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INTRODUCTION

For reasons that are not entirely clear, the neurosciences and immunology
evolved without seriously considering the possibility of interactions between
these systems that could mutually influence their respective functions (1).
Within the past 10 years, research concemed with the relationships among
brain, behavior, and immunity has expanded rapidly. Experiments have
reliably documented the effects of behavior on immune function and the
existence of unsuspected connections between the nervous and immune sys-
tems. Our purpose here is to provide a brief and highly selected overview of
some of the evidence that behavioral factors are capable of influencing
immune function and to describe some of the neural and endocrine channels
of communication that link the brain and the immune system. Although
systematic research in psychoneuroimmunology is relatively new, the range
of the phenomena that bear on brain-behavior-immune system interactions is
quite broad. There is an old and continuing experimental and clinical litera-
ture suggesting that immune function can be altered by psychological means,
and there are provocative data suggesting that affective states and personality
characteristics are associated with differences in immune function. Strategi-
cally and practically, such studies are difficult to implement, and unequivocal
evidence for such associations does not yet exist. A discussion of these areas
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is beyond the scope of this review. The present review concentrates on the
experimental as opposed to the clinical literaturz concerning the effects of
behavior (including stress) in the modulation of immune responses, and the
interactive relationships among neural, endocrine, and immune processes that
could lead to an explanation of such phenomena and a greater appreciation
and understanding of integrated processes of adaptation.

BEHAVIORAL INFLUENCES ON IMMUNE FUNCTION
Effects of Stress

Studies in humans have implicated psychosocial factors in the susceptibility to
and/or recovery from several infectious, bacterial, allergic, autoimmune, and
neoplastic diseases that, to a greater or lesser extent, involve alterations in
immunologic defense mechanisms (e.g. 2-5). Experimental studies in an-
imals indicate that the outcome of stressful stimulation depends upon the
nature of the stressor and the pathophysiological process to which the organ-
ism is exposed. That is, the same stressor may have different effects on
different disease processes and differcnt stressors may exert different effects
on a particular pathophysiologic process. Presumably, the ability to predict
the outcome of studies of the pathophysiologic effects of stress depends upon
a more complete understanding of the effects unconditionally elicited by
potentially pathogenic stimulation and the acute and chronic psy-
chophysiological effects (including the immunolcgic effects) of the stressful
stimulation upon which these are superimposed. Although such studies docu-
ment the effects of psychosocial factors on alterations in susceptibility to
disease, they do not.provide direct evidence that such effects are mediated by
psychosocially induced alterations in immune function.

Recently, attention has been directed to quantifying the changes in immune
function that result from different stressful circumstances. The death of a
family member, for example, is rated high on scales of stressful life events
and has been associated with depression and an increased morbidity and
mortality in a variety of diseases (e.g. 6-8), many of which are presumed to
involve immune defense mechanisms. Thus, changes in immune function
may constitute an important link between psychosocial factors on the one
hand and altered susceptibility to or progression of disease on the other.
Though this chain of psychophysiological events has not yet been established,
changes in some features of immunologic reactivity such as a reduced lym-
phoproliferative response to mitogenic stimulation (9, 10) and impaired nat-
ural killer (NK) cell activity (11) have been observed among the bereaved.
Still other studies have documented changes in immune reactivity associated
with the affective responses to other losses such as marital separation and
divorce (12).
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The relationship between bereavement and depression has been commented
upon frequently in the psychiatric literature, and studies of the immune
changes associated with depression are just beginning. Lymphocyte responses
to mitogens are reduced in drug-free, hospitalized depressed patients (13). No
such differences are evident in an ambulatory population of patients with
major depressive disorder (14). As hypothesized, the discrepancy could be
due to differences in the severity of the disorder and/or the age of the
hospitalized and nonhospitalized patients. In general, the limited number of
studies on the immunologic effects of depression have yielded an inconsistent
pattern of results. Some investigators have observed a significant suppression
of one or another parameter of immunity (13-18); others have not (14,
19-21). In addition to the parameter(s) of immune function measured, one
needs to consider the age and sex of the patient; the nature of the depression
(endogenous vs nonendogenous, dexamethasone suppressors or nonsuppres-
sors); whether patients are experiencing acute depression or are in remission;
the severity and/or duration of depression, which may be related to whether
patients are hospitalized or ambulatory; whether patients are drug-free (and
for how long); and/or the presence or absence (and kind) of therapy. The
clinical significance of the changes in immunologic reactivity that accompany
bereavement or depression remains a primary and, as yet, unresolved con-
cern.

Of related interest and importance is the rapidly growing literature concern-
ing the immunomodulating effects of psychotropic drugs (22)-—drugs of
abuse as well as those used for therapeutic purposes (e.g. in the treatment of
depression). Not surprisingly, the immunologic effects of psychotropic agents
depend upon the species, the in vitro or in vivo immune response studied, the
dose and/or duration of drug treatment, and, in experimental studies, the
timing of drug administration in relation to antigenic stimulation. Psychotro-
pic drug action, like the effects of many other experimenal interventions, also
depends on the psychophysiological state of the organism upon which it is
superimposcd. For example, haloperidol reduces antibody responses in nor-
mal mice but restores humoral immunity when given to stressed (i.e.
crowded) animals (23).

While the death of a spouse is intuitively stressful, changes in immune
function can be observed in humans using intuitively less severe, but nonethe-
less effective, naturally occurring stressful stimulation. Changes in immune
function in response to impending examinations in medical students and to
football games in football players (and even spectators) was reported by Farris
in 1938 (24). The level of distress during examination periods is invariably
greater than that during control periods, and the Glasers (12) have found
transient impairments in several parameters of immune function in medical
students at such times. Relative to a nonstressful bascline measurement,
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examination periods are associated with a decrease in mitogen responsive-
ness, NK cell activity, percentage of helper T-lymphocytes, and interferon
production by stimulated lymphocytes. In students who are seropositive for
Epstein-Barr virus (EBV), there are ¢levated anti-EBV antibody titers, in-
terpreted as a poorer cellular immune response ccntrol over the latent virus,
during examination than control periods (25). The incidence of self-reported
symptoms of infectious illness is also increased during examination periods
(26). Personality tests have not yielded differences between the students who
volunteered for these studies and their classmates, and other life changes that
could have influenced immune responses were minor and did not correlate
with the changes in immune function.

Separation experiences (i.e. losses) have also been studied in animals. In
rodents, periodic interruptions of mother-litter interactions and/or early wean-
ing decreases lymphocyte proliferation to mitogenic stimulation and reduces
the plaque-forming response to subsequent challenge with sheep red blood
cells (SRBC) (27, 28). Whether the immunologic effects of premature wean-
ing-—or extended maternal care (29)—are attributable to nutritional factors,
temperature regulation, and/or maternally mediated modifications of neural or
endocrine development or function remains to be determined.

Infant monkeys (and their mothers) respond to separation with a transient
depression of in vitro mitogen responsiveness that, like the studies of bereave-
ment in humans, does not appear to be related to plasma cortisol levels (30,
31). Separation of squirrel monkeys from their mothers results in several
changes in immunologic reactivity; these include a decline in complement
protein levels (an effector mechanism in humoral immune responses), mac-
rophage function, and IgG antibody responses to immunization with a benign
bacteriophage, the magnitude of one or another of the effects being a function
of the psychosocial environment in which the animals were housed following
separation (32, 33). It is of interest that rhesus macaque monkeys, which
show cssentially the same bchavioral responses to separation from the mother
but differ substantially from squirrel monkeys in their endocrine responses,
showed no changes in immune function following separation.

In adult animals, a variety of behavioral manipulations interpreted as being
stressful to the organism are capable of influencing a variety of immune
responses in a variety of species. As noted in the case of disease susceptibil-
ity, a detailed examination of the literature would reveal that the effects of
stress on immunologic reactivity depend upon the quality as well as the
quantity of the stressful stimulation (e.g. 34-37) and the immunogenic
stimulation (38), the temporal relationship between stressful stimulation and
immunogenic stimulation (e.g. 39-41), the immune response (or compart-
ment) under study (e.g. 37, 42-44) and several host factors. One compelling
illustration is provided by the single study (45) in which restraint, heat, and
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cold (all considered stressors) were found to exert differential effects on the
induction and/or expression of delayed-type hypersensitivity (DTH) and con-
tact sensitivity, two cell-mediated responses. Again, predicting the outcome
of such experiments depends upon a more complete understanding of the
interaction between the effects unconditionally elicited by immunogenic
stimulation and the acute and chronic psychophysiologial effects of the
stressful stimulation upon which these are superimposed.

