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Abstract-During the last 20 years, mutual communications between the immune, the endocrine and the
nervous systems have been defined on the basis of physiological, cellular, and molecular data. Nevertheless,
a major problem in the new discipline ‘GPsychoneuroimmunology” is that controversial data and
differences in the interpretation of the results make it difficult to obtain a comprehensive overview of the
implications of immunoneuroendocrine interactions in the maintenance of physiological homeostasis, as
well as in the initiation and the course of pathological conditions within these systems. In this article, we
will first discuss the afferent pathways by which immune cells may affect CNS functions and, conversely,
how neural tissues can influence the peripheral immune response, We will then review recent data, which
emphasize the (patho)physiological roles of hippocampal–amy gdala structures and the nucleus accumbens
in neuroimmunomodulation. Neuronal activity within the hippocampal formation, the amygdaloid body,
and the ventral parts of the basal ganglia has been examined most thoroughly in studies on neuroendocrine,
autonomic and cognitive functions, or at the level of emotional and psychomotor behaviors. The interplay
of these limbic structures with components of the immune system and vice versa, however, is still less
defined. We will attempt to review and discuss this area of research taking into account recent evidences
for neuroendocrine immunoregulation via Iimbic neuronal systems, as well as the influence of cytokines
on synaptic transmission, neuronal growth and survival in these brain regions. Finally, the role of Iimbic
structures in stress responses and conditioning of immune reactivity will be commented. Based on these
data, we propose new directions of future research. ~ 1997 Elsevier Science Ltd. All Rights Reserved.
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ABBREVIATIONS (COi’Zii~Ud)

GALT
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HIV
HPA axis
5-HIAA
5-HT
i.c.v.
IFN
IL
IL-l R
IL-1 RA
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Over the

Gut-associated Iymphoid tissue
Granulocyte-microphage colony-stimulating
factor
Glucocorticoid receptor
Hippocampal formation
Human immunodeficiency virus
Hypothalamic–pituitary–adrenal axis
5-Hydroxyindole acetic acid
5-Hydroxytryptamine (serotonin)
Intracerebroventricular
Interferon
Interleukin
Interleukin-1 receptor
Interleukin-1 receptor antagonist
Intraperitoneal
Inhibitory postsynaptic potential
Intravenous
Lipopolysaccharide
Long-term potentiation
Median eminence
Mineralocorticoid receptor
Messenger ribonucleic acid
Norepinephrine
Nerve growth factor

1. INTRODUCTION

past several years, our knowledge of
reciprocal intersystem communications involvi~g the
immune, the endocrine, the peripheral (PNS) and
central nervous systems (CNS) has exponentially
grown. This field of science gains the attention of
both basic scientists and clinicians to define new
pathophysiological concepts in autoimmune
(Schauenstein et al., 1987; Sternberg et al., 1989a,
1989b; Mason et al., 1990; Takasu et al., 1990, 1993;
Hu er al., 1993; Jafarian Tehrani et al., 1994), allergic
(Undem et al., 1995) and infectious diseases (Blum
et al., 1992; Duvaux-Miret et al., 1992), stress
conditions (Khansari et al., 1990; Hoffman-Goetz
and Pedersen, 1994), as well as affective disorders
(Irwin et al., 1991; Evans et al., 1992; Maes et al.,
1993), and dementia (Irwin et al., 1991;Vandenabeele
and Fiers, 1991). Much of our understanding of
neuroimmunomodtrlation is derived from earlier
studies documenting the effects of stress on immune
functions (Dantzer and Kelley, 1989). The data are
partly controversial, which may be due to species
differences, to the fact that different qualities and/or
doses of stressors may affect immune reactions in
different ways (Rinner et al., 1992), and to individual
abilities to cope with one and the same stressor (Ader
et al., 1995). Besides immunoregtdation by the CNS,
it has become increasingly evident that the pro-
duction of neuroendocrine peptides by immune cells
is physiologically relevant to both the immune and
the nervous system (summarized by Blalock, 1992;
and by Blalock, 1994). However, our knowledge
about the ascending immune–brain routes, and the
function of brain regions, sometimes referred to as
“higher brain centers”, in neuroimmunological
interactions is still fragmentary. This article, besides
describing afferent routes by which immune cells may
modify CNS functions and summarizing the most
prominent efferent pathways involved in brain–im-
mune communications, presents a brief introduction
into the broad range of limbic effecter functions, and
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descri~tion of the s~ecific roles of the
hippocampal–am~gdala group a; well as the ventral
striatopallidal system in neuroimmunomodulation
(Fig. 1).

