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Abstract——The brain and the immune system are
the two major adaptive systems of the body. During an
immune response the brain and the immune system
“talk to each other” and this process is essential for
maintaining homeostasis. Two major pathway systems
are involved in this cross-talk: the hypothalamic-pitu-
itary-adrenal (HPA) axis and the sympathetic nervous
system (SNS). This overview focuses on the role of SNS
in neuroimmune interactions, an area that has re-
ceived much less attention than the role of HPA axis.
Evidence accumulated over the last 20 years suggests
that norepinephrine (NE) fulfills the criteria for neu-
rotransmitter/neuromodulator in lymphoid organs.
Thus, primary and secondary lymphoid organs receive
extensive sympathetic/noradrenergic innervation.
Under stimulation, NE is released from the sympa-
thetic nerve terminals in these organs, and the target
immune cells express adrenoreceptors. Through stim-
ulation of these receptors, locally released NE, or cir-
culating catecholamines such as epinephrine, affect
lymphocyte traffic, circulation, and proliferation, and
modulate cytokine production and the functional ac-
tivity of different lymphoid cells. Although there ex-
ists substantial sympathetic innervation in the bone
marrow, and particularly in the thymus and mucosal
tissues, our knowledge about the effect of the sympa-
thetic neural input on hematopoiesis, thymocyte de-

velopment, and mucosal immunity is extremely mod-
est. In addition, recent evidence is discussed that NE
and epinephrine, through stimulation of the b2-adre-
noreceptor-cAMP-protein kinase A pathway, inhibit
the production of type 1/proinflammatory cytokines,
such as interleukin (IL-12), tumor necrosis factor-a,
and interferon-g by antigen-presenting cells and T
helper (Th) 1 cells, whereas they stimulate the produc-
tion of type 2/anti-inflammatory cytokines such as
IL-10 and transforming growth factor-b. Through this
mechanism, systemically, endogenous catecholamines
may cause a selective suppression of Th1 responses
and cellular immunity, and a Th2 shift toward domi-
nance of humoral immunity. On the other hand, in
certain local responses, and under certain conditions,
catecholamines may actually boost regional immune
responses, through induction of IL-1, tumor necrosis
factor-a, and primarily IL-8 production. Thus, the ac-
tivation of SNS during an immune response might be
aimed to localize the inflammatory response, through
induction of neutrophil accumulation and stimulation
of more specific humoral immune responses, although
systemically it may suppress Th1 responses, and, thus
protect the organism from the detrimental effects of
proinflammatory cytokines and other products of ac-
tivated macrophages. The above-mentioned immuno-
modulatory effects of catecholamines and the role of

596 ELENKOV ET AL.

 by on July 4, 2009 
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org


SNS are also discussed in the context of their clinical
implication in certain infections, major injury and
sepsis, autoimmunity, chronic pain and fatigue syn-
dromes, and tumor growth. Finally, the pharmacolog-
ical manipulation of the sympathetic-immune inter-
face is reviewed with focus on new therapeutic

strategies using selective a2- and b2-adrenoreceptor
agonists and antagonists and inhibitors of phosphodi-
esterase type IV in the treatment of experimental mod-
els of autoimmune diseases, fibromyalgia, and chronic
fatigue syndrome.

I. Introduction

A. Overview

The brain and the immune system, or the “supersys-
tems”, a term recently coined by Tada (1997), are the two
major adaptive systems of the body. Although the im-
mune system has been often regarded as autonomous,
the last two to three decades provided strong evidence
that the central nervous system (CNS2) receives mes-
sages from the immune system and vice versa messages
from the brain modulate immune functions. Thus, the
brain and the immune system are involved in function-
ally relevant cross-talk, whose main function is to main-
tain homeostasis.

Two pathways link the brain and the immune system:
the autonomic nervous system (ANS) via direct neural
influences, and the neuroendocrine humoral outflow via
the pituitary. The general immunosuppressive and anti-
inflammatory effects of adrenal glucocorticoids, the end-

products of the hypothalamic-pituitary-adrenal (HPA)
axis, have been known for over 50 years. Evidence accu-
mulated over the last two decades indicates, however,
that the sympathetic nervous system (SNS), a major
component of the ANS, innervates all lymphoid organs
and that catecholamines (CAs), the end products of SNS,
modulate several immune parameters. Thus, primary
and secondary lymphoid organs are not only extensively
hardwired by noradrenergic nerve terminals but also
the immune cells, thereby the immune system is tuned
by norepinephrine (NE) released locally from nonsynap-
tic varicosities or circulating epinephrine secreted by the
adrenal medulla. Therefore, the SNS provides another
major integrative and regulatory pathway between the
brain and the immune system.

CAs, similar to glucocorticoids, have been often regarded
as immunosuppressive. Recently, however, there has been
accumulating evidence that both CAs and glucocorticoids,
under physiologic conditions or at levels that can be
achieved during stress, influence the immune response in
a less monochromatic way. This new understanding helps
explain some well known, but often contradictory, effects of
the neuroendocrine or stress system on the immunity and
on the onset and course of common human pathologic
conditions, such as infections, autoimmune/inflammatory,
allergic, and neoplastic diseases.

In the present overview, we shall attempt to provide a
summary of this evidence and to review current concepts
and ideas of how the SNS and the immune system in-
fluence each other, with a focus on the roles of the main
sympathetic neurotransmitter NE and the main sympa-
thoadrenal hormone epinephrine at the sympathetic-
immune interface. Emphasis has been placed on physi-
ological, functional, and pharmacological aspects of the
SNS-immune communication.

B. Historical Perspectives

Neuroscience and immunology developed independently
for many years. Thus, the question how the brain commu-
nicates with the immune system remained enigmatic until
comparatively recently. Evidence that lymphoid organs
are innervated dates back to the end of last century when
nerves, independent of blood vessels, were found to enter
lymph nodes (Tonkoff, 1899). Between 1880 and 1920,
J. N. Langley, in conjunction with H. K. Anderson, defined
the major functional features of the sympathetic and para-
sympathetic systems, showing how different effector tis-
sues were affected by segmental ventral root stimulation
(cf. Janig and McLachlan, 1992a). In 1898, Otto von Fürth

