). The overall distribu-
tion of AR and ER expression was not different in T cells of male and
female animals with and without trauma. Recent findings suggested that the
T-cell expression of ER-α and ER-β in response to trauma-hemorrhage is
different (Samy et al., 2000; Samy et al., 2001; Samy et al., 2003). These find-
ings have shown that while ER-α expression did not change after trauma-
hemorrhage, the expression of ER-β was significantly decreased in the
proestrus females after trauma-hemorrhage. Such alterations in ER-β
expression may contribute to the observed changes in T-cell functions.

4.1. Use of Male Sex Hormone Receptor Antagonist
The most widely used male sex hormone receptor antagonist in the treat-
ment of experimental trauma is flutamide. Flutamide blocks receptors of
testosterone, dihydrotestosterone, and 3α-androstenediol (Chaudry et al.,
2003). Flutamide is a nonsteroidal agent and is known to inhibit androgen
uptake or nuclear binding of the activated androgen receptor to nuclear
response elements in the nucleus (Kolvenbag and Nash, 1999; Chaudry et
al., 2003). It is used clinically for the treatment of androgen-sensitive pro-
static carcinoma.Animal studies have shown that treatment of animals with
flutamide is effective in preventing the deleterious effects of hemorrhagic
shock on cell-mediated immunity, as well as in preventing the cardiovascu-
lar and hepatocellular depression (Angele et al., 1997; Angele et al., 1998a,
2000, 2001; Yokoyama et al., 2002; Chaudry et al., 2003). Another common
antiandrogenic compound is bicalutamide (AstraZeneca Chicago, IL).
Bicalutamide, similar to flutamide, is a nonsteroidal and shares flutamide in
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its mechanism of action (Furr, 1996; Kolvenbag and Nash, 1999; Angele 
et al., 2000; Chaudry et al., 2003). It competitively inhibits the binding of
androgen to its cytosolic receptor in target tissues and is used clinically in
the treatment of prostate cancer.

4.2. Use of Female Sex Hormone Receptor Antagonist
Similarly, there are a number of pharmacological agents that have been
used to block estrogen receptors (Martel et al., 1998; Tremblay et al., 1998;
Angele et al., 2000; Katzenellenbogen and Katzenellenbogen, 2000;
Stauffer et al., 2000; Meyers et al., 2001; Yokoyama et al., 2002; Chaudry 
et al., 2003). Among them, ICI 182,780 and EM-800 were used in many
studies dealing with the role of estrogen in trauma (Angele et al., 2000;
Yokoyama et al., 2002; Chaudry et al., 2003). EM-800 is an estrogen recep-
tor antagonist that blocks the transcriptional functions of estrogen recep-
tor α and β (Luo et al., 1997; Martel et al., 1998; Tremblay et al., 1998). ICI
182,780 on the other hand inhibits estrogen binding to the receptor
complex. ICI is 10 times more potent than EM-800 and can be administered
orally or subcutaneously. In addition, there are compounds that work as an
agonist and are recognized for their specificity toward ER-α and ER-β.
Propyl pyrazole triol (PPT) is a potent ER-α agonist that does not activate
ER-β (Martel et al., 1998;Tremblay et al., 1998;Angele et al., 2000; Katzenel-
lenbogen and Katzenellenbogen, 2000; Stauffer et al., 2000; Meyers et al.,
2001;Yokoyama et al., 2002; Chaudry et al., 2003). In contrast, the compound
diarylpropionitrile (DPN) is a potency-selective agonist for ER-β with a
more than 70-fold higher binding affinity for ER-β than ER-α. Tamoxifen
is another agent that has been used in breast-cancer patients with estrogen
receptor–positive tumors. These agents can be used to block specific recep-
tors and thus will allow for evaluating their role both in cancer as well as
in experimental models of trauma.

5. Synthesis of Sex Steroids

Sex hormones are primarily synthesized in the gonads; but recent studies
have provided evidence that these hormones can be synthesized in nongo-
nadal tissues (Samy et al., 2000, 2001, 2003; Chaudry et al., 2003). Choles-
terol, which is the starting material for sex steroid biosynthesis, is converted
to testosterone (Fig. 6.2) in the presence of various enzymes. Testosterone
is common to both male and female sex hormones, but its conversion into
5α-DHT or 17β-estradiol is highly dependent on the availability of two 
critical enzymes, 5α-reductase and aromatase, respectively (Brodie and
Njar, 2000; Chaudry et al., 2003; Flores et al., 2003; Arora and Potter, 2004;
Occhiato et al., 2004). 5α-Reductase enables the conversion of testosterone
into male 5α-DHT, whereas aromatase metabolizes the same testosterone
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into female sex steroid 17β-estradiol. Previous studies have shown that 
the enzymes [5α-reductase, aromatase, 3α-hydroxysteroid dehydrogenase
(3α-HSD), 3β-hydroxysteroid dehydrogenase (3β-HSD), and 17β-
hydroxysteroid dehydrogenase (17β-HSD)] responsible for the conversion
of cholesterol to male or female sex hormones are present in peripheral
tissues including spleen and T cells (Samy et al., 2000, 2001, 2003; Chaudry
et al., 2003) (Fig. 6.2). In recent studies, we evaluated whether trauma-
hemorrhage affects the expression of these enzymes in immune cells. Find-
ings from these studies have shown that trauma-hemorrhage differentially
regulates the expression and activity of 5α-reductase, aromatase, and 17β-
HSD in male and female T cells (Samy et al., 2000, 2001, 2003; Chaudry et
al., 2003). In males, there was an increase in T-cell 5α-reductase activity after
trauma-hemorrhage; aromatase activity on the other hand is relatively low
and is not altered after trauma-hemorrhage in T cells derived from male
animals (Fig. 6.3A).Thus, a trauma-hemorrhage–mediated increase in T-cell
5α-reductase activity is likely to contribute to increased synthesis of 5α-
DHT by these cells. 5α-DHT can be metabolized by 3α-HSD and 17β-HSD,
sequentially, into androsterone, a metabolite that is inactive because of its
inability to bind to the androgen receptor. However, studies show no alter-
ation in the activity of 3α-HSD and a decrease in the expression of 17β-
HSD in male T cells after trauma-hemorrhage (Samy et al., 2000, 2001, 2003;
Chaudry et al., 2003). This suggests a lack of 5α-DHT catabolism in T cells
of trauma-hemorrhaged males and consequently results in elevated levels
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of 5α-DHT within the cells. 5α-DHT binding affinity to the androgen recep-
tor is severalfold higher than that of testosterone and is considered to be
the most potent androgen (Samy et al., 2000, 2001, 2003; Chaudry et al.,
2003). Interestingly, findings from these studies further suggested that in
castrated animals, trauma-hemorrhage decreases 5α-reductase activity and
increases expression of 17β-HSD, suggesting inactivation of 5α-DHT in cas-
trated males.Altogether, these findings suggest that increased synthesis and
decreased catabolism of 5α-DHT is likely the principal cause for the loss
of T-cell functions in intact males after trauma-hemorrhage (Samy et al.,
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2000, 2001, 2003; Zheng et al., 2002; Chaudry et al., 2003; Schneider et al.,
2003).

T cells in the proestrus females, on the other hand, have low 5α-
reductase activity and thus low 5α-DHT levels (Fig. 6.3B). In contrast, aro-
matase as well as 17β-HSD activities significantly increase in proestrus
females after trauma-hemorrhage (Fig. 6.3B), suggesting increased synthe-
sis of 17β-estradiol (Samy et al., 2000, 2001, 2003; Zheng et al., 2002;
Chaudry et al., 2003). The lack of change in 17β-HSD oxidative activities
leads to less conversion of 17β-estradiol to estrone, which is an inactive
metabolite and does not bind to estrogen receptors. In contrast, activities
of aromatase and 17β-HSD are low in the T cells of the ovariectomized
animals as compared with the proestrus females after trauma-hemorrhage
(Samy et al., 2000, 2001, 2003; Zheng et al., 2002; Chaudry et al., 2003). This
results in lower 17β-estradiol production and consequent immunosuppres-
sion. Whether similar alteration in steroidogenesis occurs in other organs
such as heart and liver remains to be established. Findings obtained from
immune cells suggest that steroidogenic enzymes differ between males and
proestrus females and that the trauma-hemorrhage further influences the
activity of these enzymes. Because the synthesis of active steroids markedly
influences cytokine production, these enzymes may serve as potential
targets for therapeutic modulation after trauma-hemorrhage.

5.1. Use of Inhibitors of Sex Steroid Synthesis
5α-Reductase is an attractive target for the modulation of sex hormone syn-
thesis. In this regard, studies have shown that treatment of animals with 4-
hydroxyandrostenedione (4-OHA), a potent inhibitor of 5α-reductase
activity, attenuated alterations in cytokine production after trauma-
hemorrhage (Schneider et al., 2003). Other 5α-reductase inhibitors that can
be used are 4-azasteroids, 6-azasteroids, and 10-azasteroids (Flores et al.,
2003; Occhiato et al., 2004). Finasteride is among the first 5α-reductase
inhibitors approved in the United States for the treatment of benign pro-
static hyperplasia. In humans, finasteride decreases prostatic DHT levels by
70–90% and reduces prostate size (Flores et al., 2003; Occhiato et al., 2004)
while testosterone tissue levels remain constant. The use of finasteride
demonstrated a sustained improvement in the treatment of benign prosta-
tic hyperplasia (Flores et al., 2003; Occhiato et al., 2004). Other potent and
selective inhibitors of 5α-reductase, such as androstandiene-3-carboxylic,
Epristeride, and estratriene carboxylic acid, have also demonstrated a high
inhibitory activity (Flores et al., 2003; Occhiato et al., 2004). Epristeride has
been shown to lower serum DHT levels by 50% in clinical trials (Flores et
al., 2003; Occhiato et al., 2004).

Aromatase inhibitors are another class of antiestrogen medications that
suppress estrogen levels in the blood by inhibiting one of the enzymes
needed to produce the hormone. These drugs, which include letrozole,
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anastrozole, and exemestane, work best in postmenopausal women (Brodie
and Njar, 2000;Arora and Potter, 2004). Furthermore, formestane and exam-
estane have been shown to be effective in breast cancer patients with
advanced disease (Brodie and Njar, 2000;Arora and Potter, 2004).A number
of other inhibitors such as 7α-substituted androstenediones evaluated 
clinically are exemestane, atemestane, and 10-propagylandrostenedione
(Brodie and Njar, 2000; Arora and Potter, 2004). Although both atemestane
and 10-propagylandrostenedione are potent aromatase inhibitors and
highly effective in lowering estrogen levels in breast cancer patients, only
exemestane currently remains an available treatment option.

5.2. Use of Sex Steroid Metabolites as Therapeutic
Regimens After Trauma-Hemorrhage
In addition to the use of inhibitors of sex hormone synthesis pathways,
studies have also utilized approaches in which animals were treated with
sex steroid metabolites such as dehydroepiandrosterone (DHEA) and
androstenediol (adiol). Both DHEA and adiol are intermediate metabo-
lites of sex hormone synthesis (Fig. 6.2). DHEA, synthesized in the adrenal
glands, is present both as a biologically active free form and as an inactive
sulfated form (Nestler et al., 1991; Brown et al., 1999; Baulieu et al., 2000;
Jarrar et al., 2000a, 2001). DHEA is the most abundant sex steroid in the
circulation and is an intermediate in the pathway for the synthesis of testos-
terone and estrogen. However, depending on the hormonal milieu, andro-
genic and estrogenic effects of DHEA have been reported (Nestler et al.,
1991; Jarrar et al., 2001). DHEA has been shown to have immunoenhanc-
ing effects on splenocytes harvested from normal animals (Brown et al.,
1999; Jarrar et al., 2001). Studies have shown that administration of DHEA
in male animals prevented the depression in immune, cardiac, and hepato-
cellular function after trauma-hemorrhage (Angele et al., 1998b; Jarrar et
al., 2001). Moreover, the survival rate also markedly improved in trauma-
hemorrhaged animals after polymicrobial sepsis. To determine whether the
salutary effects of DHEA on immune, cardiovascular, and hepatocellular
function after trauma-hemorrhage were owing to a direct effect of DHEA
or its conversion into 17β-estradiol or testosterone, DHEA and the specific
estrogen receptor antagonist ICI 182,780 or androgen receptor antagonist
flutamide were administered simultaneously in separate experiments. The
results indicated that the salutary effects of DHEA on the depressed organ
functions after trauma-hemorrhage were abolished in the presence of the
estrogen receptor antagonist ICI 182,780. However, the beneficial effects of
DHEA were not affected in animals treated with androgen receptor
blocker, flutamide (Angele et al., 1998b; Catania et al., 1999; Jarrar et al.,
2001). These findings suggest that the salutary effects of DHEA on the
depressed organ and immune functions after trauma-hemorrhage are medi-
ated via the estrogen receptor.
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Similar to DHEA, recent studies have evaluated the role of another
metabolite, adiol, in altered cardiac and hepatocellular function after
trauma-hemorrhage (Shimizu et al., 2004, 2005). Adiol, one of the metabo-
lites of DHEA, has been reported to have greater protective effects than
DHEA against lethal bacterial infections and endotoxin shock. Further-
more, adiol has also been reported to produce protective effects after ion-
izing radiation in mice (Whitnall et al., 2002). Recently, studies from our
laboratory have shown that adiol administration after trauma-hemorrhage
improves cardiac and hepatic function in male animals. Additional recent
findings from our laboratory suggested that adiol ameliorates hepatic 
functions via activation of PPAR-γ (unpublished observations). However,
whether adiol affects the cardiac/hepatic function either directly or via
modulation of sex hormones remains to be established.

6. Additional Target for the Modulation of Sex
Hormones and Their Influence on Post-Trauma 
Organ Functions

Previous studies have indicated an interaction between the hypothalamic-
pituitary-adrenocortical axis and the hypothalamic-pituitary-gonadal axis
are likely the pathway that the brain uses to modulate immune responses
in many diseases conditions (Neill, 1970, 1972; Neill and Smith, 1974;
Eskandari and Sternberg, 2002; Chaudry et al., 2003; Eskandari et al., 2003).
Furthermore, studies have also demonstrated that plasma levels of 
catecholamines such as norepinephrine, epinephrine, and dopamine are ele-
vated early after the onset of hemorrhage and that sustained levels corre-
late with irreversibility of shock (Tarnoky and Nagy, 1983; Chaudry et al.,
2003). Additionally, studies have shown that administration of the anterior
pituitary hormone prolactin enhances immune responses after severe hem-
orrhage (Zhu et al., 1996; Zellweger et al., 1996a) and decreases mortality
from subsequent sepsis (Zhu et al., 1996; Zellweger et al., 1996a, 1996b).
Moreover, treatment of animals with the dopamine antagonist metoclo-
pramide (MCP), which is known to increase prolactin secretion, had similar
beneficial effects on the depressed immune responses after severe hemor-
rhage (Zellweger et al., 1998; Jarrar et al., 2000d). MCP administration after
trauma-hemorrhage also was found to recover the depressed cardiac output
and hepatocellular function (Lanza et al., 1987). Furthermore, MCP admin-
istration significantly increased circulating levels of prolactin and decreased
the plasma levels of the proinflammatory cytokine IL-6. Thus, administra-
tion of MCP, which increased prolactin secretion, appears to be a useful
adjunct for restoring the depressed cardiac and hepatocellular functions
and downregulating inflammatory cytokine release after trauma and hem-
orrhagic shock.
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7. Conclusion

In summary, while the role of gender in the outcome of trauma patients
remains to be established, the results obtained in experimental models of
trauma-hemorrhage support the suggestion that gender does play a signif-
icant role in shaping the host response after injury. Furthermore, from the
experimental studies, it appears that steroids that could be useful adjuncts
in the treatment of trauma include 17β-estradiol and flutamide. In addi-
tion, 5α-reductase inhibitors that prevent the conversion of testosterone
into 5α-dihydrotestosterone could be used in the treatment of shock.
The hormones/agonists, which appear particularly useful, include dehy-
droepiandrosterone, androstenediol, prolactin, and metoclopramide. The
concept for the use of such agents comes from experimental studies demon-
strating that administration of estrogen, flutamide, prolactin, metoclo-
pramide, or DHEA restored the depressed immune, cardiac, and liver
functions and decreased the lethality from subsequent sepsis.
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The Impact of Psychological Stress
on the Immune Response to and
Pathogenesis of Herpes Simplex
Virus Infection

Robert H. Bonneau and John Hunzeker

1. Introduction

There is extensive anecdotal evidence supporting an association between
psychological stress and one’s susceptibility to a variety of infectious
pathogens. These pathogens include a number of viruses with significant
short- and long-term health consequences. Infections with one such virus,
herpes simplex virus (HSV), have long been recognized to be linked to a
variety of life stressors. These HSV infections, both primary and recurrent,
have been thought to be, in part, a function of a decreased immune sur-
veillance and a suppression of antiviral immune defense mechanisms. Such
stress-induced alterations in immune capacity may be mediated by one or
more products of the nervous and endocrine systems. A number of human
and animal studies have provided data to support this hypothesis and rep-
resent a subset of a larger group of studies that have established a solid link
among psychological stress, immune function, and diseases caused by path-
ogenic microorganisms (reviewed in Moynihan and Ader, 1996; Sheridan 
et al., 1998; Bonneau et al., 2001; Bailey et al., 2003; Moynihan and Stevens,
2004). Recent advances in experimental immunology have broadened our
knowledge of immunological processes that, in turn, have facilitated the
design of studies to better examine the interactions among the nervous,
endocrine, and immune systems at both the cellular and molecular levels.
The information provided in this chapter will review some of the studies
that have established a link between stress and HSV, and the impact of this
link on human health will be discussed.

1.1. Herpes Simplex Virus
HSV is an icosahedral double-stranded DNA virus belonging to the 
Herpesviridae family of viruses. Herpes simplex virus type 1 (HSV-1) and
type 2 (HSV-2) represent the two antigenically distinct serotypes of HSV.
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Although HSV-1 is generally considered to be associated with orofacial
infections and HSV-2 with genital infections, both serotypes can affect any
region of the body. Both HSV-1 and HSV-2 cause a wide variety of clinical
syndromes in humans (e.g., herpes labialis, gingivostomatitis, keratocon-
junctivitis, herpes genitalis) with the basic lesion being an intraepithelial
vesicle from which progeny virus is shed. It is during the primary infection
that virus particles first enter sensory nerve endings that innervate the
lesion and are then transported to the local sensory ganglia (e.g., trigemi-
nal ganglia for orofacial infections; dorsal root ganglia for genital infec-
tions). Once the virus reaches these sensory ganglia, the virus may either
produce an acute infection resulting in subsequent neuronal cell death or
enter a dormant or latent phase (reviewed in Jones, 2003). During this latent
state, there is restricted viral gene expression that is limited to the produc-
tion of what are referred to as latency-associated transcripts or LATs
(Block and Hill, 1997) and the minimal or absent expression of any viral
proteins. Although the primary lesions generally resolve as antibody- and
cell-mediated immune responses develop, it is in the ganglia where the virus
remains for the lifetime of the host. In some of the neurons harboring latent
HSV, the virus is periodically reactivated. The resulting infectious HSV
virion is then transported intra-axonally to the cells at or near the site of
the initial infection (Holland et al., 1999). This viral reactivation may be
asymptomatic or, in some cases, result in debilitating lesions. Although the
precise mechanisms underlying latent HSV reactivation and the develop-
ment of recurrent herpetic disease are poorly understood, there is evidence
that psychological stress plays a role, perhaps through an alteration in the
host’s immune competency.

1.2. Immunity to HSV Infection
The role of the immune response in controlling HSV infections is multi-
faceted and complex. This complexity is a function, in part, of HSV being
distributed in both neuronal and extraneuronal sites during the primary and
latent stages of infection. In addition, HSV persists within the host even in
the presence of concomitant immunity by establishing itself as a latent
infection within sensory neurons that innervate the sites of peripheral infec-
tion. Despite these challenges, considerable progress has been made in
defining the immune components that play a key role in the resolution of
an HSV infection and, in the case of adaptive immune responses, in iden-
tifying the specific virus-encoded epitopes that are recognized by the B 
and T lymphocytes. Because a comprehensive discussion of the immune
response to HSV infections is beyond the scope to this chapter, the reader
is directed to recent reviews on this topic for more detailed information
(Koelle and Corey, 2003; Khanna et al., 2004).
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1.2.1. Innate and Adaptive Immunity

Both the innate and adaptive arms of the immune response have been
shown to play a role in immunity to HSV in both immune and naïve indi-
viduals. Furthermore, both arms have been shown to function not only at
the site of the primary infection in the periphery but also in the initial
control of HSV-1 replication in the sensory ganglia and the establishment
of a latent infection. Although the immune response at the primary site of
HSV infection has been well characterized, less has been known about the
immunological events that occur in the sensory ganglia during latency.
However, as described below, there is recent evidence of a role for T lym-
phocytes in controlling HSV-1 latency (Liu et al., 2000; Khanna et al., 2003,
2004). Such findings have challenged the long-held view that HSV is able
to “hide” from the immune system during latency and suggest that the
immune system controls recurrent herpetic disease both during active infec-
tion in the periphery and during latent infection in the nervous system.
Latency represents the stage of infection during which stress, in part, may
be associated with HSV reactivation and recurrent disease.

The innate immune system possesses two primary functions in mediating
a defense against pathogenic microorganisms: the direct destruction of the
pathogens and the initiation of specific types of adaptive immunity that will
follow. Studies in both humans and animals have been valuable in deci-
phering the components of the innate immune response that play impor-
tant roles in defense against HSV. Innate immune components that are
elicited in response to HSV-1 infection include: the activation of the com-
plement cascade; the activation of macrophages; and the recruitment,
activation, and maturation of natural killer (NK) cells, dendritic cell pre-
cursors, and γ/δ extrathymic-derived T cells. Activation of the innate
immune response also results in the generation and secretion of a variety
of cytokines and chemokines that orchestrate the above activities. These
responses are designed to limit the initial infection and to abrogate further
virus propagation. As equally important is the role of these responses in 
the generation of the adaptive immune response, which is comprised of the
activation of both HSV-specific helper and cytotoxic T cells as well as the
maturation of B cells for HSV-specific antibody production.

The adaptive immune response to HSV infection has been shown to play
a key role in primary and, more recently, in latent HSV infections. The pro-
duction of HSV-specific antibodies has been known for quite some time.
These antibodies function in both a virus neutralizing capacity as well as 
in conjunction with other cell types (e.g., polymorphonuclear leukocytes,
monocytes, and NK-like cells) in mediating antibody-dependent cell-
mediated cytotoxicity (ADCC).There is also compelling evidence that anti-
body alone is able to provide protection in neonates exposed to HSV at or
near the time of birth (Brown et al., 1991). However, despite the presence
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of high levels of circulating HSV-specific antibodies in latently infected
adults, HSV reactivation and recrudescent herpetic disease appear to go
unchecked. More recently, a number of studies have focused on the specific
roles of CD4+ and CD8+ T lymphocytes in anti-HSV immunity and the
specificity of these T-lymphocyte responses. There are several lines of evi-
dence indicating that both of these subsets of T lymphocytes are function-
ally important in controlling HSV infections. CD8+ T cells mediate their
protective ability via their cytotoxic effects on virus-infected target cells and
their synthesis of cytokines—cytokines that may be able to inhibit viral
replication.The recent finding of a role for CD8+ T cells for controlling HSV
reactivation in latently infected ganglia (Khanna et al., 2003, 2004) is intrigu-
ing since it was once thought that latently infected cells were essentially
hidden from immunosurveillance mechanisms. CD4+ T cells are important
in that they release numerous cytokines that can both orchestrate the
inflammatory response that is associated with HSV infection as well as play
a key role in determining the magnitude of the CD8+ T-cell response.
Overall, components of the adaptive immune response have the potential
to control HSV infections and thus may form the basis for the development
of an effective anti-HSV vaccine.

1.2.2. Memory Cytotoxic T Lymphocytes

An individual who has previously recovered from a primary HSV infection
exhibits an adaptive immune response upon HSV reinfection that differs
primarily in its rapidity and magnitude as compared with an individual who
has never been infected. Given the relative insignificance of high titers of
HSV-specific antibody in the development of recurrent herpetic diseases in
adults, most attention has focused on memory T lymphocyte responses, par-
ticularly the cytotoxic T lymphocyte (CTL) responses.

Memory cytotoxic T lymphocytes (CTLm) play an important role in
mediating long-term protective immunity against a variety of intracellular
pathogens (reviewed in Doherty et al., 1992; Sher and Coffman, 1992; Gray,
1993; Mackay, 1993; Pamer, 1993; Ahmed, 1994; Sprent, 1994). Although
these CTLm do not prevent recurrence or reinfection per se, they do limit
the severity of infection/disease by becoming activated in an accelerated
fashion following reexposure to the particular pathogen (Gray, 1993;
Mackay, 1993;Ahmed, 1994; Sprent, 1994).This activation occurs as memory
T cells move continually from blood to tissues, scanning cell surfaces for
the appropriate antigen to which they are programmed to recognize. Upon
an encounter with this antigen, CTLm are readily triggered to become
effector CTL. In the case of viral infections, the encounter of the CTLm
with a virus-specific antigen triggers these memory CTL to proliferate
rapidly, differentiate into effector cells, and localize to the site of infection.
It is here where these CTL destroy virus-infected cells, thus eliminating the
virus “factories” that produce infectious viral progeny. These CTL also 
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synthesize cytokines such as IFN-γ and TNF-α that have both a direct 
antiviral activity as well as the ability to enhance components of antigen
processing and presentation.

A role of CTLm in mediating protection against recurrent HSV infec-
tions has been documented in both humans and in animals (Schmid and
Rouse, 1992; Rinaldo and Torpey, 1993; Ashley et al., 1994; Koelle et al.,
1998). Although HSV reactivation occurs quite frequently, it usually does
not lead to an apparent clinical infection (Wald et al., 1995, 1997) especially
when the immune system is intact. Our knowledge of CTL-mediated
defense against HSV has grown significantly. This knowledge, driven by
advances in experimental immunology, has provided a solid foundation on
which to decipher the mechanisms underlying the impact of stress on the
immunity to HSV and to other viral infections.

1.3. Psychological Stress and Immunity
Stress can be defined as a state of altered homeostasis resulting from either
an external or an internal stimulus. The host’s response to stress is designed
to restore homeostasis through a variety of adaptive neuroendocrine-
mediated mechanisms (Ramsey, 1982). This restoration of homeostasis is
accomplished, in part, through the increased synthesis of a variety of 
neuroendocrine-derived peptides and hormones. For example, the percep-
tion of a psychological stressor activates the hypothalamic-pituitary-adrenal
(HPA) axis and the sympathetic branch of the autonomic nervous system.
This activation culminates in the synthesis of both cortisol (corticosterone
in rodents) by the adrenal glands and epinephrine and norepinephrine by
the sympathetic nervous system. Interestingly, in addition to their roles 
in maintaining homeostasis, these and other products of the nervous and
endocrine system pathways can also modulate immune function through
their binding to specific receptors that are expressed by the many cell types
that comprise the immune system.As a result, most aspects of immune func-
tion, including immunity to HSV, have the potential to be modulated under
conditions of psychological stress.

Although studies in humans have established a clear relationship
between stress and susceptibility to HSV infection, these studies have not
been able to address each of the components of the immune response that
underlie this relationship. However, the use of animal models has provided
the opportunity to determine these immune components given the ability
to establish an HSV infection and assess the responses at various sites
throughout the body. Using a murine model, the effects of stress on sus-
ceptibility to HSV infections have been known for nearly 50 years 
(Rasmussen et al., 1957). Although these studies were important in estab-
lishing an association between stress and viral infection, they were unable
to identify specific antiviral immune defense mechanisms that were modu-
lated by stress and that contributed to viral pathogenesis, because the 
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components and mechanisms of antiviral immune responses were unknown
at that time. Since then, however, significant progress has been made in
understanding the complex immune interactions that are necessary for the
development of protective immunity to viral infections, including HSV.
Thus, it is now possible to study the effects of stress on defined components
of the antiviral immune response.

A number of animal-based studies have been conducted in an attempt
to decipher the impact of psychological stress on immune function.
Although many of the early studies had simply focused on aspects of non-
specific immune function such as lymphocyte proliferation and cytokine
production, more recent studies have examined the effects of stress on the
specific immune response to viral pathogens including HSV (Bonneau 
et al., 1991a, 1991b; Bonneau et al., 1993; Dobbs et al., 1993; Bonneau, 1996;
Bonneau et al., 1997; Brenner and Moynihan, 1997; Glaser and Kiecolt-
Glaser, 1997; Pariante et al., 1997; Bonneau et al., 1998; Carr et al., 1998;
Delano and Mallery, 1998; Leo et al., 1998; Noisakran et al., 1998; Padgett
et al., 1998a; Cruess et al., 2000; Leo and Bonneau, 2000a, 2000b; Buske-
Kirschbaum et al., 2001; Wonnacott and Bonneau, 2002; Anglen et al., 2003;
Ortiz et al., 2003), influenza virus (Sheridan et al., 1991; Feng et al., 1991;
Hermann et al., 1993, 1994a, 1994b, 1995; Dobbs et al., 1996; Padgett et al.,
1998b; Cohen et al., 1999; Sheridan et al., 2000; Konstantinos and Sheridan,
2001; Hunzeker et al., 2004), adenovirus (Cohen et al., 1997), pseudorabies
virus (deGroot et al., 1999a, 1999b), and Theiler’s virus (Johnson et al., 2004;
Mi et al., 2004; Sieve et al., 2004; Welsh et al., 2004). Some of these latter
studies have also focused on the contribution of glucocorticoids and 
sympathetic nervous system products and have used a variety of stressors
including physical restraint, social reorganization, social disruption,
hypothermia, and acoustic stress to induce increased neuroendocrine levels.
Despite the known widespread effects of stress on antiviral immunity, the
studies described in this chapter focus specifically on the impact of stress
on immunity to HSV.

2. Stress and the Innate Immune Response to 
HSV Infection

2.1. Inflammatory Response
An inflammatory response to many pathogens is generally characterized by
redness, swelling, heat, and pain at the site of infection. These symptoms
depend on a constellation of events including, but not limited to, proin-
flammatory cytokines (e.g., IL-1, IL-6, tumor necrosis factor-α), and leuko-
cyte trafficking. There have been numerous studies that have examined the
influence of psychological stress on the early, inflammatory events that are
initiated upon HSV infection. For example, using a murine model, restraint
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stress was shown to decrease both type I and II interferon production in
response to a primary, HSV-1 dermal infection (Ortiz et al., 2003). Fur-
thermore, this decrease in interferon production correlated with an increase
in virus titer at the site of primary infection. In another study, hyperther-
mic stress was shown to increase the levels of both IL-6 mRNA and the
protein itself in the trigeminal ganglia of HSV-1 latently infected mice
(Noisakran et al., 1998).The observed stress-induced increase in the expres-
sion of this proinflammatory cytokine was shown to be mediated by gluco-
corticoids, because the administration of cyanoketone, a corticosterone
synthesis inhibitor, blocked this stress-induced increase in IL-6 (Noisakran
et al., 1998). More importantly, additional studies demonstrated a potential
role for stress-induced increases in IL-6 in HSV pathogenesis. In these
studies, latently infected mice, as a result of a previous corneal infection,
demonstrated reactivated virus after exposure to hyperthermic stress
(Kriesel et al., 1997), and this reactivation was due, in part, to IL-6. In con-
trast, other studies (Bonneau et al., 1998) have shown that stress, adminis-
tered in the form of restraint during the primary footpad HSV infection,
actually suppresses splenic IL-6 production in an adrenal-dependent
manner.

The above studies suggest that psychological stress can modulate the
proinflammatory response to an HSV infection. The precise effects of 
stress on this response may depend on a number of variables including the
location at which the response is being measured (peripheral, lymphoid,
central nervous system) and the stage of infection (primary vs. latent) of
the response. However, it is important to note that, in some circumstances,
an inflammatory response may be desirable, whereas in other circumstances
it may result in immunopathology and thus be detrimental to the host.