From a behavioral perspective, the most sophisticated experimental para-
digms involve noxious environmental circumstances that are predictable or
unpredictable, escapable or inescapable, or avoidable or unavoidable, thus
holding constant the physical and noxious elements of the stress while provid-
ing some animals with the ability to adapt to or control their environment.
Acute and chronic imposition of such experimental paradigms have, thus far,
yielded interesting but inconsistent immunologic effects. Preliminary results
have suggested that escapable footshock prevents the suppression of splenic
NK cell activity seen in animals subjected to inescapable shock (46) and that
inescapable but not escapable footshock results in a suppression of mitogen-
induced lymphoproliferation (47). These latter results, however, cannot be
consistently reproduced (48). Other investigators (45) have reported altera-
tions in immunologic reactivity among animals subjected to electric shock
with and without a warning signal or in animals that were or were not able to
avoid the noxious stimulation. The existence and direction of the differences
was a function of the parameter of immune function being measured.

Neuroendocrine states provide the internal milieu within which immune
responses occur. Stimulating animals during prenatal and early life, varying
social interactions among adult animals, and exposing animals to environ-
mental circumstances over which they have no control are among the psycho-
logical manipulations that induce neuroendocrine changes that are implicated
in the modulation of immune responses. As discussed below, our knowledge
of interactions between neuroendocrine and immune function under normal
and stressful conditions, however, is incomplete. Glucocorticoids, for ex-
ample, are usually immunosuppressive. It is generally assumed, therefore,
that an elevation in adrenocortical steroids, the most common manifestation
of the effects of stress, is responsible for the frequently observed suppression
of immunologic reactivity associated with stress. There are numerous ex-
amples of stress-induced, adrenocortically mediated alterations of immune
responses, particularly in vitro; yet several other observations of stress-
induced alterations in immunologic reactivity are independent of adrenocor-
tical activation (40, 42, 49-56). Consistent with the effects of adrenalectomy,
hypophysectomy obviates the effects of stress on some measures of immunity
(numbers of peripheral blood and splenic leukocytes), but the stress-induced
suppression of mitogen responsivity of peripheral blood lymphocytes is po-
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tentiated by hypophysectomy (57). It seems evident that the in vivo im-
munologic consequences of stress involve extremely complex neural, endo-
crine, and immune response interactions. Considering that the elicitation of
immune responses is itself capable of altcring levels of circulating hormones
and neurotransmitters, these interactions are also likely to include complex
feedback and feedforward mechanisms.

Conditioned Alterations of Immunologic Reactivity

Learning, the most complex of all brain functions, is the primary means by
which higher organisms adapt to their environment. A dramatic and compel-
ling illustration of the role of the nervous system in the modulation of
immunity, then, comes from several demonstrations that immune responses
can be modified by conditioning. In the earliest studies of conditioning (e.g.
58, 59), a neutral conditioned stimulus (CS) was paired with injections of
antigen and presentation of the CS alone was eventually able to elicit con-
ditioned increases in nonspecific inflammatory responses and, in some cases,
increases in antibody levels as well. These experiments and the ensuing
controversy about their interpretation have been reviewed elsewhere (60).

Modern studies of conditioned alterations of immune responses began with
a study by Ader & Cohen (61) who used a taste-aversion learning paradigm.
In this passive avoidance situation, consumption of a novel, distinctively
flavored drinking solution, the CS, is paired with a stimulus that causes some
noxious internal effects, the unconditioned stimulus (UCS). For example, rats
injected with cyclophosphamide (or any number of other drugs) after consum-
ing saccharin-flavored water learn in a single trial to avoid drinking saccharin-
flavored water. Using rats, consumption of saccharin-flavored water was
paired with an intraperitoneal injection of the immunosuppresive drug, cy-
clophosphamide (CY). Three days later, all animals were immunized with
SRBC and conditioned animals were randomly divided into three groups:
Group CS was reexposed to the saccharin solution previously paired with the
immunosuppressive drug and injected with saline; Group CSo, a control for
the effects of conditioning per se, was provided with plain water and was not
otherwise manipulated; and Group UCS was given plain water but injected
with CY to define the unconditioned immunosuppressive effects of the drug.
A nonconditioned group originally received CY without exposure to saccharin
but, following immunization, was provided with a saccharin solution whenev-
er any subsample of Group CS was reexposed to saccharin. A placebo
group was originally injected with saline following the consumption of plain
water.

As expected, the pairing of saccharin consumption with an injection of CY
produced an aversion to saccharin-flavored water and, as hypothesized, con-
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ditioned animals reexposed to the CS showed an attenuated antibody response
to SRBC compared to nonconditioned animals and conditioned animals that
were not reexposed to the CS. These data, and verification of the results by
other investigators (62, 63), have been taken as evidence of a behaviorally
conditioned suppression of immunologic reactivity. In one or another of such
studies, the acquisition and extinction of the conditioned suppression or
enhancement of antibody- and cell-mediated immune responses as well as
nonspecific host-defense reactions has been documented using different CSs,
different UCSs, different antigens, and different outcome measures. Extend-
ing this research, conditioning processes have been implicated in the develop-
ment of tolerance to an immunomodulating agent (64, 65), the biologic
effects of conditioned immunosuppressive responses have been elaborated in
altering the progression of autoimmune disease in lupus-prone mice (66, 67)
and mortality to a transplanted plasmacytoma (68), and conditioned increases
in a specific mediator of mucosal mast cell function has been demonstrated
(69). Most of this research has adopted a taste-aversion conditioning para-
digm in which an immunomodulating drug has served as the UCS. It is now
clear, however, that the phenomenon is not confined to conditioned im-
munopharmacologic responses. The immunologic effects of stress have been
conditioned (e.g. 70) and conditioning effects have been observed using
antigens as unconditioned stimuli (69, 71).

Compensatory responses characterize many (but not all) conditioned
physiologic effects induced by drugs. One might therefore expect conditioned
responses that are oppositc in direction to the unconditioned effects of the
immunopharmacologic drug used as the UCS. The data, however, are almost
totally uniform in showing conditioned responses that mimic the un-
conditioned immunopharmacologic responses (63). Recent exceptions (72,
73) permit only the inference of compensatory mechanisms. The discrepanc-
ies raise methodological and mechanistic issues that need to be resolved.
Another recurring issue concems the prevalent use of aversive stimulus
conditions, a limitation that also needs to be addressed. However, the notion
that conditioned immune responses are inextricably linked with conditioned
avoidance responses or that there is some direct relationship between con-
ditioned behavioral and immunologic responses receives no support from the
existing literature. To the extent that the sampling of different parameters of
immune function under different experimental conditions is sufficiently repre-
sentative, taste aversions can be expressed without concomitant changes in
immune function, and conditioned changes in immune function can be
obtained without observable conditioned avoidance responses (63). Con-
sistent with the relationship between conditioned behavioral and autonomic or
endocrine responses, the available data suggest that different (multiple) con-
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ditioning processes and mechanisms are involved in the conditioning of
behavioral and immune responses.

The physiologic mediation of conditioned alterations in immune function
are not yet known. Some writers, however, have explicitly or implicitly
assumed that the conditioned suppression of immunologic reactivity is a
stress-induced effect. Since glucocorticoid elevations, equated with or taken
as an index of stress, can suppress immune responses, the hypothesis is
attractive because it provides a ready “explanation” of an unexplained phe-
nomenon. The available data, however, provide no support for stress-induced
elevations in “stress hormones,” notably adrenocortical steroids, as the
mediator of conditioned alterations in immune function. Indeed, much of the
data stand in direct contradiction to such a hypothesis. There are problems in
interpreting extirpation experiments, but is should be noted that, in one study
(74), immunosuppression was not observed in adrenalectomized mice.
However, the “stress-mediation” hypothesis cannot account for the following
observations: no conditioned suppression of antibody production is observed
when LiCl is used as the UCS or when steroid levels are elevated by injections
of LiCl or corticosterone at the time of immunization (61, 75); conditioned
suppression and/or enhancement of antibody- and/or cell-mediated responses
occur in the presumed absence of, or with equivalent changes in, corticoste-
rone and, presumably, other stress hormone levels (71, 76-78); in a prefer-
ence-testing procedure that equates fluid consumption and obviates the con-
flict that occurs when animals are only exposed to the CS solution, con-
ditioned immunosuppression is observed in the antibody response to T-
dependent and T-independent antigens (76, 79), a graft-vs-host reaction (78),
and in the white blood cell response to cyclophosphamide (80); and in a
discriminative conditioning paradigm, both the CS+ and the CS~ induce
steroid elevations, but only the CS+ induces a conditioned release of hista-
mine (81). It is reasonable to suggest that conditioned alterations of im-
munologic reactivity may be mediated by conditioned neuroendocrine re-
sponses, but the data collected thus far are inconsistent with the hypothesis
that such effects are mediated simply by nonspecific, stress-induced changes
in hormone levels.