2. NEUROIMMUNE COMMUNICATIONS

The concept of a dialog between immune cells and
neural tissues is based on three requirements:

1. Nerve terminals directly contact immune cells.
The noradrenergic as well as the peptidergic
innervation of lymphoid organs is best documented
in rodents. Within the spleen at both light and
electron microscopic levels, norepinephrine (NE)–
nerve terminals have been observed in close
apposition to lymphocytes (Felten and Olschowka,
1987). The authors described these contacts as an
even more regular and intimate membrane relation-
ship than between nerve terminals and smooth
muscle cells, and defined these associations as
“synaptic-like” contacts, where transmitter release
and postsynaptic receptor activation most likely
occur. Noradrenergic postganglionic sympathetic
nerve fibers also have been detected in primary
lymphoid organs, such as bone marrow and thymus
(reviewed by Felten et al., 1987), and neuropeptide-
containing nerve fibers have been shown to distribute
in lymphatic tissues among lymphocytes and mast
cells (Bienenstock et al., 1987; Stead et al., 1987;
Bellinger et al., 1990). More recent evidence clearly
shows an equivalent anatomical link between the
nervous and immune system in the cetacean,
Delphinapterus Ieucas (beluga whale). Tyrosine
hydroxylase and neuropeptide Y positive nerve
profiles were observed not only in systemic Iymphoid
organs, such as spleen, thymus, tonsil, or assorted
lymph nodes, but also in gut-associated lymphoid
tissue (GALT) (Romano et al., 1994). As to the role
of neurotrophic factors in the induction of sympath-
etic innervation of immune organs a recent in vitro
study demonstrated that interleukins, such as IL-I,
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IL-3 and IL-6, as well as granulocyte-microphage
colony-stimulating factor (GM-CSF), can induce
sympathetic neurite outgrowth, either via nerve
growth factor (NGF) production or in an NGF-inde-
pendent manner (Kannan et al., 1996). Although
cholinergic signals markedly affect immune functions
(Schauenstein et al., 1994), the cholinergic inner-
vation of immune organs is less described and, in the
case of the thymus, is a point of controversy (Bulloch
and Moore, 1981; Fatani et al., 1986; Nance et a[.,
1987; Micic et al., 1994). However, recent data by
Niijima (1995) apparently confirmed the vagal
innervation of the rat thymus by means of
electrophysiological techniques.

2. Both organ systems share common receptors
and ligands. In several studies, remarkable concen-
trations of binding sites for a number of neurotrans-
mitters or -peptides have been identified on the
surface of white blood cells (Gordon et al., 1978;
Ovadia and Abramsky, 1987; Hellstrand and
Hermodsson, 1990a, 1990b; Lignon et al., 1991;Carr,
1992; Landmann, 1992; Kaneda et al., 1993; Costa
et al., 1994). Furthermore, immune cells are found to
be equipped to produce not only cytokines, but also

neurohormones, neuropeptides (Akira et al., 1990;
Blalock, 1992, 1994) and neurotransmitters, such as
catecholamines (Bergquist et al., 1994) and, as
reported by our group, acetylcholine (Rinner and
Schauenstein, 1993). On the other hand, interleukin
(IL)-1/l as well as mRNA homologous to IL-1
receptor (IL-l R) type I are expressed in cultured
sympathetic ganglia (Freidin et al., 1992; Hart et al.,
1993) and IL-1~ binding sites have been demon-
strated on paraganglia in the rat liver hilus and
hepatic vagus (Goehler et al., 1994). IL-6 and IL-6R
transcripts were found in postnatal rat sympathetic
and sensory ganglia (Gadient and Otten, 1996).
IL-6R mRNA has been detected in cultured primary
rat sympathetic neurons as well as in the pheochro-
mocytoma cell line PC12, and this expression can be
modulated by tumor necrosis factor (TNF)-u (Marz
et al., 1996). Research on nematode infections in
small mammals revealed an enhanced expression of
IL-let, IL-1P, IL-6 and TNF-u mRNA and protein in
the longitudinal muscle myenteric plexus of the
inflamed intestine of rats (Khan and Collins, 1994).
Additionally, a continuously growing number of
reports shows that cytokines and their receptors are

Fig. 1. Limbic areas in neuroimmunomodulation.
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Fig, 2. Schematic presentation of cytokines and their receptors in the brain as described in animal models
(mouse/rat/pig) and humans. Abbreviations: CeMA, centromedial amygdala; BLA, basolateral amygdala;