2.2. Leukocyte Trafficking and Recruitment
Leukocyte recruitment to sites of inflammation is crucial for initiating
immune-mediated control of a viral infection. An inhibition of leukocyte
trafficking may impair the ability of the immune system to control viral
replication, thus leading to an increase in the pathology associated with viral
replication. Restraint stress has been shown to alter the pattern of leuko-
cyte recruitment and retention. For example, during a primary intranasal
HSV infection, restraint stress delays both CD4+ and CD8+ T-cell recruit-
ment into the brain of mice with symptoms of HSV encephalitis (Anglen
et al., 2003). In a corneal infection model, hyperthermic stress was found to
reduce the numbers of NK cells in the trigeminal ganglia of mice that were
latently infected with HSV-1 (Noisakran et al., 1998). Restraint stress was
found to suppress lymphadenopathy in HSV-1 infected mice. This suppres-
sion was glucocorticoid dependent as receptor blockade with the glucocor-
ticoid receptor antagonist RU486 restored lymph node cellularity (Sheridan
et al., 1998). In contrast, studies by Dhabhar and colleagues (Dhabhar and
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McEwen, 1997, 1999) have demonstrated that an acute restraint stress
session (2h) can actually enhance a lymphocyte trafficking–dependent
delayed-type hypersensitivity (DTH) response in an adrenal-dependent
manner. However, such a stress-induced enhancement of cell trafficking has
yet to be demonstrated when using an HSV model. Alterations in leuko-
cyte trafficking induced by psychological stress may have a profound impact
on controlling viral replication and disease pathogenesis by altering the
available pool of responding cells (e.g. CD8+ T cells), leading to prolonged
viral replication and increased morbidity and mortality. Additional studies
are needed to support this hypothesis.

2.3. Cells of the Innate Immune System
The nonspecific innate immune response to a viral infection consists of a
variety of different cell types that contribute to the early defense against
infection. To date, only a few studies have examined the influence of stress
on these cell types in the context of an HSV infection.

Macrophages produce cytokines that influence the adaptive immune
response, may present antigen to B and T lymphocytes, and eliminate virus
infected cells. The role of macrophages during a primary HSV infection is
not completely understood. However, both adoptive transfer and depletion
studies have shown that macrophages can indeed contribute to host resis-
tance to an HSV infection (Morahan and Morse, 1979; Pinto et al., 1997).
In an ex vivo activation assay, Koff and Dunegan (1986) demonstrated that
the sympathetic nervous system products epinephrine and norepinephrine
can reduce the ability of macrophages to lyse HSV-1-infected target cells.
In support of these in vitro findings, Davis and colleagues have recently
shown that exercise stress can reduce the anti-HSV activity of macrophages
(Davis et al., 2004). However, the effects of stress-induced alterations in
macrophage activity on HSV pathogenesis has not yet been determined.

Natural killer (NK) cells serve as a bridge between the innate and 
adaptive arms of the immune response by limiting viral replication as well
as producing cytokines that aid in the adaptive response. As with
macrophages, the role of the NK cell during a primary HSV infection is not
completely understood. For example, conflicting studies have suggested that
NK cells are not necessary (Bukowski and Welsh, 1986), whereas others
have shown that NK cells are required for the resolution of an HSV infec-
tion (Biron et al., 1989). The differences between these studies may pri-
marily be due to species differences (human vs. mouse). Consistent with
these conflicting reports, stress has been shown to have differing effects on
NK cell activity during a primary HSV infection. For example, restraint
stress has been shown to reduce splenic NK cell lytic activity after an intra-
dermal HSV-1 infection (Bonneau et al., 1991a). However, in a model of
exercise stress, running to fatigue did not have any effect on splenic NK cell
activity (Davis et al., 2004). Additional studies need to be conducted to
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better elucidate the role of NK cells during a primary infection and how
stress may affect their antiviral activities. In interpreting the findings of
these and other studies, it is important not to generalize among studies but
instead to consider differences such as the species being examined, the site
of HSV infection, and the stage of infection (e.g., primary, latent, recurrent)
being examined.

3. Stress and the Adaptive Immune Response to 
HSV Infection

3.1. Humoral Immunity
As noted above, antibodies play a role in clearing HSV infections in a direct
manner by viral neutralization and by acting in concert with other cells (e.g.,
NK cells) to reduce the viral load. As a result of these activities, antibodies
have the potential to significantly reduce the extent of viral spread and
pathogenesis. To date, most of the studies that have examined the influence
of psychological stress on the B cells during an HSV infection have focused
on measuring antibody titers. For example, as compared with individually
housed mice, group-housed mice were shown to produce lower levels of
some, but not all, cytokines in response to HSV-1 infection; the kinetics of
this response was not altered. However, these group housing conditions
were shown not to alter levels of circulating IgM or IgG antibody. There-
fore, these stress–induced changes in cytokine production did not translate
into altered circulating IgM or IgG antibody titers (Karp et al., 1997). In
contrast, another study showed that footshock stress altered cytokine pro-
duction and increased circulating anti-HSV IgM titers in response to a sub-
cutaneous HSV challenge (Brenner and Moynihan, 1997). These footshock
stress–induced increases in antibody titers were found in both BALB/c 
and C57BL/6 mice. In contrast, another study showed that footshock stress
administered at the time of HSV-1 challenge via footpad scarification
reduced IgM titers (Kusnecov et al., 1992). The differences in the results
obtained between these studies may be primarily due to differences in
shock intensity, suggesting that the more stressful the event, the more likely
that immunosuppression is to occur. The observed relationship between
stress and anti-HSV antibodies in murine models has also been extended
to studies in humans. For example, Glaser and Kiecolt-Glaser (1997)
demonstrated that caregivers of individuals suffering from dementia had
increased antibody titers to whole viral antigen but exhibited no difference
in neutralizing antibody titers to a latent HSV-1 infection.

The ability of an individual to generate HSV-specific antibodies after a
primary infection may be important, to a limited extent, in protecting the
host against reinfection either as a consequence of peripheral reexposure
to HSV or from reactivation of the latent virus. Although a less common

7. Stress, Immune Response, and HSV Pathogenesis 133



route of transmission, the acquisition of HSV by a neonate, most often from
their mother during delivery, is still a significant health concern and results
in a number of Cesarean sections annually. In the case of neonatal HSV
infections, the transfer of HSV-specific antibody from mother to child 
is extremely important in protecting the health of the newborn infant.
Thus, any change in this transfer via either the placental (prenatal transfer)
or transmammary (postnatal transfer) routes could compromise the resis-
tance of the newborn to herpetic infection. Using a murine model, recent
studies from our laboratory provided evidence that a previous HSV-2 
infection in female mice protects their offspring against HSV-2 infection
(Yorty and Bonneau, 2003, 2004a) and that this protection is associated with
the transfer of high titers of HSV-specific antibodies. Furthermore, these
studies demonstrated that an acute stressor does not affect either trans-
mammary (Yorty and Bonneau 2004b) or placental transfer of anti-HSV
antibodies to newborn mice despite high circulating levels of corticosterone
(Yorty and Bonneau, 2004a). In contrast, sustained elevated levels of 
corticosterone in the mother immediately after parturition diminishes 
the serum and milk levels of HSV-2 antibodies and thus reduces the amount
of antibody available to the neonates. This corticosterone-mediated 
reduction in antibody transfer is accompanied by increased HSV-2 sus-
ceptibility in neonatal mice who were nursed by these mothers (Yorty 
et al., 2004).

The above findings demonstrate that how stress modulates the immune
response depends on a variety of factors, including the type of stressor as
well as the stage of infection (e.g., primary or latent). Furthermore, these
studies demonstrate that stress can affect both the active generation as well
as the passive transfer of antibodies.

3.2. Cellular Immunity
In contrast with the humoral immune response to HSV infection, there 
has been significant focus on the study of the effects of stress on the T-
lymphocyte response. One reason for this focus is the essential role that T
cells play in controlling viral replication during the infection, as noted
above. Initial studies of the effect of stress on the primary immune response
to HSV infection demonstrated that stress, applied in the form of physical
restraint, suppresses the lymphoproliferative response in the popliteal
lymph nodes after footpad infection with HSV (Bonneau et al., 1991a;
Dobbs et al., 1993). Using this model, it was also shown that stress 
suppresses the extent of HSV-specific CTL and natural killer (NK) cell
activity generated in response to local HSV infection (Bonneau et al.,
1991a).This suppression in the generation of CTL was shown to occur early
in the sequence of events that are involved in the differentiation and mat-
uration of HSV-specific precursor CTL (CTLp) to a phenotypically lytic
state (Bonneau et al., 1991a). Stress-induced suppression of lymphoprolif-
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eration and HSV-specific CTL activity was also seen in studies in which a
footshock model of stress was employed (Kusnecov et al., 1992). By using
a combination of surgical (adrenalectomy) and pharmaceutical approaches
(β-adrenergic and glucocorticoid receptor antagonists,corticosterone-
releasing pellets), a role for both adrenal-dependent and catecholamine-
mediated mechanisms in stress-induced suppression of the primary cellular
immune response to HSV infection was defined (Bonneau et al., 1993;
Dobbs et al., 1993). Lymphocyte trafficking was found to be corticosterone
dependent as the administration of RU486 restored their accumulation.
CD8+ T-cell lytic activity was restored by addition of nadalol, a nonspecific
adrenergic receptor antagonist. These results demonstrate that psychologi-
cal stress can affect all aspects of T-cell function, including proliferation,
trafficking, and lytic activity. Given the role that T cells play in controlling
HSV infection, stress-induced modulation of their function should result in
prolonged viral replication. Paradoxically, there may also be decreased
disease pathogenesis associated with stress, because the immune response
itself can contribute significantly to the virus-associated damage.The devel-
opment of this immunopathology may be a function of the stage of infec-
tion during which the T-cell response is activated.

Recent studies in our laboratory have begun to examine the impact of
corticosterone, a major stress-associated hormone, on dendritic cell func-
tion. Dendritic cells are specialized for the uptake, transport, processing,
and MHC class I–restricted presentation of antigen to naïve CD8+ T cells—
critical events that are an absolute requirement for the generation of both
effector and memory CD8+ cytotoxic T lymphocyte (CTL) responses. Den-
dritic cells play a pivotal role in generating these CD8+ T-cell immune
responses by presenting MHC class I–peptide complexes on their surface
via the classical MHC class I pathway. We have shown (Truckenmiller et al.,
2005) that physiologically relevant stress levels of corticosterone, acting 
via the glucocorticoid receptor, suppresses the formation of specific
peptide–MHC class I complexes on the surface of virus-infected dendritic
cells. We also determined that the mechanism of this suppression is via 
the action of corticosterone on components of the class I pathway 
involved in the processing of protein to form antigenic peptide. This 
corticosterone-mediated suppression of complexes on dendritic cells also 
results in a marked reduction in their ability to activate a specific T-cell
hybridoma, thus suggesting that a suppression of complex formation may
have a functional effect in vivo by suppressing the induction of HSV-
specific CTL.

As illustrated above, the impact of stress on the functioning of dendritic
cells and other antigen-presenting cells in T-cell activation is an important
component in our understanding of stress-neuroendocrine-immune inter-
actions. Recent studies from our laboratory have expanded this aspect of
T-cell activation by examining the effects of stress and corticosterone on
the proliferation and function of microglia in the brains of both noninfected
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and HSV-infected mice (Nairand Bonneau 2006; Nair and Bonneau, unpub-
lished observations). Microglia are thought to function as a type of antigen-
presenting cell within the brain. Briefly, these studies have demonstrated
that stress-associated corticosterone increases the numbers and activation
status of microglia in the brain. These findings suggest the stress may be
able to induce a proinflammatory response within the central nervous
system that, in turn, may be a contributing factor in the development of
various stress-induced inflammatory conditions in the central nervous
system, including those caused by HSV infection. A better understanding
of the interrelationship between antigen presentation and T-cell activation
in not only secondary lymphoid tissues (e.g., spleen, lymph nodes) and the
brain but also in other sites within the body will provide the knowledge to
better define stress-induced, neuroendocrine-mediated modulation of the
cellular immune response.

4. The Impact of Stress on the Pathogenesis of 
HSV Infection

4.1. Introduction
HSV is a natural pathogen of humans and, as noted above, is characterized
by the ability to cause an acute infection at a peripheral site and to estab-
lish a latent infection in the local sensory ganglia that innervate the site of
the initial infection (Blyth and Hill, 1984).The hallmark of HSV is its ability
to spontaneously reactivate from this quiescent, noninfectious latent state
and cause a recurrent infection in the periphery, at, or near, the site of the
original infection (Hill, 1985). In humans, HSV reactivation and recurrent
infections typically occur spontaneously. However, correlations have been
made between reactivation and physical or emotional stress, fever, expo-
sure to ultraviolet light, tissue damage, and immune suppression (Stevens,
1975; Hill, 1985). More recent efforts by us and others have focused on 
the use of mouse models to decipher the roles of psychological stress and
its associated neuroendocrine components in the development of both
primary and recurrent HSV infection. These models have provided a foun-
dation for understanding the effects of stress on HSV infection.

4.2. The Impact of Stress on Primary HSV Infection
The ability to limit the amount of HSV replication during a primary infec-
tion may, in turn, reduce the amount of latent virus that colonizes the local
sensory ganglia (Bonneau and Jennings, 1989). Therefore, by destroying
HSV-infected cells before progeny virions can be produced may actually
limit the extent of neuronal involvement and reduce the amount of latent
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virus within these ganglia.Therefore, the impact of a stressor on the immune
response during the primary HSV infection may have consequences on not
only one’s initial encounter with HSV but also on the development of recur-
rent HSV infections throughout the lifetime of the host.

Studies in humans have indicated that stress can affect the frequency,
severity, and duration of HSV infection.A number of murine studies during
the past 15 years have substantiated these findings by providing compelling
experimental evidence that stress and stress-induced, neuroendocrine-
derived products increase the development and severity of HSV infection
in both the periphery (Bonneau et al., 1991a; Kusnecov et al., 1992; Bonneau
et al., 1997; Brenner and Moynihan, 1997; Wonnacott and Bonneau, 2002)
and the central nervous system (Anglen et al., 2003). For example, mouse
models in which either a restraint (Bonneau et al., 1991a; Wonnacott and
Bonneau, 2002; Ortiz et al., 2003) or footshock (Kusnecov et al., 1992) model
of stress were used were shown to result in increased HSV titers at a site
of local, HSV infection. Stress was also shown to suppress the ability of
adoptively transferred lymphocytes with HSV-specific lytic activity to
confer protection against lethal HSV infection in an immunocompromised
host as well as inhibiting the restoration of immune responsiveness to 
HSV infection after sublethal gamma irradiation (Bonneau et al., 1997).
These latter findings are important because adoptive immunotherapy 
represents a potentially effective approach by which to control the extent
of viral infections in an immunocompromised host. Other studies using 
the glucocorticoid antagonist androstenediol (AED) have shown that AED
can significantly improve the survival of mice with HSV-1–induced
encephalitis. Moreover, it was shown that this increased level of protection
was mediated by an augmentation in type I interferon production (Daigle
and Carr, 1998). As noted above, recent studies from our laboratory have
focused on the impact of maternal stress on the transfer of antibody from
mother to fetus/neonate. In these studies, we have demonstrated that
increased levels of postpartum maternal corticosterone increases neonatal
susceptibility to HSV-2–associated infection by reducing the amount of
HSV-specific antibody transferred via the transmammary route (Yorty 
et al., 2004b).

As was described earlier, these studies have shown that stress suppresses
components of the primary CTL responses to HSV infection (Bonneau 
et al., 1991a; Kusnecov et al., 1992; Bonneau et al., 1993; Dobbs et al., 1993;
Bonneau, 1997; Brenner and Moynihan, 1997; Leo et al., 1998; Leo and
Bonneau, 2000a,b) and memory (Bonneau et al., 1991b; Bonneau, 1996,
1998; Leo et al., 1998; Leo and Bonneau, 2000a; Wonnacott and Bonneau,
2002). By using a combination of surgical and pharmacological approaches,
a role for both the HPA axis (Bonneau et al., 1993, 1998) and the sympa-
thetic nervous system (Leo and Bonneau, 2000a,b) has clearly been demon-
strated as one of the underlying mechanisms mediating stress-induced
modulation of immunity and HSV-associated pathology.
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4.3. The Impact of Stress on HSV Reactivation and
Recurrent HSV Infection
4.3.1. Human Studies

In all but a few cases, a primary infection with HSV resolves within a few
weeks and without any long-term consequences. However, the ability of
HSV to establish itself in a latent state and to reactivate periodically during
the lifetime of the host and cause recurrent lesions is a significant challenge
to the development of therapeutic strategies against HSV. There has long
been evidence that acute and chronic psychosocial stress can trigger recur-
rences of both oral and genital infections. Support for this hypothesis has
been provided by studies that have demonstrated that emotional stress is
associated with the development of recurrent HSV infections (Katcher 
et al., 1973;Young et al., 1976; Friedmann et al., 1977; Bierman, 1983; Schmidt
et al., 1985; Glaser et al., 1987) and that personality may play a role in the
frequency of these recurrences (Stout and Bloom, 1986). The severity of
HSV infection has also been correlated with psychosocial factors (Silver 
et al., 1986; Longo and Clum, 1989), which suggests that the control and 
resolution of recurrent HSV lesions by the memory components of the
immune response may be compromised. There is also evidence that social
support can moderate the relationship between stress and HSV infection
(Glaser et al., 1985; VanderPlate et al., 1988) and that high levels of depres-
sive mood may result in a higher rate of HSV recurrence (Kemeny et al.,
1989). More recent studies have shown that stress may be a significant pre-
dictor of recurrent genital herpes in HIV-infected women (Pereira et al.,
2003). Together, these studies strongly support the existence of a rela-
tionship between psychological stress and the development of herpesvirus
infections.

4.3.2. Animal Studies

It has long been known that psychological stress is associated with bouts of
recurrent HSV infection. However, only recently has such a relationship
been demonstrated in mice and has the immunological and neuroendocrine
mechanisms underlying virus reactivation and recrudescent infection been
investigated. For many years, it has been known that local trauma (e.g., hair
plucking, tape stripping, chemical-induced trauma, ultraviolet light) admin-
istered to a previously infected area can result in HSV reactivation and
recurrent disease. However, the ability of each of these methods to consis-
tently induce recurrent disease is quite low (Hurd and Robinson, 1977; Hill
et al., 1978; Harbour et al., 1983; Hill et al., 1983).

The immune system of the mouse is very well characterized and is similar,
in many respects, to that of humans. This similarity, coupled with the wide
and continually expanding variety of reagents for studying an immune
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response in mice has continued to make the mouse the focal point of
immunological studies. However, the lack of a mouse model of spontaneous
reactivation has limited the usefulness of mice in the study of HSV reacti-
vation and the associated immune response. Despite this limitation, two
models of psychological stress have been shown to be effective in inducing
HSV reactivation and recurrent disease. These models have been useful in
investigating the neuroendocrine mechanisms that underlie behaviorally
mediated reactivation of latent HSV infection. For example, the use of a
hyperthermic stress model (Sawtell and Thompson, 1992; Thompson and
Sawtell, 1997; Sawtell, 1998) has been used to show that HPA axis activa-
tion plays an important role in HSV-1 reactivation in the trigeminal gan-
glion and that this reactivation may be associated with an increase in IL-6
expression in the ganglia itself (Noisakran et al., 1998). In addition, the use
of a social stress model in mice has been shown to be effective in causing
recurrent HSV infection in mice (Padgett et al., 1998a). This correlation
between neuroendocrine activity, immune function, and latent HSV reacti-
vation (Halford et al., 1996; Carr et al., 1998; Noisakran et al., 1998; Padgett
et al., 1998a) is particularly interesting in light of recent findings that 
HSV-specific memory CD8+ T cells are selectively activated and retained 
in latently infected sensory ganglia (Khanna et al., 2003). Expanding these
studies to determine the neuroendocrine mechanisms mediating these
effects are in progress.

5. The Impact of Stress on the Memory Immune
Response to HSV Infection

Immunological memory is a key component of the overall immune
response and is important in reducing the severity of recurrent HSV infec-
tion. Because recovery from recurrent HSV infections is largely controlled
by T lymphocytes, the ability to generate a population of HSV-specific
CTLm during the initial infection with HSV is thought to be critical for the
long-term defense against recurrent HSV infection.The psychological stress
that is often associated with the primary episode of infection, as well as the
development of recurrent disease, emphasizes the potential significance of
the effect of stress on the development of HSV-specific T cell-mediated
immunity.

In studies to date, restraint stress has been shown not to suppress the gen-
eration of CTLm in response to systemic HSV infection. However, such a
stressor has been shown to be effective at inhibiting the activation of CTLm
(Bonneau et al., 1991b, 1996; Leo et al., 1998) and their migration to the site
of recurrent HSV infection (Bonneau et al., 1991b). Further studies into the
mechanisms underlying the suppression of CTLm activation revealed that
stress does not the suppress the expression of the T-cell receptor, IL-2
receptor, and other accessory molecules required for T-lymphocyte 
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activation. However, it does suppress the production of cytokines involved
in HSV-specific CTLm activation, which is likely to be the mechanism
underlying stress-induced suppression of CTLm activation (Bonneau et al.,
1996). These studies were later extended to show that products of adrenal
function associated with stress are responsible for suppression of cytokine 
production and the development of lytic activity, but they do not affect
splenic cellularity (Bonneau et al., 1997). As in the studies of the primary
immune response, adrenal-dependent mechanisms do not appear to be
solely responsible for stress-induced suppression of memory responses to
HSV infection.

Although much has been learned about the effects of stress on the gen-
eration and activation of mCTL, there is nothing known about the effects
of stress, either acute or chronic, on the long-term maintenance of memory
T cells in vivo and their ability to survey the body for sites of HSV 
infections.

6. The Role of Stress in Preventing HSV Infections

Given the role that the immune system plays in the resistance to many viral
infections, including HSV, vaccination remains an often desired strategy by
which to confer protection. However, identifying the salient immune com-
ponents that are involved in this protection may represent an obstacle to
the design of an effective vaccine. The complex nature of HSV infections
may also provide a formidable challenge to the development of a vaccine
that would be effective at all stages of infection and at multiple sites within
the body. Even if a vaccine were to be developed, the fact that stress has
been shown to suppress the induction of vaccine-induced immunity (Glaser
et al., 1992; Kiecolt-Glaser et al., 1996; Vedhara et al., 1999; Glaser et al.,
2000; Burns et al., 2002; Miller et al., 2004) suggests that not all individuals
who are vaccinated may necessarily be protected. Moreover, the impact of
stress on the reactivation of immunological memory may suppress vaccine-
mediated protection against infection.

Despite long-term efforts, there is currently not a vaccine to prevent
either a primary HSV infection or an infection arising from reactivation of
HSV from the latent state. However, there are a variety of therapeutic
agents that have been designed to interfere directly with viral replication
(acyclovir, penciclovir), are converted in vivo to acyclovir or penciclovir
(valacyclovir HCl and famciclovir, respectively), or prevent the virus from
fusing to cell membranes, thus barring virus entry into the cell (docosanol).
These drugs may be beneficial by reducing the severity and shortening the
course of recurrent infections and may aid in lowering the incidence of
future outbreaks by reducing the amount of latent virus in the neural
ganglia. However, they do not prevent recurrences entirely and therefore
do not eliminate the possibility of spreading an HSV infection from one
individual to another. However, a reduced viral load and shorter duration
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of infection may reduce this possibility to some extent. The effectiveness of
these drugs may be enhanced by an effectively functioning immune system.
Thus, the effects of stress on immune function may be important even when
drug therapy is the chosen treatment strategy.

Any effective strategy to eliminate HSV infections from the general pop-
ulation will need to not only prevent a primary infection but also the estab-
lishment of a latent infection. For those individuals already harboring latent
HSV, the ability of this strategy to either eliminate the latent virus, inhibit
its reactivation, and/or block the development of recrudescent disease after
reactivation is desirable. However, it is unlikely that any one treatment
strategy will be effective in accomplishing each of the above objectives in
preventing HSV infection.

What role could controlling stress play in the prevention of recurrent
HSV? First, despite the many facets of an HSV infection, it is clear that the
immune system plays a role, to some degree, in one’s ability to prevent
and/or recover from infection. Second, psychological stress has been shown
to be intimately linked to the development of recurrent HSV infections—
most likely through the suppression of both HSV-specific and nonspecific
immune defense mechanisms. As is outlined above, a number of life 
events, some of which are inherently stressful, have been shown to be 
associated with outbreaks of recurrent HSV infection. Such events may, in
part, dictate why some individuals have frequent reactivation events and
other individuals have few. Therefore, limiting the degree of psychologi-
cal stress may, in some cases, be adequate for maintaining a sufficient
immune defense against HSV infection. This limiting of stress may be
accomplished though a variety of behavioral modification and social
support mechanisms.

7. Concluding Remarks

Much has recently been learned about how the innate and adaptive immune
components serve to either eliminate or control many viral infections.
Although a role for most components of the immune response have been
shown to contribute to the control of HSV, how each of these components
function in a coordinated fashion to prevent and/or eliminate HSV infec-
tions remains to be fully elucidated. This is particularly true as the compo-
nents of the immune system become better defined (e.g., subsets of T helper
cells), enjoy renewed attention (e.g., regulatory T cells), or are dissected at
a molecular level (e.g., T cell activation). New methodologies in detecting
and quantifying antigen-specific immune responses will also make it pos-
sible to better define the components of the immune system that are acti-
vated in response to HSV infection and their roles in either preventing or,
in some cases, eliciting the pathology that is associated with HSV infections.
It is this knowledge that continues to provide the foundation that is neces-
sary for the development of an effective vaccine against HSV. Together, an
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increased knowledge of both innate and adaptive immune components will
also allow us to further define the relationship between psychological stress
and the interactions among the nervous, endocrine, and immune systems.

The information presented in this chapter has focused exclusively on the
effects of stress on HSV infection. However, it is important to remember
that stress and its associated neuroendocrine products represent only one
of many factors that can modulate immune function and, thus, one’s sus-
ceptibility to HSV infection. Therefore, other products of the nervous and
endocrine systems, such as those associated with gender and metabolic
disease conditions (e.g., diabetes), should be evaluated for their effects on
immune function.The impact of genetics on neuroendocrine-immune inter-
actions also remains a largely unexplored area that could have a significant
impact on our overall understanding of the effects of stress on antiviral
immunity. Technological advances in the areas of genomics and proteomics
provide an impetus to better understand the relationship among psycho-
logical stress, neuroendocrine activation, and immune function.

The impact of stress on the immune response to and pathogenesis of HSV
infection represents only one small component of the widespread interest
and need to decipher the cellular and molecular mechanisms underlying
stress-neuroendocrine-immune interactions. A better understanding of
these mechanisms will allow us to understand this relationship as it pertains
to not only HSV infections but also to other diseases that may be immuno-
logically resisted, such as those caused by a variety of pathogenic micro-
organisms or even cancer.
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8
Influenza Viral Infection:
Stress-induced Modulation 
of Innate Resistance and 
Adaptive Immunity

Michael T. Bailey, David A. Padgett, and John F. Sheridan

1. Introduction

If you believe what you read in the newspapers, the world is poised for a
pandemic. The scourge is likely to be infection with the influenza A virus.
Although there may be some doubt concerning these cataclysmic predic-
tions, they are based on solid epidemiological and historical data. It is well
documented that during the past several centuries, an influenza virus pan-
demic has raced through the human population every 20–40 years or so. In
1918–1919, a pandemic due to influenza virus infected one out of every five
humans. This “Spanish Flu,” which was also known as “La Grippe,” is esti-
mated to have killed more than 30 million people in less than 2 years (Mills
et al., 2004). To put this in perspective, this influenza pandemic killed one
out of every four soldiers that died during World War I (Oxford et al.,
2005). Luckily, there has not been a repeat of the 1918–1919 pandemic.
However, recent events such as the emergence of the avian influenza that
is currently causing mortality in Asia may signal the evolution of a new,
highly virulent influenza virus that might cause a serious worldwide
influenza epidemic.

Quite a bit has changed since the 1918 influenza pandemic. First, the
science of virology has advanced to the point that we have a very good
understanding of the biology, molecular genetics, and virulence factors of
the influenza virus. Second, immunology has revealed how the body
combats infectious virus, limits disease, and stimulates protective immuno-
logic memory. The advances in both virology and immunology have led to
the development of effective vaccines that protect the human population
against the yearly outbreaks of influenza viral infections. However, even
with protective vaccines, influenza virus still kills 20,000 to 30,000 Ameri-
cans each year (Anderson and Smith, 2005). Furthermore, the fear of a pan-
demic is very real. Our understanding of the virology of influenza suggests
that the virus that will cause the next pandemic is already spreading in the
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bird population throughout Asia. The vaccines that have been used for
decades will offer no protection against this “new” influenza virus. Instead,
survival will depend on one’s own innate and adaptive immune responses.
Therefore, the purpose of this chapter is to detail the immune response to
the influenza A virus and survey how the slings and arrows of the stressors
in our lives can influence those immune responses that we rely upon for
survival.

2. Immune Response to Influenza Viral Infection

The influenza A virus enters the body through the respiratory tract.
Although an infected individual can sneeze in your face to transfer the
virus, inoculation is typically a bit more surreptitious. The virus can exist in
nasal droplets on the doorknob that you will use to open the door to your
office, on the handset to the phone you use to tell your kids you are coming
home early from work, on the handle of the shopping cart at your 
local grocery store, or on the hand that you will shake to say hello or
goodbye. In fact, most people infect themselves hand-to-nose. Once the
virus obtains entry to the body, it has to gain entry into specific cell popu-
lations for its own survival as it is an obligate intracellular parasite requir-
ing the host cell’s machinery for replication. The typical influenza A virus
productively infects respiratory epithelial cells (Matrosovich et al., 2004).
Once the virus binds to the surface of the first respiratory epithelial cell,
the race is on pitting replication of the virus versus the host’s immune
system.

After attachment to the host cell, the influenza virus is internalized by
endocytosis, with several important events occurring in the endosome. For
the virus’s sake, it uncoats its genetic material (eight single-stranded RNA
molecules) and directs them to the nucleus of the cell where viral replica-
tion will ensue. This uncoating, however, exposes the viral genetic material
of the virus to several important molecules. These include a subset of Toll-
like receptors (TLR-3, TLR-7, and TLR-9) that serve as alarm signals that
something untoward has been encountered by the host cell (Hornung et al.,
2004; Lund et al., 2004; Barchet et al., 2005). The Toll-like receptors distin-
guish the RNA molecules of influenza virus from that of normal host DNA
and RNA because of conserved genetic patterns common to viral
pathogens (for review, see Finberg and Kurt-Jones, 2004; Kaisho and Akira,
2004; Pasare and Medzhitov, 2004). Once the Toll-like receptors encounter
such a pathogenic insult, they trigger gene expression in the infected cell
for induction of a rapid innate immune response (Diebold et al., 2004). From
this initial ligation of the Toll-like receptors that occurs within minutes of
viral entry, the timeline of the immune response to influenza A virus has
been well characterized.The following sections outline the innate, adaptive,
and memory immune responses to influenza virus.
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2.1. Innate Immune Response to Influenza Virus 
(Type I Interferons)
Ligation of the Toll-like receptors in the endosome of the infected cell trig-
gers an immune response in several ways. The first response is an attempt
to protect surrounding cells from subsequent infection with new influenza
viruses that will quickly begin to emerge from the infected cell.The infected
cell has developed a method of telling its neighbors that it is infected with
a “virus” and they need to protect themselves at all costs. Through this
signal, the infected cell says “this virus will kill you if you allow it in and
allow it to overtake your molecular machinery—raise your defenses,
destroy your RNA molecules, and shut-down protein synthesis.” This 
signal is provided in the form of the type I interferons, which include inter-
feron-alpha and Interferon-beta (IFN-α and IFN-β) (Katze et al., 2002;
Proietti et al., 2002).

IFN-β is encoded by a single gene, whereas there are more than 20 dif-
ferent genes that code for IFN-α in both humans and mice. IFN-α and IFN-
β share a ubiquitously expressed heterodimeric receptor and, thus, share
many, if not all, functions. IFN-α/β binding leads to receptor dimerization,
activation of the Janus Activated Kinase (JAK):Signal Transducer and Acti-
vators of Transcription (STAT) pathway, and induction of genes containing
an IFN-stimulated response element (ISRE) in their regulatory region
(Darnell et al., 1994; Barnes et al., 2002). Thus, influenza virus induced IFN-
α/β production drives new gene transcription in the healthy cells immedi-
ately surrounding the infected ones.