The mechanisms underlying the conditioned modulation of immunity are
not known, but there is no shortage of potential mediators and it is highly
unlikely that multiple processes are involved. Conditioned immunosup-
pressive responses occur when conditioned animals are reexposed to the
CS before as well as after immunization. Such effects could imply that the
mechanisms do not involve antigen-induced immunologic or neuroendocrine
changes; they could also indicate that different mechanisms are involved
when conditioning is superimposed on a resting or on an antigen-activated
system. Also, different immunomodulating agents have different sites of
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action and the same immunomodulating drug may have different effects on
activated or nonactivated lymphocytes. As described below, we now know
that the immune system is innervated, that leukocytes and neurons share
certain neuropeptide/neurotransmitter receptors, that lymphocytes can pro-
duce several neuroendocrine factors, and that cells of the immune system and
the nervous system can produce and respond to the same cytokines. Thus,
conditioned changes in the pattern of increases or decreases of neural and/or
endocrine activity that can be recognized by activated lymphocytes or, con-
versely, the effects of conditioning on the release of immune products capable
of being recognized by the nervous system constitute potential pathways
underlying the conditioned modulation of immune functions.

Immunologic Effects on Behavior

Just as reciprocal relationships exist between neural and immune functions
and endocrine and immune functions, accumulating data suggest immunolog-
ic influences on behavior as well as behavioral influences on immune func-
tion. The behavioral effects of (early) viral infections, the cognitive and
emotional sequelae of autoimmune disease, and the behavioral differences
between normal mice and those with a genetic susceptibility to autoimmune
disease are reviewed elsewhere (82-86).

Recent data further suggest that behavioral changes associated with im-
munologic dysfunctions may actually be adaptive in maintaining or restoring
homeostasis within the immune system. Lupus-prone (NZBxNZW)F, mice
do not acquire conditioned taste aversions in response to doses of CY that
induce conditioned avoidance responses in healthy control (C57BL/6) mice
(87). Similarly, Mrl-Ipr/lpr mice with manifest symptoms of autoimmune
disease (lymphadenopathy and elevated autoantibody titers) do not avoid
flavored solutions paired with doses of CY that induce taste aversions in
congenic (Mrl+/+) control mice (88). These differences in behavior are not
the result of a learning deficit in the lupus-prone mice because there are no
substrain differences prior to the development of symptoms of disease nor
when a nonimmunosuppressive drug is used as the UCS. Mrl-lpr/lpr mice
with symptoms of autoimmune disease also voluntarily consume more of a
CY-laced flavored drinking solution than asymptomatic controls, and they
drink sufficient amounts of the CY-laced solution to attenuate lymphadenopa-
thy and anti-single-stranded DNA antibody titers (89). Although not pre-
viously described with respect to the immune system, these data are consistent
with a large literature on the bchavioral regulation of physiological states
(85). Whether the animal is responding to nonspecific, immunologically
induced pathophysiological changes in one or another target organ or, con-
sistent with the bidirectional pathways that link the CNS and immune system,
the brain is capable of receiving and processing information emanating from



Annu. Rev. Pharmacol. Toxicol. 1990.30:561-602. Downloaded from www.annual reviews.org

by Central College on 12/10/11. For personal use only.

570 ADER, FELTEN, AND COHEN

the (dysregulated) immune system directly, remains to be determined. To the
extent that the brain is capable of acting on information provided by the
immune system, behavioral processes appear to have the potential to serve an
in vivo immunoregulatory function.

ENDOCRINE SYSTEM-IMMUNE SYSTEM
INTERACTIONS

Even though productive interactions among subsets of T and B lymphocytes
and accessory cells can result in the production of antibody and effect T cells
in vitro, the neuroendocrine milieu in which these cells normally live, and the
cell surface and/or cytoplasmic receptors for a diversity of hormones and
neuropeptides they express (90-92), provide the opportunity for modulatory
and interactive signals from outside what has been traditionally viewed as the
immune system. This section highlights some of the extensive results indicat-
ing that hormones of the anterior pituitary and the adrenal gland are im-
munomodulatory; that lymphocytes and accessory cells receive neuroendo-
crine cues; and that products of the leukocyte components of the immune
system can communicate with and modulate endocrine and nervous system
responses (92-95). (For a discussion of the immunomodulatory roles of
hormones produced by the posterior pituitary, the thyroid gland, the pineal,
the gonads, and the thymus, see 96-100).

Anterior Pituitary Hormones

Early studies (101-103) reported that strains of pituitary-deficient dwarf mice
display certain immunological abnormalities including involution of the thy-
mus, cellular hypoplasia of the bone marrow and secondary lymphoid tissues,
and depressed cell-mediated and humoral immunity. Some subsequent studies
with hypophysectomized (hypox) mice supported the proposition of an in-
terrelationship between the pituitary and immune function. These observa-
tions led to a plethora of studies to determine which of the many hormones
produced by or stored in the pituitary, and which of the hypothalamic-
releasing hormones, could modulate immunity.

Hormones produced by the anterior lobe of the pituitary (the adenohypoph-
ysis) can be grouped into three major classes according to their amino acid
sequence homology. One group includes growth hormone (GH) and prolactin
(PRL). Adrenocorticotropin (ACTH), alpha melanotropin, and beta liposopin
(LPH) form a second group of peptides derived from the precursor protein,
proopiomelanocortin (POMC). LPH is the prohormone for the morphine-like
peptides, the endorphins. The third group includes thyroid-stimulating hor-
mone (TSH) and the gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormones (FSH).
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GROWTH HORMONE (GH) GH deficiencies have been associated with
abnormal cellularity of the bone marrow and thymus, and depressed T-cell
function (104, 105), NK activity (106), and antibody responses (107, 108; for
reviews, see 101, 102, 109). Administration of GH to GH-deficient animals
affords some degree of immune reconstitution (102).

GH also has immunological effects when administered to normal as well as
to hypox animals, or added to cultures of leukocytes harvested from intact
animals. For example, age-associated changes in immunocompetence [e.g.
T-cell mitogen-induced proliferative responses and interleukin-2 (IL-2) syn-
thesis] and the architecture of the thymus of rats have been reversed by
grafting a pituitary tumor cell line that produces GH and PRL (102, 110).
Interestingly, injection of high doses of ovine GH failed to restore thymic
histology and IL-2 production in aged rats but, like the cell grafts, it did
augment mitogen responsivity of lymphocytes (111). GH reproducibly aug-
mented the in vitro proliferation of transformed and normal lymphocytes
(112, 113) and increased activity of alloantigen-specific cytotoxic T cells
from intact animals (114). Injection of hypox rats with GH effected marked
increases (comparable to those induced by interferon gamma (INF 1v)) in
superanion production by resident peritoneal macrophages that had been
stimulated with zymosan (102). Moreover, peripheral blood and purified
alveolar macrophages have been activated in vitro by GH to produce superox-
ide anions that nonspecifically killed ingested bactcria (115, 116), an effect
that was inhibited with a specific antibody to GH. That these latter observa-
tions were made with a highly purified population of macrophages supports
the notion that GH exerts a direct effect on macrophages. As might be
inferred, thymocytes, transformed and resting peripheral lymphocytes, and
monocytes express high-affinity receptors for GH (102).

The CNS, other hormones, products of pathogens, and the immune system
itself, all contribute to the impact of GH on immunity. For example, viruses
(117) or bacterial endotoxin increase secretion of GH in humans (118).
Macrophage-derived interleukin-1 (IL-1) can also augment the systemic re-
lease of GH (119). The impact of splenic and thymic lymphocyte-produced
immunoreactive (ir-) GH (120) on the endocrine and immune systems is just
beginning to be deciphered. Thymosin fraction V, a group of low molecular
weight peptides extracted from bovine thymuses, causes pituitary cells to
increase their secretion of GH and PRL (121). This has led to the concept of a
feedback loop between the thymus and pituitary (102). The restoration of
immunity in hypox rats can be antagonized by ACTH. Finally, there are
recent findings that the immunomodulatory effects of brain lesions are also
mediated, at least in part, by the pituitary gland (122, 123).

PROLACTIN (PRL) PRL is involved in immunological processes (124) as
well as with mammalian reproduction and lactation. Nagy et al (125) inhibited
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pituitary PRL secretion in rats with the dopamine receptor agonist, bromo-
criptine, and observed suppressed antibody and DTH responses. Bernton and
colleagues (124, 126, 127) reported that hypopreolactinemia induced by two
different mechanisms (bromocriptine or cysteamine HCL) was associated
with a failure to effectively deal with a challenge of Listeria monocytogenes; a
depressed lectin-induced mitogenesis of T and B cells that was independent of
IL-2 production or IL-2 receptor expression; a suppressed T-cell-dependent
activation of macrophages; and a suppressed microbially induced T-cell
production of INF vy (124, 127). Exogenous PRL reversed these defects (124).
In vivo, antibodies to PRL inhibited lymphocyte proliferation (128), and
administration of exogenous PRL or dopamine antagonists (to stimulate
endogenous PRL release) resulted in increased mitogenic responsivity of
lymphocytes, increased DTH responses, and reversed the profound im-
munosuppression effected by cyclosporin (124, 129, 130).