2 Abbreviations: CNS, central nervous system; Ab, antibody; AC,
adenylate cyclase; AP-1, activator protein 1; APC, antigen-present-
ing cell; ANS, autonomic nervous system; AR(s), adrenoreceptor(s);
ACTH, adrenocorticotropic hormone; ATD, autoimmune thyroid dis-
ease; bARK, b-adrenergic receptor kinase; BALT, bronchus-associ-
ated lymphoid tissue; BDNF, brain-derived neurotrophic factor;
BCDF, B cell differentiation factor; BSA, bovine serum albumin;
CaM, calmodulin; CaN, calcineurin; CAs, catecholamines; CD, clus-
ter of differentiation; CFS, chronic fatigue syndrome; CGRP, calci-
tonin gene-related peptide; CRE, cAMP-responsive element; CREB,
CRE-binding protein; CFU, colony forming units; CRH, corticotrop-
in-releasing hormone; DA, dopamine; DAG, diacylglycerol; DBH;
dopamine b-hydroxylase; DOPA, dihydroxyphenylalanine; EAE, ex-
perimental allergic encephalomyelitis; GALT, gut-associated lym-
phoid tissue; GRK, G-protein-coupled receptor kinase; GM-CFU;
granulocyte-macrophage colony forming units; HPA; hypothalamo-
pituitary-adrenal axis; IFN, interferon; IL, interleukin; JRA, juve-
nile rheumatoid arthritis; LC, locus ceruleus; LEW, Lewis rats; LPS,
lipopolysaccharide; MCP, monocyte chemotactic protein; ME, me-
dian eminence; MIP, macrophage inflammatory protein; MS, multi-
ple sclerosis; NE, norepinephrine; NK, natural killer cell; NO, nitric
oxide; NT3, neurotrophin 3; NGF, nerve growth factor; NPY, neu-
ropeptide Y; NF-AT, nuclear factor of activated T cell; NF-kB, nu-
clear transcription factor kB; 6-OHDA, 6-hydroxydopamine; PAF,
platelet-activating factor; PBMC, peripheral blood mononuclear
cells; PDE, phosphodiesterase; PGE, prostaglandin E; PI, phospha-
tidylinositol; PKA, protein kinase A; PKC, protein kinase C; PLC,
phospholipase C; PVN, paraventricular nucleus; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus; SRBC, sheep red
blood cell; SNS, sympathetic nervous system; SP, substance P; Tc, T
cytotoxic lymphocyte; Th, T helper lymphocyte; Ts, T suppressor
lymphocyte; TCR, T cell receptor; TEC, thymic epithelial cell; TGF,
transforming growth factor; TH, tyrosine hydroxylase; TNF, tumor
necrosis factor; TNP, trinitrophenyl; VIP, vasoactive intestinal pep-
tide.
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isolated a bioactive compound from animal tissue and
called this partly purified product “Suprarenin”. Three
years later, Takamine and Aldrich independently isolated
the responsible component in crystalline form (cf. Ben-
schop et al., 1996). Takamine named the substance, and
Aldrich found the correct formula (C9H13NO3). Thus,
about 100 years ago adrenaline (epinephrine) was the first
hormone to be isolated from tissue. During experiments in
1907, a by-product in the synthesis of adrenaline was iden-
tified. This substance, which became commercially avail-
able as “Arterenol” in 1908, was in fact noradrenaline
(norepinephrine), which would formally be discovered and
isolated from tissue 40 years later. Since the effects of
Arterenol were less pronounced than those achieved by
adrenaline, production was cancelled in 1910 (cf. Benschop
et al., 1996).

At the end of the last century and at the beginning of
this century Ilya Metchnicoff and Paul Ehrlich, respec-
tively, developed the concepts of cellular and humoral
immunity (see Paul, 1993), while Sherrington intro-
duced the concept of chemical neurotransmission (cf.
Vizi and Labos, 1991). Loeper and Crouzon (1904) were
the first to describe a pronounced leukocytosis after
subcutaneous injection of the adrenomedullary hormone
epinephrine in humans. Ishigami (1919) was probably
the first to indicate the role of the stress-immune system
interaction in alteration of the infectious process. In
1919, studying subjects suffering from chronic tubercu-
losis, he observed a decrease in the phagocytic activity of
leukocytes during the periods of greatest psychological
stress. In the 1920s Metal’nikov and Chorine (1926)
showed that immune reactions could be conditioned by
classical Pavlovian means. Later, anatomists used silver
staining to demonstrate that the thymus gland is inner-
vated (see Kendall and Al-Shawaf, 1991). However, at
this time, the thymus was regarded as a rudimentary
organ, whose function as a primary lymphoid organ of
the immune system would be discovered only 30 years
later. In the 1930s, Hans Selye described involution of
the thymus in animals exposed to stressors and devel-
oped the concept of stress response (Selye, 1936). Also in
the 1930s, physiologists like Walter Cannon called this
response “fight or flight” reaction and linked the adap-
tive response to stress with CA secretion and actions.
Cannon also emphasized the “generalized” sympathetic
response, or the “wisdom of the body” that occurs during
stress, contrasting this with more “discrete” functions of
parasympathetic pathways (see Chrousos and Gold,
1992; Janig and McLachlan, 1992a). At about the same
time, pharmacologists like Loewi and Dale, in pursuing
the concept of chemical synaptic transmission, mim-
icked the responses of peripheral organs to autonomic
nerve stimulation by applying substances that they
could extract from the same or other peripheral organs.

In the 1940s, von Euler (1946) isolated from a lymphoid
organ, the spleen, norepinephrine (NE) and later provided
evidence that NE is the major neurotransmitter released

from sympathetic nerves. However, in the next two de-
cades the spleen was often considered as a “blood reser-
voir”, and studies concerning the role of sympathetic in-
nervation of the spleen focused on its role in regulation of
splenic contraction (of the capsule, in rodents and certain
mammals), vascular resistance, and blood flow. This led to
the assumption, at this time, that NE-containing nerve
fibers in the spleen have no other functions. Interestingly,
in the 1950s, Dougherty and Frank (1953) noticed about a
400% increase within 10 min after subcutaneous injection
of epinephrine of what they called “stress-lymphocytes”.
These cells had the morphology of large granular lympho-
cytes or natural killer (NK) cells, whose function and char-
acteristics were described in the late seventies (see Ben-
schop et al., 1996).

Only in the 1970s and the 1980s, however, due to the
pioneering work of Hugo Besedovsky and coworkers, did it
become clear that classic hormones and newly described
cytokines are involved in functionally relevant cross-talk
between the brain and the immune system (Besedovsky et
al., 1975, 1979, 1986). They have shown that an immune
response induces an increase of plasma corticosteroid lev-
els (Besedovsky et al., 1975, 1981, 1986), alters the activity
of hypothalamic noradrenergic neurons (Besedovsky et al.,
1983), and drops the content of NE in the spleen (Bese-
dovsky et al., 1979; Del Rey et al., 1982). Also in the 1970s,
the first hormone receptor on lymphocytes was described
functionally, when it was reported that adrenergic agents
modulate lymphocyte proliferation (Hadden et al., 1970).
In the 1970s and 1980s, the first comprehensive morpho-
logical studies provided evidence that both primary and
secondary lymphoid organs are innervated by sympathet-
ic/noradrenergic nerve fibers (see text below). Further-
more, altered immune function has been induced by clas-
sical behavioral conditioning (Ader and Cohen, 1982), by
stressful stimuli (Keller et al., 1983; Cohen et al., 1991;
Chrousos, 1995), or by lesions in specific regions of the
brain (Carlson and Felten, 1989b). Finally, evidence was
obtained in experimental animals that the susceptibility to
autoimmune diseases is modulated by the activity of the
stress system (Sternberg et al., 1989a,b; Wilder, 1995) or
that stress mediators may exert both pro- and anti-inflam-
matory effects (Karalis et al., 1991; Chrousos, 1995). Thus,
in the last two decades we witnessed an explosive growth
of a new interdisciplinary research area that studies the
neuroimmune communication, or simply, the physiology
and pharmacology of the immune system.

II. Anatomy and Physiology of the Autonomic
Nervous System

A. Organization of the Autonomic/Sympathetic
Nervous System

The ANS regulates the function of all innervated tissues
and organs throughout the vertebrate body with the ex-
ception of skeletal muscle fibers. Thus, it forms the major
efferent component of the peripheral nervous system,
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containing integrative neuronal connections and even com-
plete reflex arcs. The ANS is largely autonomous (indepen-
dent) in that its activities are not under direct conscious
control. The ANS consists of three components: the sym-
pathetic (noradrenergic) and parasympathetic (cholin-
ergic) systems, which originate in the CNS (with cell bodies
in the brainstem and spinal cord); and the enteric system,
which lies within the wall of the gastrointestinal tract. The
most extensive and physiologically most diverse compo-
nent is the SNS, which sends axons to all parts of the body.
The enteric system, which contains a similar number of
neurons as the spinal cord (Furness and Costa, 1980),
regulates intestinal functions; this system is modulated by
projections from the sympathetic and the parasympathetic
systems (Vizi et al., 1991).