These interferons induce about 20–30 ISRE-containing genes, several of
which have antiviral activities that can protect against virus replication. The
first is 2′, 5′ oligoadenylate synthetase, which activates a ribonuclease that
digests double-stranded RNA in the target cell (Hovanessian, 1991). A
second gene that is activated is a protein kinase that inhibits the initiation
step of protein synthesis (Hovanessian, 1991; Samuel, 1991). Presumably,
by destroying all of the double-stranded RNA in a cell and by temporarily
shutting down all new gene expression and protein synthesis, replication
and subsequent spread of the infecting virus would be blocked. This early
virus-induced, IFN activation of cellular transcription constitutes the initial
antiviral immune response of the host.

2.2. Innate Immune Responses to Influenza 
Virus (Inflammation)
Whereas TLRs can mediate pathogen recognition and initiate an antiviral
response in the tissue parenchyma, recruitment of cells (i.e., inflammation)
is necessary for the development of effective innate host defenses and the
subsequent development of adaptive immunity. In addition to driving the
transcription of the type I interferons, ligation of the Toll-like receptors 
also stimulates an inflammatory response (Diebold et al., 2004; Pasare and
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Medzhitov, 2004).The inflammatory response is initiated to recruit a variety
of leukocytes (e.g., macrophages, NK cells, and B and T lymphocytes) from
the blood to further control virus replication and to begin initiation of the
adaptive immune response that will be considered later.Again, almost coin-
cident with infection of the first cell, Toll-like receptor activation results in
the transcription of inflammatory cytokine genes. These include IL-1 and
TNF-α (Julkunen et al., 2001; Conn et al., 1995). In turn, these proinflam-
matory cytokines amplify and engage additional cells in the response to
invading microorganisms.

How do the virus-induced proinflammatory cytokines draw additional
cells into the lung and into the regional lymph nodes? Analogous to erect-
ing directional signs on highway exit ramps, the proinflammatory cytokines
create reactive endothelium in the vicinity of the infected tissue. In response
to IL-1 and TNF, the endothelial cells that line the blood vessels adjacent
to the site of viral replication augment their expression of intracellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) (McHale et al., 1999; Streiter et al., 2003). As these molecules
are displayed on the circulatory side of the blood vessels, cells that flow by
and express the appropriate cognate ligand become tethered to the vessel
wall. Once loosely bound to the vessels in the vicinity of viral replication,
the inflammatory cells themselves become activated. The same IL-1 and
TNF that created the reactive endothelium now drive the expression of
chemokine receptors on the surface of the tethered cells (Weber et al., 1999;
Rosseau et al., 2000).

The display of chemokine receptors is a critical step in inflammation as
the cells that are tethered to the vessel endothelium become competent to
leave the circulation. Now, recognition of specific chemokine signals will
enable the macrophages and natural killer cells to migrate in a directional
manner (i.e., chemotax) toward the site where influenza virus is replicating
and causing tissue destruction. Like the proinflammatory cytokines and
type I interferons, multiple chemokines are also produced after Toll-like
receptor activation by influenza virus. In fact, a chemotactic gradient
emanates from the point of infection where virus titers are highest and
serves as a beacon to attract macrophages and NK cells (Randolph and
Furie, 1995; Nieto et al., 1999). Binding to the newly expressed chemokine
receptors on the tethered leukocytes is followed by a rapid rearrangement
of the cell’s cytoskeleton, thus changing the shape of the cell and enabling
it to transmigrate from the bloodstream through the vascular endothelium
into the site of inflammation (Hordijk, 2003; Walzer et al., 2005).

Influenza A virus infection results in the secretion of multiple
chemokines including Macrophage Inflammatory Protein (MIP)-1α,
Macrophage Inflammatory Protein (MIP)-1β, Regulated on Activation,
Normal T Expressed or Secreted (RANTES), Monocyte Chemotactic
Protein (MCP)-1, Monocyte Chemotactic Protein (MCP)-3, Macrophage
Inflammatory Protein (MIP)-3α, and Interferon-γ-inducible protein (IP) 10
(Kaufmann et al., 2001; Julkunen et al., 2000). During the first few days after
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infection, together with the proinflammatory cytokines, these chemokines
recruit macrophages and NK cells into the tissue parenchyma where viral
replication is taking place. Subsequently, after the adaptive immune
response has been activated, many of these same chemokines will func-
tion to draw virus-specific T cells into the tissue to resolve the infection
(Kaufmann et al., 2001; Debes et al., 2004).

In sum, the initial signals driven by Toll-like receptor activation drive two
very important aspects of the immune response to influenza infection. First,
the type I interferons attempt to provide local protection through the induc-
tion of an antiviral state in the parenchymal cells of the respiratory tract.And
second, the proinflammatory cytokines and chemokines send out the alarm
signal to recruit cells of the immune system to the site of infection where they
will kill virus-infected cells and activate the adaptive immune response.

2.3. Cell-mediated Immune Responses to Influenza Virus
Under normal healthy conditions, there are relatively few lymphocytes in
the lungs. However, upon infection, lymphocytes are recruited in large
numbers. Natural killer (NK) cells constitute one of the body’s first cells
recruited into any tissue as a defense against viral infection.They play a key
role in killing virus-infected cells that lack or have altered expression of cell
surface MHC-I ligands, which is typical during the early phase of a viral
infection (Chambers et al., 1998; Lanier, 1998). The number and cytolytic
activity of NK cells is highly correlated with natural resistance to viral chal-
lenge. Chronically low NK activity in humans is associated with increased
incidence and duration of infection and decreased survival during influenza
viral infections (Stein-Streilein et al., 1989).

In addition to the NK cell,both T and B lymphocytes are involved in recov-
ery from influenza infection and with protection against reinfection with the
same strain of virus. However, in contrast with the NK cell, which does not
recognize influenza viral antigens in an antigen-specific manner, the T- and
B-cell responses are restricted to virus-specific subclones. Whereas the NK
cell traffics to the lung by the initial alarm signal sounded by Toll-like recep-
tor activation, the T and B cells have to be selected for activation based on
their antigen specificity.This occurs in secondary lymph nodes that drain the
site of infection. With regard to influenza infection of the lung, this is the
mediastinal, the superficial cervical, and the deep cervical lymph nodes.
These lymph nodes serve as the site where the antigen-specific lymphocytes
are driven to proliferate (e.g., clonal expansion); it is also the site where they
mature so that once antigen is encountered, they are competent to mediate
their respective effector functions. Because of their killing power and poten-
tial ability to cause immunopathology if not adequately controlled, antigen-
specific responses are tightly coordinated. It is generally acknowledged that
the conductor of the adaptive immune response is the CD4+ helper T cell
which is the first antigen-specific cell activated in response to influenza virus.
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In turn, it drives expansion and activation of the influenza-specific CD8+ T
cells and the antibody-producing B cells.

Clonal activation of naïve CD4+ cells requires antigen-specific signaling
through the T-cell receptor (TCR) as well as signaling through multiple 
costimulatory molecules (Chambers and Allison, 1997; Lanzavecchia et al.,
1999). This is provided by cells whose job is to acquire and process viral
antigen. More specifically, dendritic cells at the site of infection in the lung
engulf viral particles, mature in response to inflammatory signals, migrate
to draining lymph nodes, and present antigen in the context of MHC class
II molecules to activate naïve virus-specific CD4+ cells (Fonteneau et al.,
2003; Lund et al., 2004).

Depending on the type of antigen encountered and the microenviron-
ment where the antigen is presented to the antigen-specific CD4+ T cell, the
immune response may differ dramatically. If antigen is encountered by the
CD4+ cell in the presence of IL-12, and IFN-γ, naïve CD4+ cells differenti-
ate into T helper 1 (Th1) cells that produce quantities of IFN-γ, IL-2, and
TNF-α (Deng et al., 2004). Alternatively, activation of the naïve CD4+ T cell
in the presence of IL-4 induces the development of Th2 effectors that
secrete IL-4, IL-5, and IL-13 (Oran and Robinson, 2004). Although most
infections will drive the development of both types of T cells, viral infec-
tions such as that with influenza A virus are known to predominantly induce
Th1 or type 1 immunity (Cella et al., 2000; Lopez et al., 2002).

In turn, clonal expansion of influenza virus-specific CD4+ T cells of the
Th1 subtype promotes the activation of cytotoxic CD8+ T cells (Maillard et
al., 2002; Fonteneau et al., 2003). Such T cells play a major role in the clear-
ance of influenza virus from the lungs via an MHC class I–dependent cyto-
toxic mechanism involving perforin and Fas (Topham et al., 1997). These
molecules serve simply to kill the virus infected cell. The CD8+ T cell is
important for recovery from infection, as there is elevated viral replication,
morbidity, and mortality in mice that lack CD8+ T cells (Liu et al., 2003).

The Th1 CD4+ T cell also drives B-cell differentiation and expansion into
plasma cells that produce subclasses of antibody (i.e., IgA and IgG2a) for
antibody-dependent cellular cytotoxicity mediated by NK cells (Hashimoto
et al., 1983; Jegerlehner et al., 2004). Impairment of B-cell development
slows clearance of influenza viral antigen but has no substantial influence
on survival or recovery from infection (Gerhard et al., 1997). Although not
necessary for recovery from infection, the strength of antigen-specific B-
cell expansion is revealed upon reinfection with antigenically similar strains
of influenza infection. It showcases the power of immunological memory.

2.4. Immunological Memory to Influenza Virus
The two compartments of adaptive immunity (i.e., the T- and B-cell com-
partments) are also responsible for long-term memory to influenza. How-
ever, these cells evolved for different purposes, with B cells evolving to
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neutralize extracellular virions and cytotoxic T cells evolving to eradicate
virally infected cells. For example, circulating antibody is able to neutralize
influenza before it infects and spreads between host cells. If the infection
progresses, memory cytotoxic T cells are needed to successfully eradicate
the virus, with helper T-cells facilitating both antibody secretion and T-cell
cytotoxicity.

2.5. Memory B-Cell Response to Influenza Virus
Two main B-cell types contribute to immunological memory: antibody
secreting plasma cells and memory B cells. Costimulation during B-cell acti-
vation and affinity maturation of the B-cell receptor dictates whether these
cells will differentiate into plasma cells or memory B cells. For example,
interactions involving CD40L and the B cell–specific activator favor
memory B-cell development, whereas interaction with OX-40, CD23, and
Blimp-1 leads to plasma B-cell development. Activated B cells migrate to
the germinal centers of lymphoid follicles in response to the CXC
chemokine B lymphocyte chemoattractant (BLC) (Forester et al., 1996;
Pevzner et al., 1999; Okada et al., 2002). Follicular dendritic cells play a sub-
stantial role in recruiting B cells to lymphoid follicles by producing BLC
and providing antigenic stimulation in the form of a bound immune
complex (Qin et al., 2000; Tew et al., 2001). Once in the germinal center of
a lymph node, B cells undergo rapid proliferation, which is accompanied by
hypermutation of the immunoglobulin variable region genes.As replication
progresses, only B cells expressing surface antibody with high affinity for
antigen are allowed to survive; all others die through apoptosis. After
expansion and affinity maturation, memory B cells traffic to and take up
residence in lymphoid organs where they can immediately respond to rein-
fection with influenza virus by rapidly differentiating into plasma-secreting
B cells. Long-lived memory plasma B cells reside in the bone marrow and
continue to produce antibodies with high antigen specificity even in the
absence of continued antigenic stimulation.

Neutralization of the influenza virus upon reinfection is mediated by 
antigens specific to the viral proteins hemagglutinin and neuraminidase.The
most effective antibody molecules in preventing reinfection with influenza
are hemagglutinin-specific antibodies that prevent either attachment of 
the virus to the host or intra-endosomal fusion (Knossow et al., 2002). In
fact, if hemagglutinin-specific antibody levels are high enough, they may
completely prevent the initiation of infection. Antibodies specific to 
neuraminidase are also generated, but their effect is not as protective as
antibodies specific for hemagglutinin; however, they are important in sup-
pressing subsequent viral replication, ultimately reducing morbidity and
mortality (Johansson et al., 1989, 1998, 2002).

Vaccines for influenza primarily act through induction of neutralizing
antibody responses. Two types of vaccines for influenza virus are currently
used: a live, cold-adapted attenuated influenza virus vaccine and a trival-
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ent inactivated vaccine. Both contain the same three influenza strains,
A(H3N2), A(H1N1), and B. But because the segmented influenza RNA
genome is highly amenable to genetic mutation, from antigenic shift and
drift, antigenically distinct subtypes emerge each year, requiring yearly
adjustment of the vaccines. The primary mode of protection from the vac-
cines is the increased plasma cell production of neutralizing IgA and IgG
antibodies specific for the hemagglutinin and neuraminidase of the strains
used in the vaccines (Cox et al., 1994; Brokstad et al., 1995; el Madhun et
al., 1998). If, however, the virus is able to overcome these defenses and
infects the host, memory T cells become crucial in controlling and elimi-
nating the virus.

2.6. Memory T-Cell Response to Influenza Virus
Unlike long-lived plasma cells that continually produce antibodies even in
the absence of antigen, the effector functions of memory T cells are only
induced in the presence of antigen. After primary infection, there is a sub-
stantial expansion of the pools of naïve helper and cytotoxic T cells con-
taining T-cell receptors with high specificity for influenza. In comparison
with longlasting production of antibodies by plasma cells, clonal expansion
and effector T-cell function is short lived, lasting only about 2 weeks. Lasting
protection from future infections, therefore, depends on the development
of long-lived memory T cells. Although memory T cells do not reside in a
state of chronic activation, they are defined by their antigen specificity and
their ability to rapidly respond to reinfection by extravasating into sites of
infection, producing inflammatory cytokines, and killing virally infected
cells more rapidly than naïve T cells (Welsh et al., 2004).

The pathways through which effector T cells become memory T cells have
not been completely defined, but it is acknowledged that there are at least
three clear stages in the differentiation of memory T cells (i.e., clonal expan-
sion, contraction, and memory). The first phase, clonal expansion, occurs in
lymphoid tissues where antigen stimulation drives the differentiation of
naïve T cells into effector T cells (i.e., either CD4+ T helper cells or CD8+

cytotoxic T cells) and induces clonal expansion. This burst in antigen-
specific effector cells has a significant impact on the development of
immunological memory. For example, the size of the influenza-specific
memory CD8+ T-cell pool is directly related to the burst size during clonal
expansion, which can increase the number of antigen-specific CD8+ T cells
by approximately 1000-fold (Hou et al., 1994).

Burst size during clonal expansion is largely dependent on the manner
in which T cells are activated. And, as is the case with B cells, professional
antigen-presenting cells, such as dendritic cells, are potent activators of T
cells. When dendritic cells are present in culture, as little as 2–6h of anti-
genic stimulation is needed to drive the expansion of T cells. In their
absence, however, T cells need to be exposed to an antigen for more than
24h (Iezzi et al., 1998; Jelley-Gibbs, 2000). Once stimulated, however,
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antigen-specific CD8+ T cells appear to undergo a set number of divisions
before undergoing apoptosis (Kaech and Ahmed, 2001; Kaech et al., 2002).
This finding seems to explain the increased prevalence of antigen-specific
T cells in lymphoid tissue days to weeks after the influenza virus has been
cleared from host tissues (Flynn et al., 1999).

Given the dramatic increase in the number of antigen-specific effector T
cells, it is not surprising that not all of these cells go on to become memory
T cells. In fact, after T cells clonally expand and the antigen has been
cleared, approximately 90% of the T cells undergo apoptosis, with the
remaining cells developing into memory T cells. It is not well understood
why some cells remain viable and further differentiate into memory cells,
but there are several hypotheses as to the regulation of this contraction
phase. The first hypothesis is that as antigen is removed from the system,
the production of antiapoptotic cytokines is also reduced, including type I
IFNs, IL-2, IL-4, IL-7, and IL-15 (Zhang et al., 1998; Sprent et al., 2000; Tan
et al., 2001). It is not known whether these cytokines have longlasting effects
on memory cell development, but current research has demonstrated that
effector CD8+ T cells with high expression of the IL-7 receptor are more
likely to develop into memory CD8+ T cells than are cells with low expres-
sion of the IL-7 receptor (Kaech et al., 2003). This finding supports the
hypothesis that cytokines in the IL-2 family, which includes IL-7, regulate
the development of memory T cells. As antigen exposure wanes, the levels
of other effector molecules, such as perforin and IFN-γ, are also reduced.
Thus, the differentiation of effector T cells to memory cells may be due to
the loss of IFN-γ and perforin gene expression. Data in support of this
hypothesis are relatively sparse, but it is known that effector T-cell con-
traction does not occur normally in perforin or IFN-γ knockout mice (Kagi
et al., 1999; Matloubian et al., 1999; Badovinac et al., 2000).

Regardless of which cytokines and effector molecules are involved, it is
apparent that the level and duration of the antigen encounter play large
roles in shaping the memory response, with a high level of antigenic
encounter resulting in a smaller contraction phase but a longer duration
driving terminal differentiation and apoptosis. Thus, early control of
influenza appears to be important in establishing a robust memory
response. Luckily, most strains of influenza, particularly influenza A (H1N1
strains), are easily controlled within 8–12 days (Flynn et al., 1999; Doherty
et al., 2000), with contraction of antigen-specific CD8+ T cells occurring
shortly thereafter. After the contraction phase in the T-cell response, two
types of antigen-specific memory CD8+ T cells emerge: central (TCM) and
effector (TEM) memory T cells.

Central memory T cells reside within regional lymphoid tissues and can
rapidly respond to reencounter with influenza virus. These TCM cells consti-
tutively express CCR7 and CD62L, two receptors that are also character-
istic of naïve T cells and are required for cell extravasation through
endothelial venules and migration to T-cell areas of secondary lymphoid
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organs. Unlike naïve T cells, however, TCM can respond more rapidly to a
second infection due to their higher sensitivity to antigenic stimulation and
decreased dependency upon costimulation. In addition,TCM can help to reg-
ulate the secondary immune response by upregulating CD40L expression,
which provides more effective stimulatory feedback to dendritic cells (DCs)
and B cells. Upon activation, TCM produce mainly IL-2, with IFN-γ and
IL-4 production occurring only after the cells have proliferated (Sallusto 
et al., 2004).

Effector memory T cells reside within the epithelial tissues of the lungs
and are ideally poised to mount the first cytotoxic response to reinfection
with influenza virus. TEM no longer express CCR7 but can have low expres-
sion of CD62L, which is most likely the reason they reside within the lungs
and not secondary lymphoid tissues. Having TEM in the lungs after resolu-
tion of an influenza infection makes evolutionary sense because these cells
have a more rapid effector function than even TCM, with both TCM and TEM

being more rapid than naïve T cells. In fact, within hours of antigenic stim-
ulation, CD8+ TEM can release large amounts of perforin, with both CD4+

and CD8+ TEM producing large amounts of IFN-γ, IL-4, and IL-15 (Geginat
et al., 2003a, 2003b; Sallusto et al., 2004). It is because of these TCM and TEM

that viral titers in mice reexposed to influenza A are dramatically lower in
the lungs 5 days after the infection with little viral replication evident 8 days
postinfection (Flynn et al., 1999).

Maintenance of memory T cells can occur through antigen dependent
and independent mechanisms. It is unlikely that antigen-dependent mech-
anisms play a large role in maintaining influenza-specific T cells, because
influenza is not a persistent virus that remains in the host for long periods
of time. It should be noted, however, that antigen-antibody complexes that
are trapped by follicular dendritic cells can be retained for extended periods
and can directly stimulate and be acquired by B cells that process the
antigen and present it to CD4 T cells in the context of MHC class II mol-
ecules (Tew et al., 1984; MacLennan et al., 1994; Qin et al., 2000).

This antigen-dependent maintenance of memory T cells has not been
described after influenza infection, making it more likely that homeostatic
proliferation of influenza-specific memory T cells is driven by antigen-
independent mechanisms. The cytokines IL-15 and IL-7 have been shown
to have prominent roles in the maintenance of antigen-specific memory T
cells. For example, mice lacking either IL-15 or its receptor lose memory
CD8+ T cells (Ma et al., 2000), and exogenous treatment of cells with IL-15
drives the proliferation of CD8+ T cells (Lodolce et al., 2001). Although IL-
15 also plays a role in homeostatic proliferation of antigen-specific memory
CD4+ T cells, IL-7 has a much larger role in maintaining memory CD4+

cells. For example, IL-7Rα blockade significantly reduced antigen-specific
CD4+ T-cell levels in mice previously infected with Lymphocytic Chori-
omeningitis Virus (LCMV), whereas IL-15 blockade had more moderate
effects on memory CD4+ T cells (Lenz et al., 2004).
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The immune response to influenza infection is a systemic response that
involves the respiratory tract, regional lymph nodes (such as the mediasti-
nal and cervical lymph nodes), and other primary and secondary lymphoid
organs. All of these organs are heavily innervated by the nervous system,
primarily the autonomic nervous system, and can be affected by the 
hormones of the hypothalamic-pituitary-adrenal (HPA) axis. In addition,
many of the cytokines produced during influenza infection can affect the
nervous system and animal behavior, thus creating many points of inter-
section through which the nervous and immune systems can interact [see
Bailey et al. (2003) for a review]. These interactions are perhaps most
evident when the interactions are disrupted by physical or psychological
stressors.

3. Stress and the Immune Response to Influenza Virus

The idea that psychological stress may cause measurable changes in an indi-
vidual’s susceptibility to infectious disease is not new. One of the earliest
proposals was put forth by Ishigami (1919) in which he described “the influ-
ence of psychic acts on the progress of pulmonary tuberculosis.” Now, it is
generally acknowledged that humans and animals exposed to chronic psy-
chological or physical stressors have decreased resistance to microbial
pathogens. The consequences of stress-induced modulation of the immune
system include increased susceptibility and frequency of disease, prolonged
healing times, and a greater incidence of secondary health complications
associated with infection (Bailey et al., 2003). However, knowledge about
how the perception of stress is processed in the central nervous system and
then transmitted to peripheral physiological systems is incomplete. There-
fore, information about the mechanism(s) by which a stressor, through its
effects on the immune system, might increase susceptibility or severity of
infectious disease is lacking.

Recently, it has been recognized that the immune system functions as a
“sensory system” alerting the central nervous system to the dangers implicit
in the invasion of its tissues by pathogenic microorganisms. This recogni-
tion has led to intense study of the bidirectional communication among the
nervous, endocrine, and immune systems. Many of these studies focus on
the HPA axis, which is one of the major pathways activated by stress (Bailey
et al., 2003). Stress activates the HPA axis resulting in upregulation of
mRNA expression and production of specific hormones including gluco-
corticoids and endogenous opioids (Hunzeker et al., 2004; Hermann et al.,
1995). When examined in toto, these findings suggest a rudimentary mech-
anism by which stress-induced activation of the HPA axis results in
increased neuroendocrine hormone production, followed by release of
these “stress mediators” into circulation, and subsequent modulatory inter-
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actions of these hormones with cells of the innate and adaptive arms of the
immune system. The response to stress, however, is not always health aver-
sive, and in fact it may serve to restore homeostasis and thus provide an
adaptive response to environmental and internal stressors.This is not a new
concept as the literature dating back to the first half of the 20th century
contains the beginnings of a quest to understand how organisms success-
fully respond to environmental challenges (Selye, 1936). The conceptual-
ization of a eustress, or “the good” stress, was articulated in this period and
it provided a useful working model to explain the adaptive benefits of the
host’s response to challenge.

The goal of the studies conducted by our laboratories has been to exper-
imentally model stress in a way that will identify points of intersection
among the autonomic nervous system, the HPA axis, and the immune
system that lead to meaningful alterations in health. Employing infectious
challenge models, we have identified significant changes in the host’s ability
to generate and/or maintain a protective immune response during stress.
These findings are detailed below.

In chronological terms, our work on stress and the immune system began
as a collaboration with colleagues in the Ohio State University Medical
Center (see Kiecolt-Glaser et al., 1993). Human studies of chronic stress, in
which the subjects were caring for spouses with dementia, demonstrated
that chronically stressed caregivers responded less well to a number of dif-
ferent commercially prepared vaccines that elicit protective responses to
viral and bacterial pathogens (Glaser et al., 1992; Kiecolt-Glaser et al., 1993;
Glaser et al., 2000). In an influenza vaccine study, the percentage of care-
givers who seroconverted (defined as a fourfold rise in antibody titers to an
influenza vaccine by ELISA and HAI) was lower than controls at 1 month
postvaccination, and the IL-2 responses of peripheral blood lymphocytes
from controls stimulated with influenza vaccine antigen was significantly
higher at 30, 90, and 180 days postvaccination than in the caregiver subjects
(Kiecolt-Glaser et al., 1993).

Although studies such as these were illuminating and confirmed the neg-
ative effect of stress on the generation of protective immunity, it was left to
nature to provide the appropriate infectious challenge (e.g., an influenza
viral infection). So far, sufficient data have not been available to assess the
state of protective immunity in naturally acquired influenza viral infections
in these subjects.

Thus, questions about the mechanisms by which stress affects suscepti-
bility and severity of an infection led to the development of animal models
of stress and viral infection. The use of well-characterized stressors in
rodent models provided an opportunity to conduct infection and immunity
studies using microbial challenges with bacteria or viruses. This has been a
very useful approach built on detailed knowledge of microbial pathogene-
sis and antimicrobial immunity in the extant literature.
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3.1. Restraint Stress Suppresses the Immune Response to
Infection with Influenza Virus
3.1.1. Stress-induced Effects on Innate Immune Responses to Infection
with Influenza Virus

3.1.1.1. Stress Effects on Inflammation

In the initial studies of stress and the immune response, a murine model of
influenza viral infection was initiated by intranasal challenge of C57BL/6
male mice; physical restraint (RST) was selected as the stressor (Sheridan
et al., 1991). Our first observations showed that RST reduced the accumu-
lation of cells in the lungs of influenza-infected mice (Hunzeker et al., 2004).
In addition to having effects in the lungs, RST was also responsible for a
reduction in lymphadenopathy in the draining lymph nodes (Hermann 
et al., 1995). The cells whose numbers were suppressed by RST included
macrophages, NK cells, and T and B lymphocytes. During the past 15 years
or so, our studies have revealed that this effect of RST has a substantial
impact on both the innate and adaptive immune response to influenza virus
infection.

As mentioned above, the first, innate responses to influenza virus involve
the ligation of Toll-like receptors (TLRs) and the subsequent production of
the type I interferons (IFN-α and IFN-β), proinflammatory cytokines (IL-
1, IL-6, and TNF-α), and chemokines (MCP-1 and MIP-1α). Together these
TLR-driven responses are targeted toward creating an antiviral state in the
infected tissue and toward recruiting inflammatory cells to the lung and
draining lymph nodes.

The antiviral state is created by the type I interferons which play a major
role in restricting the spread of virus during the early phase of the infec-
tion. As would be predicted, infection with influenza A/PR8 virus induced
the expression of both of the type I interferons in the lungs of control mice.
However, somewhat unexpectedly, expression of the genes coding for IFN-
α and IFN-β was enhanced by RST (Hunzeker et al., 2004). It is not clear
whether this reflected an adaptive response to the stressor or whether it
was a compensatory response in an attempt to control viral replication
while other aspects of the innate response were suppressed.

The development of an activated endothelium, critical to the local inflam-
matory response during infection, is dependent on the proinflammatory
cytokines. Our data have showed that RST has pronounced effects on
proinflammatory cytokine responses to influenza infection. For example,
lung IL-1α responses in RST/infected mice were suppressed (values were
similar to uninfected control responses), and treatment with RU486
resulted in a blockade of the type II steroid receptor and failed to restore
the response. In nonstressed control mice, influenza A/PR 8 infection ele-
vated the lung IL-6 response by 24h postinfection (p.i.), with the peak
occurring at 48h and levels remaining above background at 72h. Interest-
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ingly, RST did not affect the magnitude or the kinetics of the lung IL-6
response during the infection (Konstantinos and Sheridan, 2001). Because
two cytokines associated with the early inflammatory responses to infection
were differentially regulated in restraint-stressed mice, it appeared that the
stress effect on cytokine production was specific for particular cytokines.

The actual transmigration of cells into tissue is dependent on the
chemokine signal at the reactive endothelium in the lung. Again, during
influenza infection, the β-chemokines are key molecules that aid in the
accumulation of mononuclear cells in the lungs of infected mice. In studies
in which MIP-1α was knocked out by targeted mutation, infection with
influenza virus resulted in reduced pneumonitis and delayed clearance of
the virus. Histological analysis of the infected lung tissues showed a signif-
icant reduction in the inflammatory infiltrate in the KO mice when com-
pared with the wild type (Cook et al., 1995). In experiments to examine the
effects of stress on β-chemokine responses during influenza infection, RST
suppressed monocyte chemotactic protein-1 (MCP-1) and macrophage
inflammatory protein-1 (MIP-1α) (Hunzeker et al., 2004). Suppression
occurred early (before day 3 p.i.) and remained below control levels at day
5 p.i. (Hunzeker et al., 2004). Thus, reduction in the expression of proin-
flammatory cytokine and β-chemokine responses by RST were likely con-
tributors to the diminished inflammatory response observed in the lungs of
infected RST mice.

In sum, the data show that although TLR-mediated IFN-α and IFN-β
responses are intact if not elevated, in RST-mice, the proinflammatory
cytokine and chemokine responses are both impaired. Presumably, this
would impact the recruitment of cells to both the lung and regional lymph
nodes. In fact, enumeration of mononuclear cells in the infected lungs con-
firmed that fewer cells accumulated during A/PR8 infection when the mice
were stressed. Subsequent histological studies documented reduced cellu-
larity up to and beyond 7 days postinfection in the infected RST mice.

Of interest to us was the observation that cellularity was restored to RST-
stressed animals by treating them with the glucocorticoid-antagonist RU486
(Hermann et al., 1995). Thus, because activation of the HPA axis, and the
resultant elevation of plasma corticosterone, was known to affect cell traf-
ficking, studies were performed to examine the effect of RST on circulat-
ing plasma corticosterone levels. Samples were obtained before the start 
of an RST cycle (6 p.m.), at 30min into the cycle (6:30 p.m.), and again at
the end of the cycle (10 a.m.). Three groups were compared including
RST/infected, no RST/infected, and no RST/not infected. Both infection
and RST individually elevated corticosterone. However, together, RST plus
influenza infection had a synergistic effect on corticosterone levels which
increased more than sevenfold in comparison with non-stress non-infected
controls (Sheridan et al., 1991). Further studies of HPA activation showed
that four or more consecutive cycles of restraint broke the circadian rhythm
and resulted in persistent high levels of plasma corticosterone throughout
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the day. Moreover, loss of the HPA rhythm correlated with increased patho-
physiology after influenza infection (Hermann et al., 1993).

3.1.1.2. Stress Effects on NK Cell Activity

Natural killer cells play an important role in the early innate defenses to
influenza infection as they seek to limit the spread of virus (Leung and 
Ada, 1981). They respond rapidly in the early phase of the infection to kill
virus-infected cells and when activated produce cytokines that initiate 
and enhance subsequent, specific antiviral immune responses (Biron et al.,
1999). It is generally believed that during a viral infection, NK cells limit
viral spread until a virus-specific CD8+ cytotoxic T-cell response can be
mounted. In fact, NK cells not only are important in innate resistance to
infection but also are required for development of anti-influenza cytotoxic
T-cell responses. Mice depleted of NK cells had increased mortality during
an influenza viral infection (Stein-Streilein and Guffee, 1986).

Infection of C57BL/6 male mice with influenza A/PR8 virus resulted in
an NK response in the lungs that was detectable on day 3 p.i., peaked on
day 5 p.i., and was still present in lung tissue 7 days p.i. RST suppressed NK
cell cytotoxic activity in the lungs of influenza-infected mice throughout the
course of infection. This reduced NK cytotoxic activity was, in part, due to
RST-induced suppression of NK cell trafficking to the lungs (Hunzeker 
et al., 2004). Specifically, RST suppressed IL-1α, MCP-1, and MIP-1α
responses at the time that peak NK infiltration was observed in infected
control mice. These data suggest that, in stressed animals, NK cells were not
accumulating in the lungs to fight infection (Hunzeker et al., 2004).