BST, bed nucleus of the stria terminals; S1, substantial innominata.

ubiquitously distributed in the brain (Fig. 2) and,
apart from infiltrating leukocytes, glial cells, brain
endothelial cells, as well as neurons have been
described as major cellular sources (Frei et al., 1985;
Farrar et al., 1987; Araujo et al., 1989; Lapchak
et al., 1991; Licinio et al., 1991, 1992; Gadient and
Otten, 1994; Petitto and Huang, 1994; Schobitz et al.,
1994a, review; Van Dam et al., 1996). However, as
clearly demonstrated in a recent study, which
examined the effects of IL-1P on food intake, body
temperature and pain sensitivity in hypothalamus
and thalamus, cytokines have very selective neu-
roanatomical sites of action (Sellami and de
Beaurepaire, 1995).

3. Mutual Iigand–receptor interactions lead to
significant changes in cellular functions in both
systems. The evidence for pronounced effects of
neurotransmitters and -peptides on immune effecter

functions has been described extensively (Ader et al.,
1991; Goetzl and Sreedharan, 1992). Nevertheless,
these results are partly conflicting, which may be
explained by the complexity of the systems con-
cerned, and by the use of different experimental
approaches. Conversely, cytokines have effects on
neural tissues. An iv. injection of recombinant
human IL-1P or human IL-1P fraction has been
shown to result in an increase in the efferent activity
of the vagal branch to the thymus (Niijima et al.,
1995). The activity of adrenal, splenic and renal
sympathetic nerves is affected differentially by iv.
administration of human recombinant IL-lfl.
Whereas adrenal and splenic neural activity increased
for more than 2–6 hr, the activity of renal nerves
showed only a transient increase followed by a
long-lasting suppression (Niijima e( al., 1991).
Evidences were obtained that IL-1~ affects entet-ic



Neuroimmunomodulation via Limbic Structures 199

cholinergic neuronal function (longitudinal muscle
myenteric plexus preparations from the rat jejunum/
whole preparations of guinea pig ileum, including
mucosa) in a dual way, either suppressing or
stimulating the electrically evoked release of acetyl-
choline (Main et al., 1993; Mameya et al., 1995). A
similar duality was observed concerning the effects of
IL-6 on the evoked release of NE from the rat jejunal
myenteric plexus (Ruhl et al., 1994). Furthermore,
IL-1/l has been shown to mediate increases in
substance P receptor mRNA in explanted neonatal
sympathetic ganglia (Ludlam et al., 1995), IL-1P
induces substance P in cultured superior cervical
ganglia (Jonakait and Schotland, 1990; Jonakait
et al., 1990; Hart et al., 1991), and IL-lee, as well as
TNF-a, differentially modulate both substance P and
vasoactive intestinal polypeptide (VIP) biosynthesis
in adrenomedullary chromaffin cells (Eskay et al.,
1992). In addition, cytokines are known to mediate a
wide variety of other effects, such as neuroendocrine
responses, neuronal growth, autonomic functions,
and behavioral activity (reviewed by Schobitz et al.,
1994a).

2.1. Afferent Pathways

Although there is compelling evidence that the
peripheral immune system modifies central neural cell
functions, the afferent pathways by which immune
cells affect the CNS are still far from clear. In the
following, two principal mechanisms will be discussed
(Fig. 3).