The sympathetic division originates in nuclei within the
brain stem and gives rise to preganglionic efferent fibers
that leave the CNS through the thoracic and lumbar spinal
nerves (“thoracolumbar system”). Most of the sympathetic
preganglionic fibers terminate in ganglia located in the
paravertebral chains that lie on either side of the spinal
column. The remaining sympathetic ganglia are located in
prevertebral ganglia, which lie in front of the vertebrae.
From these ganglia, postganglionic sympathetic fibers run
to the tissues innervated. Most postganglionic sympathetic
fibers release NE; they are noradrenergic fibers; i.e., they
act by releasing NE. The adrenal medulla contains chro-
maffin cells, embryologically and anatomically homologous
to the sympathetic ganglia in that they are derived from
the neural crest. The adrenal medulla, unlike the postgan-
glionic sympathetic nerve terminals, releases mainly epi-
nephrine, and to a lesser extent NE (the approximate ratio
is 4:1); the chromaffin cells of the adrenal medulla are
innervated by typical preganglionic sympathetic nerve ter-
minals, whose neurotransmitter is acetylcholine. Thus, the
principal end products of the SNS are NE and epinephrine,
called CAs (Fig. 1).

CAs are synthesized from tyrosine that is transported
into the noradrenergic ending or varicosity by a sodium-
dependent carrier. Tyrosine is converted to dihydroxyphe-
nylalanine (DOPA) (the rate-limiting step in the NE syn-
thesis) by the enzyme tyrosine hydroxylase (TH) and
finally to dopamine (DA), and a carrier that can be blocked
by reserpine transports dopamine into the vesicle. Dopa-
mine is converted to NE in the vesicle by dopamine-b-
hydroxylase (DBH). In the adrenal medulla, NE is further
converted to epinephrine. TH- and particularly DBH-im-
munostaining are often used as specific markers for nor-
adrenergic innervation in various organs.

B. Role of Sympathetic Nervous System and
Hypothalamo-Pituitary-Adrenal Axis in Maintaining
Basal and Stress-Related Homeostasis

Living organisms survive by maintaining an im-
mensely complex dynamic equilibrium of the internal
milieu or homeostasis, a term coined by Walter Cannon.
The systemic sympathetic and adrenomedullary (sym-

pathetic) system (SNS) and the HPA axis are the periph-
eral limbs of the stress system, whose main function is to
maintain both basal and stress-related homeostasis. At
rest CAs maintain homeostasis as major regulators of
fuel metabolism, heart rate, blood vessel tone, and ther-
mogenesis. When homeostasis is disturbed or threatened
by internal or external challenges, both the SNS and
HPA axis become activated, resulting in increased pe-
ripheral levels of CAs and glucocorticoids that act in
concert to keep the steady state of the internal milieu. In
the 1930s, Hans Selye defined this reaction as general
adaptation syndrome or stress response (Chrousos and
Gold, 1992). Any immune challenge that threatens the
stability of the internal milieu can be regarded as a
stressor; i.e., under certain conditions an immune re-
sponse can activate the stress system (Fig. 1). In fact,
the last 15 years have provided evidence that certain
cytokines, and particularly tumor necrosis factor
(TNF)-a, interleukin (IL)-1, and IL-6 activate both the
SNS and the HPA axis (Besedovsky et al., 1986; Chrou-
sos, 1995); (see also Fig. 1, long feedback loop between
the immune system and the brain).

Centrally, the two principal components of the general
adaptational response are the corticotropin-releasing
hormone (CRH) and the locus ceruleus-NE (LC-NE)/
autonomic (sympathetic) nervous system (Fig. 1). The
CRH system is best characterized in the paraventricular
nucleus (PVN) of the hypothalamus. The LC-NE/sympa-
thetic systems are located in the brain stem. Function-
ally, the CRH and LC/NE/sympathetic systems seem to
participate in a positive, reverberatory feedback loop so
that activation of one system tends to activate the other
as well (Chrousos and Gold, 1992). This includes projec-
tions of CRH-secreting neurons from the lateral PVN to
the sympathetic systems in the hindbrain, and con-
versely, projections of catecholaminergic fibers from the
LC-NE system, via the ascending noradrenergic bundle,
to the PVN in the hypothalamus. Activation of the
LC-NE system leads to release of NE from an extraor-
dinarily dense network of neurons throughout the brain,
resulting, centrally, in enhanced arousal and vigilance,
and peripherally, in increased sympathetic output, i.e.,
increase of the release of NE from the varicose sympa-
thetic nerve terminals and epinephrine from the adrenal
medulla.

III. Autonomic/Sympathetic Innervation of
Lymphoid Organs: Nonsynaptic Communication

Many organs of the body, such as heart and the gas-
trointestinal tract, receive both sympathetic (noradren-
ergic) and parasympathetic (cholinergic) innervation. It
is usual, however, for one type of innervation to predom-
inate over the other. Lymphoid organs, similar to blood
vessels, receive predominantly sympathetic/noradrener-
gic and sympathetic/neuropeptide Y (NPY) innervation
(cf. Madden et al., 1995). Histofluorescence studies done
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since the late 1960s have firmly established the presence
of noradrenergic nerves fibers in the lymphoid organs of
all species studied (Dahlström and Zetterström, 1965;
Zetterstrom et al., 1973; Reilly et al., 1976, 1979; Giron

et al., 1980; Williams and Felten, 1981; Bulloch and
Pomerantz, 1984; Felten et al., 1985; Kendall et al.,
1988). More recently, the presence of noradrenergic
innervation in lymphoid tissues was confirmed using

FIG. 1. Role of the SNS and the HPA axis in the bi-directional neuro-immune communication; activation of HPA axis and SNS by certain cytokines,
such as IL-1, TNF-a, and IL-6 (feedback loop from the immune system). Simplified scheme of the sympathetic-immune interface (lower panel): role
of different presynaptic receptors in modulation of the release of NE from the sympathetic nerve terminals in lymphoid organs; cotransmission of NE
and NPY and their role in regulation of blood flow and lymphocyte traffic, cotransmission of NE and DA; role of different receptors on target immune
cells in transmitting the message from CNS. Note that immune cells express mostly b-adrenoreceptors, see text for the other type of receptors and
conditions that determine their expression. Due to the space restraint and the number of immune cells as targets of the SNS input, different types
of lymphoid cells are not depicted, see text for details. Solid lines, neuronal projections; dotted lines, hormonal influences.
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specific immunohistochemistry for TH and DBH (Felten
and Olschowka, 1987; Fink and Weihe, 1988; Weihe et
al., 1991; Vizi et al., 1995; Kurz et al., 1997). Most of the
current knowledge about the innervation of lymphoid
organs is based on studies in rodents; relatively few data
are available for humans (for reviews see Felten et al.,
1985, 1988; Weihe et al., 1991).