Restraint-induced reduction in NK cell trafficking was the result of ele-
vated corticosterone levels, as evidenced by the finding that NK trafficking
to the infected lungs of RST mice was restored by blockade of the type II
glucocorticoid receptor with RU486 treatment. Concomitantly, receptor
blockade restored expression of MIP-1α and MCP-1 chemokine genes in
the lungs of stressed, infected mice. However, blockade of the glucorticoid
receptor failed to restore NK cell cytotoxicity (Tseng et al., 2005). Thus,
although glucocorticoids induced by stress diminished cell trafficking to the
lungs, they were not involved in suppression of NK cytotoxicity. This obser-
vation suggested that another “stress mediator” might be involved in regu-
lation of natural resistance. Studies conducted by Tseng and colleagues
(2005) demonstrated conclusively that suppression of NK cytotoxicity was
restored by pharmacologic blockade of the µ-opioid receptor in the stressed
animals. Interestingly, NK cells do not appear to have µ-opioid receptors,
suggesting that the opioids are acting indirectly rather than directly on the
NK cells (Tseng et al., 2005).

When taken together, these studies create a picture in which restraint
stress alters three major components of natural resistance to viral infection:
the proinflammatory cytokine IL-1α response, the β-chemokine response,
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and natural killer cell activity. Responses were altered at the site of virus
replication and in secondary lymphoid tissues for all three responses. Stress-
induced corticosterone reduced lymphadenopathy in draining lymph nodes
and diminished mononuclear cell trafficking to the infected lung. In addi-
tion, stress-induced corticosterone suppressed cytokine gene expression for
some cytokines that were studied (IL-1α, MCP-1, and MIP-1α) while it
enhanced, or had no effect on, gene expression of other cytokines induced
during infection (e.g., type 1 IFN-α/β and IL-6). Moreover, suppression of
NK cell trafficking during stress was corticosterone-dependent, whereas
NK cell cytoxicity was suppressed by an opioid response. The question of
whether the opioid effect on NK during an influenza infection is mediated
centrally or peripherally remains unanswered, but strong evidence to
support a centrally mediated mechanism for opioid-associated modulation
of immune function has been published (Mellon and Bayer, 1998; Nelson
and Lysle, 2001).

3.1.2. Stress-induced Effects on Adaptive Immunity to Infection with
Influenza Virus

Previous studies have shown that stress, in addition to affecting natural
resistance, also modulates virus-specific T- and B-cell responses during an
influenza viral infection (Bonneau et al., 1991; Sheridan et al., 1991; Dobbs
et al., 1996). RST reduced both virus-specific CD4+ T-cell cytokine responses
and CD8+ cytolytic T-cell responses during infection. Studies of stress-
induced neuroendocrine responses showed that sustained, elevated levels
of corticosterone-suppressed T-cell cytokine responses reduced the accu-
mulation of T cells in the draining lymph nodes and altered the trafficking
of T cells to the lungs of virus-infected animals. Pharmacologic blockade of
type II steroid receptors, using RU486 treatment, restored lymphadenopa-
thy, cell trafficking to the lungs, and the expression of T-cell cytokine genes
(Dobbs et al., 1996). However, as was the case with suppression of NK cell
cytotoxicity, virus-specific cytolytic T-cell responses remained suppressed
after RU486 treatment. Subsequent experiments demonstrated that sup-
pression of CD8+ T-cell cytolytic activity was associated with stress-induced
activation of the sympathetic nervous system and release of cate-
cholamines; blocking β-adrenergic receptors (with nadolol) restored 
T-cell cytolytic activity. Thus, RST-induced activation of the sympathetic
nervous system results in regulation of virus-specific T-cell cytotoxicity
(Dobbs et al., 1993).

3.1.3. Restraint Stress and T-Cell Responses

Elevated serum corticosterone induced by RST suppressed CD4+ T-cell
responses after influenza viral infection. RST suppressed the production of
IL-2, IFN-γ, and IL-I0 by mononuclear cells from the regional lymph nodes
and spleen of A/PR8-infected mice (Dobbs et al., 1996). Because IFN-γ and
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IL-10 were both suppressed, this finding suggested that RST suppressed
both Th1 and Th2 CD4+ T-cell responses. Thus, during an A/PR8 infection,
RST suppressed both CD4+ subsets without biasing the direction of the
cytokine response. Diminished cytokine gene expression during infection
and stress was restored by RU486 treatment, thus confirming a role for cor-
ticosterone in mediating the effect (Dobbs et al., 1996).

To further examine the role of HPA activation in modulating cytokine
responses, experiments were conducted using androstenediol (AED; a
metabolite of dehydroepiandrosterone; DHEA), which is known to coun-
terregulate glucocorticoid modulation of the immune response (Padgett
and Loria, 1994). AED treatment blunted RST-induced HPA activation
resulting in lower plasma corticosterone levels during infection. Moreover,
the reduced plasma corticosterone levels in AED-treated mice correlated
with restoration of lymphadenopathy to draining lymph nodes, enhanced
IFN-γ production, and elevated IL-10 gene expression on day 7 p.i. (Padgett
and Sheridan, 1999). AED functioned in opposition to corticosterone by
regulating T-helper cytokine secretion.

3.1.4. Restraint Stress and B-Cell Responses

The finding of significant suppression of antiviral T-cell responses by RST
suggested that T-cell help for antibody production might be limited and
therefore that the kinetics and/or magnitude of antibody responses to
influenza might also be affected. As hypothesized, RST affected the devel-
opment of virus-specific B-cell antibody responses by delaying seroconver-
sion in the restrained mice infected with A/PR8 virus. In addition, antibody
class switching from IgM to IgG to IgA was delayed. After resolution of
the infection, during the memory phase, stressed mice eventually achieved
virus-specific antibody titers similar to those found in non-stressed infected
control mice (Feng et al., 1991).

3.2. Social Disruption Stress, Glucocorticoid Resistance,
and the Immune Response to an Influenza Viral Infection
3.2.1. Social Stress

There are multiple variables that contribute to the stress response. One of
the most important is the nature of the stressor. In recent studies, we have
employed a social conflict paradigm to investigate how aggressive social
interactions, the repeated experience of defeat, and social hierarchy influ-
ence the immune response (Avitsur et al., 2001; Stark et al., 2001).

Disruption of a social hierarchy that is established when male mice are
caged together is a well-recognized model for social stress in mice (Kool-
haas et al., 1997). Introducing an aggressive intruder (social disruption;
SDR) elicited aggressive interactions and defeat of the cage residents. In
response to the aggressive social interactions, corticosterone levels were
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markedly elevated and several immune parameters were altered including
proinflammatory cytokine responses and splenocyte viability in culture
(Avitsur et al., 2001; Stark et al., 2001).

In response to social disruption, mice developed glucocorticoid (GC)
resistance. Their splenocytes were less sensitive to the inhibitory effects of
corticosterone when stimulated by lipopolysaccharide (LPS). Enhanced cell
proliferation and viability was observed in cultures of these splenocytes. In
vivo, splenomegaly accompanied GC resistance (Avitsur et al., 2001), and
there was a significant increase in the number of CD11b+ and CD62L+

monocytes (Avitsur et al., 2002, 2003a). LPS-stimulated splenocytes from
SDR mice secreted higher levels of IL-6 and TNF-α in culture than did
control mice (Stark et al., 2002; Avitsur et al., 2003a). To date, the mecha-
nisms that drive the development of GC resistance have not been fully elu-
cidated. However, using selective depletion techniques, it was observed that
GC resistance was abolished by depletion of CD11b+ cells (monocytes/
macrophages), but not the depletion of CD19+ cells (B lymphocytes), from
the cultures. Thus, this observation suggested a role for splenic mono-
cytes/macrophages in GC resistance (Stark et al., 2001). Subsequent analy-
sis of GC resistance demonstrated that it was associated with reduced
nuclear translocation of the GC receptor in CD11b+ cells and with the
inability of GC to suppress the activity of the inflammatory transcription
factor, nuclear factor-κB (Quan et al., 2003).

3.2.2. SDR and LPS Challenge

One of the functional consequences of GC resistance in immune cells 
was that the ability of glucocorticoids to inhibit the production/activity of
proinflammatory cytokines was diminished. Furthermore, the phenotypic
changes associated with SDR (i.e., splenomegaly, increased number of
CD11b+ monocytes, and elevated proinflammatory cytokine responses) sug-
gested that these mice would have exaggerated inflammatory responses
upon microbial challenge. As a surrogate microbial challenge, mice were
injected with LPS. This challenge was meant to gauge the level of their
proinflammatory cytokine response and determine if SDR altered the sen-
sitivity to endotoxic shock. After the LPS challenge, the expression of IL-
1β and TNF-α, was significantly higher in the lung, liver, spleen, and brain
of the SDR mice as compared with home cage control animals. SDR
increased the mortality of mice challenged with LPS. Histological exami-
nation of SDR animals revealed widespread disseminated intravascular
coagulation in the brain and lung, extensive meningitis in the brain, severe
hemorrhage in the lung, necrosis in the liver, and lymphoid hyperplasia in
the spleen, indicating inflammatory organ damage (Quan et al., 2001).Taken
together, these results showed that SDR increased the susceptibility to
endotoxic shock and suggested that the development of GC resistance and
hyper-proinflammatory cytokine responses were the mechanisms for this
behavior-induced susceptibility to endotoxic shock.
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3.2.3. SDR and Influenza Viral Infection

A significant question to be asked in the SDR GC resistance response was
whether these mice, with increased susceptibility to endotoxic shock, dis-
played an increased susceptibility to viral challenge. Given all the changes
in the immune response due to GC resistance, it was likely that the immune
response to an influenza A/PR8 viral infection would be modulated in SDR
mice. However, a viral challenge is very different compared with an LPS
challenge. Influenza A/PR8 viral infection of SDR mice did not result in
significant mortality compared with infected home cage controls. Further,
SDR mice had an enhanced type I interferon response in the infected lung.
The interferon response correlated with enhanced termination of viral
replication in SDR mice. Thus, SDR enhanced innate resistance to a viral
challenge with influenza A/PR8 virus (Hunzeker, 2004). Additional studies
are necessary to determine the impact of SDR on the virus-specific adap-
tive immune response to viral challenge.

4. General Conclusions

From the early pronouncements by Ishigami (1919) concerning “psychic
acts” and progression of pulmonary tuberculosis, to the current assessments
of stress-induced molecular regulation of individual immune response
genes, the study of stress and health has had a long, productive history.
However, we remain on the cusp of understanding the mechanisms of inter-
action among social, behavioral, and genetic factors that determine sus-
ceptibility to disease. Recently, as described by Bruce McEwen, Teresa
Seeman, and members of the Allostatic Load Working Group (MacArthur
Network on Socioeconomic Status and Health, 1997), “new research has
reinforced the fact that the so-called ‘stress mediators’ have protective and
adaptive as well as damaging effects, and the search for biological mecha-
nisms that determine protective versus damaging effects of these mediators
is a theme in biobehavioral research (McEwen, 1998).” Thus, one of the
major challenges in the 21st century is to identify the mechanisms by which
stress-induced activation of neuroendocrine responses affect physiological
systems such as the immune system. The use of animal models of infectious
disease provides a powerful tool to dissect the interaction between stress
mediators and protective host immune responses.
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9
Autonomic Nervous System
Influences on HIV Pathogenesis

Erica K. Sloan, Alicia Collado-Hidalgo, and Steve W. Cole

1. Introduction

During the past decade, our laboratory has carried out a series of studies
analyzing the effects of autonomic nervous system (ANS) activity on HIV-
1 pathogenesis (Cole et al., 1998). These studies were motivated by natural
history studies showing accelerated HIV disease progression in gay men
who had socially inhibited personality characteristics (Cole et al., 1996,
2003). Previous developmental studies have suggested that socially inhib-
ited individuals show elevated levels of ANS activity (Block, 1957; Buck et
al., 1974; Cole et al., 1999b; Miller et al., 1999), providing a potential neuro-
biological basis for differential HIV disease progression. In a subsequent
cohort study of 54 HIV-positive gay men with early- to mid-stage infection
(no AIDS, and CD4+ T cell levels >200/mm3), we found that socially inhib-
ited individuals did indeed show elevated levels of ANS activity.ANS activ-
ity was measured across a range of end-organ responses including palmar
skin conductance, blood pressure, heart rate interbeat interval, finger pulse
amplitude, and peripheral pulse transit time (time from heart beat to sub-
sequent finger pulse peak) (Fig. 9.1). Baseline autonomic activity and reac-
tivity to a series of physical, psychological, and social stimuli was found to
be stable over time. Individuals showing constitutively high levels of ANS
activity also showed elevated plasma viral load (Fig. 9.1) and impaired sup-
pression of viremia and CD4+ T-lymphocyte recovery after the onset of
combination antiretroviral therapy (Cole et al., 2001, 2003). Regression-
based mediational analyses suggested that individual differences in ANS
activity could potentially account for 62–94% of the total association
between social inhibition and indicators of HIV pathogenesis (Cole et al.,
2003). Although these data represent a cross-sectional analysis, the strong
linear correlations between psychosocial characteristics, ANS activity, and
virologic parameters suggested that ANS activity could represent an impor-
tant physiologic influence on HIV-1 pathogenesis. Based on the clinical
findings above, we sought to determine whether the biochemical products
of autonomic nervous system activity might accelerate HIV-1 replication—
the fundamental engine driving HIV disease progression.
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Figure 9.1. Relationship between behavioral risk factors, ANS activity, and HIV-1
pathogenesis. ANS activity was measured by skin conductance level (SCL), systolic
blood pressure (SBP), electrocardiogram (ECG) interbeat interval (duration
between R-spikes; IBI), finger photoplethysmograph pulse peak amplitude (FPA),
and peripheral pulse transit time (duration from EKG R-spike to subsequent finger
photoplethysmograph peak; PTT) (A). These parameters are altered by ANS acti-
vation, as shown in (B), where a participant responds to unexpected inflation of 
a blood-pressure cuff at the indicated time (dashed line). Constitutive individual 
differences in ANS activity were quantified by averaging standardized responses 
on each physiologic indicator over multiple tasks and measurement occasions.
(C) Socially inhibited individuals showed elevated ANS activity (units = standard
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2. Catecholamine Acceleration of HIV-1 Replication

The sympathetic branch of the ANS mediates fight-or-flight stress responses
by activating a network of sympathetic neurons that innervate most organ
systems of the body (Weiner, 1992; Sapolsky, 1998). In addition to classical
stress-responsive targets such as the cardiovascular, endocrine, and gastroin-
testinal systems, neurons from the sympathetic nervous system (SNS) also
innervate all primary and secondary lymphoid organs (Felten et al., 1984).
When activated by stress or other stimuli, these neurons release micromolar
concentrations of catecholaminergic neurotransmitters—epinephrine and
norepinephrine—into parenchymal tissues, particularly those bearing
macrophages and T lymphocytes.We examined norepinephrine’s impact on
HIV-1 replication in a simple model system of viral replication in primary
T lymphocytes. Peripheral blood mononuclear cells (PBMCs) from healthy
donors were infected with HIV-1 (CXCR4-tropic NL4-3 or CCR5-tropic
BaL strains, MOI ∼ 0.05), and T lymphocytes were activated with antibod-
ies to CD3 and the CD28 costimulatory molecule. When these stimuli were
supplemented with micromolar concentrations of catecholamines, HIV-1
replication rates increased by up to 11-fold (Fig. 9.2A). Pharmacologic
inhibitor studies showed that these effects were mediated by β2-adrenergic
activation of the cyclic adenosine monophosphate/protein kinase A
(cAMP/PKA) signaling pathway (Fig. 9.2B). Replication-enhancing effects
of norepinephrine could be mimicked by the adenylyl cyclase activator
forskolin or the membrane-permeable cAMP analogue db-cAMP.Thus, any
stimulus that activates the cellular cAMP/PKA signaling pathway appears
to be capable of accelerating HIV-1 replication in primary T lymphocytes.

3. Virologic Mechanisms

To identify specific points of impact on the viral replication cycle, we carried
out one-round infection and one-round viral gene expression assays. The
HIV-1 replication cycle can be divided into two broad trajectories: (1) a
process of infection in which the viral RNA genome is introduced into the
cell and reverse transcribed into a DNA provirus, which then integrates into
the host cell’s chromosomes, and (2) a process of viral gene expression
in which cellular activation induces transcription and translation of viral
genes, followed by assembly and budding of new virus particles.

To determine whether norepinephrine might increase cellular vulnera-
bility to infection, we carried out one-round infection assays in which cells
were pretreated with either medium or norepinephrine and then exposed
to a fixed concentration of HIV-1 virions. Proviral HIV-1 DNA was assayed
by PCR 12h later, and cells were cultured in the antiretroviral drug
Indinivir to prevent production of infectious virions and subsequent rounds
of infection. Exposure to micromolar concentrations of norepinephrine



enhanced HIV-1 proviral penetrance by three- to fivefold (Fig. 9.3A). Sub-
sequent studies identified the primary molecular mechanism of this effect
in increased expression of the chemokine receptors CCR5 and CXCR4 that
collaborate with CD4 to mediate HIV-1 entry into human cells (Cole et al.,
1999a) (Fig. 9.3A). Activation of the PKA signaling pathway by norepi-
nephrine or cAMP increased the cell surface density of CXCR4 by 6- to
10-fold on quiescent and activated lymphocytes, and norepinephrine also
upregulated cell surface expression of CCR5 (Cole et al., 2001). Chemokine
receptors constitutively traffic between the cell surface and endosomal
compartments within the cell. Flow cytometric analyses demonstrated that
PKA can inhibit CXCR4 internalization and thus enhance the fraction of
the total receptor pool localized to the cell surface. HIV-1 binding assays
showed that PKA-induced externalization of CXCR4 enhanced virion
binding to the cell membrane. PKA-induced externalization of CXCR4 also
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enhanced cellular chemotaxis in response to CXCR4’s cognate ligand SDF-
1α (Bleul et al., 1996; Oberlin et al., 1996) (Fig. 9.3B). Norepinephrine 
signaling enhanced CXCR4 surface levels in both CD4+ and CD8+ T
lymphocytes as well as CD19+ B cells. In CD14+ monocytes, PKA sup-
pressed cell surface expression of CXCR4. These data suggest that cate-
cholamine activation of the PKA signaling pathway might modulate normal
cellular trafficking and maturation processes in addition to enhancing cel-
lular vulnerability to HIV-1 infection (Cole et al., 1999a).

To determine whether catecholamines might influence the viral gene
expression phase of the life cycle, we also carried out one-round expression
assays in which a population of primary PBMCs was infected with an HIV-
1 reporter virus bearing the murine CD24 gene (Jamieson and Zack, 1998).
Cells were then activated with antibodies to CD3 and CD28 in the pres-
ence of Indinivir to prevent subsequent rounds of infection. When these
stimulation conditions were supplemented with micromolar concentrations
of norepinephrine, flow cytometry showed a three- to fivefold increase in
cell surface expression of the reporter gene product (Cole et al., 2001) (Fig.
9.3C). Thus, norepinephrine can enhance expression of genes under the
control of the HIV-1 promoter—the viral long terminal repeat (LTR).

In addition to the direct effects on the viral replication cycle, cate-
cholamines can also exert indirect or permissive effects on viral replication
by undermining cellular production of antiviral cytokines. Immunore-
gulatory cytokines such as IL-10 can suppress HIV replication, whereas
proinflamatory cytokines enhance HIV replication by activating NF-κB
(Finnegan et al., 1996; Badou et al., 2000; Weissman et al., 1995). Analysis of
supernatant cytokine concentrations from CD3/CD28 costimulated T lym-
phocytes showed that norepinephrine could substantially suppress the pro-
duction of both IL-10 and IFN-γ (Fig. 9.4A). Addition of exogenous IL-10
or IFN-γ to the cultures abrogated the replication-enhancing effects of nor-
epinephrine (Fig. 9.4B), indicating that simultaneous suppression of both
cytokines is required for norepinephrine-mediated enhancement of HIV-1
replication. Cytokine modulation might represent an overarching distal
influence on more virus-proximal mechanisms such as LTR activity or
chemokine receptor trafficking.

In a series of studies on type I interferon responses to HIV-1 or Toll-like
receptor (TLR) ligands, we have also found that norepinephrine can sup-
press production of this crucial innate antiviral cytokine by both myeloid
and lymphoid dendritic cells. These effects are mediated via the β-AR/
cAMP/PKA signaling cascade, which inhibits expression of both IFN-α and
IFN-β genes in response to activation of either TLR-3 or TLR-9 (Fig. 9.4C).
Using the IFN-β gene as a model system, we traced PKA’s effects to the
modulation of transcription control processes in a specific positive regula-
tory domain (PRD) in the promoter of the IFNB gene (Collado-Hidalgo et
al., 2006). Type I interferons are known to suppress HIV-1 replication
(Baca-Regen et al., 1994; Pitha, 1994; Agy et al., 1995; Korth et al., 1998), so
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we tested their role as potential mediators of norepinephrine’s effects on
viral replication by supplementing norepinephrine (NE)-treated cultures
with exogenous IFN-α. Because these studies focused on the role of
cytokines in controlling HIV-1 replication, we sought to isolate the effects
of soluble factors from all other impacts of norepinephrine on cellular func-
tion (e.g., direct effects on transcription factors activating the LTR or
chemokine receptors mediating infection). Uninfected PBMCs were stim-
ulated with phytohemagglutinin (PHA) and IL-2 for 2 days in the presence
of 0 or 10µM NE to induce cytokine expression. Cells were washed twice
in PBS to remove NE and cultured for another 24h in fresh medium to
collect soluble factors modulated by prior exposure to norepinephrine. To
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determine whether the resulting “norepinephrine-conditioned” cytokine
profile facilitated HIV-1 replication, filtered supernatants were transferred
to fresh PBMCs that had been infected with CXCR4-tropic HIV-1NL4-3 and
stimulated with phytohemagglutinin (PHA). Over the ensuing 5 days, nor-
epinephrine-conditioned supernatants facilitated a 34-fold increase in HIV-
1 replication relative to control supernatants (Fig. 9.4D). To determine
whether norepinephrine-induced suppression of type I interferons con-
tributed to this effect, we added graded doses of recombinant IFN-α (0, 5,
50, or 500IU) to norepinephrine-conditioned cultures in an attempt to
reverse that effect. Increasing concentrations of exogenous type I interferon
inhibited norepinephrine-mediated support for HIV-1 replication in a dose-
dependent manner. Thus norepinephrine-mediated suppression of type I
interferon production appears to play a critical role in permitting upregu-
lated HIV-1 replication.

These studies have defined three basic molecular mechanisms by which
catecholamine signaling from the ANS can impact the HIV-1 replication
cycle. (1) Catecholamines influence the earliest stages of infection by
increasing chemokine receptor density on the cell surface and thus enhance
viral entry. (2) Catecholamines facilitate subsequent transcription of the
viral genome by enhancing transcriptional activity of the HIV-1 LTR. (3)
Catecholamine signaling undermines cellular production of antiviral
cytokines and thus permits other molecular mechanisms to enhance HIV-
1 replication rates. The precise interrelationships among these three
processes are not yet known, but their collective effect is sufficient to
enhance viral replication by ∼10-fold in vitro. The magnitude of such dif-
ferences is commensurate with the 10- to 100-fold variation in plasma viral
load setpoints observed in patients with high- versus low levels of consti-
tutive ANS activity (Cole et al., 2001).

4. The Neuroanatomic Basis of ANS Interactions

To determine whether the molecular processes identified in vitro contribute
to the effects of ANS activity and HIV-1 pathogenesis in vivo, we have
begun to analyze the relationship between ANS innervation and simian
immunodeficiency virus (SIV) replication in lymph nodes from rhesus
macaques—the best animal model for human HIV-1 infection. HIV-1 repli-
cates predominantly in lymphoid organs, (Embretson et al., 1993; Pantaleo
et al., 1993), and these tissues are known to receive innervation from the
sympathetic nervous system (SNS) (Felten et al., 1984, 1987). Cate-
cholaminergic neurons enter lymph nodes in association with the vascula-
ture and radiate out into the parenchyma to terminate in the vicinity of T
lymphocytes and macrophages—the cells in which HIV-1 and SIV replicate
most efficiently (Stebbing et al., 2004). Sympathetic fibers reach paracorti-
cal, medullary, and interfollicular cor-tical regions but avoid nodular regions
and germinal centers (Felten and Olschowka, 1987; Felten et al., 1987; Fink
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and Weihe, 1988). Several lines of evidence suggest that autonomic inner-
vation of lymphoid tissue may affect immune function (Madden et al.,
1995a, 1995b; Downing and Miyan, 2000; Castrillon et al., 2000), but little is
known about its impact on lymphotropic viruses. We mapped the distribu-
tion of catecholaminergic neurons in lymph nodes from SIV-infected
macaques using sucrose phosphate glyoxylic acid (SPG) chemofluorescence
and carried out spatial statistical analyses to determine whether SIV repli-
cation was increased in the near vicinity.Active SIV replication was mapped
by in situ hybridization to gag, pol, and nef mRNA. Spatial statistical analy-
ses showed that the odds of active SIV replication increased by 3.9-fold in
the vicinity of catecholaminergic neurons (p < 0.0001) (Fig. 9.5) Sloan et al.,
2006. Density of SNS innervation and SIV replication differed across cor-
tical, paracortical, and medullary regions of the lymph node, but analyses
controlling for those differences continued to indicate increased SIV repli-
cation in the vicinity of catecholaminergic neurons. The density of SNS
innervation was also found to be reduced in lymph nodes showing high con-
centrations of SIV replication. Such results are consistent with previous
data suggesting that inflammatory processes may deplete sympathetic
neurons (Miller et al., 2000; Kelley et al., 2003) and suggest that SNS influ-
ences on lentiviral replication may be most pronounced during the early
stages of infection while innervation is maximal. Such dynamics might
explain why experimental stress manipulations have been shown to alter
viral load setpoints early in infection in SIV-infected macaques (Capitanio
et al., 1998).
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were mapped by glyoxylic acid chemofluorescence (A), and spatial statistical analy-
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5. Conclusion

Neuroanatomic data from the SIV system are consistent with the hypothe-
sis that sympathetic neurons might enhance HIV-1 replication in patients
with high levels of ANS activity (Cole et al., 2001, 2003). Several molecular
mechanisms that could mediate these effects have been identified, including
altered chemokine receptor expression, transcriptional activation of the
HIV-1 LTR, and suppression of antiviral cytokine production (Cole et al.,
1998, 2001). These findings provide a coherent mechanistic explanation for
several studies linking psychosocial characteristics to differential HIV
disease progression (Cole and Kemeny, 1997, 2001). It is not yet clear how
ANS-targeted interventions might affect the course of HIV-1 infection, but
previous studies of correlated psychological risk factors suggest that natu-
rally occurring individual differences in autonomic activity may accelerate
the typical 10-year disease trajectory by as much as 2 to 3 years (Cole et al.,
1996, 1997). A clearer portrait of clinical significance will emerge from
ongoing trials of β-adrenoreceptor antagonists (β-blockers) as adjuvant ther-
apies for early stage HIV infection.As clinical practice shifts toward delayed
initiation of antiretroviral therapy (Panel on Clinical Practices for Treatment
of HIV Infection, 2004), the availability of safe interventions to slow viral
replication during the early stages of disease progression becomes increas-
ingly valuable. If ANS activity exerts a clinically significant impact on HIV
replication, long-term disease progression could be significantly slowed by
the provision of pharmacologic or behavioral treatments that reduce ANS
activity (Antoni, 2003). ANS-targeted interventions may be most effective
during early stage infection when lymphoid innervation is most pronounced
and behavioral stress can influence long-term viral replication setpoints
(Capitanio et al., 1998). Once disease progresses to the point where anti-
retrovirals are indicated, suppression of ANS activity may also help reduce
physiologic support for low-level residual viral replication that continues
during antiretroviral treatment (Finzi et al., 1997; Davey et al., 1999; Chun
et al., 2000; Ramratnam et al., 2000; Sharkey et al., 2000). To provide a basic
virologic context for such interventions, our ongoing work seeks to define
the role of previously identified molecular mechanisms in vivo and to eval-
uate the clinical significance of ANS modulation in delaying clinical disease
progression and preserving the health of HIV-positive individuals.
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1. Introduction

1.1. Stress and the Immune System
Physical and psychosocial stressors have been shown to compromise
immune function (Ader et al., 1991; Kielcolt-Glaser and Glaser, 1995). The
immune suppressive effects of stress may be more pronounced in individ-
uals that already have limited immune competence, such as infants, indi-
viduals with a predisposition to autoimmune disease, and the elderly
(Kielcolt-Glaser and Glaser, 1995). An individual’s response to a stressor is
manifested in physiological, hormonal, behavioral, and immunological
changes. These stress-induced responses are initiated by the hypothalamus
and translated into action by the hypothalamic-pituitary-adrenal (HPA)
axis and the sympathetic nervous system. Products from these two systems
(e.g., corticoid hormones and catecholamines) can directly modulate the
activity of various immune effector cells (Ader et al., 1991).

Stress has a bidirectional effect on the immune system depending on
whether it is acute or chronic. Acute stress enhances antigen-specific 
cell-mediated immunity (Dhabhar and McEwen, 1996), alters populations
of T-cell subsets (Teshima et al., 1987) and modulates mononuclear cell 
trafficking (Hermann et al., 1995). Acute stressors augment the immune
response and result in redistribution of immune cells from the bone marrow
into the blood, lymph nodes, and skin (Dhabhar and McEwen, 1996). Rede-
ployment of immune cells into these compartments will allow for height-
ened responsiveness in the event of a skin wound, a natural consequence
of an encounter with a predator as the acute stressor. Likewise, T cell and
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natural killer cell function are altered by stressful events (Okimura et al.,
1986). In contrast, chronic stressful life events are thought to suppress the
ability of the immune system to respond to challenge and thus increase sus-
ceptibility to infectious diseases and cancers.

Although there is convincing evidence linking stress with the onset and
progression of certain infectious diseases (e.g., influenza, herpes), relatively
little is known about the role of stress in autoimmune diseases (e.g.,
multiple sclerosis, rheumatoid arthritis, lupus, insulin-dependent diabetes).
However, a few studies indicate that stressful life events and poor social
support play a role in the onset and exacerbation of autoimmune diseases
such as rheumatoid arthritis (Rimon et al., 1977; Homo-Delarche et al.,
1991). Furthermore, intervention studies indicate that cognitive-behavioral
stress management decreases the symptomatology of autoimmune disease
(Bradley et al., 1987; O’Leary et al., 1988; Radojevic et al., 1992).

1.2. Multiple Sclerosis
Multiple sclerosis (MS) is the most common demyelinating disease of the
CNS occurring at a prevalence of 250,000–350,000 in the United States
(Anderson et al., 1992). In 1994, the national annual costs of this disease were
estimated to be $6.8 billion (Whetten-Goldstein et al., 1998). MS usually
affects people between the ages of 15 and 50, and 80% of patients have a
relapsing-remitting disease that eventually progresses to a chronic progres-
sive disorder. The MS lesion is characterized by plaques throughout the
white matter of the brain and spinal cord. Demyelination is accompanied
by inflammatory cell infiltrates consisting of plasma cells, macrophages/
microglia, and T and B lymphocytes. In common with other autoimmune
diseases, relapsing-remitting MS is more common in women than men, with
a ratio of 2 : 1. Autoimmune responses to myelin components myelin basic
protein (MBP) proteolipid protein (PLP), and myelin-oligodendrocyte gly-
coprotein (MOG) have been detected in MS patients, suggesting an autoim-
mune etiology for MS (Stinissen et al., 1997).