As one mechanism, a humoral route may be
involved in neuroimmune communications. Some
studies suggested an active transport of cytokines
across the blood–brain barrier (BBB) (Gutierrez
et al., 1993, 1994; Maness et al., 1995), others
supposed an interaction at the level of endothelial
cells, which subsequently results in the induction of
central prostaglandins (Gottschall et al., 1992a; Van
Dam et al., 1993, 1996). Recently it has been found
that IL-1P, IL-6 and TNF-a induce changes in the
electrical resistance across rat cerebral endothelial
cells in uitro, and that cytooxygenase activation
within endothelial cells is likely to play a key role in
this process (De Vries et al., 1996). Alternatively, it
has been proposed that soluble signal mediators, such
as immune cytokines, may gain entry to the brain
through the circumventricular organs (CVOS), which
lack a BBB and provide for the exchange of
blood-borne high molecular polypeptides between
blood and brain (Stitt, 1990; Blatteis, 1992). The
CVOS most frequently examined in neuroimmunol-
ogy are the median eminence (ME) and the organum
vasculosum laminae terminals (OVLT). It has been
suggested that the systemic influence of cytokines on
hypothalamic–pituitary–adrenal axis (HPA) activity
is exerted primarily at the level of nerve terminals in
the ME (Matta et al., 1990; Rivest et al., 1992), and
the OVLT has been implicated in the pathogenesis of
fever (Stitt, 1990;Blatteis, 1992). Recently, Hare et al.
(1995) showed that CVOS other than the ME and the
OVLT are implicated in the immun~brain dialog.
Following iv. treatment with Iipopolysaccharide
(LPS), an increased number of cells positively
staining for Fos could be observed also in the area
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postrema (AP) and subfornical organ (SFO). Since
the neurons in the CVOS are connected with nearby
hypothalamic regions and neighboring brain stem
regions, Fos protein expression also was investigated
in further parts of the brain. LPS-induced increases
in the number of Fos-stained cells could be detected
in the major noradrenergic cell groups (Al, A2, A6),
in the paraventricular and supraoptic nuclei and in
Iimbic structures, such as the bed nucleus of the stria
terminals (BST), the central nucleus of the
amygdaloid body, and the ventral septal area. These
observations are similar to those reported by others
(Gaykema et al., 1995). As reviewed by Johnson and
Gross (1993), it is well established that the CVOS
contain a number of hormones, neurotransmitters
and transmitter-like factors, e.g. adrenocorticotropin
(ACTH), angiotensin, enkephalins, neuropeptide Y,
VIP, somatostatin, substance P, epinephrine, NE,
acetylcholine, serotonin (5-HT), dopamine, y-
aminotmtyric acid (GABA), glutamate and aspartate,
as well as high concentrations of respective binding
sites. Many of these substances with receptors in the
CVOS have been shown to be effective in inducing
changes in neuronal firing. Together, these neuronal
systems can reach many further parts of the CNS,
including Iimbic forebrain structures. Based on these
findings, it is reasonable to assume that CVOS have
a crucial role in translating cytokine signals into
neuronal activity. Considering the concept of a
humoral immun~brain route, however, it should be
kept in mind that central illness responses, such as
fever, also can be observed without detectable
elevations of cytokine blood levels (Kluger, 1991).

A second mechanism, by which immune cells
modify CNS functions, may involve the PNS. Such
a neural immune–brain route would not require
changes in systemic cytokine concentrations. Accord-
ingly, the translation of humoral into nerve signals
may occur in the periphery, from where the CNS is
activated via the most common afferents of the body,
i.e. the vagus nerve and/or the nociceptive afferents,
which travel in the sympathetic parts of the PNS.

Evidence continues to accumulate in the literature
suggesting a prominent role for the vagus in
neuroimmunomodulation. Niijima (1992) reported
an increased afferent discharge rate of the hepatic
branch of the vagus nerve following administration of
IL-ID into the portal venous blood. Subdiaphrag-
matic vagotomy blocked hyperalgesia, produced by
i.p. LPS (Watkins et al., 1994a), i.p. IL-18 (Watkins
et al., 1994b), and by i.p. TNF-u (Watkins et al.,
1995a). More specifically, the i.p. LPS-induced
prolonged enhancement of pain responsiveness also is
abolished by cutting only the hepatic branch of the
vagus (Watkins et al., 1994a), and hepatic macro-
phages (Kupffer cells) serving as sources for cytokines
have been shown to be involved critically in this
pathway (Watkins et a/., 1994b). Concerning the
neurocircuitry of LPS- or cytokine-induced hyperal-
gesia, data of Watkins et al., 1994a), suggest that
afferent information travels via the hepatic vagus to
the nucleus tractus solitaries. From here, an efferent
pathway arises from the nucleus raphe magnus to the
spinal cord via the dorsolateral funiculus involving a
spinal substance P, cholecystokinin (CCK), N-
methyl-D-aspartic acid (NMDA)-nitric oxide (NO)
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cascade as well as non-NMDA excitatory amino acid of the hypothalamus, specifically in corticotropin-re-
receptors (Watkins et al., 1994c; Wiertelak et al., leasing hormone (CRH)-containing cells, and
1994). blocked the ACTH response following low-dose i.p.