A. Innervation of the Thymus

Light microscopic studies using histofluorescence
techniques revealed that postganglionic sympathetic
nerve fibers enter the thymus along with blood vessels
and distribute to the capsular and septal system; these
fibers form varicose plexuses in the subcapsular cortex
and at the corticomedullary junction; they are extremely
sparse in the medulla (Williams and Felten, 1981;
Felten et al., 1985; Kendall and Al-Shawaf, 1991; Kranz
et al., 1997; Cavallotti et al., 1999). The vast majority of
nerve profiles are localized around the vasculature and
limited to the cortex. Within the cortex, the densest
plexuses are found in the outer cortex, where immature
thymocytes reside and develop; the deep cortex, and
particularly the corticomedullary junction, an area im-
portant for immigration of thymocytes from the thymus,
is also richly innervated, mostly along the vasculature.
Interestingly, the distribution of mast cells within the
thymus parallels the distribution of noradrenergic fi-
bers; the mast cells being usually accumulated in
patches immediately adjacent to NE fibers in the
perivascular zone (Williams and Felten, 1981). Using
specific immunocytochemistry, both TH- (representing
the catecholaminergic nature of stained nerve profiles)
and DBH-immunostained (demonstrating the noradren-
ergic feature of stained nerve profiles) nerve fibers (stud-
ded with a large number of boutons) are seen in the
thymic capsule, subcapsular region, and connective tis-
sue septa (Vizi et al., 1995). The vast majority of immu-
noreactive nerve profiles are localized around the vas-
culature. Some TH- and DBH-stained fibers, running
along the thymic connective tissue septa, separately
from vessels, branch into the cortical parenchyma (Vizi
et al., 1995). At the ultrastructural level noradrenergic
varicosities are seen in proximity to thymocytes, mast
cells, fibroblasts, and eosinophils (Novotny et al., 1990;
Vizi et al., 1995). Catecholaminergic nerve fibers also
run in close contact to thymic epithelial cells (TEC) that,
similar to thymocytes and mast cells, also express b-ad-
renoreceptors (Vizi et al., 1995; Kurz et al., 1997). Since
TECs form the blood-thymus barrier in the outer thymic
cortex, these cells may be targets for circulating epi-
nephrine from the adrenal gland or NE released from
the perivascular nerves.

B. Innervation of the Spleen

The splenic nerve contains approximately 98% sym-
pathetic nerve fibers (Klein et al., 1982), and most stud-

ies suggest that the innervation of the spleen is predom-
inantly sympathetic. Noradrenergic postganglionic
innervation originates mainly in the superior mesenter-
ic/celiac ganglion, and the nerve fibers enter the spleen
around the splenic artery, travel with the vasculature in
plexuses, and continue along the trabeculae in trabecu-
lar plexuses (Williams and Felten, 1981). Fibers from
both the vascular and trabecular plexuses enter the
white pulp and continue mainly along the central artery
and its branches. Noradrenergic varicosities radiate
from these plexuses into the periarterial lymphatic
sheath. The greatest density of noradrenergic fibers in
the spleen is associated with the central artery of the
white pulp and associated periarterial lymphatic
sheath; dense linear arrays of varicosities extend away
from the periarterial plexus and travel into the paren-
chyma (Williams and Felten, 1981; Felten et al., 1985).
Sympathetic nerve fibers are present among cells in the
T-dependent area; macrophages and B cells residing in
the marginal zone and the marginal sinus, the site of the
lymphocyte entry into the spleen, also receive NE inner-
vation (Felten et al., 1985; Felten and Olschowka, 1987).
Innervation of the B cell-containing follicles is sparse
(Williams and Felten, 1981); the red pulp contains scat-
tered fibers, primarily associated with the plexuses
along trabeculae and surrounding tissues.

C. Innervation of Lymph Nodes and Tonsils

In lymph nodes, noradrenergic fibers enter at the hi-
lus with the vasculature, and distribute either into a
subcapsular nerve plexus or travel with blood vessels
through the medullary cords. These fibers run adjacent
to both vasculature and lymphatic channels in the me-
dulla and continue with small vessels into the paren-
chyma of paracortical and cortical regions (Felten et al.,
1984; Fink and Weihe, 1988). Within the nodes a large
part of the nerves distribute in the medullary and para-
cortical areas independently of blood vessels (Novotny
and Kliche, 1986). Noradrenergic fibers supply paracor-
tical and cortical zones (T cell-rich regions) but are ab-
sent from nodular regions and germinal centers, the B
cell-containing areas (Felten et al., 1984). In the human
palatine tonsils, noradrenergic fibers distribute along
the vasculature to form dense perivascular plexuses and
single fibers traveling in parafollicular areas. The epi-
thelium and lymphoid nodules are devoid of noradren-
ergic fibers (Yamashita et al., 1984; Bellinger et al.,
1992).

D. Innervation of the Bone Marrow

Data on bone marrow innervation are rare compared
with that on other lymphoid tissues. Generally nerves
enter the marrow accompanying arteries, travel with
the vascular plexuses deep in the marrow, arborize in
surrounding parenchyma, and end among hemato- and
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lymphopoietic cells. Most of the nerves supply the arte-
rial component of the marrow’s circulation, but there is
a substantial innervation of the sinusoidal parts and
parenchymal elements where they may influence hema-
topoiesis and cell migration (Felten et al., 1988). Re-
cently, immunoreactivity for TH, a marker for noradren-
ergic nerves was found around large vessels, with
occasional TH-positive fibers extending into the bone
marrow of mice. NPY immunopositive fibers were
smaller and less abundant than those for TH but were
found in a similar pattern (Tabarowski et al., 1996).
Sensory nerves containing substance P (SP) and calcito-
nin gene-related peptide (CGRP) also innervate the bone
marrow. Studies in rodents indicate that the develop-
ment of the innervation of bone marrow occurs late in
fetal life, just before the onset of hemopoietic activity
(Calvo and Haas, 1969; Miller and McCuskey, 1973).

E. Innervation of Mucosa-Associated Lymphoid Tissues

Gut-associated lymphoid tissue (GALT) and bron-
chus-associated lymphoid tissue (BALT) receive both
sympathetic and peptidergic innervation (Felten et al.,
1985; Weihe et al., 1991). The nerve network within
mucosal tissues is very extensive (Cooke, 1986; Bienen-
stock et al., 1989). It has been calculated that the num-
ber of nerve cell bodies present in the gastrointestinal
tract is equivalent to that found in the spinal cord (Fur-
ness and Costa, 1980). Neuropeptides are found in very
large amounts in these tissues, particularly SP, vasoac-
tive intestinal peptide (VIP), and somatostatin (Cooke,
1986). Although this issue is not extensively studied, the
available information suggests that in GALT including
Peyer’s patches that represent clusters of lymphoid nod-
ules in the intestines, and the appendix of the rabbit,
varicose noradrenergic fibers arborize profusely in the
interdomal region of the lamina propria. Here, fibers
follow small vessels and branch freely in the paren-
chyma among fields of lymphoid cells, usually not in
association with blood vessels (Bellinger et al., 1992).
Nerves predominate in T cell zones of lymphoid aggre-
gates, where they contain neuropeptides and the sym-
pathetic neurotransmitter NE. Interestingly, as in other
lymphoid tissues, intestinal mucosal mast cells lying
immediately under the epithelium are apparently selec-
tively associated with enteric nerves, and this is not a
random finding (Cooke, 1986). In these tissues, the nor-
adrenergic varicosities are also adjacent to serotonergic
enterochromaffin cells (Felten et al., 1985). In addition,
the nasal mucosa receives tonic discharges from the
sympathetic nerves but not from the parasympathetic
nerves. Although recent evidence suggests that sympa-
thetic nerve stimulation may up-regulate immunoglob-
ulin (Ig)A secretion in the submandibular glands (Car-
penter et al., 1998), as a whole there is almost complete
lack of information of how the sympathetic innervation
and endogenous CAs may affect mucosal immunity. In-

terestingly, mucosal immune responses tend to bias to-
ward T helper (Th) 2 responses (Ernst et al., 1999). Since
CAs and the mast-cell product histamine mediate a Th2
shift (Elenkov et al., 1996, 1998; Wilder and Elenkov,
1999) (see Section X.) an interesting hypothesis to pur-
sue is whether locally released biogenic amines might
contribute to the dominance of the Th2 responses ob-
served in these tissues.