1.3. Stress and Multiple Sclerosis
Stress was considered to be an important factor in the onset and course of
MS in Charcot’s original description of the disease (Charcot, 1877). Anec-
dotal accounts suggest that life stress frequently triggers the development
of MS symptoms (Grant, 1993). Recent studies using standardized assess-
ment of life events have begun to shed light on the idea that psychological
stress precedes both the onset and recurrence of MS symptoms in 70–80%
of cases (Warren et al., 1982). The mechanism involving the role of stress in
MS appears to be complex. There is even some evidence of a protective
effect of stress under certain conditions (Nisipeanu and Korczyn, 1993).
However, in laboratory studies, MS patients and controls had similar
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immune responses after an acute stressor (as measured by NK cell activity,
T-cell proliferation, and changes in cell subsets in the peripheral blood)
(Ackerman et al., 1996). More recently, acute life stressors have been shown
to be correlated with relapses in MS (Ackerman et al., 2000). Mohr and 
colleagues conducted a meta-analysis of 14 studies concerning stress 
and MS and concluded that “there is a consistent association between
stressful life events and subsequent exacerbation in multiple sclerosis”
(Mohr et al., 2004).

1.4. A Viral Etiology for Multiple Sclerosis
The etiology of MS is unknown, although epidemiological studies have
implicated an infective agent as a probable initiating factor (Acheson, 1977;
Gilden, 2001). An epidemiological survey reported the increased risk of
developing MS was associated with late infection with mumps, measles, and
Epstein-Barr virus (Miguel et al., 2001). In addition, exacerbations of MS
are frequently preceded by viral infections (Sibley et al., 1985). It is also
intriguing that the antiviral agent IFN-β has been reported to have a ben-
eficial effect on relapsing/remitting MS (IFN-β Multiple Sclerosis Study
Group, 1993). A number of different viral agents have been isolated from
the brains of MS patients, including measles, mumps, parainfluenza type I
(Allen and Brankin, 1993), and human herpes simplex type 6 (HHSV6)
(Challoner et al., 1995). In common with other autoimmune diseases, stress-
ful life events may precipitate the onset and clinical relapses in MS patients
(Whitacre et al., 1994). One mechanism of stress-induced exacerbation
might be via increased glucocorticoid levels resulting in immunosuppres-
sion and reactivation of latent viruses such as herpes virus.

Viruses are also known to cause demyelination in animals: measles virus
in rats; JHM mouse hepatitis virus, Semliki Forest virus, and Theiler’s 
virus in mice; visna in sheep; herpes simplex in rabbits (Dal Canto and 
Rabinowitz, 1982). Therefore, in order to understand the pathogenesis of
MS, it is most appropriate to study an animal model of virus-induced
demyelination such as Theiler’s virus infection. Theiler’s virus infection in
mice represents not only an excellent model for the study of the patho-
genesis of MS but also a model system for studying disease susceptibility
factors, mechanisms of viral persistence within the CNS, and mechanisms
of virus-induced autoimmune disease.

1.5. Theiler’s Virus-induced Demyelination as a Model
for MS
Theiler’s murine encephalomyelitis virus (TMEV) is a Picornavirus that
causes an asymptomatic gastrointestinal infection and occasionally paraly-
sis (Theiler, 1934). There are two main strains of Theiler’s virus, which are
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classified according to their neurovirulent characteristics. The virulent
GDVII strains of Theiler’s virus cause fatal encephalitis after intracranial
infection (Theiler and Gard, 1940). The persistent TO strains (BeAn, DA,
WW, Yale) cause, in susceptible strains of mice, a primary demyelinating
disease that is similar to MS (Lipton, 1975; Oleszak et al., 2004). Theiler’s
virus must establish a persistent infection in the CNS in order to cause later
demyelinating disease (Aubert et al., 1987). Strains of mice that are resis-
tant to developing Theiler’s virus-induced demyelination (TVID) are able
to clear the early viral infection effectively from the CNS. Susceptible
strains of mice fail to clear the CNS infection, in part due to inadequate
natural killer cell (NK) and cytotoxic T cell (CTL) responses. Persistent
viral infection of the CNS is a prerequisite for the development of primary
inflammatory demyelination. During the early infection, virus replicates to
high levels in the brain and spinal cord (Fig. 10.1) (Welsh et al., 1989). At
approximately 1 month postinfection, the viral titers are decreased and this
coincides with the development of high neutralizing antibody titers. In this
phase of the disease, the virus infects neurons, and mice may develop polio-
like disease (i.e., flaccid hind limb paralysis). In the late phase of the disease,
the virus infects astrocytes, oligodendrocytes, and macrophage/microglial
cells. Autoimmune reactivity to myelin is detected at both the B and T cell
level during demyelinating disease.

A number of studies have reported that viral persistence and demyeli-
nation in susceptible strains of mice are under multigenic control. Genes
coding for major histocompatibility complex (MHC) class I and the T-cell
receptor (Melvold et al., 1987) have been implicated in susceptibility to
demyelination. Another gene locus on chromosome 6 not linked to the T-
cell receptor locus has also been implicated in demyelination (Bureau et al.,
1992). Two additional loci, one close to Ifng on chromosome 10 and one
near Mbp on chromosome 18, have been associated with viral persistence
in some strains of mice (Bureau et al., 1993). Immune recognition of
Theiler’s virus is clearly an important element in susceptibility to demyeli-
nation, as indicated by the genetic association with MHC and the T-cell
receptor, although other undefined factors are also involved.

1.6. Interferon and NK Cells in Theiler’s Virus Infection
The early events that occur during Theiler’s virus infection are crucial in
the effective clearance of virus from the CNS. Failure to clear virus results
in the establishment of persistent infection of the CNS and subsequent
demyelination (Brahic et al., 1981; Rodriguez et al., 1996).The first response
to viral infection is the production of type I interferons that are critical 
in the early clearance of Theiler’s virus from the CNS as demonstrated 
by experimentation with IFN-α/β receptor knockout mice. These mice die
within 10 days of infection with severe encephalomyelitis (Fiette et al.,
1995).
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Figure 10.1. Disease course of Theiler’s virus-induced demyelination. Intracerebral
infection of CBA mice with 5 × 104 pfu of the Bean strain of Theiler’s virus results
in high levels of virus in the spinal cord during the first month of infection (top
panel).The CNS viral titers decrease at 4 weeks p.i. when neutralizing antiviral anti-
bodies and viral T-cell responses are detected (middle panel). During late disease,
the virus is detected in astrocytes, oligodendrocytes, and macrophage/microglial
cells, and autoreactive T- and B-cell responses to myelin are detected in TMEV-
infected mice (lower panel).



Natural killer (NK) cells are activated early in viral infections and play
an important role in natural resistance to certain viruses, tumor surveil-
lance, and regulation of hematopoiesis. NK cells are active in the CNS as
demonstrated in a rat model of quanethidine-killing induced neuronal
destruction where they were shown to be the prime mediators of neuronal
killing (Hickey et al., 1992). In Theiler’s virus infection, susceptible SJL mice
were found to have a 50% lower NK cell activity when compared with resis-
tant C57BL/6 mice (Paya et al., 1989). The low activity of NK cells in the
SJL mice is due to a differentiation defect in the thymus that impairs the
responsiveness of NK cells to stimulation by IFN-β (Kaminsky et al., 1987).
When resistant mice were depleted of NK cells by monoclonal antibody to
NK 1.1 or anti-asialo-GM1 and then infected with Theiler’s virus, they
developed severe signs of gray matter disease (Paya et al., 1989). Thus NK
cells are critical in the early clearance of Theiler’s virus from the CNS.

1.7. Role of CD8+ and CD4+ T Cells in Theiler’s 
Virus Infection
Both CD8+ and CD4+ T cells have been shown to play an important role in
early viral clearance (Welsh et al., 1987; Borrow et al., 1992; Murray et al.,
1998), but in later disease these T-cell subsets have been implicated in the
demyelinating process (Clatch et al., 1987; Rodriguez and Sriram, 1988;
Welsh et al., 1989). In early disease, CD4+ T cells are required for B cells to
produce antibodies, one of the most important mediators of Picornavirus
clearance (Welsh et al., 1987; Borrow et al., 1993). CD4+ T cells also secrete
IFN-γ, which has been shown to inhibit the replication of Theiler’s virus in
vitro (Welsh et al., 1995) and to have a protective role in vivo (Kohanawa
et al., 1993; Rodriguez et al., 1995). CD8+ T cells clearly are important in
viral clearance as demonstrated by in vivo depletion experiments (Borrow
et al., 1992) and studies with gene knockout mice (Fiette et al., 1993; Pullen
et al., 1993). CD8+ T-cell-depleted mice fail to clear virus from the CNS and
developed more severe demyelinating disease than the immunocompetent
controls (Borrow et al., 1992). β2 microglobulin knockout mice were con-
structed on a TVID-resistant background, and these mice were shown to
lack functional cytotoxic T cells (Fiette et al., 1993; Pullen et al., 1993). His-
tological evidence of demyelination developed in the knockout mice after
intracranial infection with Theiler’s virus. Introduction of resistant H-2Db

(Azoulay et al., 1994) or H-2Dd transgene (Rodriquez and David, 1995) into
susceptible strains of mice render these animals resistant to TVID. CD8+ T
cells also provide protection against TVID when adoptively transferred to
a TVID-susceptible BALB/c substrain, BALB/cAnNCr (Nicolson et al.,
1996). Taken together, these investigations clearly implicate CD8+ T cells in
viral clearance and resistance to demyelination. Indeed cytotoxic T lym-
phocyte (CTL) activity has been detected in Theiler’s virus-infected SJL/J
mice (Lindsley et al., 1991; Rossi et al., 1991) and higher CTL activity in
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TVID-resistant C57BL/6 mice (Dethlefs et al., 1997; Lyman et al., 2004).The
CTLs may be important either by recognizing viral determinants or by
inhibiting delayed type hypersensitivity (DTH) responses (Borrow et al.,
1992; Lipton et al., 1995).

1.8. Th1/Th2 Responses in TVID
The relative role of Th1/Th2 cells in susceptibility to TVID is complex. A
pathogenic role for Th1 cells during the late demyelinating disease is clear.
TVID correlates with DTH responses to TMEV (Clatch et al., 1987). In
addition, removal of CD4+ T cells during late disease results in ameliora-
tion of clinical signs, although this study did not differentiate Th1 and Th2
T cells (Welsh et al., 1987). Furthermore, high levels of proinflammatory 
Th1 cytokines IFN-γ and TNF-α in late disease correlate with maximal
disease activity (Begolka et al., 1998). In addition, the number of 
TNF-α–producing cells in spinal cord was found to correlate with severity
of disease (Inoue et al., 1996).

In early disease, Th1 cytokines are involved in viral clearance. SJL/J mice
treated with antibodies to IFN-γ suffered an increase in demyelination
(Rodriguez et al., 1995). In addition, IFN-γ knockout mice on a TVID-
resistant background suffered increased demyelination and mortality when
infected with Theiler’s virus (Fiette et al., 1995). These studies suggest the
importance of IFN-γ in the resistance to TVID.Administration of the proin-
flammatory cytokines IL-6 (Rodriguez et al., 1994) and TNF-α (Paya et al.,
1990) to TVID-susceptible mice resulted in reduced demyelination.
However, another proinflammatory cytokine, IL-1, induced demyelination
in TVID-resistant mice (Pullen et al., 1995). The differential effects of these
cytokines are probably due to their pleotropic effects. For instance IFN-γ is
a potent antiviral agent but also increases inflammation.

Evidence in support of the importance of a Th2 response in protection
from TVID comes from Miller and colleagues. They administered ethylene
carbonimide–treated splenocytes during early TMEV infection to skew the
immune response to TMEV from a predominately Th1 to Th2 response.
This procedure proved effective at reducing the later demyelinating disease
(Peterson et al., 1993; Karpus et al., 1994, 1995). In contrast, another study
by Brahic’s group demonstrated that the Th1/Th2 balance did not account
for the difference in susceptibility to TVID (Monteyne et al., 1999).

Interestingly, IL-2 secreting tumor cells injected into TVID-susceptible
mice increased the frequency of virus-specific precursor CTLs and pre-
vented persistent infection (Larsson-Sciard et al., 1997). This observation
supports the notion that a rapid early CTL response is important in early
viral clearance and thus protection from demyelinating disease.

TVID-susceptible SJL mice given an immunosuppressive cytokine, TGF-
β2, showed a reduction in the number of virus-infected cells and decreased
amount of demyelination (Drescher et al., 2000). The mechanism of action
was hypothesized to be TGF-β2–dependent reduction in infiltration or acti-
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vation of virus-infected macrophages into the CNS. Female SJL/J mice
infected with the DA strain of Theiler’s virus and then given IL-4 or IL-10
or both cytokines in combination showed marked decreases in demye-
lination and inflammation (Hill et al., 1998). Thus, immunosuppressive
cytokines are beneficial in the treatment of TVID.

A number of studies have been conducted into the expression of
cytokines and chemokines during infection with Theiler’s virus. Investiga-
tors have used different time points, different Theiler’s virus isolates, and
different assay methods for analysis, which makes comparisons difficult.
Using the DA strain of TMEV, at 40 days postinfection (p.i.) in SJL/J mice,
Sato et al. using RNA protection assays found that the Th1 cytokines IL-5,
IL-1, IL-2, and IL-6 were not detectable in the spinal cord, whereas Th2
cytokines, IL-10, and Th1 cytokines TNF-α, IL-12, and IFN-γ were elevated
compared with controls. In the brains of the same animals, IL-10, IL-12,
TNF-α, IL-1, IL-2, IL-6, and IFN-γ were not detected at 40 days p.i., but IL-
4 production was high (Sato et al., 1997). In early disease, susceptible SJL
mice were found to express more IL-12p40 mRNA than TVID-resistant
mice. In one study (Inoue et al., 1998), IL-12 was shown to play an impor-
tant exacerbating role in TVID. However, in another study, blocking IL-12
expression did not alter the neuropathogenesis of TVID (Bright et al., 1999).

It has also been reported that in DA-infected SJL/J mice at 60 days 
p.i., mRNA levels for IFN-γ, IL-1, IL-2, IL-6, IL-12, TNF-α, TGF-β1, IL-4,
IL-5, and IL-10 were higher compared with controls. These studies were
performed using real-time PCR analysis (Chang et al., 2000). Interestingly,
these authors found elevated levels of TGF-β in TVID-susceptible SJL
mice, which may account for the low CTLs in this strain of mouse. The Th2
cytokine IL-10 mRNA expression was also observed at particularly high
levels in SJL mice; early in disease IL-10 expression may inhibit the CTL
response and thus prevent effective viral clearance. Similar results showing
increased expression of TNF-α, IL-6, and TGF-β were observed in SJL/J
mice infected with DA for 60 days, with an additional result that lympho-
toxin-α was also increased (Theil et al., 2000).

In summary, Th1 cytokines are generally pathogenic during late demyeli-
nating disease, and Th2 cytokines are protective. Th1/Th2 cytokine profiles
during early disease are more complicated, but clearly the early immuno-
logical response to Theiler’s virus infection has a profound impact on the
later development of demyelinating disease. Strains of mice that are sus-
ceptible to TVID produce elevated levels of TGF-β during early disease
that are thought to interfere with the recruitment of effective cytotoxic T
cells into the CNS. In addition to defective NK cell response in TVID-
susceptible mice, the low level of CTLs in the CNS prevents viral clearance,
and a persistent infection is established that subsequently leads to demyeli-
nating disease. Additional evidence in support of the importance of CTLs
in clearing infections comes from studies with mice depleted of their CD8+

T cells. These mice have increased viral titers in the CNS and more severe
later demyelinating disease (Borrow et al., 1992).
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1.9. Mechanisms of Theiler’s Virus-induced
Demyelination
Demyelination in the TVID model is partly mediated by (a) direct viral
lysis of oligodendrocytes (Roos and Wollmann, 1984); immune mechanisms
including (b) autoimmunity (Welsh et al., 1987, 1989, 1990; Miller et al., 1997;
Borrow et al., 1998); (c) bystander demyelination mediated by virus-specific
DTH T cells (Clatch et al., 1987; Gerety et al., 1991); (d) cytotoxic T-cell
reactivity (Rodriguez and Sriram, 1988) (summarized in Fig. 10.2). Suscep-
tibility to TVID is correlated with (e) increased MHC class II expression
in vitro on astrocytes (Borrow and Nash, 1992) and (f) cerebrovascular
endothelial cells (Welsh et al., 1993) after treatment with IFN-γ. Increased
MHC class II expression on cells within the CNS may lead to increased
antigen presentation and inflammation.

The autoimmune reactivity seen in TVID may result from viral damage
to oligodendrocytes and subsequent activation of autoreactive T cells.
Futhermore, these autoimmune T cells have been shown to be pathogenic
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Figure 10.2. The mechanisms of demyelination induced by TMEV. Demyelination
is partly mediated by (a) direct viral lysis of oligodendrocytes; immune mechanisms
including (b) autoimmunity, (c) bystander demyelination mediated by virus-specific
DTH T cells, (d) cytotoxic T-cell lysis of virus-infected oligodendrocytes. Suscepti-
bility to TVID is correlated with (e) increased MHC class II expression in vitro on
astrocytes and (f) cerebrovascular endothelial cells after treatment with IFN-γ.



and are able to demyelinate in vitro (Dal Canto et al., 2000). The relative
contributions of these mechanisms to the demyelinating process remain to
be elucidated.

TVID represents an excellent animal model for MS, and therefore we
have been investigating the effects of stress in this model in order to gain
a better understanding of how stress impacts the human disease MS. In our
first series of experiments, we examined the effect of stress on the early
disease induced by Theiler’s virus as a model of MS disease onset. Restraint
stress was employed as the stressor because there is a great deal of litera-
ture in this area.

2. Stress Effects on the Neuropathogenesis of Theiler’s
Virus Infection

2.1. General Restraint Procedures and 
Experimental Design
2.1.1. Mice

Three-week-old CBA mice (Harlan Labs, Indianapolis, IN) were used in
the initial studies because they are of intermediate susceptibility to the
BeAn strain of TMEV, with a disease incidence of 70% (Welsh et al., 1987,
1989). Thus, any alterations in disease incidence due to the effects of stress
could be readily detected from this baseline. In addition, the neuropathol-
ogy, rates of viral clearance, and immune response to Theiler’s virus 
have been previously characterized in this strain (Welsh et al., 1987, 1989;
Blakemore et al., 1988). Additional studies were performed with SJL mice,
which are highly susceptible to TVID.

2.1.2. Virus

The BeAn strain of Theiler’s virus (obtained from Dr. H. L. Lipton, Depart-
ment of Neurology, Northwestern University, Chicago, IL) was propagated
and amplified in BHK-21 cells. The culture supernatant containing infec-
tious virus was aliquoted and stored at −70°C before use (Welsh et al., 1987).

2.1.3. Restraint Stress Protocol

Mice were handled for several minutes each day for 1 week prior to the 
initiation of restraint stress in order to habituate each mouse to human
contact in an attempt to diminish stress due to handling during bleeding,
cage changes, and any other contacts that might otherwise have altered
stress levels.

Five-week-old mice were randomly assigned to one of three groups, 10
mice per group according to a previously reported protocol (Sheridan et al.,
1991, Campbell et al., 2001) and treated as follows: (1) a control group where
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mice remained undisturbed in their home cages; (2) a group in which food
and water (FWD) was withheld for 12h each of 5 nights per week over a 
4-week period; (3) a group in which each mouse was placed in a well-
ventilated restraining tube for 12h each of 5 nights per week. Half the mice
in each of the three groups were either infected intracerebrally with
Theiler’s virus or similarly inoculated with virus-free BHK cell supernatant.
Daily food and water deprivation or restraint began 1 day prior to infection 
and 5 days per week for 1 month postinfection. After the first series of ex-
periments, we did not observe any differences between the food and
water–deprived mice and the nonrestrained mice so in the following 
experiments the design was simplified to four groups noninfected/
nonrestrained;noninfected/restrained; infected/nonrestrained;and infected/
restrained.

2.2. The Effects of Restraint Stress on Early Theiler’s
Virus Infection
Restraint stress increased the clinical signs of neurological disease in male
CBA mice infected with TMEV (Campbell et al., 2001; Mi et al., 2004). Nor-
mally, TMEV infection of CBA mice is asymptomatic for the first 6 weeks
of infection. In our first stress study, 80% of the stressed infected mice died
during the first 3 weeks of infection. The restraint protocol caused signifi-
cant weight loss and induced high levels of glucocorticoids (GCs) in the
plasma (450ng/ml after the first 12h stress session) (Campbell et al., 2001).
The restrained mice developed thymic and splenic atrophy (Figs. 10.3a and
10.3b) and reduced numbers of circulating lymphocytes and increased neu-
trophils (Fig. 10.4). Stressed mice also developed adrenal enlargement
(Welsh et al., 2004). In addition, higher viral titers were observed in the
brains and spinal cords of infected/restrained mice when compared with
infected/nonrestrained mice (Figs. 10.5a and 10.5b). Increased levels of 
GCs have been implicated in the increased mortality of TMEV-infected 
mice because these effects could be replicated by simply adding corticos-
terone to the drinking water of mice infected with TMEV (unpublished
observations).

The early lesion of TMEV infection is most prominent in the hippocam-
pus and is characterized by neuronal degeneration, astrocytic hypertrophy/
hyperplasia, perivascular cuffing, and microgliosis. In TMEV-infected mice
subjected to restraint stress, the lesions were considerably less pronounced
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Figure 10.4. Differential cell analysis was performed on whole blood collected 2
days p.i. from four mice in each of the experimental conditions (noninfected/non-
restrained; noninfected/restrained; infected/nonrestrained; infected/restrained). The
lymphocyte and neutrophils are reported as a percentage of total WBC populations.
The standard error of the means are shown.
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Figure 10.3. Thymic and splenic atrophy in restraint stressed CBA mice. (a) The
thymus and (b) spleen were removed from a noninfected/nonrestraint stressed
mouse (left) and compared with those removed from a noninfected/restrained
mouse (right) after 3 consecutive nights of stress.
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than in the infected nonrestrained mice at day 7p.i. (Fig. 10.6) (Campbell
et al., 2001; Mi et al., 2004). Interestingly, an increase in inflammation was
detected at day 24p.i. in infected/restrained mice (Campbell et al., 2001).
This may be due to the persistence of higher viral titers in the CNS that
stimulate increased inflammation in the CNS.

Similar results were found in another study with male and female SJL:
that chronic restraint stress (8h per night) administered in the first 4 weeks
of TMEV infection decreased body weights, increased clinical symptoma-
tology of infection, and increased plasma GCs levels during the acute viral
infection. Although all restraint stressed mice displayed significantly
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Figure 10.5. Restraint stress significantly increases viral titers in the brain and spinal
cord of TMEV-infected mice. Mice from each of the experimental conditions (non-
infected/nonrestrained; noninfected/restrained; infected/nonrestrained; infected/
restrained) were sacrificed at days 1, 3, and 7 p.i and viral levels in the (a) brain and
(b) spinal cord were measured by plaque assay on L2 cells.



increased GCs levels, female SJL mice showed higher basal and stress-
induced increases in GCs (Sieve et al., 2004).

The results of these studies suggest that restraint stress increased GCs,
which resulted in immunosuppression, reduced inflammatory cell infiltrate
into the CNS, and consequently reduced viral clearance. The increased
levels of virus replication within the CNS may contribute to the increased
mortality observed in the restrained mice.

In more recent studies, the effect of restraint stress on viral dissemina-
tion was investigated (Mi et al., 2006a). Stressed mice developed increased
levels of virus in the CNS, spleen, lymph nodes, thymus, lungs, and the heart
when compared with infected/nonrestrained mice. Interestingly, inflamma-
tory lesions developed in the hearts of the restrained mice. Furthermore,
the virus isolated from the hearts of stressed mice had altered and become
more cardiotropic when reinjected into normal mice.These findings suggest
that stress-induced immunosuppression allows for increased viral replica-
tion and spread to sites that would normally remain uninfected. Viral infec-
tion of organs that are not normally considered viral targets may then allow
for the development of novel diseases.
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Figure 10.6. Restraint stress decreased inflammation in the hippocampus. H&E-
stained sections of hippocampus collected at day 7 postinfection (magnification
×10). (A) Noninfected/nonrestrained. (B) Noninfected/restrained. (C) Infected/
nonrestrained hippocampus. Mild to moderate microgliosis (as shown in the box)
and perivascular cuffing (indicated by arrow). (D) Infected/restrained. Mild perivas-
cular cuffing (indicated by arrow). Reprinted from Mi et al. (2004). Alterations in
chemokine expression in Theiler’s virus infection and restraint stress. J. Neuroim-
munol. 151:103–115. Copyright 2004 with permission from Elsevier.



2.3. Restraint Stress Alters Chemokine/Cytokine 
mRNA Expression
Experiments were carried out in order to determine the effects of stress on
chemokine/cytokine expression in the CNS and spleen (as an example of
an immune organ). Groups of male CBA mice were (1) infected/restrained
for 7 nights, (2) infected/nonrestrained, (3) noninfected/restrained, or (4)
noninfected/nonrestrained. At sacrifice, their brains and spleens were
removed and RNA isolated and incorporated in RNase Protection Assay
(RPA) to estimate mRNA cytokine and chemokine expression. Infection
with TMEV increased the following chemokine expression: lymphotactin
(Ltn), interferon-induced protein (IP-10), macrophage inflammatory
protein (MIP)-1β, monocyte chemoattractant protein-1 (MCP-1), and
thymus derived chemotactic agent (TCA)-3 in the spleen but not the brain
at day 2p.i. The fact that chemokine expression was increased first in the
spleen provides evidence that the immune response to TMEV is initiated
in the periphery. Ltn, Regulated upon Activation Normal T cell Expressed
and Secreted (RANTES), and IP-10 were elevated in both the spleen and
the brain at day 7p.i. and were significantly decreased by restraint in the
brain.These chemokines are responsible for the recruitment of CD4+, CD8+

T cells, macrophages, and NK cells and thus may account for the diminished
inflammatory cell infiltrate in the CNS of stressed mice and subsequently
the reduced viral clearance and increased mortality in virus-infected
restraint stressed mice (Mi et al., 2004).

In experiments examining cytokine expression, mice were subjected to
the restraint paradigm and, at sacrifice, half the brain taken for viral infec-
tivity assays and the other half for RPA analysis of cytokine RNA levels.
TMEV infection elevated IFN-γ, LT-β, IL-12p40, IL-6, and IFN-β in the
brain at days 2 and 7. Importantly, restraint attenuated the increases in IFN-
γ but elevated IFN-β. RNA levels of IFN-γ, LT-β, and TNF-α were nega-
tively correlated with viral titers in the CNS such that mice with higher
cytokine levels had lower virus levels. Thus, these cytokines may play a role
in the clearance of virus from the CNS. TNF-α protein levels, as measured
by Western blots, gave similar results to the RPA data for this cytokine.
Interestingly, stress increased the anti-inflammatory cytokine IL-10 in the
spleen, which may contribute to the decrease in proinflammatory cytokine
production (Mi et al., 2006b).

The cytokines altered by restraint stress in Theiler’s virus infection have
pleotropic effects and have vital roles in the neuropathogenesis of this
disease. Lymphotoxin-β, a membrane-bound form of lymphotoxin, plays a
critical role in the resistance to intracellular pathogens including Theiler’s
virus (Lin et al., 2003). LT-β induces IFN-β and also increases cytotoxic T-
cell activity, which are both important mediators of viral clearance from the
CNS. IFN-γ is an important inflammatory mediator produced by NK cells
and T cells, which contributes on the one hand to viral clearance and on the
other hand to development of demyelination in TVID. The suppressive
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effect of stress was first detected at day 2p.i. and attenuated at day 7p.i.
Stress increased the anti-inflammatory cytokine IL-10 and decreased proin-
flammatory cytokines in the spleen. The increase in IL-10 may have con-
tributed to the decrease in proinflammatory cytokines. Interestingly, stress
also caused an increase in IFN-β expression in the brain, which may result
from the higher levels of virus within the CNS of these mice, and this may
compensate for the impaired viral clearance caused by decreased produc-
tion of proinflammatory cytokine during stress.

ELISA assays examined the effects of restraint stress on IL-1β and
TNF-α levels in serum. No detectable levels of IL-1β were observed in any
of the groups of mice, but interestingly, restraint stress induced high levels of
TNF-α in the serum of both infected and uninfected mice (Welsh et al., 2004).

To summarize our findings with regard to the effects of restraint stress on
the expression of chemokines and cytokines: stress reduced the expression
of chemokines responsible for the recruitment of CD4+, CD8+ T cells,
macrophages,and NK cells;namely,Ltn,RANTES,and IP-10.Virus-induced
IFN-γ expression was also decreased by stress. IFN-γ,TNF-α, and LT-β levels
were negatively correlated with viral replication in the brain. These
cytokines have important roles in the initiation of immune system activa-
tion and also have effective antiviral activities, and therefore lower levels of
expression may also result in increased viral replication within the CNS.

Natural killer (NK) cells are known to be important in the early clear-
ance of TMEV as demonstrated by depletion studies (Paya et al., 1989) and
are also exquisitely sensitive to stress. Therefore we examined the effect of
restraint stress on NK cell activity in CBA mice infected with TMEV.
Twenty-four hours postinfection, restraint stress significantly reduced virus-
induced NK cell activity in TMEV-infected CBA mice (Welsh et al., 2004)
when compared with infected/nonrestrained mice. Decreased NK cell activ-
ity may also contribute to the reduced ability to clear virus.

In order to characterize the alterations in spleen cell populations that
occur over time after TMEV infection and restraint stress, we conducted
flow cytometric analysis experiments on splenocytes using combinations 
of the following directly labeled antibodies: (1) CD3-FITC, CD19-PE,
CD45-PECy5 (leukocyte marker); (2) CD3-FITC, CD8-PE, CD4-PECy7;
(3) F4/80-FITC (macrophage marker), DX5-PE (NK cell marker), CD45-
PECy5. Preliminary results indicate that at both day 3 and day 7 p.i. in the
spleen, restraint stress reduces NK cells and B cells while increasing
numbers of T cells overall. No significant differences were seen in
macrophages or between CD4+ or CD8+ cells (unpublished observations).

2.4. Restraint Stress Fails to Render TVID-Resistant Mice
Susceptible to TVID
Experiments were performed in order to examine whether chronic restraint
stress applied during the acute phase of Theiler’s virus infection would
render the genetically nonsusceptible C57BL/6 mice susceptible to TVID.
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Despite the fact that chronic restraint stress has been shown to decrease
functions of NK, T and B cells, and these immune functions have been
shown to be essential for resistance to TVID, chronic restraint stress failed
to render resistant C57BL/6 mice susceptible to the demyelination 
(Steelman et al., 2006). C57Bl/6 mice have a high basal level of NK cell activ-
ity and also a robust CD8+ T-cell response to TMEV. Although stress may
decrease the activity of NK and CD8+ T cells, it may not completely ablate
them, and the residual cells are then still able to effectively clear virus.

2.5. The Effects of Restraint Stress During Acute
Infection on the Later Demyelinating Disease
Life stressors precipitate the onset of MS, and we have shown that chronic
stress during acute infection with Theiler’s virus leads to decreased viral
clearance from the CNS. Other studies have shown that increased viral load
during acute disease leads to increased demyelinating disease during the
late disease (Borrow et al., 1992). Therefore, we hypothesized that stress
during the acute viral infection results in higher viral load in the CNS and
subsequently increased demyelination in the later disease. Chronic restraint
stress, administered during early infection with Theiler’s virus, was found to
exacerbate the acute CNS viral infection and the subsequent demyelinat-
ing phase of disease in SJL male and female mice. During early infection,
stressed mice displayed decreased body weights and locomotor activity and
increased behavioral signs of illness and plasma GCs levels. During the sub-
sequent demyelinating phase of disease, previously stressed mice had
greater behavioral signs of demyelination, worsened rotarod performance,
and increased inflammatory demyelinating lesions of the spinal cord, as
measured by perivascular cuffing and meningitis (Sieve et al., 2004).
Restraint-stressed SJL mice developed higher viral loads in the CNS as
compared with nonrestrained TMEV-infected mice (unpublished data).