In contrast to its in vivo effects, obvious effects of PRL on the proliferation
or IL-2 production of lymphocytes growth in lactogen-free cell culture have
not been seen (124). However, when such cultures were incubated with low
concentrations of an antibody to pituitary PRL, DNA synthesis and cell
proliferation was markedly inhibited (124, 128). This, plus the observations
that the inhibitory activity of the antibody could be absorbed on a PRL-
affinity column but could not be found in antisera directed against GH or other
hormones (124), suggests that the cultured cells themselves were producing
ir-PRL. This idea has been directly supported by observations that lectin-
stimulated normal lymphocytes (117, 131), the murine EL4 thymoma, the
CTLL-2 cytotoxic mouse T cell line (124), and a human myeloma cell line
(132) each produce factors with PRL-like bioactivity and immunoreactivity.
Indeed, an antiserum against PRL dramatically inhibited the growth of EL4
and CTLL cells (124).

The complexity underlying PRL-immune system interactions is just be-
ginning to be appreciated. The interactions include the dopaminergic system
and cells of the immune system itself. For example, not only do lymphocytes
produce ir-PRL, but IL-1 stimulates the pituitary to inhibit PRL release in
vitro (133) and in vivo (124). Morcover, PRL interacts with other products of
the endocrine system. Circulating PRL negatively regulates its own releasing
factor and vasoactive intestinal peptide (VIP) regulates PRL levels (124), as
do the opioids (124, 130). Steroid hormones also affect circulating PRL in
that its release is elevated by estrogens (134) and inhibited by glucocorticoids
(135). Exogenous or endogenous elevation of PRL in mice whose cortisone
was also elevated reversed some (e.g. mitogen responsivity), but not all (e.g.
lymphoid tissue atrophy) of the immunosuppressive effects of this glucocorti-
coid (124). Thus, PRL may function to counter some of the suppressive
effects of glucocorticoids. Since acute physical or behavioral stressors induce
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a rapid rise in PRL concentrations (124), PRL, like ACTH and the catechola-
mines, is a stress hormone. Unlike ACTH, however, the stress-associated
PRL increase is followed by decreased PRL secretion and then refractoriness
to further stimulation with repetition of the stressor (124, 136).

ACTH AND THE ENDOGENOUS OPIOIDS, ENDORPHINS AND ENKEPHA-
LINS ACTH and the endogenous opioid peptides, alpha, beta, and gamma
endorphin, are generated by enzymatic processing of the POMC precursor
molecule (137, 138). Beta endorphin is composed of 31 amino acids; alpha
and gamma endorphin are comprised of the first 16 and 17 amino acids,
respectively, that make up beta endorphin. All lobes of the pituitary gland, the
adrenal medulla (137), macrophages (138), antigen- or mitogen-activated
lymphocytes (92, 139), and T cell incubated with anti-CD3 antibody (140)
produce endorphins. In addition, corticotropin releasing factor (CRF) in-
directly induces B cells to produce beta endorphin, apparently by stimulating
monocytes to produce IL-1 (140, 141).

Parenterally administered ACTH affects an increased output of glucocorti-
coids from the adrenals and is immunosuppressive in several systems (e.g.
antibody titer, Arthus type and anaphylatic hypersensitivity, allograft rejec-
tion (142)). The increase in plasma cortisol associated with ACTH causes a
decrease of the hypothalamic neuropeptide CRF, which, in turn, decreases
ACTH secretion and brings circulating cortisol levels back to normal (the
so-called hypothalamo-pituitary-adrenal axis). At least some of these and
other in vivo immunomodulatory sequelae of exogenous ACTH are clearly
attributable to the glucocorticoid products of the target adrenal gland (dis-
cussed below) rather than to a direct effort of the pituitary-derived ACTH on
cells of the immune system. However, in cell-culture systems, ACTH sup-
presses antibody production (143), interferes with macrophage tumoricidal
activity (144), modulates B-cell function (145), and suppresses INF y produc-
tion (146).

Endorphins (and enkephalins) can modify antigen-specific or mitogen-
dependent in vitro proliferation of lymphocytes (147, 148), NK activity (149,
150), antibody responses (143, 151), INF + production (152), and phagocyte
chemotaxis (153). Whether such responses are depressed or increased may
depend on the amino acid sequence binding to the relevant opioid or non-
opioid receptor (154, 155), and/or on the stage of activation or differentiation
of the particular lymphocyte that binds the endorphin in question (139). For
example, alpha endorphin and ACTH inhibit (143), whereas beta endorphin
either enhances (139, 151) or has no effect (143) on the primary anti-SRBC
antibody response.

Several mechanisms have been proposed to explain how different endor-
phins modulate immune responses. Endorphins and ACTH may alter the
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immunologically relevant receptors on the lymphocytes to which they bind
(139). Indeed, Heijnen and colleagues (140) have demonstrated that beta
endorphin and ACTH modulate the CD2 (SRBC receptor) and CD3 (part of
the T-cell antigen receptor complex) epitopes on human peripheral blood T
cells. A second mechanism may relate to the recent finding by Heijnen and
colleagues (140) that incubation of PHA-stimulated T cells with gamma
endorphin effects a total disappearance of IL-2 receptors on T cells. Finally,
gamma endorphin can apparently bind preferentially to certain HLA class I
antigens (156), suggesting an immunogenetic component of the effects of
endorphins on immune responses.

The enkephalins (methionine-enkephalin or met-enk and leucine-
enkephalin or leu-enk) are pentapeptides that originate from the precursor
molecule, proenkephalin A (137, 138). Enkephalins bind to specific opioid
receptors in brain tissue and on lymphocytes and are immunomodulatory with
respect to antibody formation in vitro and in vivo; the numbers of peripheral
blood leukocytes; the number of T cell SRBC rosettes; thymic weight,
resistance to viral and tumor challenges; leukocyte migration; antibody-
dependent cell-mediated cytotoxicity; and production of IL-2 and expression
of the IL-2 receptor (143, 157, 158). The dose and nature of the enkephalin,
the dose and route of antigen administered, and the timing of enkephalin
administration relative to antigen all play a role in determining the direction
and extent of the immunomodulation. It is noteworthy that since opioid
peptides are rather quickly degraded in blood, the balance between their
secretion and catabolism may be crucial to their effect on immune function.

Levels of endorphins and enkephalins are increased by behavioral states
such as stress. Interestingly, in a paradigm that involved either intermittent
(naloxone-sensitive or opioid-mediated) or continuous (naloxone-insensitive)
footshock stress, enhancement of tumor growth was seen only when opioid-
mediated intermittent stress (which also depressed NK cytotoxicity) was
involved (159). In other words, all stressors need not involve the same
mediators.

Glucocorticoid Hormones Produced by the Adrenal Gland

Following early demonstrations that glucocorticoids caused lymphoid involu-
tion and exerted clinically important anti-inflammatory and im-
munosuppressive effects, studies of the mode and site of action of these
steroids grew exponentially as did an understanding of the complexity of the
immune system (142). Some of the dose- and regimen-related effects of
exogenous glucocorticoids in different species include growth retardation and
wasting; lymphopenia; increased catabolism of immunoglobulins and an
associated decreased concentration in serum; depression of antibody forma-
tion; inhibition of adjuvant effects of Corynebacterium parvum on IgM
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antibody formation; prolongation of tolerance; inhibition of skin and renal
allograft rejection; retarded DTH reactions; inhibition of contact sensitivity;
inhibition of generation of cytotoxic effect cells; reduction of mixed leukocyte
reactions; reduced generation of T helper cells; alteration in lymphocyte
recirculation pathways; and depressed NK reactivity (142, 160-163).

Glucocorticoids exert equally profound and immunologically relevant in
vivo and in vitro effects on monocytes and macrophages. These include a
suppression of numbers of circulating monocytes; class II MHC antigen
expression; phagocytosis and intracellular killing of certain microorganisms;
cytokine production/secretion; cytotoxicity by interferon-treated mac-
rophages; numbers of epidermal Langerhans cells; biosynthesis of some
complement components; Fc receptor expression; chemotaxis; antigen pre-
sentation; and production of inflammatory mediators such as plasminogen
activator, elastase, and collagenase (142, 163).