F. Coexistence Patterns

Double immunofluorescence reveals the coexistence of
DBH-(noradrenergic) and NPY-like immunoreactivity in
sympathetic nerve fibers of lymphoid organs (Lundberg
et al., 1988). Klein et al. (1982) have demonstrated that
NE is also co-stored with opioid peptides in the popula-
tion of large dense-cored noradrenergic vesicles of the
spleen, although no evidence, so far, is available of co-
release of opioids and NE from the sympathetic nerve
fibers of lymphoid organs.

G. General Pattern of the Autonomic/Sympathetic
Innervation of Lymphoid Organs

Sympathetic/noradrenergic and sympathetic/NPY
postganglionic nerve fibers innervate both the smooth
muscle of the vasculature and the parenchyma of spe-
cific compartments of primary and secondary lymphoid
organs (Felten et al., 1985). Both noradrenergic and
NPY nerve fibers and their varicosites do travel in plex-
uses that run adjacent to smooth muscle cells of the
blood vessels in lymphoid organs; it is therefore possible
that both NE and NPY, released from these fibers, play
a role in controlling blood flow to these organs and may
influence lymphocyte traffic (Fig. 1). However, norad-
renergic fibers also travel with smaller vessels that are
devoid of smooth muscle cells. In addition, some norad-
renergic fibers are present in the parenchyma of lym-
phoid organ tissue that are not associated with blood
vessels (Felten et al., 1985; Vizi et al., 1995). Thus, NE
released from perivascular or parenchymal nerve fibers
may affect lymphoid cells and exert an immunomodula-
tory role. Noradrenergic innervation of lymphoid tissue
appears to be regional and specific; generally, zones of T
cells, macrophages, and plasma cells are richly inner-
vated, while nodular and follicular zones of developing
or maturing B cells are poorly innervated (Felten et al.,
1985). The main target cells of the noradrenergic inner-
vation appear to be immature and mature thymocytes,
TEC, T lymphocytes, macrophages, mast cells (Blenner-
hassett and Bienestock, 1998), plasma cells, and entero-
chromaffin cells. Noradrenergic nerve fibers, particu-
larly in the thymus, are closely associated with mast
cells in both perivascular and parenchymal zones, sug-
gesting a possible humoral role for NE and histamine in
the development of T cells in the thymus. Noradrenergic
innervation is present early in the development, and
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their arrival generally precedes the development of the
cellular compartment of the immune system suggesting
a role for NE in maturation of the immune system (see
Section VII.).

H. Spatial Relationships with Peptidergic Innervation

In addition to the autonomic/sympathetic innervation,
all lymphoid organs also receive sensory peptidergic in-
nervation that is confined mostly to the parenchyma
(Weihe et al., 1991). The most abundant peptides are
tachykinins (substance P, neurokinin A), CGRP, and
vasoactive intestinal polypeptide/peptide histidine iso-
leucine (VIP/PHI). Double immunofluorescence reveals
coexistence of tachykinins with CGRP and of TH and
NPY. The coexistence of peptides with peptides and of
NPY with markers of the catecholamine pathway con-
forms to the general scheme described for the peripheral
innervation of other organs. Similar to other organs, the
tachykinins/CGRP fibers most likely have sensory ori-
gins. As a general pattern, and as in the case of norad-
renergic innervation, a close spatial relationship be-
tween peptidergic nerve fibers and mast cells, T cells
and macrophages is observed (Weihe et al., 1991). Pep-
tidergic nerves also appear to be sparse in pure B cell
regions. Neuromast cell contacts are relatively often
seen in all lymphoid organs, with the exception of the
spleen (Weihe et al., 1991). Mast cells bear receptors for
SP that, after stimulation, trigger release of histamine
and other factors such as leukotrienes; NE, however,
through stimulation, respectively of a- and b2-adrenore-
ceptors is known to stimulate and inhibit, respectively,
the release of histamine from mast cells (Kaliner et al.,
1972; Tomita et al., 1974). Thus, apart from their direct
immunomodulatory effects, NE released form postgan-
glionic noradrenergic nerve terminals or SP antedromi-
cally released from sensory nerves may exert an impor-
tant immunomodulatory role, indirectly, via modulation
of histamine release from mast cells in the parenchyma
of lymphoid organs.

I. Neuroimmune Connection in Nonorganized
Lymphoid Compartments

Neuromast cell connections and neuromacrophage
connections, as well as neuro-T cell contacts, are not
restricted to the preformed lymphoid organs and tissues,
but are also regularly encountered in virtually all so-
matic and visceral tissues (Weihe et al., 1991). T cells,
macrophages, and mast cells are regularly seen in any
peripheral nerve and in both sympathetic and sensory
ganglia. In the skin postcapillary venules, macrophages,
mast cells, and peptidergic nerves, stained for tachyki-
nins and CGRP, form a typical quadruplet, whereas in
the outer wall of larger blood vessels, TH/NPY fibers
also join in to form neuromast cell and neuromacrophage
interrelations. Furthermore, close interrelations but no
coincidence of TH/NPY-immunoreactivity and of SP/

CGRP fibers are frequently observed in perivascular
regions (Weihe et al., 1991).

IV. Nonsynaptic Release of Norepinephrine in
Lymphoid Organs: Presynaptic Modulation and

Effect of Drugs

A. Evidence for Neural Release of Norepinephrine (and
Dopamine) in Lymphoid Organs

Whereas endocrine signaling depends on blood-borne
access of hormones to immune cells, neurotransmitter
signaling depends on local availability of the specific
neurotransmitter from neural release. Neural release is
achieved when the propagated electrical signal reaching
the axon terminal triggers a depolarization that causes
the release of neurotransmitter, provided that [Ca21]o is
available (Fig. 1). Recently, several studies using blood-
perfused pig spleen in vivo, or medium-perfused Atlantic
cod and rat spleen in vitro, demonstrated that the sym-
pathetic nerve terminals in the spleen are able to store,
take up, and, subsequently, release NE in response to
field stimulation (Lundberg et al., 1989b; Ehrenstrom
and Ungell, 1990; Elenkov and Vizi, 1991). Using an in
vivo microdialysis technique NE levels can be monitored
in the spleen of conscious rats (Shimizu et al., 1994).
Splenic content of NE has been depleted up to 95%
(depending on the species and the strain) by the norad-
renergic neurotoxin 6-hydroxydopamine (6-OHDA), in-
dicating that most splenic NE is of neuronal origin (cf.
(Felten and Olschowka, 1987). More recently we have
demonstrated that the rat thymus takes up and releases
substantial amounts of NE (Hasko et al., 1995b; Vizi et
al., 1995). The release of NE in lymphoid organs, both in
vitro and in vivo, is [Ca21]o- and frequency-dependent
and a tetrodotoxin-sensitive process, thus indicating its
neuronal origin. In addition, the inhibition of vesicular
storage of CAs by reserpine results in blockade of the
release of NE evoked by field stimulation (Vizi et al.,
1995), suggesting that the release of NE in the thymus is
of vesicular origin.

The existence of DA receptors on several cell lines of
the immune system, including those found in the spleen,
has been shown (Santambrogio et al., 1993), and func-
tional studies have suggested that DA receptors on im-
munocytes of the spleen may have a role in the regula-
tion of immunocompetence (Won et al., 1995). The
possible source of immunoregulatory DA in the spleen
has been found (Bencsics et al., 1997b). In view of the
lack of dopaminergic innervation, plasma DA (Van Loon,
1983) or DOPA (Kvetnansky et al., 1992) could be a
candidate (see Fig. 1).