Correlational analysis of all of the dependent variables found that in the
acute phase of disease in SJL mice, plasma corticosterone levels, clinical
symptomatology, and loss in body weight were all highly correlated. GCs
levels during restraint stress in the acute phase were also highly correlated
with histological indications of meningitis, rotarod performance, and clini-
cal symptomatology in the chronic phase of disease. Thus, plasma GCs
levels during stress in the acute phase may be a good predictor of disease
course in the chronic phase. Acute-phase clinical symptomatology had
similar predictive value with chronic-phase clinical symptomatology,
rotarod performance, and histological indications of meningitis. We have
previously reported increased levels of antibody to myelin membranes
during the late demyelinating phase of disease (Welsh et al., 1987). In our
more recent study, autoantibodies to myelin basic protein (MBP), prote-
olipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG) were
detected in virus-infected SJL mice, and this represents the first report of
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antibodies to specific myelin components and demonstrates the value of
TMEV-induced demyelination as a model for MS (Sieve et al., 2004).
Female SJL mice had higher antibodies to MOG 33–55 than males at day
69 p.i., and previously stressed female mice had decreased antibody titers
to MBP when compared with nonrestrained infected mice. Antibody titers
to the Theiler’s virus MBP and PLP were no different between the
infected/restrained and infected/nonrestrained mice.

In summary, restraint stress during early infection significantly increased
both clinical and histological signs of demyelinating disease in SJL mice
infected with Theiler’s virus. The mice that developed the highest corticos-
terone levels during the early disease subsequently developed more severe
late demyelinating disease. We propose that stress-induced immunosup-
pression during early infection with TMEV results in increased levels of
virus within the CNS and consequently increased disease severity during
the late phase of the disease.

2.6. The Effect of Restraint Stress During the Chronic
Demyelinating Disease
Stress has been shown to ameliorate experimental allergic encepha-
lomyelitis (EAE), an autoimmune model of MS evoked by injection of
spinal cord or myelin components into susceptible strains of mice (Levine
et al., 1962; Griffin et al., 1993). The frequency of MBP-specific lymphocytes
in the spleen and lymph nodes and both the Th1 and Th2 cytokine responses
were suppressed in the stressed mice (Whitacre et al., 1998). Glucocorti-
coids were implicated as the prime mediators of the disease suppression
(Dowdell et al., 1999). Immunosuppressive therapies such as cyclophos-
phamide or treatment with rabbit anti-thymocyte serum (Lipton and Dal
Canto, 1976) or antibody to CD4 T cells (Welsh et al., 1987) have been
shown to improve the late demyelinating disease induced by Theiler’s virus.
Therefore, because restraint stress induces high levels of immunosuppres-
sive glucocorticoids, if this stressor is applied during the late demyelinating
disease, we hypothesized that this should result in clinical improvements by
reducing inflammatory demyelination. However, experiments with TVID
showed that although restraint stress elevated GCs levels, it did not alter
the clinical score or histological signs of inflammation. Interestingly, mice
infected with Theiler’s virus developed high levels of circulating GCs
(Welsh et al., 2006). Development of glucocorticoid resistance in restraint
stressed mice may factor into these results.

3. Summary and Significance of Research Findings

Chronic restraint stress was shown to increase GCs levels, increase signs of
sickness behavior, increase viral titers in the CNS, and increase mortality
after infection with TMEV (Campbell et al., 2001). Restraint stress signifi-
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cantly decreased several immune measures including NK cell activity
(Welsh et al., 2004), chemokine (Mi et al., 2004) and cytokine expression in
the spleen and CNS (Mi et al., 2006b). Reduced chemokine expression may
account for the decreased inflammatory cell infiltrates into the CNS. The
stress-induced reduction in proinflammatory cytokines may also contribute
to the increased levels of virus within the CNS both directly through the
reduced cytokine antiviral activity and indirectly by reduced ability of
cytokines to induce activation of cytotoxic T cells. As a result of these find-
ings, we propose that restraint stress induces high levels of GCs, which
results in immunosuppression, reduced ability to clear virus, and subse-
quently increased inflammatory demyelinating disease (Sieve et al., 2004).
Additionally, restraint stress facilitated the systemic dissemination of
TMEV, resulting in increased viral replication in the heart and the devel-
opment of a cardiotropic variant of TMEV that induced pathology in the
heart (Mi et al., 2006a).

Relating our findings to the development of multiple sclerosis and
autoimmune diseases in general, stressful events that occur prior to or
during infection with an infective agent may result in immunosuppression
and failure to eliminate the pathogen.The establishment of persistent infec-
tion may then lead to the development of autoimmune disease such as mul-
tiple sclerosis. Stress-induced immunosuppression may also facilitate the
generation of pathogens with enhanced and altered pathogenecity.
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11
Social Stress Alters the Severity 
of an Animal Model of 
Multiple Sclerosis

Mary W. Meagher, Robin R. Johnson, Elisabeth Good, and
C. Jane Welsh

1. Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous
system (CNS) and a leading cause of disability among young adults 
(Anderson et al., 1992; Jacobson et al., 1997; Noonan et al., 2002; Sorpedra
and Martin, 2005). Common symptoms include loss of motor control or sen-
sation in the limbs, loss of bowel or bladder control, neuropathic pain, optic
neuritis, sexual dysfunction, and cognitive dysfunction. The etiology of MS
remains uncertain; however, considerable evidence suggests that environ-
mental factors interact with genetic factors to cause disease (Kurtzke and
Hyllested, 1987; Noseworthy et al., 2000; Sospedra and Martin, 2005). Sus-
pected environmental factors include viral infection and stress.

In the sections that follow, we will review evidence suggesting that viral
infection and stress contribute to the pathogenesis of MS in humans and in
animal models of MS. First, the pathophysiology of MS is briefly reviewed
along with evidence for a viral etiology in humans and in animal models of
MS (see Welsh et al. in this volume for an extensive review). This section is
followed by a discussion of the effects of stress on MS and research indi-
cating that social stress can alter immune function. Finally, we review evi-
dence indicating that social stress alters the course of an animal model for
MS, Theiler’s murine encephalomyelitis virus (TMEV) infection.

2. Multiple Sclerosis

As discussed in the preceding chapter 10 (Welsh et al., 2006), MS is a cell-
mediated autoimmune disease in which immune responses are directed
against the myelin sheath surrounding the axons of neurons in the CNS.
Demyelination is associated with the infiltration of inflammatory cells into
the brain and spinal cord, including macrophages/microglia, plasma cells,
and T and B lymphocytes.An autoimmune etiology is suggested because MS
patients show autoimmune responses to myelin components myelin basic
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protein (MBP), proteolipid protein (PLP), and myelin-oligodendrocyte 
glycoprotein (MOG; Stinissen et al., 1997).

MS is a heterogeneous disease that can follow a relapsing-remitting, sec-
ondary progressive, or chronic progressive disease course (Sorpedra and
Martin, 2005). As the disease progresses, plaques are formed throughout
the white matter in the brain and spinal cord, resulting in significant loss of
motor, sensory, autonomic, and neurological function. Although the deter-
minants of individual differences in disease course and susceptibility remain
poorly understood, complex genetic traits and exposure to environmental
stressors may result in differential susceptibility to viral infections and dys-
regulation of the immune response to CNS inflammatory insults.A growing
body of evidence suggests that MS develops in genetically susceptible indi-
viduals exposed to an environmental trigger (Dyment et al., 2004, Sorpedra
and Martin, 2005). Family and twin studies indicate that genetic suscepti-
bility is necessary but not sufficient for disease vulnerability. While rates of
disease are higher among relatives of MS patients, concordance rates for
identical twins (approximately 25%) are modest, indicating that environ-
mental factors must be involved.

2.1. A Viral Etiology for MS
Both human and animal research suggests that viral infection is a likely
environmental trigger of MS (Gilden, 2005; Sospedra and Martin, 2005).
Postmortem analyses of the brains of MS patients have identified a number
of viral agents, including mumps, measles, parainfluenza type I (Allen and
Brankin, 1993), and human herpes virus simplex type 6 (Challoner et al.,
1995). Although no single viral candidate has been implicated in all cases,
it is possible that several viruses may serve as an environmental trigger of
MS (Gilden, 2005; Sospedra and Martin, 2005). Indeed, several viruses have
been found to initiate demyelination in humans (Johnson, 1994; Soldan and
Jacobson, 2001) and animals (Dal Canto and Rabinowitz, 1982; Johnson,
1994; Soldan and Jacobson, 2001). Two common human herpes viruses that
induce persistent infections are likely candidates in human MS: human
herpes virus 6 (HHV-6) and Epstein-Barr virus (EBV). In the general pop-
ulation, both viruses are widespread, with seroprevalence rates of 80% and
90%, respectively (Martyn et al., 1993; Soldan et al., 2000; Wandinger et al.,
2000; Moore et al., 2002). With both viruses, seroconversion tends to occur
during adolescence, which corresponds with epidemiological studies sug-
gesting that viral exposure during adolescence is a linked to the subsequent
development of MS.

2.2. Animal Models of Virus-induced Demyelination
Animal models provide experimental evidence indicating that viruses can
induce demyelination. Although it is generally agreed that TMEV infection
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provides the best characterized model of virus-induced CNS demyelination
in mice, other viruses such as mouse hepatitis virus, Semliki Forest virus,
canine distemper virus, visna virus, caprine arthritis-encephalitis virsus, and
measles virus induce demyelination in animals. After establishing a persis-
tent infection, these viruses trigger virus- and/or autoimmune-mediated
demyelination. TMEV studies indicate that autoimmune demyelination is
initiated through mechanisms of molecular mimicry and/or bystander acti-
vation (Olson et al., 2001, 2002, 2004; Sospedra and Martin, 2005). Molecu-
lar mimicry involves T and B cells that cross-react with virus, antigenic
determinants, or peptides of self-antigens, such as MBP, MOG, and PLP.
In contrast, bystander activation involves the activation of autoreactive T
cells by nonspecific inflammatory responses triggered by infection (e.g.,
cytokines activation). Studies of animal models of virus-induced demyeli-
nation are important because they have increased our understanding of
potential mechanisms contributing to the pathogenesis of MS in humans,
including environmental susceptibility factors such as exposure to viral
infection and stress.

2.3. MS and Stress
MS patients frequently report elevated levels of stress prior to initial diag-
nosis and/or disease exacerbation (Warren et al., 1982; Grant et al., 1989;
Ackerman et al., 2000; Mohr et al., 2000; Mohr et al., 2004). A recent meta-
analysis was conducted on 14 studies investigating the impact of stressful
life events on MS exacerbation. The results indicated that stressful life
events significantly increased the risk of subsequent disease exacerbation
(Mohr et al., 2004). Importantly, 13 of the 14 studies measured common
stressful life events, mostly interpersonal stressors at family and work.
However, one of the 14 studies did not observe a negative effect of stress
on MS. This study examined the impact of a traumatic stressor, missile
attacks during the Gulf War, finding reduced relapse rates and no change
in lesion development (Nisipeanu and Korczyn, 1993). Thus, the character-
istics of the stressor may alter the impact of stress on initial susceptibility
and disease course in MS. Chronic social stressors appear to exacerbate
disease, whereas acute traumatic stressors may have a beneficial effect.

The majority of studies examining the relationship between stress and
MS have used patient self-reports of symptoms and/or neurologist ratings
of symptoms that are based in part on patient reports. Therefore, it is pos-
sible that reports of disease exacerbations during periods of stress may be
biased by the patient’s mood or some other spurious subjective variable.
Objective markers of disease exacerbation are clearly needed to resolve
this issue, however only one human study meets this criterion. Using a
prospective design, Mohr and colleagues (2000) examined the association
between stressful life events and subsequent lesion development in MS
patients. To objectively measure changes in blood-brain barrier (BBB) 
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disruption that are linked to CNS inflammation in MS, patients received a
monthly gadolinium (Gd+) MRI. Gd+ is injected peripherally and then
crosses the BBB at sites of MS inflammation, allowing the quantification of
active lesions during the MRI scan. Patient reports of stressful life events
were found to predict the development of new Gd+ brain lesions. Impor-
tantly, chronic social stressors and disruptions in daily routine were found
to have the strongest relationship with lesion development.

Although human studies suggest that social stress is correlated with later
MS disease exacerbation, animal studies are critical to determine whether
there is a causal relationship between stress and disease exacerbation.
Animal experiments are advantageous because the stressor can be experi-
mentally manipulated and its impact on disease course can be quantified
using objective behavioral and physiological markers of disease. Animal
studies are also important because they can readily identify the underlying
immune and endocrine mechanisms mediating the effects of social stress on
disease.

3. Theiler’s Virus Infection as a Model for MS

After intracerebral infection with either the BeAn or DA strains of TMEV,
susceptible strains of mice develop a primary inflammatory demyelinating
disease that is remarkably similar to MS (Lipton, 1975; Oleszak et al., 2004).
TMEV must establish a persistent infection of the CNS in order to cause
demyelination (Aubert et al., 1987). Resistant strains of mice, which are able
to clear the virus from the CNS during the first month of infection, do not
develop the demyelination.

3.1. The Immune Response in TMEV Infection
As discussed in the preceding chapter, TMEV induces a biphasic disease.
The acute phase of disease (first month) is primarily a gray matter disease
similar to poliomyelitis. The later chronic disease occurs several months
postinfection and is characterized by primary inflammatory demyelination.
Immunosuppressive regimens during the acute disease are detrimental
because an intact immune system is required to control infection. In con-
trast, immunosuppression during chronic disease is beneficial because it
ameliorates inflammation as the immune response becomes pathogenic
(Welsh et al., 1987).

The early immune events that occur during TMEV infection are crucial
in the effective clearance of the virus from the CNS. Failure to clear virus
results in persistent infection of the CNS and subsequent demyelination
(Brahic et al., 1981; Rodriguez et al., 1996). As noted in the preceding
chapter 10 (Welsh et al., 2006), innate cytokine responses to infection play
an important role in shaping downstream innate and adaptive immune
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responses (Biron, 1998). For example, the cytokine IFN-β plays a pivotal
role in the early immune response to TMEV (Fiette et al., 1995). Natural
killer (NK) cells and CD8+ and CD4+ T cells are also activated early in infec-
tion and play an important role in viral clearance (Kaminsky et al., 1987;
Welsh et al., 1987; Borrow et al., 1992; Dethlefs et al., 1997; Murray et al.,
1998). However, during chronic disease, CD8+ and CD4+ T-cell subsets con-
tribute to demyelination (Clatch et al., 1987; Rodriguez et al., 1988; Welsh
et al., 1989).

3.2. Theiler’s Virus-induced Demyelination (TVID)
TMEV-induced demyelination is partly mediated by direct viral lysis of
oligodendrocytes (Roos and Wollmann, 1984). In addition, CD4+ T cells also
play a major role in mediating CNS demyelination by generating both
antivirus and antimyelin autoimmune responses (Welsh et al., 1987, 1989,
1990; Miller et al., 1997; Borrow et al., 1998; Dal Canto et al., 2000).
Susceptibility to inflammation and demyelination of the spinal cord are
strongly related to the ability of the mouse to mount a delayed-type hyper-
sensitivity (DTH) response to viral antigen. Other evidence suggests that
demyelination is initiated by virus-specific T cells that target the virus pre-
sented by persistently infected macrophages/microglia in the CNS. This
leads to initial myelin destruction due to proinflammatory cytokines pro-
duced by TMEV-specific Th1 cells that target CNS-persistent virus. As the
disease progresses, myelin destruction induces epitope spreading, charac-
terized by the development of myelin-epitope specific autoreactive Th1
cells (Miller et al., 2001; Croxford et al., 2002; Olson et al., 2004).The autoim-
mune aspects of this disease enhance bystander demyelination mediated 
by virus-specific DTH T cells (Clatch et al., 1987; Gerety et al., 1991) and
cytotoxic T-cell reactivity (Rodriguez and Sriram, 1988).

In summary,TMEV infection provides a well-characterized animal model
of MS in which to study the effects of social stress on disease course. Using
this model, we have previously examined the impact of restraint stress on
disease course to gain a better understanding of how stress impacts the
human disease (for a recent review, see Welsh et al., this volume). In the fol-
lowing sections, we will review evidence that social stress can alter immune
function and TMEV disease vulnerability.

4. Social Stress and Immunity

The nature of a stressful event determines its biobehavioral consequences.
For example, social stress, but not restraint stress, can lead to the reactiva-
tion of a latent herpes virus infection (Padgett et al., 1998), increased inflam-
matory responses to a lipolysaccharide (LPS) challenge (Quan et al., 2001),
and increased CNS inflammation during acute TMEV infection (Johnson
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et al., 2004a). Virtually all mammals experience social stress, thus there is a
strong rationale for investigating the effects of social conflict on immune
function and disease vulnerability in both humans and animals (Blanchard
et al., 2001).

Human research suggests that chronic social stress is immunosuppressive
and associated with increased risk for infectious illnesses. Studies investi-
gating the chronic social stress of caring for a spouse with Alzheimer disease
indicate that caregiving is linked to suppressed antibody responses to vac-
cination challenge (Kiecolt-Glaser et al., 1996; Glaser et al., 2000). Similarly,
chronic social stress has been shown to increase the risk for subsequently
developing upper respiratory infections after an influenza viral challenge
(Cohen et al., 1991, 1993). Although these correlational studies suggest that
social stress is associated with adverse immunological and health effects in
humans, it is also possible that this association may be due to a spurious
third variable, such as a personality variable that is linked to both stress and
illness. To determine causality, animal experiments have been conducted to
examine the impact of social stress on immunity and the underlying mech-
anisms that mediate these effects. (Cohen et al., 1997)

4.1. Social Stress, Immunity, and Glucocorticoid
Resistance in Mice
Animal studies investigating the effects of social stress on immune func-
tion have tended to use male rodents exposed to social conflict. Several
models of social conflict have been developed that involve disruption of a
preexisting social hierarchy and social defeat. The social disruption (SDR)
model is one example in which an aggressive male intruder is introduced
into the residence of a group of younger male mice. The introduction of 
the dominant intruder elicits observable aggressive confrontations (e.g.,
posturing, fighting, and wounding) and defeat of the younger resident 
mice.

Chronic social stress has profound effects on endocrine and immune
function in mice (Padgett et al., 1998; Avitsur et al., 2001; Quan et al., 2001;
Johnson et al., 2004a). For instance, SDR produces significant increases in
circulating levels of corticosterone and glucocorticoid (GC) resistance
(Avitsur et al., 2001). GC resistance refers to a decrease in the immune
system’s capacity to respond to the inhibitory effects of corticosterone in
terminating inflammatory responses. When mice are exposed to social
stress, their splenocytes become less sensitive to corticosterone when stim-
ulated with lipopolysaccharide (LPS), showing increased proliferation and
viability relative to control splenocytes (Avitsur et al., 2001). In addition,
these mice exhibit splenomegaly, an increased number of CD11b+ mono-
cytes, and elevated levels of the proinflammatory cytokines TNF-a, IL-6,
and IL-1β (Quan et al., 2001; Avitsur et al., 2002, 2003b; Stark et al., 2002).
SDR has also been shown to increase susceptibility to endotoxic shock after
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an LPS in vivo challenge. Compared with controls, SDR mice subjected to
LPS challenge show pronounced inflammatory organ damage and exag-
gerated proinflammatory cytokine responses in lung, spleen, liver, and brain
compared with controls (Quan et al., 2001). Together, these results suggest
that GC resistance and elevated cytokine expression mediate the increase
in susceptibility to endotoxic shock observed after social stress.

Humans exposed to chronic stress also exhibit alterations in hypothala-
mic pituitary adrenal axis function (McEwen, 1998) and the development
of GC resistance (Lowy et al., 1984; Stratakis et al., 1994; Miller et al., 2002).
For instance, the parents of children undergoing treatment for cancer report
higher levels of psychological distress, flatter diurnal cortisol rhythms, and
GC resistance relative to the parents of healthy children (Miller et al., 2002).
To assess GC resistance, these investigators examined whether the parents’
immune responses showed decreased sensitivity to the anti-inflammatory
effects of dexamethasone, a synthetic GC. Compared with parents of
healthy children, the ability of a dexamethasone to inhibit the in vitro pro-
duction of the proinflammatory cytokine IL-6 was suppressed among the
parents of cancer patients.

4.2. Social Stress and Glucocorticoid Resistance in MS
Mohr and colleagues (2006) have provided evidence that social stress is
associated with increased exacerbations and new lesions in multiple scle-
rosis patients. One potential mechanism explaining the link between stress
and exacerbation of MS is the development of GC resistance. Indeed, a few
clinical studies provide evidence that the immune cells of MS patients are
less sensitive to the regulatory effects of GC when compared with healthy
controls (Stefferl et al., 2001; DeRijk et al., 2004; van Winsen et al., 2005).
GC resistance has also been observed in other inflammatory and autoim-
mune diseases (i.e., lupus, rheumatoid arthritis, asthma, Crohn disease,
ulcerative colitis) and is thought to contribute to disease pathogenesis. For
example, reduced sensitivity to in vitro cortisol is correlated with poor clin-
ical response to steroid therapy in lupus patients (Tanaka et al., 1992). This
finding suggests that GC resistance may be one factor associated with sus-
ceptibility to autoimmune disease. Although the mechanism mediating GC
resistance in autoimmune disease remains unknown, it has been suggested
that GC resistance may develop due to frequent administration of exoge-
nous GC. However, a recent study of MS patients demonstrated that GC
resistance was unrelated to the frequency or interval of prior treatment with
exogenous GC (van Winsen et al., 2005). In light of the critical role that
endogenous GCs play in immune regulation, a reduction in tissue sensitiv-
ity to GCs induced by chronic social stress could be one mechanism that
increases vulnerability to infectious and autoimmune diseases. To test this
hypothesis, our laboratory has examined the impact of SDR-induced GC
resistance on acute and chronic TMEV infection.
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5. The Effects of Social Stress on TMEV Infection

5.1. Effect of Social Stress During Acute 
TMEV Infection
To investigate the effects of social stress on MS disease onset, our first set
of experiments examined the effects of SDR during the acute phase of
TMEV infection. We hypothesized that exposure to SDR prior to infection
(PRE-SDR) would induce GC resistance, resulting in increased CNS
inflammation and increased behavioral signs of acute infection compared
with infected/non-stressed mice. This hypothesis was derived from prior
studies indicating that SDR-induced GC resistance increased inflammation
after LPS challenge, whereas restraint stress did not (Avisur et al., 2001;
Quan et al., 2001). The effects of SDR applied concurrent with infection
(CON-SDR) were also evaluated. Similar to our previous studies of
restraint stress, the CON-SDR procedure parallels the timing of the appli-
cation of restraint (Campbell et al., 2001; Mi et al., 2004; Sieve et al., 2004;
Welsh et al., 2004; Mi et al., in press). When restraint stress was applied con-
current with TMEV infection, we observed decreased CNS inflammation
at day 7 postinfection. In light of this finding, it was possible that CON-SDR
might reduce CNS inflammation and associated behavioral signs of acute
infection. However, an alternative possibility is that the impact of a con-
current stressor may vary depending upon the nature of the stress para-
digm; restraint may reduce CNS inflammation, whereas SDR may enhance
inflammation.

Our first experiment was designed to resolve this issue by evaluating the
impact of SDR applied either before or concurrent with TMEV infection.
The timeline of the experimental procedures is presented in panel A of
Figure 11.1. PRE-SDR mice received six sessions of SDR 1 week prior to
infection, CON-SDR mice received six sessions of SDR concurrent with
infection, and NON-SDR mice remained undisturbed. Intruders for the
SDR manipulation were older aggressive male breeders that were intro-
duced into the cage of resident mice at the beginning of their dark cycle for
2-h sessions. After the last SDR session, the PRE-SDR mice were infected
with TMEV, whereas the CON-SDR mice were infected after their first
session. Thereafter, the mice were periodically assessed for the develop-
ment of behavioral signs of motor impairment and illness behavior before
being sacrificed at days 7 or 21 postinfection. In comparison with other sus-
ceptible mouse strains, Balbc/J mice are unique because of polio-like motor
impairment during acute TMEV infection. Using a behavioral scoring
system that measured the natural progression of motor impairment during
TMEV infection, trained observers blind to experimental condition scored
the degree of hind limb impairment. Footprint stride length and grid hang
latencies were also measured to assess TMEV induced changes in gait and
strength, respectively.
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The physiological impact of SDR on acute TMEV infection was assessed
by examining CNS inflammation and CNS viral clearance. In half of the
mice in each condition, brains and spinal cords were sectioned and stained
with hematoxylin and eosin (H&E). Raters who were blind to experimen-
tal condition scored sections for CNS inflammatory markers for acute
TMEV infection, including perivascular cuffing (accumulation of lympho-
cytes and macrophages around blood vessels), meningitis (accumulation of
lymphocytes and macrophages in the meninges), and microgliosis (presence
of increased microglia/macrophages within the parenchyma of the brain
and spinal cord). Previous research indicates that CNS viral titers peak at
1–2 weeks postinfection, but by 3–4 weeks postinfection the virus is cleared
to nondetectable levels (Welsh et al., 1987, 1989). Therefore, to determine
the effect of SDR on CNS viral clearance, half of the brains and spinal cords
were used to determine viral titer at days 7 and 21 postinfection using
plaque assays.

Social stress presented prior to infection (PRE-SDR) resulted exacer-
bated disease course, whereas concurrent presentation of social stress with
infection (CON-SDR) resulted attenuated disease severity (Fig. 11.1, panels
B–D). Greater levels of motor impairment were observed in the PRE-SDR
mice (Fig. 11.1, panel B). PRE-SDR mice showed hind limb impairment,
reduced stride length, and reduced grid hang time compared with the non-
stressed controls and CON-SDR. Histological analyses of H&E-stained
sections of spinal cord and brain revealed that mice exposed to SDR prior
to infection exhibited increased levels of inflammation in spinal cord and
brain compared with the no-stress control and CON-SDR mice. Although
significant increases in microgliosis, perivascular cuffing, and meningitis
were observed in both spinal cord and brain, these effects were most pro-
nounced in spinal cord and most prominent at day 21 (Fig. 11.1, panel C).
SDR was also found to alter viral load on days 7 and 21 postinfection. As
anticipated, a reduction in viral load was observed in the non-stressed
animals over time, suggesting that these mice were clearing the virus to low
levels. In contrast, the CON-SDR group showed even greater clearance
over time, whereas the PRE-SDR animals showed no reduction over time.
This is significant because disruption of the viral clearance process during
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Figure 11.1. The experimental design and timing of procedures and data collection
for the acute Theiler’s virus infection studies (A). Stressed mice received three con-
secutive SDR sessions, with one night off, followed by an additional three consecu-
tive SDR sessions. PRE-SDR mice received SDR 1 week prior to infection,
CON-SDR mice received SDR concurrent with infection, and NON-SDR mice
remained undisturbed in their home cage. The figures show effects of SDR on
behavioral measures of motor impairment (B), including hind limb impairment (top
panel) and stride length (bottom panel), and histological signs of spinal cord inflam-
matory markers at day 21 postinfection (C).
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the acute phase of TMEV increases the risk of developing the chronic
demyelinating phase. Collectively, these results suggest that the timing of
SDR application in relation to infection determines the impact of SDR on
acute TMEV infection, with PRE-SDR exacerbating disease course and
CON-SDR attenuating disease severity.

5.2. Social Stress, GC Resistance, and Exacerbation 
of Acute TMEV
We propose that the development of GC resistance prior to infection may
account for the increase in CNS inflammation and motor impairment
observed in the infected PRE-SDR mice. Similar to previous SDR studies
conducted using C57BL/6 mice (Avitsur, 2001; Stark et al., 2001), we found
that exposure to SDR increased circulating levels of corticosterone and
induced GC resistance in the uninfected Balbc/J mice. Normally, SDR-
induced increases in corticosterone would be expected to decrease inflam-
mation. However, the development of GC resistance in the PRE-SDR mice
before infection would be expected to amplify the CNS inflammatory
response during TMEV infection, potentially altering the timing and nature
of the innate and specific immune response to early infection. Consistent
with this view, PRE-SDR resulted in increased CNS inflammation and more
severe behavioral signs of infection. In contrast, GC resistance was not
observed in the CON-SDR mice, and the inflammatory response to infec-
tion was not amplified. Rather, it appears that SDR-induced increases in
corticosterone in the CON-SDR mice attenuated the CNS inflammatory
response to infection relative to the NON-SDR infected control mice.These
findings suggest that the induction of GC resistance by social stress may be
one factor that increases the severity of CNS inflammatory responses to
TMEV immune challenge.

5.3. The Role of IL-6 in Mediating the Adverse Effects 
of Social Stress
We have recently proposed that the induction of cytokine expression by
social stress prior to infection may mediate the adverse effects of SDR on
acute TMEV. Consistent with this hypothesis, our laboratory has previously
observed elevated circulating levels of IL-6 in PRE-SDR mice after infec-
tion (Johnson et al., 2006a). IL-6 is a proinflammatory cytokine that cen-
trally regulates acute phase, immune, fever, and HPA-axis responses (Akira
et al., 1990). Prior research suggests that IL-6 levels are elevated after SDR
(Avitsur et al., 2001; Stark et al., 2002). For example, SDR has been show 
to enhance IL-6 responses in plasma and in LPS-stimulated splenocytes.
These observations are consistent with prior research indicating that 
circulating levels of IL-6 are increased in animal exposed to other stressor

226 M.W. Meagher et al.



(Zhou et al., 1993; Nukina et al., 1998) and in humans suffering from major
depression (Maes et al.,1997). Importantly, other work indicates that IL-6
levels are elevated in the CNS during Theiler’s virus infection (Theil et al.,
2000; Palma et al., 2003; Mi et al., in press). IL-6 has also been implicated 
in the pathogenesis of MS. Support for this view comes from studies indi-
cating that IL-6–deficient mice do not develop experimental allergic
encephalomyelitis (EAE), an autoimmune model of MS mediated by Th1
cells (Eugster et al., 1998; Mendel et al., 1998; Samoilova et al., 2000; DeRijk
et al., 2004). Moreover, clinical studies indicate that IL-6 is expressed in the
lesions and CSF of human MS patients (Padberg et al., 1999; Schonrock 
et al., 2000).

Based on this set of findings, it seems plausible that SDR-induced
increases in central IL-6 prior to infection could enhance the IL-6 response
to TMEV infection, thereby exacerbating TMEV-induced inflammation
and behavioral signs of acute disease. This would represent an example of
cross-sensitization of proinflammatory cytokine expression. This phenome-
non has been demonstrated in prior studies where prior exposure to stress
was found to enhance LPS-induced cytokine expression (Chancellor-
Freeland et al., 1995; Persoons et al., 1995; Zhu et al., 1995; Tilder and
Schmidt, 1999; Johnson et al., 2002). From this perspective, the increase in
histological signs of CNS inflammation observed in mice exposed to 
social stress prior to TMEV infection may be attributable to the cross-
sensitization of central proinflammatory cytokine activity. If SDR-induced
increases in central IL-6 mediate the adverse effects of PRE-SDR, then
blocking its effects during the stress exposure period should prevent the
exacerbation of acute disease.

This hypothesis was tested by determining whether intracranial adminis-
tration of a neutralizing antibody to IL-6 could reverse the adverse effects
of SDR during acute TMEV infection (Johnson et al., 2005a, 2006b). Before
each SDR session, mice in the PRE-SDR or no-stress groups received
either an intracranial injection of a neutralizing antibody to IL-6 or the
vehicle. After their last SDR session, the mice were infected with TMEV
and monitored for the development of illness behaviors and motor impair-
ment. As anticipated, exposure to SDR prior to infection led to a loss of
sucrose preference, allodynia, decreased locomotor activity, a loss of body
weight, reduced stride length, and greater hind limb impairment in the
vehicle control group. In contrast, pretreatment with the IL-6 neutralizing
antibody blocked the effects of SDR on illness behavior and motor func-
tion. In addition, administration of the neutralizing antibody to IL-6
reversed PRE-SDR–induced increases in meningitis, perivascular cuffing,
and microgliosis in spinal cord. Together, these findings suggest that SDR-
induced increases in central IL-6 contribute to the adverse effects of social
stress during acute TMEV infection. It must be acknowledged, however,
that only a partial reversal was observed on some behavioral measures in
the PRE-SDR mice treated with the IL-6 antibody. Partial reversal suggests
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that social stress may increase the central expression of other proinflam-
matory cytokines. Therefore, we are currently investigating whether the
adverse effects of social stress on acute TMEV infection also depend on the
release of TNF-a and IL-1β in CNS.