Many of these observations were derived from studies that involved the
introduction of pharmacological rather than physiological concentrations of
glucocorticoids. Evidence that these adrenal steroids really do play an impor-
tant in vivo immunoregulatory (physiological) role comes from studies on
stress and from recent experiments revealing the effects of glucocortoids on
the activity of immunoregulatory cytokines. It has long been known that stress
activates the hypothalamo-pituitary-adrenal axis and that the effects of stress
are associated with some alterations of immune function. In addition, at least
some forms of stress are associated with an altered susceptibility to infection
and neoplastic disease. Despite the fact that the glucocorticoid-induced down-
regulatory modulations of the immune system are extensive, it would be
simplistic to attribute all immunological consequences of altered behavioral
states (i.e. stress, life-event changes, conditioning) solely to increased adre-
nocortical steroids. At low concentrations, glucocorticoids exert stimulatory
effects on certain immunologic responses; higher concentrations routinely
appear inhibitory. Also, the effects of opioid peptides and catecholamines that
are produced in the adrenal medulla are subject to hypothalamic and pituitary
influences and are immunomodulatory. Finally, as noted above, stress-
induced immunodepression has been observed in adrenalectomized as well as
in intact animals (42).

Besedovsky and colleagues (164—166) have reported a transient elevation
of serum corticosterone in mice and rats during the peak of the antibody
response and following administration of soluble products of Con A-activated
T cells. They have proposed (167) that the antigen-induced increase in
glucocorticoids regulates overproduction of antibody and, as such, may ex-
plain the phenomenon of “antigenic competition” (the depressed primary
antibody response to an antigen administered within a few days after the
primary immunization of that animal with an unregulated antigen). Adre-
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nalectomy partially abolished antigen competition (167) and was also associ-
ated with enhanced B-cell activity (168). These observations led to the
hypothesis that the immune system itself can regulate the hypothalamo-
pituitary-adrenal axis by means of cytokines released from activated mono-
cytes (169). As discussed above, this idea has recently received significant
support in that IL-1 stimulates secretion of hypothalamic CRH (95, 170) and
increases the concentration of ACTH in plasma (171).

In addition to blocking IL-1 production at the transcription and translation
levels (172-174), glucocorticoids exert effects on the production of other
cytokines (161, 163) such as tumor necrosis factor (175), IL-2 and INF vy
(176-178), and IL-3 and GM-CSF (179). Clearly, these observations may
explain many of the immunosuppressive effects of glucocorticoids. However,
suppression of cytokine production may not be directly responsible for other
effects such as the suppression of NK activity (180).

AUTONOMIC NERVOUS SYSTEM-IMMUNE SYSTEM
INTERACTIONS

The CNS has two available routes for contacting and regulating structures in
the periphery other than skeletal muscle: (a) neuroendocrine outflow and (b)
autonomic outflow. Both routes allow biologically active molecules to in-
teract with cells of the immune system and modulate their responses (109,
181-183). It has long been known that the autonomic nervous system,
particularly the postganglionic sympathetic noradrenergic nerves, provide
innervation to the vascular and capsular/trabecular smooth muscle in lym-
phoid organs (184, 185). In the 1970s the existence of adrenergic and other
receptors for neurotransmitters on lymphocytes, monocytes/macrophages,
and granulocytes was established (186, 187). Only recently, however, was
the autonomic innervation of lymphoid organs also shown to be parenchymal,
with nerve fibers in direct contact with lymphocytes (185, 188). It now
appears that neurotransmitters are available as both paracrine secretions and
synaptic mediators for interaction with receptors on cells of the immune
system (186, 189, 190). In this section, we briefly discuss the innervation of
primary and secondary lymphoid tissue and then describe the extent to which
neurally derived substances qualify as neurotransmitters with respect to lym-
phoid tissues.

Innervation of Lymphoid Organs

Both primary lymphoid organs (thymus, bone marrow) and secondary lym-
phoid organs (spleen, lymph nodes, gut-associated lymphoid tissue (GALT))
are innervated with noradrenergic (NA) postganglionic sympathetic nerve
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fibers (191). Peptidergic nerve fibers also have been found in thymus, spleen,
lymph nodes and GALT (191).

These nerve fibers may be: (a) primary sensory fibers whose cell bodies are
found in a sensory ganglion, such as a dorsal-root ganglion or nodose
ganglion, particularly a possibility with substance P (SP) or somatostatin,
already known to be primary sensory transmitters in other systems; (b) fibers
whose neuropeptide is colocalized with norepinephrine (NE) in postganglion-
ic sympathetic nerve fibers, as appears to be the case with most of the
neuropeptide Y (NPY) terminals in spleen; (c) autonomic postganglionic
peptidergic inputs that are independent of the NA innervation; or (d) fibers
from intrinsic peptidergic neurons within the organ itself, particularly in the
case of GALT, known to possess an abundance of peptidergic cell bodies of
the enteric nervous system. Intrinsic peptidergic neurons in the other lym-
phoid organs have not been demonstrated; it is likely that nerve fibers
innervating the thymus, spleen, lymph nodes, and bone marrow are derived
mainly from ganglion cells of the sympathetic chain or collateral ganglia in
the viscera, or from sensory ganglia.

INNERVATION OF PRIMARY LYMPHOID ORGANS Nerve fibers have been
found in the substance of the bone marrow, with terminals ending freely
among hemopoietic elements (192-196). Using catecholamine histofluores-
cence, plexuses of NA fibers can be seen to travel with the vasculature into
the marrow, and further distribute into the parenchyma (181, 182, 184, 186,
191). It is not clear at present whether peptidergic fibers also distribute into
the marrow. Early studies suggested a role for NE in bone marrow function;
sympathetic stimulation released cells into the circulation from the marrow
(193, 197), similar to secondary lymphoid organs. Beta adrenoceptor stimula-
tion triggered stem cells into cycle or shortened the cell cycle (198), suggest-
ing that key functions such as proliferation, differentiation, and migration
may respond to NA neuromodulation.

The thymus receives NA innervation (181, 182, 199-205) from neurons in
the superior cervical ganglion and the upper sympathetic chain (203, 206).
These fibers enter the thymus with the vasculature, distribute with the capsule
and associated septa, and follow the vasculature into the cortex. Fibers are
scattered throughout the cortex, with the highest density associated with the
vasculature at the cortico-medullary junction. Some NA fibers branch away
from the vasculature into the parenchyma, and end among thymocytes. The
medulla and associated epithelial zones are innervated sparsely, mainly along
the vasculature. The NA innervation of thymus occurs prenatally in mice,
earlier than NA innervation to secondary lymphoid organs such as the spleen.
Thymocytes, which possess beta adrenoceptors, respond to catecholamines
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by inhibiting proliferation and expressing cell surface differentiation antigens
(207-211). Enhanced in vitro proliferation responses of thymocytes from
10-day old rats sympathectomized at birth have been reported (182, 186,
212). These sparse data suggest that proliferation, differentiation, and emigra-
tion of thymocytes may be under sympathetic NA modulation. The NA
innervation of the aging involuted thymus also has been examined (199). As
the cortex shrinks, the NA fibers retain their compartmentation and
neurotransmitter content, and become densely compact. If NE assists in
inhibiting proliferation and enhancing differentiation, then the changing den-
sity and concentration of such fibers in the maturing and aging thymus may
enhance neurotransmitter availability for these functions.

Bulloch & Moore (203), using horseradish peroxidase retrograde tracing
techniques, reported direct innervation of the thymus by neurons in the rostral

~zone of nucleus ambiguus and by cervical neurons that resembled anterior
horn cells. This tracing study, coupled with evidence for acetylcholinesterase-

positive (AChE) profiles in the region of the cortico-medullary junction, led
to the claim that the thymus is innervated by cholinergic fibers. Since
lymphocytes possess muscarinic cholinergic receptors (213-216), such in-
nervation would provide an endogenous ligand for interacting with them.
However, although Nance and his colleagues (206) demonstrated abundant
innervation to thymus from the superior cervical and upper chain sympathetic
ganglia with retrograde tracing techniques, they were unable to find brain
stem or vagal innervation. Our efforts to label these putative nerve fibers in
thymus anterogradely from the brain stem have not met with success. We find
no significant choline acetyltransferase (ChAT) activity in thymus (217).
ACHhE staining is associated mainly with non-neural structures. AChE also is
colocalized in NA nerves in the thymus and in other systems, so the mere
presence of AChE does not signify cholinergic innervation. These data, then,
do not support the existence of cholinergic innervation of the thymus (217).

Several reports have suggested the presence of neuropeptides in the thy-
mus. VIP-like immunoreactive profiles were identified in thymic cortex
(181); oxytocin and vasopressin appear to be present in a non-neural compart-
ment of the thymus (218-221). Recent reports suggest the presence of SP and
calcitonin gene-related peptide (CGRP), and NPY colocalized with NE, in
nerve fibers in the thymus (222, 223). Thymocytes and lymphocytes possess
receptors for numerous neuropeptides, linked with classical second-
messenger systems, suggesting that neurotransmitters released from these
peptidergic nerves may be available to interact with these responsive cells.