It was shown (Bencsics et al., 1997b) that the norad-
renergic axon terminals in the spleen are able to take up
DA from the circulation, convert it in part into NE, and
release it as both DA and NE in response to neural
activity. The ratio of [3H]DA and [3H]NE in the spleen
loaded with [3H]DA was found to be dependent on both
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temperature and time of loading, and could be modu-
lated by various drugs such as desmethylimipramine,
a NE uptake blocker, and disulfiram or fusaric acid,
dopamine b-hydroxylase inhibitors. This phenomenon
may reveal a new mechanism by which immunocytes in
the spleen can be regulated by the neuroendocrine sys-
tem. Therefore, it is suggested that under physiological
conditions, the source of DA being taken up by norad-
renergic terminals can be circulating DA, especially dur-
ing stress, since exposure of an organism to any of a
variety of stressors that increase sympathetic tone is
accompanied with an increase in plasma concentrations
of DA (Van Loon, 1983).

Electrical stimulation of the splenic nerves induces
frequency-dependent output of NPY-like immunoreac-
tivity and NE, suggesting co-release of these neurotrans-
mitters (Lundberg et al., 1989c) (Fig. 1). As in other
organs, the classical neurotransmitter NE is preferen-
tially released from small storage vesicles at low fre-
quency, whereas at higher frequency, an increased pro-
portion of large dense-cored vesicles release both NPY
and NE (Lundberg et al., 1989c). Thus, during resting
conditions little NPY is released, whereas in situations
of high sympathetic activity, the contribution of NPY
becomes more important. Although in many tissues,
ATP is co-stored with NE and NPY in the large dense-
cored vesicles of sympathetic nerve terminals, so far, no
evidence is available to support release or co-release of
ATP with NE from these terminals in lymphoid organs.

B. Norepinephrine Is Released and Affects Immune
Cells Nonsynaptically

Since Sherrington’s classic work in 1906 it has become
a doctrine of neurophysiology that the synapse, a part of
the surface of separation between neurons, is the pri-
mary site of neuronal information processing (Tansey,
1997). Thus, the chemical substances are released by
depolarization from the axon terminals across the syn-
aptic cleft (about 15–100 nm) and act on the postsynap-
tic membrane equipped with receptors. Now, however, it
is clear that, in contrast to some regions of the CNS and
particularly to the neuromuscular junction, where clas-
sical synapses are observed, postganglionic neurons in
the periphery innervating blood vessels, vas deferens,

and smooth muscle terminate in a network of varicose
areas (boutons en passant) that lack synaptic contact
with their target cells (cf. Vizi 1984a,b, 2000; Vizi and
Labos, 1991). Similarly, in Auerbach’ plexus of the gut,
or the cerebral cortex where noradrenergic axon termi-
nals do not make synaptic contacts with cholinergic axon
terminals, NE should diffuse over relatively long dis-
tances before modulating the release of acetylcholine
from the cholinergic neurons. It has been shown (cf. Vizi
and Kiss, 1998; Vizi, 2000) that in the CNS the mono-
amines (NE, dopamine, serotonin) released from non-
synaptic varicosities into the extracellular space, diffus-
ing far away from the release sites, make functional
interactions with other neurons without making synap-
tic contacts. NE exerts its effect through nonsynaptic,
high-affinity a2-ARs (Vizi, 2000). Thus, many of the
neurotransmitters, especially the monoamines and pep-
tides, show a release profile that is halfway between
specific synaptic neurotransmission and relatively non-
specific endocrine secretion. This release profile is re-
ferred to as “nonsynaptic” (Vizi, 1979, 1980, 1984, 1991,
2000; Vizi and Labos, 1991; Vizi and Lendvai, 1999).

Nonsynaptically, the neurotransmitter is released
from free nerve endings into a large extraneuronal
space, with no postjunctional specializations, and hence,
the neurotransmitter diffuses a considerable distance
(sometimes this could be more than 1 mm) before inter-
acting with its receptors on target cells (Vizi, 1980,
1984a,b, 2000; Vizi and Labos, 1991; Vizi and Kiss,
1998). Conversely, in the case of classical synaptic neu-
rotransmission, e.g., at the neuromuscular junction, the
distance between release sites and the postsynaptic re-
ceptor is much shorter. The nonsynaptic neurotransmis-
sion is relatively slow and tonic, while the synaptic neu-
rotransmission is short and phasic (Table 1).

This slow interaction should be distinguished from the
very slow, hormone-mediated humoral control. In the
time domain from 100 msec to several minutes such
“slow” tuning effects seem very conceivable; moreover,
they would appear to be useful in controlling autonomic
functions and the balance between the sympathetic and
parasympathetic nervous system.

Although some occasional “synaptic-like” contacts
have been described in the spleen (Felten and Ol-

TABLE 1
Differences between the classical synaptic and the nonsynaptic interactiona

Synaptic Nonsynaptic

Type of communication One-to-one One-to-many
Delay Short (100–200 msec) Long (.1 s)
Action (duration) Short (msec) and phasic Long (min) and tonic
Discrimination Dependence of the presence of receptors
Sensitivity of receptors Low affinity High affinityb

Agonist concentration in the vicinity of receptors mM nM–mM
Chemical agent has to Cross the gap (5–20 nm) Diffuse distances of some micrometers
Morphological characteristics of presynaptic modulation Axo-axonic synapse (post-junctional

specializations)
Free nerve endings, varicosities (no post-junctional

specializations) mismatch of release site/receptor
a Modified from Vizi and Labos, 1991 and Vizi and Kiss, 1998.
b For an explanation see Vizi, 2000.
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schowka, 1987), most of the ultrastructural studies
reveal that noradrenergic fibers in lymphoid organs are
confined to the connective tissue septa and do not make
“classical” synaptic contacts with target cells. Thus, for
example in the thymus, some of these connective tissue
septa are extremely fine, sometimes 1 mm or less. They
invest thymic “microlobules” and, thus, penetrate far
into the parenchyma (Novotny and Kliche, 1986; No-
votny et al., 1990; Vizi et al., 1995). These septa are
clearly delineated in the juvenile animals, but indistinct
in the aged rats, thus creating sometimes the “spurious
impression” using light microscopy that parenchymal
cells receive direct innervation (Novotny et al., 1990). In
fact, ultrastructural studies failed to observe classical
synapses between thymocytes and neuronal elements in
the rat thymus (Novotny and Kliche, 1986; Novotny et
al., 1990; Saito, 1991; Vizi et al., 1995). This is substan-
tiated by the observation that noradrenergic nerve fi-
bers, along the thymic tissue septa, branch into the
parenchyma and some of the septal NE nerve terminals
are about 200 nm from the surface of thymocytes (Vizi et
al., 1995).

Similarly, in the spleen, a recent ultrastructural study
reveals that the innervation is confined to the connective
tissue system, which includes the capsulo-trabecular,
peri-vascular and reticular systems. All components of
the connective tissue system are continuous with each
other, and the nervous elements appearing in the retic-
ular system are the elongated ones from other connec-
tive tissue systems, especially peri-vascular connective
tissue. It has been proposed that the minute connective
tissue space of the reticular system serves as a NE canal.
NE is released from the noradrenergic nerve varicosities
in this tissue, diffuses, and is temporary stored in this
enclosed space (Saito, 1991). The reticular system in the
spleen divides the parenchyma into small nonendothe-
lial vascular spaces with its own meshwork, and free
mobile immunocytes stagnate in these spaces. This stag-
nation of the mobile immunocytes and the presence of
the noradrenergic nerves in the NE canals provide an
opportunity for the immunocytes and nerves to meet
each other (Saito, 1991).