5.4. Significance of Acute Social Stress Effects
The finding that PRE-SDR exacerbates acute TMEV infection in adoles-
cent mice is significant in light of epidemiological evidence suggesting that
MS may be triggered by viral infection in adolescence (Acheson, 1977;
Kurtzke, 1993). We propose that systemic conditions at the time of infec-
tion play an important role in modulating immune processes leading to the
development of MS. Specifically, we suggest that the induction of GC resis-
tance and/or the release of proinflammatory cytokines by social stress exac-
erbates acute infection, which in turn would be expected to have cascading
adverse effects during the demyelinating phase of disease.

5.5. Impact of Social Stress on Chronic TMEV Infection
Using a longitudinal design, we have recently examined whether the timing
of SDR during early infection alters the development of late disease
(Johnson et al., 2006a). In this experiment, mice received SDR either imme-
diately prior to (PRE-SDR) infection, concurrent with (CON-SDR) infec-
tion, or remained undisturbed before and during infection (NON-SDR).
During the acute phase of disease, mice were examined regularly for behav-
ioral signs of acute disease, and circulating levels of the proinflammatory
cytokine IL-6 were measured on day 9 postinfection. After the resolution
of the acute phase (4 weeks), mice were monitored monthly until they
exhibited behavioral signs of the chronic disease.Thereafter, weekly behav-
ioral measures were taken to examine the development of chronic-phase
disease. In addition, blood samples were taken on a monthly basis to deter-
mine whether SDR altered the development of circulating levels of anti-
bodies to TMEV and several myelin components [myelin basic protein
(MBP), myelin oligodendrocyte glycoprotein peptide (MOG), and prote-
olipid protein peptide (PLP)].

Replicating and extending our prior research, PRE-SDR was found to
exacerbate both the acute and chronic phases of TMEV infection. Consis-
tent with previous studies, the PRE-SDR mice developed more severe
behavioral signs of acute infection, including hind limb impairment, reduced
stride length, and reduced spontaneous locomotor activity, compared with
both CON-SDR and NON-SDR mice. The PRE-SDR mice also developed
earlier and more severe behavioral signs of chronic disease (Fig. 11.2),
including hind limb impairment (Fig. 11.2A), impaired motor coordination
on the rotarod (Fig. 11.2B), reduced stride length (Fig. 11.2C), reduced
spontaneous locomotor activity (Fig. 11.2D), impaired inclined plane 
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Figure 11.2. The effect of SDR on behavioral measures of motor impairment
during chronic Theiler’s virus infection. PRE-SDR animals had earlier onset (day
138 postinfection) and significantly greater hind limb impairment over time (A).
Motor coordination on the rotarod test (B) was significantly impaired in the PRE-
SDR mice compared with the NON-SDR and CON-SDR groups. In addition, stride
length (C) and horizontal locomotor activity (D) were significantly reduced in the
PRE-SDR mice. In contrast, the CON-SDR mice showed less impairment over time
and they did not exhibit significant hind limb impairment until day 165 postinfec-
tion. The CON-SDR mice also showed increased improved rotarod performance,
increased stride length, and increased horizontal locomotor activity, relative to the
infected NON-SDR controls and PRE-SDR mice. Average age-matched control
data was subtracted from all data points prior to analysis for stride length. Aster-
isks indicate significant differences.



performance, and reduced sensitivity to von Frey mechanical stimulation.
In contrast, the CON-SDR during the first week of TMEV infection
reduced the severity of functional impairments during both the acute and
chronic phase of disease.

The severity of the chronic phase of disease was predicted by several
acute-phase behavioral and immunological measures. Behavioral measures
collected on day 7 postinfection (hind limb impairment and spontaneous
locomotor activity) predicted the level of behavioral impairment during the
chronic phase (hind limb impairment, footprint stride length, and sponta-
neous locomotor activity at day 136p.i., significant r values ranged from 0.33
to 0.72). Moreover, several physiological measures collected early in infec-
tion (IL-6 at day 9p.i., antibody to TMEV, MOG, and MBP at day 42p.i.,
and body weights) predicted the level of behavioral impairment during the
chronic phase. Correlations between the acute- and chronic-phase measures
were found for both the onset of the chronic phase and the later time points.
These findings suggest that social stress applied prior to infection leads to
more severe acute-phase symptomology, increasing the risk for developing
more severe behavioral symptoms during the chronic phase of disease.

5.6. Neonatal Experience Alters the Impact of 
Social Stress
Our laboratory has recently investigated whether early life events can
induce longlasting effects on TMEV vulnerability. These studies also 
examined whether neonatal experience alters the subsequent impact of
SDR on TMEV infection. In these experiments, mouse pups undergo brief
daily maternal separation during the first 2 weeks of life. Previous research
by other investigators had suggested that exposure to brief maternal sepa-
ration leads to a hypoactive HPA-axis, with long-term protective effects (for
a review, see Meaney, 2001). In contrast, we found that brief maternal sep-
aration may not be protective when paired with later social stress (Johnson
et al., 2004b, 2005c).

In this experiment, pups were exposed daily to either brief maternal sep-
aration for 15min or to an undisturbed control condition during the first 
2 weeks of life. Mice were later infected with TMEV during adolescence and
monitored for behavioral and physiological indicators of acute and chronic
disease. Normally, when SDR occurs prior to TMEV infection, the outcome
is detrimental, whereas SDR concurrent with infection reduces disease
severity (Johnson et al.,2004a,2005a).However,when the brief maternal sep-
aration mice were socially stressed later in life (either prior to or concurrent
with infection),they developed more severe hind limb impairment compared
with mice that were not separated as neonates. In contrast, the brief mater-
nal separation mice that were not socially stressed showed the classic pattern
of protection, with less severe levels of impairment. These effects were
observed during both the acute and chronic phase of infection on several
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functional measures, including hind limb impairment,body weight,open field
vertical activity measures, and open field horizontal measures. Additionally,
the brief maternal separation mice that were not socially stressed exhibited
lower circulating levels of antibody to virus during late disease, suggesting
that neonatal experience influenced disease activity. Blunted corticosterone
(CORT) responses were also observed in the brief maternally separated
mice exposed to SDR before or concurrent with infection. It is tempting to
speculate that blunted HPA function creates a permissive environment that
increases acute CNS inflammation,which in turn alters the immune response
to the virus and the development of GC resistance after SDR. These find-
ings suggest that whereas brief maternal separation may be protective
against some types of later stressors (e.g., TMEV infection alone), it may
increase vulnerability to the adverse effects of later social stressors on TMEV
infection (Laban et al., 1995; Shank and Lightman, 2001).

6. General Conclusions

A growing body of evidence suggests that two environmental factors, viral
infection and stress, may contribute to the development of MS in geneti-
cally susceptible humans and animals. Epidemiological studies indicate that
MS is triggered by viral infection. Evidence for a relationship between
stressful life events and MS exacerbation is also mounting, including longi-
tudinal studies indicating that naturally occurring stressors predict the
occurrence of new lesions. However, these human studies are limited
because the association between stress and disease exacerbation may be
attributable to a spurious third variable that influences both stress and
disease. To determine whether there is a causal relationship between
chronic stress and viral infection in MS, animal experiments are essential.
Using this approach, we have shown that social stress interacts with TMEV
infection to determine the severity of behavioral impairment and CNS
inflammation. The timing of the stressor in relation to infection has been
shown to play a critical role in determining disease course. Moreover,
neonatal experiences have been shown to influence the response to infec-
tion as well as the impact of later social stress on disease course. Finally, we
have begun to examine the underlying endocrine and immune mechanisms
whereby social stress exacerbates CNS inflammation and disease course,
including the induction of GC resistance and cross-sensitization of central
proinflammatory cytokine activity (IL-6).

Exposure to social stress prior to TMEV infection resulted in more
severe manifestations of acute and chronic disease in adolescent mice. This
finding may have important implications for understanding disease vulner-
ability in humans. We propose that exposure to social stress prior to infec-
tion may result in increased CNS inflammation and dysregulation of the
early immune response to infection.The induction of GC resistance and the
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sensitization of central proinflammatory cytokine expression by social
stress may contribute to the dysregulation of central inflammatory
responses during early infection. Because early immune responses shape
the specific immune response to infection, dysregulation of this response
may contribute to the failure to eliminate the pathogen and exacerbation
of acute infection. We hypothesize that the establishment of a persistent
infection, combined with a heightened inflammatory environment in the
CNS, may contribute to the development of autoimmune diseases such as
multiple sclerosis. To test this hypothesis, future research will need to
examine whether social stress–induced GC resistance and central sensiti-
zation of IL-6 expression will have cascading effects that increase the sever-
ity of the demyelinating phase of disease.
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12
Early Postnatal Nongenetic Factors
Modulate Disease Susceptibility in
Adulthood: Examples from Disease
Models of Multiple Sclerosis,
Periodontitis, and Asthma

Michael Stephan, Thomas Skripuletz, and 
Stephan von Hörsten

1. The Development of Nongenetic Acquired 
Individual Differences

1.1. Introduction
The genesis of individuality serves as an adaptive mechanism and includes
the nongenetic modification of several developmental dimensions such as
growth, maturation, and learning.As a consequence, modified stress respon-
siveness, coping strategies, and susceptibility for diseases develop interde-
pendently. Until today, knowledge on the neurobiology of individuality has
only marginally been integrated into the understanding of the pathophysi-
ology, prevention, and therapy of diseases.

To explore these interdependent links, we investigated the effects of 
postnatal stimulation or deprivation on adult behavioral responses and the
clinical course of disease models that are thought to be associated with
alterations of stress responsiveness.

1.2. Stress and Adaptation
Regulation of adaptive responses is liable to lifelong modifications. The
outcome of this developmental perspective of an individual is due to many
factors including genetic background and aging per se but is also due to
repeated environmental challenges (Fig. 12.1). Dealing with the stresses and
strains of life, each individual reacts with a specific activation pattern of reg-
ulatory systems. In turn, this activation causes a secondary modification via
a feedback reaction, thereby shaping specific response patterns depending
on the point of time, frequency, duration, and power of the environmental
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challenge. Therefore, every new environmental challenge causes a reaction,
which depends on former experiences. In 1993, McEwen and Stellar defined
allostasis as the process for adapting to environmental challenges to main-
tain homeostasis. Systems that vary according to demand, like the hypo-
thalamic-pituitary-adrenal (HPA) axis and the autonomic nervous system
(ANS), actually help protect and maintain those systems that are truly
homeostatic, (e.g., the blood pH or body temperature). Large variations in
the HPA axis do not lead directly to death, as would large deviations in
truly homeostatic systems. Therefore, McEwen and Stellar proposed that
allostasis is the adequate term for physiological coping mechanisms. Exam-
ples of allostasis go to broader aspects of individual survival. In the immune
system, an acute stress–induced release of catecholamines and glucocorti-
coids facilitates the circulation and migration of immune cells to parts of
the body where they are needed to fight an infection or to produce other
immune responses (Dhabhar and McEwen, 1999). Furthermore, glucocor-
ticoids and catecholamines act concertedly to promote the formation of
memories of events of potentially dangerous situations so that the individ-
ual can avoid them in the future (Roozendaal, 2000). Yet, each of these
adaptive processes has a potential cost to the body when allostasis is either
called upon too often or is inefficiently managed, and that cost is referred
to as allostatic load (McEwen and Stellar, 1993).

1.3. The Early Environment and Maternal Behavior 
in Rodents
The early postnatal period of life is an exceptionally sensitive time in which
the nervous system as well as hormonal and immunological regulatory
systems develop and mature within the interaction of the individual and its
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environment. Early severe stress or disturbance of the postnatal environ-
ment produces a cascade of neurobiological modifications that have the
potential to cause enduring changes in brain development, physiology, and
behavior (Anisman et al., 1998; Pryce and Feldon, 2003). Therefore, the
quality of the early family environment can serve as a major source of vul-
nerability in later life.

In mammals, the mother is the major source of an infant’s nutrition and,
beside the littermates, the most important social stimulus. Under the influ-
ence of maternal hormones, the new dam is maternally responsive to pups
as soon as they are born. After retrieving pups that have strayed from the
nest, the dam adopts a nursing posture over them. By 24h after parturition,
nearly all dams have established maternal behavior and are routinely
engaging in nursing, retrieving, and licking of pups. Being undisturbed, the
dam suckles them almost continuously for the first few days and then grad-
ually takes longer and longer absences (Ader and Grota, 1970). During this
time, pups regulate their own body temperature poorly and can neither hear
nor see. By the end of the first week, the dam is absent for longer time
periods. During the second week of life, pups have gained the rudiments of
competent thermoregulation and are beginning to show more physiologic
autonomy. Once the pups can hear and see, they explore their own envi-
ronment more frequently, and by weaning, pups are fully able to live on
their own, largely independently.

For the maintenance of maternal behavior, it is crucial that dams receive
stimulation from their newborns during the first few days. The dam appears
to respond to a complex of stimuli from pups and a complex mother-infant
relationship has evolved out of the nutritional need, such that the mother
provides essential thermal, somatosensory, and auditory stimulation (Hofer,
1987). Hofer has been pioneering in describing how observable behavioral
interactions of parent and offspring mediate nonobservable events that
have important and widespread effects (Hofer, 1994). As such, the mater-
nal environment constitutes one of the most significant environments that
any mammal will encounter throughout its entire life span.

Even slight modifications of the way a dam nurses her pups can result in
a different maturation and development of the young. Usually, there are
two types of licking observable: pup body licking and pup anogenital
licking. Body licking can be observed during various circumstances in the
maternal cage (e.g., before retrieval, between retrievals, during nursing),
whereas anogenital licking tends to be observed while pups are nursing and
are on their backs. This type of licking stimulation plays an important role
in development of the pups. The quality of pups grooming and the amount
of pups licking affects the development of offspring’s emotionality and cog-
nition (Caldji et al., 1998; Liu et al., 2000). The offspring of high- and low-
licking mothers differed in behavioral responses to novelty. As adults, the
offspring of dams that licked their pups seldom showed increased anxiety-
like behavior patterns, decreased novelty-induced exploration, and longer

12. Nongenetic Factors and Disease Susceptibility 243



latencies to eat food provided in a novel environment. These animals also
showed altered brain receptor levels that might contribute to the more
anxious phenotype (Caldji et al., 1998). Furthermore, Liu et al. (2000)
reported that variations in maternal behavior are related to differential
expression of genes encoding N-methyl d-aspartate (NMDA) receptor sub-
units, which enhance hippocampal sensitivity to glutamate, and increase
Brain derived growth factor (BDNF) gene expression and thus hippocam-
pal synaptic development. These effects form the basis for the development
of stable, individual differences in stress reactivity and certain forms of cog-
nition. In conclusion, the quality of pup nursing is an important source of
stimulation that has strong effects on the maturation and development of
the offspring.

Disturbances of the rats’ postnatal environment have been demonstrated
to adjourn and somehow to modulate maternal behavior. For example, a
prolonged separation of the dam from her pups results in a lower amount
of licking and grooming pups after reunion compared with a short sepa-
ration (Skripuletz et al., submitted). Therefore, beside separation-induced
effects, the altered mother-pup interaction might be one factor contribut-
ing to the observed robust and marked effects on reported neurobiologi-
cal, physiological, and behavioral phenotypes in adulthood after specific
postnatal manipulations.

2. Modulation of Disease Susceptibility by 
Early Experiences

2.1. Maternal Deprivation and Postnatal Handling
Stimulation (Prolonged vs. Short Separation):
Oppositional Paradigms of Early Deprivation 
and Stimulation
In laboratory rats, the chronic effects of postnatal manipulation of the dam-
pup relationship have been studied experimentally for nearly 50 years.
From the standpoint of neurobiology, exposure to early stress programs the
individual to display enhanced stress responsiveness, especially through a
modification of the HPA axis resulting in the production of glucocorticoids
and the sympathetic nervous systems resulting in the production of cate-
cholamines and neuropeptides. For example, postnatal handling (HA; i.e.,
brief maternal separation and exposure to novelty) stimulates pups as well
as dams, thereby intensifying maternal behavior. In contrast with HA, daily
maternal deprivation (MD; i.e., maternal separations for hours) can be con-
sidered an early life stressor that deprives maternal care and leads to an
understimulation of pups. MD and HA are often used postnatal manipula-
tions that represent oppositional models of early deprivation and stimula-
tion (for review, see Pryce and Feldon, 2003) but are seldom investigated
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within a single test design. The group of Ellenbroek and Cools recently
reported that MD leads to a reduction in acoustic startle habituation and
auditory sensory gating in adult rats (Ellenbroek et al., 2004). Because a
number of deficits (e.g., a disturbance in prepulse inhibition) are similar to
abnormalities observed in schizophrenic patients, Ellenbroek and Cools
went to such lengths as to propose MD as a model for schizophrenia.

However, MD and HA are powerful enough to induce modifications of
behavioral patterns, even in adulthood. We recently found that MD as well
as HA do not alter home-cage activity pattern but novelty-induced anxiety
and exploration behavior depending on gender and genetics (Skripuletz 
et al., submitted). HA increased the activity and exploration behavior in the
open-field as well as in the holeboard test, whereas anxiety-like behavior
was decreased. In partial contrast, maternally deprived rats showed less
exploration behavior in the open-field test. These results fit the observation
that HA decreases and MD increases the magnitude of behavioral and
endocrine responses to stress in adulthood (Francis and Meaney, 1999;
Pryce and Feldon, 2003).

Beside these modifications of anxiety-like behavior, activity, and explo-
ration, postnatal manipulations have also longlasting effects on pain sensi-
tivity. We have reported that postnatal handling prolongs, whereas MD
shortens, the time for adult rats to show a pain reaction (Stephan et al.,
2002a). Although hot-plate and tail-flick testing are not exclusively 
measuring supra- or infra-spinal pain processing, because polysynaptic 
nociceptive responses often involve supra-spinal loops and descending
modulation, primarily supra-spinal pain processing seemed to be affected
by the postnatal environments, as hot-plate but not tail-flick testing showed
acquired differences. Because HA is known to decrease the central
CRH/HPA/stress responsiveness whereas MD does the opposite (Ladd 
et al., 2000), and central application of corticotropin reteasing hormone
(CRH) produces analgesia (Lariviere, 2000), we had expected oppositional
directed effects in handling and MD than we actually observed. Therefore,
we concluded that the observed effects of postnatal manipulations on adult
pain sensitivity could not be mainly attributed to changes in the central
CRH/HPA axis systems.

Furthermore, we found that both postnatal manipulations have opposi-
tional effects on plasticity and motor function in adulthood. MD decreases
the ability to run on an accelerating rod, whereas HA improved the per-
formance. These effects were due to a selective reduction of cerebellar
granule cells in maternally deprived rats, while the volume of white matter,
molecular cell layer, granular cell layer, and numbers of Purkinje cells
remained unchanged. These examples clarify the complex and large-scale
changes after specific postnatal challenges.

Here, we report on the different effects of the introduced postnatal
manipulations on disease susceptibility of different diseases in adulthood
as well as on possible treatment strategies.
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2.2. Individual Differences in Response to 
Ligature-induced Periodontitis
2.2.1. The Animal Model of Periodontitis

Ligature-induced periodontitis is a disease model that fulfils several impor-
tant criteria: first, it is sensitive to individual differences of HPA axis reac-
tivity. Second, it should involve innate immune functions being most
sensitive to alterations of the stress responsiveness. Third, it should be 
relevant to human disease. The disease is a locally restricted destructive
inflammatory process triggered by Gram-negative oral microorganisms that
colonize tooth surfaces (dental plaque) in the gingival sulci. The disease is
characterized by breakdown of the tooth-supporting tissues (the periodon-
tium), which may lead to tooth loss in the most severe cases. Periodontal
disease represents a major health problem with an incompletely understood
pathomechanism.A high incidence of periodontal disease is associated with
genetics, increased age, negative life events and depression, heavy smoking,
and poorly controlled diabetes mellitus. Until now, it is unknown whether
there might be a common factor predisposing individuals for the severe
forms of the disease. Because all these epidemiological risk factors are asso-
ciated with changes in stress regulation, we hypothesized that adaptation
to stress may play a key role in the pathogenesis of the disease (Breivik 
et al., 1996). Recently, we were able to show that a genetically determined
high HPA responsiveness increases disease susceptibility and that increased
disease activity of periodontal disease further stimulates the HPA axis
(Breivik et al., 2001). Thus, early disturbance stress may lead to increased
stress reactivity thereby predisposing individuals to periodontal pathology
in adulthood.

2.2.2. Different Effects of HA and MD Depend on Genetics

The Lewis (LEW) and Fischer (F344) rat strains provide a comparative
model of HPA function in which LEW rats are relatively hyporeactive to
environmental challenge (Stöhr et al., 2000). Comparing the control groups
of both strains, we found that F344 showed a dramatic increase of bone and
tissue loss compared with LEW. These effects were due to higher ACTH
and corticosterone levels in F344 upon challenge. Beyond doubt, the sus-
ceptibility to periodontitis is partly mediated via the genetic background,
but interestingly these effects correlate with the intriguing observation 
that LEW pups of the control group were groomed three times longer than
F344 pups. The different HPA axis activity observed between both strains
might therefore be partly due to different childhood experiences and
rearing conditions.

Investigating the effects of postnatal stimulation or deprivation in both
strains, in F344 neither HA nor MD modulated the progress of disease in
a significant manner compared with the control group. These effects might
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be due to high tissue breakdown in all three groups due to the genetic back-
ground, which prevented us from finding significant differences.

On the other side, MD significantly increased both tissue and bone loss
in LEW, whereas HA exerted protective effects (Fig. 12.2). These effects
were due to lower plasma corticosterone levels but elevated interferon-
gamma levels in handled rats compared with the controls. In maternally
deprived rats, we observed an oppositional directed trend that does not
suffice to explain the observed effects.

2.2.3. Amelioration of Disease Progress by Antidepressant Treatment

As a treatment option in adulthood, we started a chronic imipramine treat-
ment via the drinking water at the age of 6 weeks, accomplished according
to the method of Reul and colleagues (1993). Because imipramine is light
sensitive, black drinking bottles were used, and drinking solutions were
renewed every day. Weighing the drinking bottles, we calculated the daily
intake of imipramine aiming at therapeutic doses of 2.5mg/rat per 24h
(about 10mg/kg per day) via fluid intake.

Again, MD increased the bone loss compared with the control group.
Interestingly, the antidepressant treatment was powerful enough to rescue
from periodontal breakdown. Furthermore, imipramine treatment signifi-
cantly decreased bone loss compared with the control group. Research on
possible mechanisms is still ongoing, but again cytokine and hormone levels
in the peripheral blood seem to be insufficient to indicate what could
explain the observed effects.
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Figure 12.2. Periodontal disease susceptibility in adult rats subjected to different
postnatal treatments. Panels provide means in millimeters of periodontal attach-
ment fiber loss and bone loss on the experimental side. Data represent means ±
SEM; significant differences versus controls are indicated by asterisks (p < 0.05),
and significant differences of HA versus MD are indicated by number signs 
(p < 0.05).



2.3. Asthma
2.3.1. Disease Model of Experimentally Induced Asthma Bronchiale

Allergic asthma is an immunological common disease that has increased
dramatically in prevalence in industrialized countries during the past 20
years (Umetsu et al., 2002).

It has become well established that allergic asthma is characterized by
chronic airway inflammation associated with goblet cell hyperplasia and
mucus plugging of airways, subepithelial fibrosis, focal desquamation of
bronchial epithelium, and airway smooth muscle cell hypertrophy. Devel-
opment of this pulmonary inflammatory process is thought to be dependent
on inflammatory and immune cells such as T lymphocytes and eosinophil
granulocytes by producing a variety of inflammatory mediators, toxic
oxygen radicals, and cytokines (Larche et al., 2003). These cells are present
in lung parenchyma and bronchoalveolar lavage (BAL) fluid during asth-
matic reactions. During the past few years, the hygiene hypothesis has
gained strong support (for review, see Eder and von Mutius, 2004). Fol-
lowing this hypothesis, exposure with specific endotoxins in the postnatal
period is potentially protective against the development of asthma and
allergies in children because of its inflammatory effects that lead to a strong
T helper 1 (Th1)-type immune response (Heumann and Roger, 2002).

Because probably the postnatal antigenic environment is not the only
factor affecting adult immune responsiveness, here, we want to draw atten-
tion to other nongenetic, noninfectious aspects of the postnatal environ-
ment (i.e., the impact of postnatal stressors). We investigated the impact of
MD and HA on the onset and course of the ovalbumin (OVA)-induced
airway inflammation in rats. Animal models have been valuable for the
investigation of the underlying pathology of allergic pulmonary diseases,
and especially the OVA-induced airway inflammation has become a well-
investigated asthma model in rats (Schneider et al., 1997; Kruschinski 
et al., 2005). Therefore, we used that model and provoked an asthma-like
response by sensitizing and challenging rats by application of OVA as pre-
viously described (Schuster et al., 2000).

2.3.2 Differential Effects of HA and MD

HA and MD showed oppositional effects concerning the acute reactions to
an OVA-challenge. In brief, maternally deprived rats showed more asthma-
like changes in immune parameters; for example, the increase of absolute
eosinophil numbers in the BAL fluid (Fig. 12.3).

Interestingly, handled rats showed significantly lower adrenocortico-
tropic hormone (ACTH) levels in the peripheral blood than controls, but
as a reaction to the OVA-challenge, the plasma levels increased dramati-
cally (Fig. 12.4). This increase might be one factor that rescued handled rats
from stronger asthma-like reactions, because glucocorticoids represent still
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a major supporting pillar in the treatment of the disease. In partial contrast,
MD rats showed higher basal ACTH levels than controls but increased
symptoms associated with a blunted stress-induced increase of ACTH.
These data hint for the first time to a noninfectious and nongenetic modu-
lation of disease susceptibility for asthma via an experience-induced 
modulation of the psycho-neuro-immunological network.
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Figure 12.3. Total recruitment of eosinophil granulocytes to the lungs after chal-
lenge with ovalbumin: determination of cells in the BAL fluid of rats 22h after chal-
lenge. Data represent means ± SEM; significant differences versus controls are
indicated by asterisk (p < 0.05), and significant differences of HA versus MD are
indicated by rhomb (p < 0.05).

Figure 12.4. Plasma concentration levels of ACTH prechallenge and 22h postchal-
lenge with Ovalbumin. Data represent means ± SEM in pg/ml; significant differ-
ences of postnatal treated animals vs. controls are indicated by asterisks (p < 0.05),
significant differences of HA vs. MD are indicated by rhombs (p < 0.05), and dif-
ferences between the several time-points are indicated by section symbols (p < 0.05).



2.4. Experimental Allergic Encephalomyelitis (EAE)
2.4.1. Disease Model of EAE

EAE is an experimental autoimmune inflammatory disease that serves as
an animal model for multiple sclerosis (Swanborg, 1995). Again, the HPA
axis is believed to play a major role in determining susceptibility to autoim-
mune processes (Sternberg et al., 1989), but more recently other regulatory
systems such as the autonomous nervous system have also come into focus
(Bedoui et al., 2004). In several studies, an inverse correlation was found
between disease susceptibility and the HPA axis responsiveness (Kavelaars
et al., 1997). We investigated the impact of MD on EAE and tried to treat
the deprivation-induced effects with imipramine or a prophylactic strategy
with additional stimulation following the deprivation procedure (Stephan
et al., 2002b).

2.4.2. Imipramine as a Sufficient Treatment of MD-induced 
Aggravation of EAE

The clinical course of the EAE is illustrated in Figure 12.5. We observed
that MD shortened the interval to onset of EAE and increased the sum of
clinical scores as well as the average clinical scores. In other words, MD 
dramatically aggravated the course of the EAE. Interestingly, chronic
imipramine treatment ameliorated the average clinical score compared
with maternally deprived rats. Unfortunately, the underlying mechanisms
remain unknown. We were not able to detect significant differences in cor-
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Figure 12.5. Clinical course of experimental autoimmune encephalomyelitis
(EAE) differs in rats subjected to either repeated maternal deprivation (MD),
repeated maternal deprinvation + imipramine (MD+IMI) or control (CON). The
clinical disease was scored on the following scale: 0.5, partial loss of tail tone; 1.0,
complete tail atony; 2.0, hind limb weakness; 3.0, hind limb paralysis; 4.0, moribund.



ticosterone and cytokine levels in the peripheral blood during the course
of the disease.

3. Early Life Stress Increases Disease Susceptibility 
in Adulthood

Early life stress modulates neural and neuroendocrine mechanisms in host
defence and autoimmunity, thereby predisposing to adult disease suscepti-
bility. Here, we reported on opposing effects of MD and HA on a diversity
of diseases like asthma, multiple sclerosis, and periodontitis. Summarizing,
MD increases, whereas HA decreases, disease susceptibility to all investi-
gated disease models. Furthermore, HA prolongs the pain threshold,
decreases anxiety-like behavior, and improves motor function and explo-
rative behaviors, whereas MD induces more or less opposite-like effects.
Denenberg and Karas (1959) summarized different experiments and stated
that handled animals weighed most, learned best, and lived longest. The
question is, how are these effects mediated?

First, postnatal handling and maternal deprivation have been shown to
program adult HPA responsiveness (Ladd et al., 2000). However, based on
our data, we are tempted to conclude that the demonstrated effects are far
beyond oppositional directed changes of the HPA axis but rather due to
complex modifications of several regulatory systems that contribute to an
altered stress responsiveness and disease susceptibility in adulthood. Oth-
erwise, it would not be allegeable that HA decreases whereas MD increases
disease susceptibility of all investigated diseases, because corticosterone
should exert protective effects on asthma as well as on multiple sclerosis,
while it should aggravate the course of periodontitis. In addition, ACTH
levels increased in handled rats during the course of the asthma-like inflam-
mation, thereby protecting from increased symptoms. Therefore, the
hypothesis that MD leads to a higher stress responsiveness and HPA axis
activity has to be revised. More recently, other regulatory systems such as
the gonadal axis and the peripheral nervous system have also come into
focus (Straub and Cutolo, 2001; Bedoui et al., 2003) and are worthy of
further investigation.

Second, postnatal experiences are powerful enough to induce long-term
immunological changes, as indicated by different disease susceptibility, but
little is known about possible mediators. Before we started the various
experiments, we hypothesized MD induces a Th1-Th2 shift. But we had to
abandon our hypothesis, because we observed that EAE was aggravated,
though a Th2 shift should have had protective effects. Also, the cytokine
profiles have not been consistent during the course of different diseases.

Third, it has been reported that postnatal stress effects CNS plasticity
(McEwen, 2001), possibly via different BDNF expression profiles (Kuma 
et al., 2004; Roceri et al., 2004). Another mediator of altered neurogenesis
in adulthood after MD has been suggested by Mirescu and collegues (2004),
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who reported that maternally deprived rats show “a decrease in cell pro-
liferation and immature neuron production” in the dentate gyrus. They
hypothesized “that early adverse experience inhibits structural plasticity via
hypersensitivity to glucocorticoids and diminishes the ability of the hippo-
campus to respond to stress in adulthood.” Furthermore, the long-term
adaptations in glucocorticoid receptor and mineralocorticoid receptor have
been recently decribed by Ladd and colleagues (2004). Moreover, there are
many implications of postnatal manipulations—or even rearing condi-
tions—for maturation of regulatory systems, cognition, and growth.

Interestingly, we were able to rescue from aggravated diseases by treat-
ing maternally deprived rats with imipramine. Because imipramine is an
antidepressant drug, it raises the question of whether MD is really a model
for schizophrenia—as Ellenbrook and Cools suggested (2004)—or a model
for depression-like diseases. During the daily deprivation session, mater-
nally deprived rats huddle together in a corner of the cage and remain there
totally inactive. In contrast, handled rats are active, even as young pups,
showing directed movements, running around, sniffing, and licking similar
to older pups when their eyes were opened. After the short period of sepa-
ration, handled pups and their dams are reunited, which may be interpreted
as a reward for their searching behavior. As a hypothesis, one can argue
that MD induces a “learned helplessness-like” phenotype while handled
rats exhibit “learned competence-like” responses.