INNERVATION OF SECONDARY LYMPHOID ORGANS NA sympathetic fibers
arise mainly from ganglion cells in the superior mesenteric/coeliac ganglionic
complex, which receives its preganglionic input from cell bodies in the
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T6-T12 intermediolateral cell column in the spinal cord in the rat (184, 186,
224). The postganglionic NA fibers travel with the splenic nerve, enter the
spleen at the hilar region alongside the splenic vasculature, and distribute into
several systems (181, 182, 184, 186, 200, 201, 225-228): (a) the capsule; (b)
the trabecular system of smooth muscle that plays a role in contractile
capabilities of spleen; (c) the large vessels of the spleen; and (d) the splenic
white pulp. Most fibers distribute with the trabecular system and the white
pulp. In the white pulp, the fibers follow the central arteriolar system, and
further branch into the parenchyma in these major sites (187, 227): (a) the
PALS surrounding the central arteriolar system, where both T-helper and
T-suppressor lymphocytes are compacted; (b) along the marginal sinus where
antigen-presenting macrophages reside, and in the marginal zone, where
macrophages and B lymphocytes reside; (c) the parafollicular zone, along the
outer edge of the B-lymphocyte clusters. NA (tyrosine-hydroxylase positive)
nerve terminals form direct synaptic-like contacts with T lymphocytes and
macrophages in the PALS (184-186, 188, 191). This is a closer apposition
than nerve terminals form with smooth muscle cells in any compartment of
the spleen.

SP fibers are found in the spleen, around the central arterioles and large
venous sinuses, in the trabeculae, and extending into both the red pulp and the
PALS (181, 229). These may be sensory fibers, or may be part of the
autonomic innervation; tracing studies are needed to identify their origin.
CGRP-containing fibers are found in these same compartments, and may
contain colocalized SP (229). We also found NPY -containing nerve fibers in
the spleen, following the compartmental distribution seen for NA nerves
(191, 230, 231). Our impression is that most of the NPY immunoreactivity is
colocalized with TH in (NA) nerves, although this also remains to be demon-
strated experimentally. Additional putative neurotransmitters found in the
spleen include somatostatin, CCK, neurotensin, met-enk, VIP and others
(181, 232, 233). IL-1 immunoreactivity also has been identified in nerve-like
profiles in the spleen (234), perhaps colocalized in the NA fibers. In view of
the extensive array of receptors for these and other neurotransmitters found on
lymphocytes, monocytes/macrophages, granulocytes, and other cell types,
the possibilities for neurally derived peptides interacting with specific recep-
tors on cells of the immune system raise the spectre of a complexity of
interactions rivaled by neurotransmission in the CNS or by cytokine in-
teractions in the immune system.

NA fibers arise from ganglion cells in either the sympathetic chain or in
collateral sympathetic ganglia, and distribute into the lymph node with the
hilar vasculature (181, 182, 184, 186, 191, 235, 236). The fibers distribute
through the medullary cords, alongside the medullary sinuses, extend past the
cortico-medullary junctions into the paracortical zone, and arborize among T
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lymphocytes. A subcapsular plexus of NA fibers sends branches into the
cortical zone. Few, if any, distribute into the follicles. Thus, several com-
partments of lymph nodes are innervated, including the medullary cords, the
paracortex and subcapsular cortex, the subcapsular sinus, and the capsule. A
comparison with the splenic innervation shows numerous functional sim-
ilarities; (a) site of lymphocyte entry (spleen-marginal zone; lymph node—
corticomedullary junction);, (b) site of antigen capture (spleen—marginal
zone, sinus; lymph node—subcapsular sinus); (c) site of antigen presentation
and lymphocyte activation, T cells (spleen—PALS; lymph node—
paracortex); (d) site of antigen presentation and lymphocyte activation, B
cells (spleen—parafollicular/marginal zone; lymph node—medullary cords);
(e) Site of lymphocyte egress (spleen-—outer marginal zone; lymph node—
medullary sinus) (186, 187, 226).

The main structures studied as representative of GALT have been the rabbit
appendix and Peyer’s patches in several species. The basic patterns of in-
nervation by NA fibers are similar (181, 182, 184, 186, 191, 237, 238).
These fibers arise from mesenteric ganglia, and distribute in plexuses of fibers
that either travel with the smooth muscle and turn radially, or move directly
radially towards the mucosal surface. These fibers travel between the folli-
cles, in an internodular plexus, without sending arborizations into the B-
lymphocyte zones, then directly traverse the T-dependent (T-lymphocyte)
zone, and enter the lamina propria, where they branch freely among the
cellular constituents, including some lymphocytes, plasma, mast, enterochro-
maffin, and other cells. The NA fibers extend out to the subepithelial region
of plasma cells, but not to the lumen.

Extensive evidence exists for the presence of neuropeptides in the enteric
nervous system (239). Whether these peptides contribute to modulation of
immune function has been ascertained only for a few. As an example,
Ottaway and colleagues (240) have described a plexus of VIP fibers near the
postcapillary venules, the site of entry of lymphocytes with VIP receptors
(241, 242) that influence the homing behavior of those lymphocytes (243,
244). These fibers probably play a role in the ingress and retention of
lymphocytes in GALT. Stead and colleagues (245) found a close association
between SP and CGRP nerve fibers and mast cells in the gut, suggesting an
interaction that may result in both neurotransmitters and compounds from
mast cells being secreted into the local microenvironment and mutually
influencing each other.

Criteria for Neurotransmission

In order for a neurally derived substance to qualify as a neurotransmitter, it
must satisfy four criteria. As detailed below, most if not all of these criteria
have been met for NE, with cells of the immune system serving as bona fide
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targets (186, 187). Although some other neuropeptides also fulfill most of
these criteria, the evidence for acetylcholine as a neurotransmitter is weak or
negative.

Criterion 1. Presence of chemically specific nerve fibers and their com-
partmentation The observations that NA sympathetic fibers innervate pri-
mary and secondary lymphoid tissues, ending mainly in compartments where
T lymphocytes and antigen-presenting macrophages are present, and also
ending among plasma cells in GALT and around B lymphocytes during
development, clearly satisfy this first criterion. In addition, there is a sugges-
tion of peptidergic (VIP, NPY, SP, CGRP) nerve fibers in thymus, peptider-
gic (SP, NPY, CGRP, VIP, and others) nerve fibers in the spleen, and
peptidergic, cholinergic, and serotonergic fibers in some areas of gut.
Peptidergic nerve fibers have not been examined carefully in lymph nodes and
bone marrow.

Criterion 2. Release of neurotransmitter and availability for interaction The
strongest evidence for release of neurotransmitter in a lymphoid organs is for
the splenic release of NE. NE derives almost exclusively from the neural
compartment of the spleen, since it is depleted by greater than 95% by
denervation with ganglionectomy or chemical sympathectomy (186, 201,
224). Stimulation studies and in vivo dialysis indicate that NE is released into
the extracellular fluid of the spleen (184, 246), suggesting the paracrine
availability of NE as a neurotransmitter, in addition to the possible availability
from direct synaptic-like interactions with lymphocytes in the PALS. In order
to understand the local availability of neurotransmitters in the microenviron-
ment of specific lymphoid cells, the proximity of those cells to nerve ter-
minals, and the local paracrine concentration of neurotransmitter must be
known. Denervation studies and chemical assays of NE and some
neuropeptides in other lymphoid organs suggest that these signal molecules
are present, and probably are available for interaction with lymphoid cells;
strict criteria for release, however, still must be met.

Criterion 3. Receptors on target cells The presence of beta adrenoceptors,
particularly the beta-2 subclass, on lymphocytes was known (209, 247-258)
even before direct innervation of lymphocytes was suspected. B lymphocytes
possess more beta adrenoceptors than T lymphocytes; T-suppressor and help-
er cells possess approximately the same number. Monocytes/macrophages
and granulocytes also possess adrenoceptors. Evidence for alpha adre-
noceptors on lymphocytes has been indirect, depending mainly upon use of
alpha blockers or agonists in the evaluation of lymphocyte functions (182,
186, 259). Beta adrenoceptors on lymphocytes are reportedly linked through a
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cyclic AMP second-messenger system, providing strong evidence for an
immunomodulatory role for NE. Studies that have evaluated beta adre-
noceptors on splenic lymphocytes found receptor upregulation following
denervation (253, 256), as is the case with beta adrenoceptors on other target
cells in the periphery (260). Thus, this criterion for neurotransmission is
established solidly for beta adrenoceptors, is presumptive for alpha adrenergic
receptors, and provides a signal transduction pathway for NE that is stimu-
lated by a host of other bioactive molecules known to be involved in im-
munorcgulation (e.g. 261). This point does raise a caution; in studies of
lymphocytes from the peripheral blood, neurotransmitter responses might be
different from responses in splenic or lymph-node derived lymphocytes.
Similarly, lymphocytes in culture may demonstrate marked alterations in
receptors responses, because they are removed from their normal
microenvironment and probably can respond to the state of denervation
through upregulation. Because some neurotransmitters can augment or syn-
ergize cytokine effects on target cells, in vitro studies that remove normally
present neurotransmitters such as NE must be interpreted cautiously.