The nerve-target interactions in lymphoid organs
have not been studied in detail. However, as in general,
in the periphery, it appears that in lymphoid organs NE
is also released nonsynaptically, i.e., from varicose axon
terminals, which do not make synaptic contacts. More-
over, NE released from perivascular or connective tissue
septa plexuses of nerve terminals diffuse away through
surrounding adventitia or collagenous fibrils, in a para-
crine fashion. Thus, adrenoreceptors on immune cells
are targets of remote control, and, thus, NE, may play a
modulatory role in signal transmission at the sympa-
thetic-immune interface (Vizi et al., 1995). Similar non-
synaptic transmission may operate in the blood vessel
wall (between varicose nerve terminals and smooth
muscle cells) of these organs, where NE and NPY might

be involved, as already mentioned, in regulation of blood
flow and lymphocyte traffic. This is substantiated by a
recent ultrastructural observation that the distance be-
tween a naked axon and a smooth muscle cell of arte-
rioles and muscular venules in the lymph nodes ranges
from 100 to 800 nm (Villaro et al., 1987).

C. Presynaptic Modulation of Norepinephrine Release
in Lymphoid Organs: Effect of Drugs

The release of transmitters from varicose axon termi-
nals in response to action potentials is a very random
process subject to presynaptic modulation through stim-
ulation of receptors located on the varicose axon termi-
nals (Vizi, 1979; Starke, 1981; Stjärne et al., 1990; Vizi
et al., 1991; Vizi and Labos, 1991). These presynaptic
receptors can be classified as auto-, homo-, and hetero-
receptors depending on the origin of the transmitters
and localization of the receptors. Autoreceptors receive
messages by transmitter released from the same neu-
ron. They are involved in negative or positive feedback
modulation. Homoreceptors receive signals from the ad-
jacent neuron, whose transmitter is the same as the
neuron where the homoreceptors are located. The homo-
receptors can also serve as autoreceptors. Heterorecep-
tors are located on axon terminals that do not manufac-
ture transmitters capable of exerting an effect on these
receptors. These receptors receive messages by trans-
mitters from other neurons.

Whereas autoreceptors play a role in keeping the re-
lease constant, heteroreceptors are involved in interneu-
ronal communication, in cross-talk between neurons at
the presynaptic level. Since none of the transmitter/
modulator substances tested have any receptor-medi-
ated effect on the propagation of action potentials in
nerve trunks, the site of their action is on the axon
terminals. The activation of presynaptic receptors lo-
cated on the axon terminals may interfere with pro-
cesses involved in the transmitter release. The signifi-
cance of the presynaptic modulation is that the input to
the postsynaptic cell can be selectively modulated with-
out changing the excitability of the effector cell as a
whole (Vizi et al., 1991). In many tissues, the noradren-
ergic nerve terminals are equipped with auto-, homo-,
and heteroreceptors sensitive to different endogenous
and exogenous ligands or drugs (Table 2).

Both in the periphery and some regions of the CNS,
NE released from noradrenergic axon terminals reduces
its own release evoked by the subsequent stimuli (neg-
ative-feedback modulation) through stimulation of pre-
synaptic a2-adrenoreceptors (cf. Vizi, 1979; cf. Starke,
1981). a2-ARs have been divided into three subtypes
(a2A,a2B, and a2C) on the basis of pharmacological and
molecular cloning evidence (Bylund et al., 1994; Kable et
al., 2000). The negative feedback phenomenon also op-
erates in lymphoid organs. We have demonstrated that
both in the rat spleen and thymus, in an in vitro perfu-
sion system, the application of highly selective a2-AR
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antagonists and prazosin, an a2C-subtype selective AR
antagonist (cf. Docherty, 1998) results in a significant
increase in stimulation-evoked release of NE (Elenkov
and Vizi, 1991; Vizi et al., 1995; Hasko et al., 1995b). The
release is enhanced because it escapes from the negative
feedback modulation exerted by NE itself. Vice versa,
when a selective a2-AR agonist is applied, the release of
NE is inhibited (Elenkov and Vizi, 1991). This indicates
that the noradrenergic axon terminals in the rat spleen
and thymus are equipped with presynaptic a2C-ARs (Ta-
ble 3) and that the release of NE from these noradren-
ergic nerve terminals is under tonic inhibition by the
endogenously released NE.

The noradrenergic nerve terminals of the spleen and
the thymus are also equipped with presynaptic M-mus-
carinic-, N-nicotinic-, P1-purinergic (A1) and PGE2-pros-
taglandin E2 heteroreceptors (Elenkov and Vizi, 1991;
Hasko et al., 1995b). Stimulation of presynaptic M-mus-
carinic (by acetylcholine or selective drugs), P1-(A1, ad-
enosine-sensitive), and PGE2 receptors reduces the re-
lease of NE, whereas the stimulation of presynaptic
N-nicotinic (acetylcholine, nicotine) receptors releases
NE from the varicosity (cf. Wonnacott, 1998; Vizi and
Lendvai, 1999) and increases the stimulation-evoked re-
lease of NE, i.e., NE released in response to neuronal
firing. Additional evidence indicates that in the spleen
opioid receptors (the subtype has not been clarified),
NPY2, b2-ARs, and D2 receptors (Gaddis and Dixon,

1982; Lundberg et al., 1989a; Sato et al., 1992; Bencsics
et al., 1997b) can also participate in the modulatation of
the release of NE (Table 2). Through these receptors the
release of NE (i.e., the message from the CNS to these
lymphoid organs) can be modulated by endogenous li-
gands (e.g., NE, epinephrine, dopamine, NPY, opioids,
prostaglandin E2, adenosine, etc.) or by drugs present in
the circulation (Fig. 1).

D. Release of Neuropeptide Y and Its Action on
Immune Cells

NPY is a 36-amino acid peptide that acts as a neuro-
transmitter and neuromodulator in the CNS and the
peripheral nervous system. NPY-positive nerve fibers
are present in all lymphoid organs (Lundberg et al.,
1988; Weihe et al., 1989; Weihe et al., 1991). These fibers
predominantly supply the vasculature, where they
mainly occur as perivascular plexuses and both NE and
NPY, released from these fibers, control blood flow and
may affect lymphocyte traffic. They branch off only
rarely to run into the lymphoid parenchyma (Felten et
al., 1985). Evidence was obtained that both NE and NPY
are released together (Lundberg et al., 1989c) (Fig. 1). A
few reports suggest that lymphoid cells might also ex-
press NPY receptors. Thus, in vitro, NPY suppresses
human NK cell activity (Nair et al., 1993), whereas low
levels of mRNA for NPY-Y1 was found in rat splenic
lymphocytes (Petitto et al., 1994). Thus, overall, the
precise expression and function of a-ARs, DA, and NPY
receptors on different lymphocyte/leukocyte subpopula-
tions await further studies.

V. Systemic and Local Effects of Cytokines on
Sympathetic Nervous System Activity

A. Systemic Effects: Long Feedback Loop between the
Immune System and the Brain

In the 1970s Besedovsky and coworkers provided the
first evidence that the immune system and its products
can signal the CNS. Thus, immunization with sheep red
blood cells (SRBC), administration of lymphocyte-condi-
tioned medium or IL-1 in animals, induced an increase
of plasma corticosteroid levels, altered the activity of
hypothalamic noradrenergic neurons, and dropped the
content of NE in the spleen (Besedovsky et al., 1979,
1983, 1986; Del Rey et al., 1982). Later, it become clear

TABLE 2
Role of some presynaptic inhibitory and stimulatory receptors in Ca21-
dependent transmitter release from noradrenergic axon terminals in the

CNS and peripherya

Receptor Ligand Receptor Subtype Effect

Norepinephrine a2
b (A and C) Inhibition

b2 (spleenb) Potentiation
Acetylcholine M1 Potentiation

M2
b (M3) Inhibition

Nb (neuronal) Potentiation
Neuropeptide Y Y2 (spleenb) Inhibition
Dopamine D2 (spleenb) Inhibition
Adenosine A1

b Inhibition
ATP P2 Potentiation
Opioid peptideb m Inhibition

d Inhibition
k Inhibition

Prostaglandin PGE2 (thymusb) Inhibition
Serotonin 5-HT1B Inhibition

a Modified from Vizi et al. (1991).
b Receptors whose function has also been established in the spleen and the

thymus (see text).