Summarizing, the postnatal environment causes a complex interplay of
endocrine and immunological parameters, as well as of maturation and plas-
ticity that induces long-term effects that program the individual to show
altered disease susceptibility in adulthood.
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13
The Relationship Between Stressful
Life Events and Inflammation
Among Patients with 
Multiple Sclerosis

David C. Mohr

1. Introduction

Multiple sclerosis (MS) is a chronic, often disabling disease of the central
nervous system (CNS) affecting up to 350,000 people in the United States
(Anderson et al., 1992; Jacobson et al., 1997; Noonan et al., 2002). As with
many autoimmune diseases, it affects women at roughly twice the rate of
men, and the prevalence appears to be increasing (Cooper and Stroehla,
2003; Jacobson et al., 1997). Common symptoms include, but are not limited
to, loss of function or feeling in limbs, loss of bowel or bladder control,
sexual dysfunction, debilitating fatigue, blindness due to optic neuritis, loss
of balance, pain, cognitive dysfunction, and emotional changes (Mohr and
Cox, 2001). There is a growing literature suggesting that stress may affect
risk of exacerbation in patients with MS (Mohr et al., 2004). This chapter
will briefly review pathology and pathogenesis of MS, examine the litera-
ture on stress in MS, describe the laboratory studies on response to stress,
and propose three hypothesized mechanisms by which stress might affect
risk of MS exacerbation. We will also briefly review the literature on psy-
chosocial mediators of the relationship between stressful life events and MS
inflammation and discuss future directions for research in humans.

2. Brief Review of MS Pathology and Pathogenesis

There are two distinct clinical disease markers in MS: exacerbation and 
progression. Exacerbation is defined as a sudden onset or increase in a
symptom within 24h, which resolves fully or partially over the course of
weeks or months. Progression refers to a steady worsening in the absence
of exacerbations. Approximately 80% of patients begin with a relapsing-
remitting (RR) course that is characterized by periodic exacerbations but
no progression between exacerbations (Noseworthy et al., 2000). Within a
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decade after diagnosis, more than 40% of patients with RRMS convert to
secondary progressive MS (SPMS), which is characterized by the onset of
progression between exacerbations and a decrease in the frequency of exac-
erbations. Approximately 10–15% of patients have a primary progressive
course characterized by a steady progression of symptoms in the absence
of exacerbations and appear to have a different pathogenesis (Thompson
et al., 2000).This paper will focus primarily on the effects of stress on relaps-
ing forms of MS as there is almost no literature on stress in primary pro-
gressive MS.

MS is a disease in which the immune system attacks the myelin sheath
surrounding the axons of neurons in the CNS. The precise etiology of the
disease remains largely unknown. Given the clinical, genetic, neuroimaging,
and pathological heterogeneity, the pathogenesis of MS is likely multi-
factorial, involving genetic susceptibility, environmental factors such as
exposure to an antigen, developmental factors, autoimmunity, and neu-
rodegenerative processes (Noseworthy et al., 2000). The pathogenesis of an
MS exacerbation likely begins long before the emergence of clinical signs.
Advanced neuroimaging studies using magnetization transfer ratio (MTR)
imaging indicate that changes in the ratio of bound to unbound water are
evident weeks or even months before inflammation and exacerbation are
evident through conventional imaging or clinical exam (Filippi et al., 1998;
Goodkin et al., 1998).

It is generally believed that inflammation and demyelination in MS are
the result of autoreactive immune responses to myelin proteins. These are
believed to be caused by molecular mimicry and a failure of self-tolerance.
Researchers have found support for a number of infectious agents that may
serve as a trigger, including the herpes viruses and Epstein-Barr virus
(Sospedra and Martin, 2004). The molecular mimicry theory suggests that
T cells activated by the virus can cross-react with autoantigens such as
myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG),
and proteolipid protein (PLP) (Hohlfeld et al., 1995; Noseworthy et al.,
2000).Activated Th1 cells secrete inflammatory cytokines that promote pro-
liferation and adherence to the endothelium of the blood vessels through
upregulation of adhesion molecules. Recruitment of immune cells is facili-
tated by a variety of chemokines. Immune cell adhesion to the endothelium
and transmigration of cells across the blood-brain barrier (BBB) into the
brain are facilitated by increases in matrix metalloproteinases, mast cells,
and chemokines (Bar-Or et al., 2003; Sospedra and Martin, 2004). Antigen-
presenting cells within the CNS (astrocytes, microglia, and macrophages)
further stimulate the T cells by presenting myelin proteins, which are 
mistaken by the Th1 cells as the foreign antigen presented initially. This 
can result in an enhanced immune response whereby proinflammatory
cytokines trigger a cascade of events resulting in proliferation of Th1 cells,
and ultimately immune-mediated injury to myelin and oligodendrocytes
(O’Connor et al., 2001). The proinflammatory cytokines that have been
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most commonly implicated in this process include interferon gamma (IFN-
γ), tumor necrosis factor-alpha (TNF-α), and interleukins (IL) 1β, 6, and 12.
Damage to the myelin sheath may occur directly through cytokine-
mediated injury, digestion of surface myelin by macrophages, antibody-
dependent cytotoxicty, complement-mediated injury, and/or direct injury of
oligodendrocytes by CD4+ and CD8+ T cells (Bruck and Stadelmann, 2003).
Some remyelination can occur via the local response by oligodendrocyte
progenitor cells, however exposed axons may also be further injured and
transected by continuing inflammation (Bjartmar et al., 2003). We should
note that many studies have also shown autoimmune reactions to MBP,
MOG, and PLP in healthy control subjects, suggesting that autoreactivity
alone is not sufficient to invoke the disease and that failure to establish 
tolerance may play a critical role in MS (Sospedra and Martin, 2004).

Although the process of inflammation and demyelination is the hallmark
of the early, inflammatory period of the disease, it is increasingly recognized
that other neurodegenerative processes become more prominent as the
disease progresses (Trapp et al., 1998; Confavreux et al., 2000).While axonal
transection in the earlier stages of the disease appears to be primarily due
to inflammatory processes, degeneration of axons in later stages of the
disease may be due to a lack of trophic support from myelin or myelin-
forming cells (Scherer, 1999). These two stages may correspond with the
RR disease course seen earlier, in which there are exacerbations with 
quiescence between stages, and the SP course in which progression in 
the absence of exacerbation becomes increasingly prominent. To date,
the impact of stressful life events on progression or neurodegenerative
processes remains largely unexamined. We will therefore focus this review
on exacerbations and inflammatory processes.

3. Evidence of the Relationship Between Stressful Life
Events and MS Exacerbation

Charcot, who first characterized MS in the 19th century, wrote that grief,
vexation, and adverse changes in social circumstance were related to the
onset of MS (Charcot, 1877). Since then, numerous clinical studies have
been conducted examining the relationship between stressful life events
and MS exacerbation.

A growing body of empirical work has examined the relationship
between stressful life events and MS exacerbation. A recent meta-analysis
of 14 studies examining the effects of stressful life events on MS exacerba-
tion found significantly increased risk of exacerbation associated with
stressful life events (d = 0.53) (Mohr et al., 2004). Although this is only a
modest effect size, it is clinically relevant, given that the positive effect of
the most commonly used disease-modifying medications on exacerbation,
interferon betas, is estimated at d = 0.30 to 0.36 (Filippini et al., 2003).
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All of the studies in the meta-analysis used either neurologist ratings or
confirmation of exacerbation. However, because many symptoms of MS are
based on self-report (e.g., fatigue, pain, etc.) or can be affected by distress,
it could be argued that ratings of exacerbation might be more likely among
distressed patients.Therefore, our group replicated previous work on stress-
ful life events and MS using a more objective neuroimaging marker of MS
BBB disruption associated with inflammation, Gd+ MRI. Gadolinium is a
contrast agent injected into the bloodstream during the MRI scan, which
crosses the BBB at sites of focal MS inflammation, thereby providing
images of active inflammation. Gd+ MRI is 5–10 times more sensitive than
neurologist determinations of clinical exacerbation in evaluating active MS
inflammation (Grossman, 1996). In a longitudinal study of MS patients
receiving monthly Gd+ MRI, we have shown that stressful life events, par-
ticularly those involving family- and work-related stress, as well as disrup-
tions in routine, are associated with the subsequent development of Gd+
brain lesions (Mohr et al., 2000).

It should be noted that while the studies included in this meta-analysis
(Mohr et al., 2004) were statistically homogenous, qualitative review of the
study designs suggested differences in severity of the stressor. Thirteen of
the studies examined the common stressful life events encountered in daily
life in the United States and Europe. Many of these stressors tend to be
chronic (i.e., lasting weeks or months) and of mild to moderate intensity,
such as job-related stressors or family and interpersonal stressors. These 13
studies showed similar increases in risk of exacerbation associated with
stressful life events. However, one study following patients in Tel Aviv,
Israel, used a traumatic stressor—being under daily and nightly missile
attack in the first Gulf War (Nisipeanu and Korczyn, 1993). These patients
showed a decrease in risk of exacerbation during and after the stressful life
event. Although it is possible that this isolated finding is due to chance
alone, this study suggests that traumatic stressors (e.g., sudden and life-
threatening) sustained over a period of weeks my have a protective effect,
with respect to MS inflammation. This difference highlights the fact that
stressors vary across a number of dimensions, including severity and
chronicity, and that these differences likely produce different biological
responses, which may have very different effects on inflammation in MS.

4. Laboratory Studies of Acute Stress Responses in MS

The association between stressful life events and MS exacerbation has led
some researchers to speculate that the stress response is different among
people with MS compared with healthy individuals. In this section, we will
review the literature from laboratory studies examining the hypothalamic-
pituitary-adrenal (HPA) axis responsiveness, as well as response to acute
social stress.
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4.1. HPA

It has been known for many decades that life events that are perceived as
stressful can result in activation of the HPA axis. Stressful life events result
in hypothalamic production of corticotropin releasing hormone (CRH) and
arginine-vasopressin (AVP). CRH stimulates the pituitary gland to produce
adrenocorticotropic hormone (ACTH). The effect of CRH as an ACTH
secretogue is enhanced by AVP. ACTH stimulates the adrenal cortex to
produce cortisol, which is the final effector of the HPA axis, exerting an
inhibitory effect on hypothalamic production of CRH. Thus, the HPA axis
is self-regulating, in part through the inhibitory effect of cortisol.

Inflammation can also activate the HPA axis (Chrousos, 1995).The proin-
flammatory cytokines IL-6, IL-1, and TNF-α have been shown to stimulate
CRH and AVP secretion in the hypothalamus (Akira et al., 1990;
Bernardini et al., 1990; Tsigos and Chrousos, 2002), while other proinflam-
matory cytokines such as IFN-γ may participate indirectly by stimulating
the production of cytokines that act on the HPA axis (Chrousos, 1995). This
activation of the HPA axis leads to increased cortisol release. Due to the
ubiquity of glucocorticoid receptors in cells and tissue involved in the
immune response, virtually all components of the immune response can be
modulated by cortisol, including leukocyte trafficking and function, pro-
duction of cytokines and other mediators of inflammation, and inhibition
of the effects of immune mediators on target tissues (Chrousos, 1995; Jessop
et al., 2001; Elenkov and Chrousos, 2002). Indeed, glucocorticoids are the
principal treatment for exacerbation in MS (Kopke et al., 2004).This system
allows an organism to adjust to changes in levels of inflammation by
increasing or decreasing the output of anti-inflammatory glucocorticoids, as
needed.

A growing literature has challenged early assumptions that autoimmune
disease is associated with HPA hyporeactivity in response to stress and
inflammation (Harbuz, 2002). Much of the research on HPA reactivity in
MS has used stimulation through injection of human CRH in patients who
are pretreated with dexamethasone (dex/CRH test). MS patients generally
show significantly greater hyperreactivity rather than hyporeactivity com-
pared with healthy controls (Grasser et al., 1996; Fassbender et al., 1998;
Then Bergh et al., 1999; Schumann et al., 2002), although some studies have
reported a subgroup that appears to show hyporesponsiveness (Grasser et
al., 1996; Wei and Lightman, 1997; Schumann et al., 2002). Studies generally
find that Primary progressive MS (PPMS) patients are the most hyperre-
sponsive MS diagnostic group, followed by SPMS patients. RRMS patients
are least hyperresponsive among MS patients, although studies generally
find they are more hyperresponsive than healthy controls. As RRMS
patients shift to a less inflammatory, more neurodegenerative phase
(SPMS), the HPA becomes more hyperreactive. Patients with a primarily
neurodegenerative disease (PPMS) are most hyperreactive.
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Autopsy studies have found that there are significantly more CRH and
CRH/AVP neurons in the hypothalamus of patients with MS compared
with healthy controls (Erkut et al., 1995). More recently, Huitinga also found
chronic activation of the hypothalamic CHR/AVP cells, as marked by 
high levels of CRH mRNA, in MS compared with controls (Huitinga et al.,
2004). However, both the numbers of CRH/AVP cells and the amount 
of CRH mRNA were relatively reduced in patients with more severe
disease. Huitinga also reported that local activation of microglial cells of
macrophages were associated with suppression of CRH/AVP neurons. This
suggests that while cortisol can be a potent inhibitor of inflammation,
inflammation may also downregulate CRH/AVP neurons responsible for
activating the HPA axis.

4.2. Immune Responses to Acute Psychological Stressors
in MS
Several studies have examined acute responses to psychological stress in
patients with relapsing forms of MS compared with healthy controls.
Ackerman (Ackerman et al., 1996, 1998), using a 5-min stressor based on
the Trier Social Stress Test (TSST) (Kirschbaum et al., 1993), showed a good
response to the stressor as marked by self-reported stress, heart rate, blood
pressure, and plasma cortisol. Subjects also showed proliferation across a
variety of immune cells and increased production of IL-1β, TNF-α, and
IFN-γ after whole-blood stimulation with a nonspecific antigen. Although
MS patients produced more IFN-γ overall compared with controls, there
were no differences between MS patients and healthy controls in the mag-
nitude of the inflammatory response to stress.

Heesen has conducted two additional studies of response to acute stres-
sors. The most recent study used a 30-min cognitive task as the stressor
(Heesen et al., 2005). Although Heesen also found an increase in IFN-γ
overall, in contrast with Ackerman, the magnitude of the increase was lower
in MS patients compared with healthy controls. There was not significant
effect for TNF-α or IL-10. An earlier study found no significant effects for
stress on serum levels of TNF-α or IL-6 on either MS patients or healthy
controls (Heesen et al., 2002). This may have been due to the stress proce-
dure, which used a cognitive task in front of a camera. Nonsupportive
human observers produce much greater stress response compared with
cameras or other techniques (Dickerson and Kemeny, 2004).

The literature on immune response to acute stress in MS is too scant to
permit any clear conclusions. Studies have used different stressors of vari-
able length and different immune markers of inflammation (serum cytokine
levels vs. stimulated production), making comparison of these studies 
difficult. The most extensively documented social stress paradigm, the 
TSST, suggested a normal stress response among MS patients, however a
more extended, possibly less intensive stressor suggested the possibility of
hyporesponsivity on IFN-γ a critical cytokine for MS.
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5. Three Hypotheses Regarding the Mechanisms by
Which Stress Leads to Exacerbation

Although it is important to understand the effect of MS on acute immune
and neuroendocrine responses to stress, it is also clear that the effects of
stress on MS exacerbation may well extend over periods much longer than
those commonly examined with a TSST. We have recently proposed that
hypotheses regarding the relationship between stressful life events and MS
exacerbation must take into account the temporal relationship between the
stress response and the natural history of the development of MS inflam-
mation and exacerbation (Mohr and Pelletier, 2006). As we have described
above, the natural history of an MS exacerbation appears to have a long, if
not thoroughly understood, trajectory. For many years, it was assumed that
BBB breakdown was a very early event in the development of an MS brain
lesion and clinical exacerbation. However, newer neuroimaging techniques
such as magnetic transfer ratio (MTR) imaging have shown that changes in
the ratio of bound to unbound water begin to occur in white matter tissue
several months before the emergence of traditional neuroimaging markers
of inflammation such as gadolinium enhancing magnetic resonance imaging
(Gd+ MRI) lesions (Filippi et al., 1998; Goodkin et al., 1998). Although the
specific nature or processes involved in these changes are not well under-
stood, it is clear that vulnerability begins in the tissue long before active
inflammation begins. Once there is BBB breakdown and active inflamma-
tion at that site, attempts at regulation of the inflammation occur, including
the production of Th2 cytokines such as IL-10. If regulation is not sufficiently
successful within a brief period of time, clinical signs of exacerbation occur.
Even in the absence of treatment with glucocorticoids, active inflammation
at the site of the lesion will subside over a period of weeks or months but
may leave some residual, permanent symptoms if sufficient irreparable
demyelination or axonal damage resulted from the inflammation. Thus, our
current understanding is that the pathogenesis, development, and resolution
of MS exacerbation can span many months.

Stressors occur over a period of time, particularly those such as family-
or work-related, and stressors resulting from disruptions in routine.The bio-
logical mediators of stressors vary, depending on the point in the evolution
of the stressor one examines.The onset of a stressor, particularly if the onset
is sudden, salient, and intense, is often accompanied by sympathetic activa-
tion, increases in epinephrine and norepinephrine, and activation of the
HPA axis. As the stressor becomes chronic, the HPA axis can become dys-
regulated, often resulting in higher levels, and sometimes lower levels, of
circulating cortisol (Sapolsky et al., 2000). Resolution or adaptation to the
stressor under normal circumstances results in re-regulation of the HPA
axis and return of circulating levels of cortisol to baseline. Thus, the neu-
roendocrine processes that mediate stress change with the evolution of the
stressor.
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Given that the biological underpinnings of both the stress response and
the development of MS exacerbation can change over time, we have pro-
posed that the interaction between the two likely can vary depending on
where in the temporal trajectory stressful life events intersect with the
development of an MS lesion (Mohr and Pelletier, 2006). Evidence suggests
that one point of vulnerability in the development of exacerbation occurs
approximately 2 to 8 weeks before the development of clinical exacerba-
tion or the appearance of new Gd+ MRI brain lesions (Mohr et al., 2000;
Ackerman et al., 2003; Buljevac et al., 2003). [It should be noted that there
may be other points of vulnerability. For example, many patients report a
worsening of symptoms hours or days after the occurrence of stressful life
events, while epidemiological studies suggest that the stress can create vul-
nerabilities that increase risk of diagnosis years later (Li et al., 2004).
However, these reports remain isolated and in need of replication.]

The literature suggests three potential hypotheses for mechanisms by
which stress might increase risk of MS exacerbation, shortly before the
development of clinical exacerbation or the appearance of new Gd+ MRI
brain lesions, which we shall describe below.

5.1. Stress Resolution Hypothesis
This hypothesis suggests that it is the resolution of the stress rather than
the onset of stress that facilitates the development of active inflammation
during this prodromal period. Whereas chronic stress is commonly marked
by increased levels of cortisol (McEwen, 1998), trials of stress-management
programs have reported that cortisol decreases as a result of successful
stress management intervention (Antoni et al., 2000). MS patients with
relapsing disease also often show evidence of low levels of ongoing inflam-
mation not noticeable by the patient or by usual neuroimaging but
detectible by triple-dose Gd+ MRI (Silver et al., 1997;Tortorella et al., 1999).
Thus, as cortisol rises after the onset of a stressful situation, the person with
MS would receive some increased control over inflammation. However, as
the stressor resolves, the concomitant reduction in cortisol would represent
a decrease in control over inflammatory processes and could leave the 
individual at an increased risk for exacerbation. Patients’ belief that the
cause of exacerbation is a stressful life event would be an attributional
error. That is, patients may be less likely to attribute an exacerbation to a
positive event, such as the resolution of a stressor, and more likely to
attribute it to the onset of the stressor, even if this occurred some weeks
earlier.

Although there is currently no specific evidence for or against this
hypothesis in humans, the EAE literature does offer some support. Most
EAE studies find that stress suppresses disease activity, yet these studies
routinely sacrifice the animals after the stress-induction protocol, typically
after 1–14 days. In an innovative study,Whitacre kept the animals alive after
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the stress induction and found that 10 days after the termination of the
stress protocol, the clinical signs of EAE returned and in many cases were
worse than among the unstressed control animals (Whitacre et al., 1998).
Although it must be acknowledged that there are problems generalizing
animal models to human disease, these findings nevertheless support the
hypothesis that the resolution of a stressor can have a permissive effect on
inflammatory processes and suggest that this should be further examined
among MS patients.

5.2. Development of Chronic Stress:
Glucocorticoid Resistance
The glucocorticoid resistance hypothesis suggests that exposure to chronic
stress reduces the number and/or function of glucocorticoid receptors on
immune cells, thereby making them less responsive to regulatory control by
cortisol. There is some support for the notion that immune cells of patients
with MS are less sensitive to the regulatory effects of glucocorticoids than
the cells of healthy individuals (Stefferl et al., 2001; DeRijk et al., 2004; van
Winsen et al., 2005). Furthermore, this glucocorticoid resistance is seen pri-
marily among RRMS patients and is thus most strongly associated with the
earlier, more inflammatory phase of the illness, as opposed to SPMS
patients who are shifting to a more progressive, neurodegenerative phase
of the disease.Whereas glucocorticoid resistance seen in other autoimmune
disorders such as rheumatoid arthritis and systemic lupus erythematosus
has been attributed to the chronic treatment with glucocorticoids
(Chikanza et al., 1992; Tanaka et al., 1992; Sher et al., 1994), this is not the
case in MS. Chronic treatment with glucocorticoids is rare in MS, and acute
glucocorticoid treatment has not been associated with glucocorticoid resis-
tance (DeRijk et al., 2004).

We propose that glucocorticoid resistance in MS has two related etiolo-
gies, independent of the use of glucocorticoid treatments. Patients who
experience chronic stressors are also likely to experience increased levels
of cortisol (McEwen, 1998). Although these levels are far lower than those
used for pharmacological purposes, they nevertheless have been shown to
produce glucocorticoid resistance in humans (Miller et al., 2002). This
finding is supported by a larger laboratory literature examining the devel-
opment of glucocorticoid resistance in mice exposed to social stressors
(Avitsur et al., 2001, 2002; Stark et al., 2001, 2002).Thus, one potential source
of glucocorticoid resistance in patients with MS are the social stressors that
have been shown to predict the onset of exacerbation and new Gd+ MRI
markers of brain inflammation several weeks after their onset (Mohr et al.,
2000, 2004).

The second potential source of glucocorticoid resistance may result from
the chronic, low-grade inflammation seen in relapsing forms of MS (Silver
et al., 1997;Tortorella et al., 1999). MS patients may produce chronic, if small
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elevations in cortisol in an attempt to regulate inflammation and maintain
self-tolerance. Indeed, these attempts to manage low-grade inflammation
may be responsible for the hypercortisolemia seen in these patients (Wei
and Lightman, 1997; Then Bergh et al., 1999; Erkut et al., 2002).

The combined effects of inflammation and stressful life events on the
immune system may result in a downregulation of glucocorticoid receptor
number and function, thereby reducing the impact of HPA regulation of
inflammation. Under conditions of downregulated glucocorticoid receptors,
if there is a small increase in autoreactive inflammation, immune cells would
be less responsive to the regulatory effects of cortisol. The autoreactive
immune cascade would be able to continue uncontrolled until a full-blown
exacerbation had occurred. In addition, a small drop in cortisol secondary
to the resolution of stressful life events might also reduce glucocorticoid
regulation of inflammatory processes, leaving the patient more vulnerable
to inflammation and at greater risk of exacerbation. Thus, chronic stress,
while not causing exacerbation, may leave patients less able to maintain
self-tolerance when autoreactive MS immune processes are initiated.

5.3. Stress Onset: The Mast Cell Hypothesis
In our experience, many patients complain that the effects of stress on MS
symptoms can occur within hours. We are not aware of any good empirical
work in humans that confirm or disconfirm these reports. Laboratory stres-
sors such as the Trier Social Stress Test (TSST) have been shown to produce
significant elevations in proinflammatory cytokines in some studies 
(Ackerman et al., 1996, 1998), although not in others (Heesen et al., 2002,
2005). (We note that Ackerman reported in a personal communication that
the cognitive tasks are not as effective as public speaking in eliciting a neu-
roendocrine stress response among MS patients, possibly because MS
patients do not expect themselves to perform as well on cognitive tasks; the
two studies that did not elicit a stress response only used cognitive tasks.)
However, even when the TSST produced increases in proinflammatory
cytokines, these elevations were similar to those seen in healthy controls.
Similarly, acute stressors such as injury have not been associated with exac-
erbation (Goodin et al., 1999). However, it is possible that there are subtle
permissive effects and increased risk under specific circumstances. For
example, low levels of glucocorticoids, consistent with endogenous cortisol
response to moderate stress, may have numerous effects that can promote
inflammation, including increased T-cell proliferation (Wiegers et al., 1993,
1995). Indeed, these permissive effects may be particularly enhanced within
the central nervous system (Dinkel et al., 2003). However, the mechanism
associated with stress onset that has been most thoroughly investigated with
respect to potential MS pathways involves the acute activation of mast cells
(Theoharides, 2002; Zappulla et al., 2002).
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Mast cells have been referred to as an immune gate to the brain 
(Theoharides, 2002). Increasing evidence suggests that this gate may be
opened by environmental stressors (for reviews, see Theoharides, 2002;
Zappulla et al., 2002). Mast cells are multifunctional effector cells of the
innate immune system and are distributed broadly throughout human
tissue, including vascular endothelium in the brain (Zappulla et al., 2002).
For more than a century, it has been known that mast cells are found in MS
demyelinated plaques, particularly around the venules and capillaries
(Kruger et al., 1990; Kruger, 2001). Mast cells may participate in MS exac-
erbation by facilitating vascular permeability. Mast cells are known to be
critical in the initial retardation of leukocytes rolling along the endothelium
and the subsequent firm adhesion and extravasation through the cell wall
(Kubes and Granger, 1996; Kubes and Ward, 2000). Extravasation is facili-
tated by mast cell–produced tryptase, as well as adhesion molecules (Kanbe
et al., 1999; Theoharides, 2002; Zappulla et al., 2002). All of these vasodila-
tors have been implicated in BBB permeability in MS (Tuomisto et al., 1983;
Spuler et al., 1996; Waubant et al., 1999; Piccio et al., 2002).

Mast cell activity is also triggered by stress. Restraint stress has been
shown to increase BBB permeability in rats through mast cell activation
(Esposito et al., 2001), and subordination stress has been shown to increase
numbers of mast cells across a number of brain regions (Cirulli et al., 1998).
A principal mediator of stress-related mast cell activation is CRH 
(Theoharides et al., 1998). Hypothalamic CRH is a primary hormonal
response to stressful life events. However, CRH is also present at sites of
inflammation. Stress-related BBB breakdown via mast cell activation has
repeatedly been shown to be facilitated by immune CRH (Theoharides et
al., 1998; Singh et al., 1999; Esposito et al., 2001). Recent studies further indi-
cate that increases in hypothalamic CRH consistent with stress responses
can increase immune CRH and induce mast cell degranulation, thereby
increasing BBB permeability (Esposito et al., 2002).This would suggest that
stress onset might have a permissive effect on MS exacerbation by facili-
tating BBB permeability.

6. Psychosocial Factors

If indeed there is an association between stressful life events and the occur-
rence of MS inflammation and exacerbation of a magnitude that is clini-
cally significant (Mohr et al., 2004), the next heuristic question would be,
“What can we do to reduce the effects of stressful life events on MS exac-
erbation. One way of approaching this would be to reduce the effects of
stressful events through better stress management. To date, there are no
good studies that have provided data that can confirm or disconfirm the
hypothesis that stress-management programs can reduce exacerbation. The
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two largest trials of psychosocial interventions have compared treatments
that were all reasonably effective (Mohr et al., 2001a; Mohr et al., 2005).
However, several studies have begun examining potential mediators and
moderators relevant to stress management and psychosocial intervention.

6.1. Psychosocial Mediators
In a longitudinal study examining the effects of treatment for depression
on immune function in MS patients, we showed that reductions in depres-
sion were associated with declines in T-cell production of IFN-γ (Mohr et
al., 2001b). Importantly, the reductions in IFN-γ production were seen not
only for a nonspecific antigen but also for myelin oligodendrocyte glyco-
protein, suggesting that treatment for depression can have an effect on
highly specific factors in the pathogenesis of MS inflammation and exacer-
bation. We also examined the effects of change in each of the affective, cog-
nitive, and vegetative symptoms (Louks et al., 1989).While there was a trend
toward an association between improvement in affective symptoms and
decreased IFN-γ production (r = 0.41, p = 0.11), there was a strong rela-
tionship between improved cognitive symptoms (e.g., self-accusation, guilt,
sense of failure) and reductions in IFN-γ production (r = 0.61, p = 0.02)
(Mohr et al., 1999). There was no significant effect for change in vegetative
symptoms (p = 0.25). Although we cannot exclude the role of affective dis-
tress, these findings suggest that cognitions may play an important role
mediating IFN-γ production in MS.

6.2. Psychosocial Moderators
The patient’s ability to manage stressful life events appears to affect the
relationship between stressful life events and exacerbation and inflam-
mation. Cross-sectional work has shown that patients in exacerbation tend
to report that they have more emotion-focused coping and lower social
support compared with patients who are not in exacerbation (Warren et al.,
1991). We examined the effect of coping prospectively on the relationship
between stressful life events and the development of Gd+ MRI. We did not
find main effects for coping style on the incidence of new Gd+ MRI brain
lesions. However, greater use of distraction to cope with stressors was pre-
dictive of a significantly weaker effect of stressors on the development of
new brain lesions (Mohr et al., 2002). Similarly, there was a trend for instru-
mental coping in the same direction, while there was a trend for greater
emotional preoccupation (a ruminative style) to be predictive of increased
effects of stressors on the development of new brain lesions. This suggests
that coping may be an important moderator of the relationship between
stressful life events and MS inflammation.

Social support has also been implicated as a factor in MS exacerbation
(Warren et al., 1991). As noted above, several studies suggest that stressors
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that impact the risk of MS exacerbation are social in nature, including
family and work stressors (Sibley, 1997; Mohr et al., 2000). Certainly, these
kinds of stressors can be considered markers of erosion in the patient’s
social network. However, we have found more specific evidence that social
support may have a buffering effect. The effect of depression on T-cell pro-
duction of IFN-γ noted above was significantly moderated by social support.
Specifically, the relationship between depression and IFN-γ production was
particularly strong among patients with low levels of support but was vir-
tually nonexistent among patients with high social support (Mohr and
Genain, 2004).

Such moderators are potentially important as they could alter the risk of
exacerbation after stressful life events in any of the three hypothesized
mechanisms or temporal relationships. They are also critical, because adap-
tive coping may prevent the occurrence of some types of stressors, reduce
the distress associated with stressors that cannot be avoided, and influence
cognitions that, as noted above, may be related to MS inflammation 
(Gottlieb, 1997; Mohr et al., 1997). Psychosocial moderators are also poten-
tially useful as they may be modifiable through psychosocial intervention.

7. Summary and Future Directions

There is growing evidence of a relationship between the occurrence of
stressful life events and exacerbation in patients who have MS (Mohr et al.,
2004). The HPA axis appears to be hyperreactive to CRH challenge, but
there is no consistent evidence that immune or neuroendocrine reactions
to laboratory stressors are different in MS patients compared with healthy
controls. We have proposed three potential mechanisms by which stress
could increase risk of exacerbation among patients with MS, including the
stress resolution hypothesis, the glucocorticoid resistance hypothesis, and
the mast cell hypothesis.

To date, even the best studies of the effects of stressful life events on MS
exacerbation and inflammation have been prospective, longitudinal designs,
which cannot rule out the potential influences of third variables. One such
potential confounding variable is change in normal-appearing white matter
that can occur months before the appearance of conventional neuroimag-
ing markers of MS disease activity (Filippi et al., 1998; Goodkin et al., 1998)
could arguably increase perceived stress.

The strongest design to investigate the question of causality in the rela-
tionship between stress and MS exacerbation, as well as the immune and
neuroendocrine mediators, is through a randomized controlled trial of a
stress-management program for MS using treatment as usual or a minimal
treatment control. The intervention arm of a trial would effectively serve
as an experimental manipulation. There is ample evidence that stress-
management programs can improve psychological moderators of the rela-
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tionship between stress and MS exacerbation or inflammation, including
coping and social support. A randomized controlled trial of a stress-
management program would have the additional advantage of potentially
providing a novel treatment tool in the management of MS.
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