Lymphocytes possess receptors for VIP, somatostatin, SP, and many other
peptides (241, 242, 262-266). However, some cautions are in order for other
peptides. A binding site is not the equivalcnt of a real receptor unless
saturability, displacability, and stereospecificity can be demonstrated, and
intracellular effects through appropriate second-messenger links can be identi-
fied. Similarly, the demonstration of a change in lymphocyte function follow-
ing the application of a neuropeptide (often in pharmacologic doses) does not
mean that the neuropeptide acted through a classical receptor. For example,
agonists or agents that alter serotonin synthesis can produce alteractions in
leukocyte functions despite the lack of evidence for classical serotonin recep-
tors. The serotonin acts through high-affinity uptake sites, and exerts its
effects intracellularly (267). This is particularly a caution in the very complex
interactions of the opioid peptides with lymphocytes. The demonstration of an
effect of pharmacological doses of a peptide without evidence for endogenous
presence of availability, release, and receptors on target cells does not con-
stitute evidence for neurotransmission. Some of the opioid peptides could
have a nontraditional mode of action, or a hormonal effect in addition to, or
instead of, a traditional neurotransmitter role. Evidence for opioid receptors
on lymphocytes has been sparse and inconsistent. Interactions between hor-
mones and receptors for neurotransmitters also must be taken into account
(268). Glucocorticoids can enhance the expression of beta receptors on some
cells, and may regulate neurotransmitter interactions on lymphocytes in-
directly (269-273).

Receptors on lymphocytes for dopamine, acetylcholine (muscarinic), cloni-
dine, and benzodiazepine have been reported. The presence of these receptors
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in an environment where contact with the appropriate ligand may not be
available for receptor activation raises an interesting but unanswered question
about why they are expressed. Perhaps they function only when that cell is in
a specific compartment such as GALT, since lymphocytes can move through
a variety of organs. Perhaps they are activated only at a specific time during
development. Or perhaps they are only an epiphenomenon of genetic expres-
sion that accompanies the presence of other functional peptides or proteins.

Criterion 4. A functional role for the putative neurotransmitter ~ Although a
comprehensive review (186, 187) of the numerous examples of an im-
munomodulatory role NE is beyond the scope of this chapter, a few studies
should be highlighted. NE interacts with beta adrenoceptors on thymocytes
through a cAMP second messenger to inhibit mitogenesis and to enhance
expression of cell surface differentiation antigens (181, 182, 186, 207, 208,
274-277). Physiological concentrations of NE have been reported to enhance
the primary in vitro IgM anti-SRBC response; beta blockers, but not alpha
blockers, prevented this enhancement (259, 278-281). The alloreactive
cytotoxic T lymphocyte (CTLs) response to allogeneic cells could be en-
hanced by mixed agonists and beta agonists (282) and suppressed by chemical
sympathectomy (182, 212, 283). NE has been reported to inhibit the synthesis
of complement components through an alpha mechanism (284), and to inhibit
activation of macrophages in a tumor-cell lysis model (144). Chemical sym-
pathectomy (181, 182, 186, 212, 235, 274, 283) has been associated with a
suppressed in vivo DTH response, with an enhanced in vivo proliferation of
lymphocytes in some but not all lymph nodes, and with enhanced NK cell
activity (both in vivo and in vitro). In addition to its apparent direct effects on
leukocytes, the egress of activated lymphocytes from secondary lymphoid
organs appears to be under NA control (285-287).

The neuropeptides VIP, somatostatin, and SP, known mainly for their
presence and actions in the nervous system, have recently been shown to be
modulators of immune function (266, 288-290). SP is found mainly in
primary afferent neurons that supply the skin, the mucous membranes, re-
gions of the GI tract, and nerve fibers supplying the thymus and spleen, and
has a well-known role in modulation of nociception through C fibers. SP has
several actions on target cells that directly and indirectly stimulate inflamma-
tion (289, 291-295). SP enhances vascular permeability and increases local
vasodilation. Both effects enhance the ability of lymphocytes to migrate to the
area. SP receptors have been found on T helper, T suppressor, and B
lymphocytes (296-298) and macrophages (291). SP is a T-cell mitogen, and
can enhance T-cell proliferation to lectins (264, 265, 299). It also enhances
Con A-induced IgA production by lymphocytes from mesenteric lymph
nodes, spleen, and Peyer’s patches (299, 300). In addition, SP enhances



Annu. Rev. Pharmacol. Toxicol. 1990.30:561-602. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

584 ADER, FELTEN, AND COHEN

macrophage phagocytosis and polymorphonuclear (PMN) leukocyte chemota-
xis (292, 293). Based on observations that stress rmay exacerbate rheumatoid
arthritis, and that SP released by peripheral nerves may produce many tissue
changes of acute inflammation such as stimulation of phagocytosis by PMNs,
it has been proposed that SP contributes to the pathophysiology of this
disorder (288, 289, 301).

Somatostatin, also found in C fibers and small myelinated A-delta fibers,
acts through receptors for somatostatin on lymphocytes, and appears to be
inhibitory to many of the actions of SP (288, 290, 299, 302, 303). Somato-
statin inhibits the release of SP from the peripheral terminals of primary
afferent ncurons. It also has a direct receptor-mediated effect on lymphocytes
and monocytes via receptors. Somatostatin exerts an inhibitory effect on
PHA-induced human T-cell mitogenesis, suppresses endotoxin-induced
leukocytosis, and suppresses the release of colony-stimulating factor activity
by splenic lymphocytes.

In general, VIP also inhibits a variety of immune functions (242, 262, 263,
304). VIP is found in peripheral nerves (181, 233, 240, 305) associated with
the thymus, the spleen, lymph nodes and mucosal tissues, such as the GI
tract. T lymphocytes possess high-affinity receptors for VIP (231, 242). VIP
decreases the T-cell proliferative responses to mitogens, but has no affect on
B-cell mitogen responses (242, 262, 304). VIP activation is related to cAMP
stimulation (263), generally inhibitory to proliferative responses of lympho-
cytes. VIP receptors can be down-regulated (by internalization) following
incubation of T lymphocytes with VIP (243, 244). The localization of these T
lymphocytes with down-regulated VIP receptors was decreased greatly in the
mesenteric lymph nodes and Peyer’s patches, while localization to spleen,
intestine, liver, and lungs was unaltered. This alteration in VIP-receptor
expression affects the interaction of lymphocytes with the spccialized high
endothelium on the postcapillary venules where lymphocytes enter lymph
nodes and Peyer’s patches. Thus, lymphocyte traffic into GALT depends
upon the intactness of high-affinity receptors for VIP.

Potential Interactions of Neurotransmitters with Cells of the
Immune Systems

T he microenvironment of cells of the immune system The presence of nerve
fibers in the parenchyma of lymphoid organs, and the availability of
neurotransmitters for interactions with cells of the immune system add a new
dimension to our understanding of the microenvironment of immune cells.
The splenic microenvironment contains paracrine, endocrine, and autocrine
secretions, and also products of nerve fibers. The paracrine environment
includes cytokines as well as the secretions of accessory or supporting cells
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(e.g. serotonin, histamine, prostaglandins) and most probably, lymphocyte-
derived neuropeptides (93, 139, 306-310). The endocrine environment in-
cludes hormones derived from the pituitary (ACTH, endorphins, GH, PRL,
LH and FSH, TSH) (109), its target organs (glucocorticoids, gonadal ste-
roids, thyroid hormones, and others), or the immune system itself (thymosin
peptides) (311, 312). These are blood-borne signals that do not depend upon
cell-cell interactions for their effects. Neurotransmitters represent additional
forms of signal molecules directed towards cells of the immune system. It is
clear that neurotransmitters such as NE and several of the neuropeptides are
present in physiologically adequate concentrations as paracrine-like secretions
for interactions with nearby cells. The presence of direct nerve terminal
contacts with lymphocytes and macrophages adds a new form of synaptic-like
communication that may be more directed and discrete than paracrine com-
munication, and may be superimposed upon the paracrine presence of
neurotransmitters. As a further form of communication, the cells of the
immune system may secrete compounds that influence their own functions
(autocrine), or influence neurotransmitter secretion from adjacent nerve ter-
minals.