TABLE 3
Subtype of a2-adrenoreceptor responsible for the negative feedback modulation of NE release in the periphery and the central nervous system

Organ Subtype of a2-AR References

Periphery Spleen a2C
a Elenkov and Vizi, 1991

Thymus a2C
a Hasko et al., 1995b

Ileum a2C
a Blandizzi et al., 1993

Central nervous system Cortex a2A Trendelenburg et al., 1996
Hippocampus a2A Kiss et al., 1995
Spinal cord a2A Umeda et al., 1997

a Earlier it was designated as a2B-ARs, because prazosin increased the release of NE, but it has recently been shown that prazosin is an a1 and a2B/C antagonist (cf.
Docherty, 1998), and it was shown, using gene substitution/knockout mice, that a2B-ARs are located postsynaptically (cf. Hein et al., 1998). Therefore it seems very likely
that the a2C-subtype of presynaptic a2-ARs is involved in the negative feedback modulation of NE release.
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that during an immune response certain cytokines, such
as IL-1, IL-6, and TNF-a can signal the brain, which
through a complex CRH-dependent pathway, triggers
activation of both the SNS and the HPA axis (Berken-
bosch et al., 1987; Sapolsky et al. 1987; Dunn, 1988;
Elenkov et al., 1992b; Kovacs and Elenkov, 1995). Thus,
administration of IL-1 in the periphery increases the
turnover of NE in the hypothalamus (Dunn, 1988, 1998;
Zhang et al., 1998; Dunn et al., 1999) and raises periph-
eral plasma (Berkenbosch et al., 1989) and CNS (Dunn
et al., 1999) NE metabolism and extracellular levels;
intracerebroventricular (i.c.v.) and peripheral injection
of interferon (IFN)-a or IL-1b produces a long-lasting
increase of the sympathetic activity of the splenic nerve
and an increased turnover of NE in the spleen (Katafu-
chi et al., 1991); as a result, the release of NE in the
spleen is enhanced, as indicated by a recent in vivo
microdialysis study (Shimizu et al., 1994). It has been
shown (Zhang et al., 1998) that i.c.v. infusion of CRF
increases extracellular concentration of NE in the hip-
pocampus and cortex as determined by in vivo voltam-
metry. Thus, the SNS, similar to HPA axis (Besedovsky
et al., 1986), is involved in a long feedback loop between
lymphoid organs and CNS. The afferent limb of this loop
seems to operate by blood-borne cytokines that, via cir-
culation or through the afferents of the vagus nerve
(Maier et al., 1998), activate the central components of
the stress system. The efferent loop consists of the SNS,
its projections to lymphoid organs and the release of NE
from the sympathetic nerve terminals in these organs.
This feedback loop seems to be a regulatory one, since
i.c.v. infusion of IL-1b or IFN-a rapidly decreases pe-
ripheral and splenic NK cell activity and suppresses the
mitogen response and the production of IL-1 and IL-2 of
splenic cells (Sundar et al., 1989; Brown et al., 1991).
These effects depend upon intact splenic sympathetic
innervation (Sundar et al., 1990; Brown et al., 1991),
whereas direct splenic nerve stimulation results in re-
duced NK activity (Katafuchi et al., 1993).

Distinct functional pathways exist within the ANS
and SNS, i.e., ANS consists of a set of subdivisions,
innervating different effectors, each of which is con-
trolled by specific reflex mechanisms related to the func-
tion of the effector. This has been firmly established for
the lumbar sympathetic nervous system to skin, skeletal
muscle and viscera, and for the thoracic sympathetic
outflow to the head and for several parasympathetic
systems (Janig and McLachlan, 1992a,b).

The function-specific unit(s) that are involved in the
activation of the SNS during an immune response, their
properties and behavior, are not fully understood. How-
ever, the above-mentioned observations suggest that the
inflammatory/immune response may actually activate
different pathways of SNS, as compared with other
stressors or stimuli. This is substantiated by the obser-
vation that the content of NE in the rat spleen drops
during the peak of the immune response to immuniza-

tion with SRBC; however, the content of NE in the heart
remains unchanged (Besedovsky et al., 1979). Similarly,
an intravenous administration of IL-1b results in a dose-
dependent long-lasting increase of the sympathetic ac-
tivity of the splenic and adrenal nerves; however, the
activity of renal nerves shows only a transient increase,
which is followed by a long-lasting suppression (Niijima
et al. 1991; Elenkov, 1993). Endotoxin impedes vasocon-
striction in the spleen (Rogausch et al., 1997). A recent
study by Terao et al. (1994) demonstrated that intraperi-
toneal or i.c.v. injection of IL-1 accelerated NE turnover
in the spleen, lung, diaphragm, and pancreas without
appreciable effects in other organs examined. IL-6, how-
ever, did not affect NE turnover in every organ exam-
ined, in contrast to its substantial effect on plasma cor-
ticosterone levels. Thus, it appears that each immune
response, similar to different stressors (see Pacak et al.,
1998), may have its own specific central neurochemical
and peripheral neuroendocrine “signature”.

B. Local Effects of Tumor Necrosis Factor-a and
Interleukin-1

The above-mentioned data suggest that systemati-
cally administered TNF-a and IL-1 trigger centrally the
sympathetic output that results in an increase of NE
turnover in several lymphoid and nonlymphoid organs
in the periphery. In apparent contrast, the local effect of
these cytokines might be different. Thus, we have shown
that TNF-a inhibits the stimulation-evoked release of
NE from isolated rat median eminence (ME) (Elenkov et
al., 1992a). The ME is a hypothalamic structure not
protected by blood-brain barrier; here neurosecretory
projections, such as CRH from the PVN, terminate and
control hormone secretion from the anterior pituitary.
Noradrenergic varicosities in the ME are not equipped
with a2-presynaptic-ARs (Vizi et al., 1985). However,
this hypothalamic structure expresses high-density a2-
ARs that are exclusively located on the axon terminals of
the hormone-containing neurons (Plotsky et al., 1989).
Because NE released in this region might exert tonic
inhibitory control on hormone release through stimula-
tion of a2-ARs (Vizi et al., 1985; Plotsky et al., 1989), it
was suggested that TNF-a, by inhibiting NE release
(i.e., by disinhibition of this control), might trigger an
increase of CRH release and subsequently an increase of
ACTH from the anterior pituitary (Elenkov et al.,
1992a). Recently, evidence was obtained that TNF-a was
also able to inhibit the release of NE in rat hippocampus
(Ignatowski and Spengler, 1994; Ignatowski et al.,
1997). The regulation of NE release in this structure by
TNF-a appears to be associated with an alteration of
a2-ARs responsiveness. Administration of the antide-
pressant desipramine to rats for 2 weeks transformed
the presynaptic TNF-a response. It was suggested that
this mechanism might play a role in the delayed clinical
effect of this drug (Ignatowski and Spengler, 1994). In
contrast, local administration of IL-1b by intracerebral
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