These forms of communication do not occur alone, but interact with each
other. Hormones may alter the expression of neurotransmitter receptors as
discussed above. Neurotransmitters may alter the responsiveness of hormones
and cytokines interacting with lymphocytes or macrophages (313, 314).
Cytokines may interact with nerve terminals to alter neurotransmitter release,
in addition to their effects on cells of the immune system (315-317). It is clear
that there are both long and short feedback loops between the nervous system
and the immune system (e.g. 318-321). The long loops may be represented
by the CRF-ACTH-glucocorticoid-lymphoid cell-cytokine-CNS (limbic-
hypothalamic) communication channel. Interleukin-1 has been proposed as a
likely cytokine in this loop, based on its central effects on CRF neurons and
on monoamine metabolism related to the CRF-ACTH-glucocorticoid axis
(95, 170). The short loops may be represented by a direct exchange, such as a
nerve terminal secreting a neurotransmitter within 6 nm of a lymphocyte, and
the lymphocyte secreting a cytokine that interacts with the terminal to alter
neurotransmitter metabolism (185, 188).

In addition to the principle neurotransmitter identified in a fiber or terminal,
other colocalized neurotransmitters are often present. Those neurotransmitters
may be synthesized in that same nerve terminal (e.g. NE and NPY, SP and
CGRP), may be taken up by a high-affinity uptake site (e.g. epinephrine from
hormonal sources taken into NA nerve terminals for subsequent release as a
neurotransmitter) (322), or may be taken up by a low-affinity uptake site (e.g.
serotonin uptake from a platelet source for subsequent release as a
neurotransmitter) (323). The extent of release of the colocalized peptides may



Annu. Rev. Pharmacol. Toxicol. 1990.30:561-602. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

586 ADER, FELTEN, AND COHEN

depend upon differential regulation of release following appropriate physi-
ological stimuli, and upon the availability of the other humoral agents such as
epinephrine and serotonin during a particular period of time. Thus, the
behavioral and environmental conditions surrounding the organism may have
a marked effect on the content of secretion from a nerve terminal.

Potential mechanisms of interaction between neurotransmitters and target
cells of the immune system With the emphasis on the identification of
receptors and neurotransmitters available for potential interaction in lymphoid
organs, the most straightforward form of communication proposed between
nerves and lymphoid cells is a classical ligand-receptor interaction with
subsequent intracellular alterations that influence the function of the target
cell. The number and complexity of direct ligand-receptor interactions for a
single neurotransmitter, such as NE, on the many subsets of lymphoid cells, is
considerable (181, 186, 187, 190). Neurotransmittcrs also may act indirectly,
through the release of other signal molecules from mast, enterochromaffin, or
other cells that are intermediaries between a nerve terminal and a lymphocyte
or macrophage (245, 324, 325). These links could be very complex.
Neurotransmitters may alter blood flow, vascular permeability, or lympho-
cyte traffic across specialized regions of the vasculature. Neurotransmitters
may modulate the activity, expression, or action of other neurotransmitters,
hormones, cytokines or their receptors, thereby acting as true neuromodula-
tors (neural substances that have minimal effect by themselves, but potentiate
the effect of other neurally active molecules). Finally, neurotransmitters may
interact directly with each other to modify or occupy active sites of these
molecules (326). All these processes may occur singly or in combination,
depending upon the complexity of the local microenvironnent.

If we assume the most direct mechanism of communication for
neurotransmitters, the direct ligand-receptor interaction, then we must ask
what the target cell is capable of doing inresponse to that direct interaction. In
the case of lymphocytes, the potential responses of the target cell are many:
(a) proliferation; (b) differentiation; (c) activation or inactivation; (d) altered
expression of a variety of receptors (e.g. antigen-specific receptors on T and
B cells, cytokine receptors, receptors for other neurotransmitters); (e¢) secre-
tion of specific molecules, such as antibodies (B lymphocytes), lymphokines
(T lymphocytes), monokines (macrophages), or hormones (endocrine cells):
() movement, migration, or altered cell trafficking; and (g) upregulation of
products of the major histocompatibility complex. These are only some
of the possible responses that may occur, singly or in combination, in num-
erous compartments of many lymphoid organs in response to a single
neurotransmitter. When we look at the many neurotransmitters that are
present in the thymic-, splenic- or lymph-node microenvironment, the possi-
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ble extent and complexity of modulation is considerable. Sorting out these
complicated interactions promises to be every bit as challenging a task as
exploring the role of neurotransmitters in the brain, or cytokines in the
immune system.

SUMMARY

The observations and research described in this communication derive from a
nontraditional view of the immune system. It has become abundantly clear
that there are probably no organ systems or homeostatic defense mechanisms
that are not, in vivo, subject to the influence of interactions between be-
havioral and physiological events. The complex mechanisms underlying these
interactions and their relationship to health and illness, however, are im-
perfectly understood. The most imperfectly understood, perhaps, are the
interrelationships among brain, behavior, and immune processes. Without
attempting to cover all the literature, we have used stress effects and con-
ditioning phenomena as illustrations to point out that behavior can influence
immune function. We have also described data indicating that the immune
system can receive and respond to neural and endocrine signals. Conversely,

. behavioral, neural, and endocrine responses seem to be influenced by an

activated immune system. Thus, a traditional view of immune function that is
confined to cellular interactions occurring within lymphoid tissues is in-
sufficient to account for changes in immunity observed in subhuman animals
and man under real world conditions.

These data question seriously the notion of an autonomous immune system.
Most of the research on the regulation of immune responses has been predicat-
ed on the assumption that such regulation is accomplished by the interacting
components of the immune system itself, e.g. interactions among helper and
suppressor T-lymphocytes, B-cells, and accessory cells that can result in the
production of antibody and effector T cells. The immune system is, indeed,
capable of considerable self-regulation, and immune responses can be made
to take place in vitro. The functions of that component of adaptive processes
known as the immune system that are of ultimate concern, however, are those
that take place in vivo. There are now compelling reasons to believe that in
vivo immunoregularity processes influence and are influenced by the
neuroendocrine environment in which such processes actually take place—an
environment that, on the one hand, can generate signals that resting and/or
activated leukocytes can receive, and, on the other hand, is exquisitely
sensitive to the individual’s perception of and capacity to adapt to the de-
mands of the environment. The immune system appears to be modulated, not
only by feedback mechanisms mediated through neural and endocrine pro-
cesses, but by feedforward mechanisms as well. The immunologic effects of



Annu. Rev. Pharmacol. Toxicol. 1990.30:561-602. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

588 ADER, FELTEN, AND COHEN

learning, an essential feedforward mechanism, suggest that, like direct neural
and endocrine processes, behavior can, under appropriate circumstances,
serve an immunoregulatory function in vivo. Conceptually, the capacity to
suppress or enhance immune responses by conditioning has raised innumer-
able questions about the normal operation and modifiability of the immune
system via neural and endocrine processes.

We do not yet know the nature of all the channels of communication
between the brain and the immune system or the functional significance of the
neural and endocrine interrelationships that have been established. A detailed
review of relevant central and neuroendocrine circuitry is beyond the scope of
this review, but a brief summary can be provided as a guide to further reading
and research. Autonomic preganglionic neurons receive direct fiber pro-
jections from brain stem nuclei (nucleus solitarius, raphe nuclei, tegmental
noradrenergic nuclei), hypothalamic nuclei (paraventrivular nucleus oxytocin
and vasopressin neurons, lateral hypothalamus, posterior hypothalamus, dor-
sal hypothalamus), limbic forebrain structures (central amygdaloid nucleus),
and regions of the cerebral cortex (frontal, cingulate, and insular cortical
areas, mainly zones of “limbic” cortex). In addition, indirect regulation of
these systems arises from regions such as the parabrachial nuclei, central
gray, and reticular formation of the brain stem, numerous hypothalamic
nuclei and cell groups, limbic forebrain areas such as the hippocampal
formation and septum, and cortical association areas. These structures in-
terconnect with the hypothalamus, the structure that lies at the crossroads of
the limbic forebrain and brain stem nuclei.

This integrated circuitry has extensive ascending and descending con-
nections among the regions cited. These regions also share many similarities.
They are sites intimately involved in visceral, autonomic, and neuroendocrine
regulation. The cortical and limbic forebrain regions mediate both affective
and cognitive processes and may be involved in the response to stressors, in
affective states and disorders such as depression, in aversive conditioning,
and in the emotional context of sensory inputs from the outside as well as the
inside world. From an immunologic perspective, these regions are the sites in
which lesions result in altered responses of cells of the immune system; they
are the regions that respond to immunization or cytokines by altered neuronal
activity or altered monoamine metabolism; and they are the regions that
possess the highest concentration of glucocorticoid receptors and link some
endocrine systems with neuronal outflow to the autonomic and neuroendoc-
rine systems. Thus, this circuitry is the major system of the CNS suspected to
play a key role in responding to immune signals and regulating CNS outflow
to the immune system.

Without being able to specify the precise mechanisms, we have described
converging research from different levels of biological organization, all of
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which support a nontraditional, integrated approach to an elaboration of the
adaptive functions of the immune system. The data summarized provide
compelling evidence that the immune system, like any other system operating
in the interests of homeostasis, is integrated with other psychophysiological
processes and is therefore influenced by and capable of influencing the brain.
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