In further support of vagal afferents, subdiaphrag- endotoxin treatment (Gaykema et al., 1995). How-
matic vagotomy strongly inhibited endotoxin-in- ever, hepatic branch vagotomy did not affect
duced Fos expression in the paraventricular nucleus endotoxin-induced Fos expression and, rather,

(:YTt)KINE:S/Ht}RMONE:S/Nk:IJROTRANSMIl’l’ERS/-IWPTH?ES

immune CM

Fig. 3. Afferent pathways in the immune-braindialog. Abbreviations:CeMA, centromedial amygdala;
BST, bed nucleus of the stria terminates; HF, hippocampal formation; PAG, periaqueductal grey; CVOS,
circumventricular organs; ME, median eminence; OVLT, organum vasculosum laminae terminals; AP,

area postrema; SFO, subfornical organ.
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potentiated the ACTH response to low-dose endo-
toxin. Thus, different organ-specific impulses from
visceral receptors may reach the CNS through
different vagal afferents. This notion is supported by
findings demonstrating that the activation of vagal
afferents mediates a broad range of responses, such
as an IL-1~-induced corticosterone elevation and
hypothalamic NE depletion (Fleshner et al., 1995),
LPS-induced sickness behavior (Bluthe et al., 1994),
LPS-induced central IL-1P mRNA expression (Laye
et al., 1995), IL-1-induced hyperthermia (Watkins
et al., 1995b), LPS-induced fever (Sehic and Blatteis,
1996) and cytokine-induced conditioned taste aver-
sion (Goehler et al., 1995). Apparently in contrast to
Fleshner et al. (1995), who demonstrated a vagally
mediated IL- 1~-induced corticosterone increase, our
own results in rats revealed that peripheral cholin-
ergic stimulation with physostigmine on days 1 and
2 before immunization with sheep red blood cells
(SRBC) strongly suppressed the rise of plasma
corticosterone via muscarinergic mechanisms (Rinner
and Schauenstein, 1991).

As most of the peripheral pain fibers ascend with
the sympathetic innervation, cytokine-induced hyper-
algesia also may follow a sympathetic course. In this
context, plantar injection of IL-1P was found to
enhance neural discharge in dorsal root filaments in
response to mechanical and thermal stimulation, and
to decrease the threshold for the response to pressure
stimulation (Fukuoka et al., 1994). Since substance P
mediates peripheral hyperalgesia (Nakamura-Craig
and Smith, 1989), and IL-1~ regulates the expression
of the peptide and its receptor in sympathetic ganglia
(see above), cytokines most likely contribute to pain
facilitation. On the other hand, interleukins also can
induce local analgesic effects. IL- 1/? and CRF have
been found to inhibit pain by releasing opioid
peptides from immune cells within inflamed tissue
(Stein et al., 1990; Schafer et al., 1994). Studies on
joint inflammation have shown that primary afferents
became rapidly sensitized during a developing
arthritis (Levine et al., 1986a; Schaible and Schmidt,
1988), and that several neuropeptides, such as
substance P, calcitonin gene-related peptide (CGRP),
neuropeptide Y, and neurokinin A, appear to be
involved in the inflammatory process (Levine et al.,
1984; Donaldson et al., 1992; Mapp et al., 1993;
Bileviciute et al., 1993, 1995). In addition to these
peripheral neurogenic mechanisms, recent data
demonstrate that also central, even though different,
regulatory mechanisms are involved in the course of
adjuvant-induced knee joint monoarthritis. Bilevi-
ciute et al. (1995) observed various changes in the
concentrations of the same neuropeptides in hypo-
thalamus, hippocampus, striatum, and cortex of
arthritic rats, but only few correlations between
neuropeptide concentrations in brain and periphery.
Finally, recent in vitro data suggest peptidergic
(neurokinin A, VIP) sensory nerve terminals also to
be involved in the modulation of antibody responses
in the spleen (Hikawa and Takenaka, 1996).
However, in spite of the PNS’S apparent importance
in the immune–brain dialog, it is largely unknown
which of the afferent routes and which of the many
neurotransmitters are responsible for information
processing of a particular type of immune challenge.

2.2. Efferent Pathways

Early studies exclusively examined neuroimmune
interactions at the level of the hypothalamus.
Besedovsky et al. (1975) were the first to describe the
neuroendocrine feedback regulation of immune
responses via glucocorticoid hormones. This gluco-
corticoid peak at the time of maximal antibody
production after antigenic challenge is caused by
central activation of the HPA axis. It contributes to
the specificity of immune reactions (Besedovsky
et al., 1979), and defects of this circuit predispose to
unwanted immune reactions, as suggested by data in
animal models with spontaneous (Schauenstein et al.,
1987), as well as experimentally induced autoimmune
diseases (Sternberg et al., 1989a, 1989b; Mason et al.,
1990; Hu et al., 1993). The primary event in this
pathway appears to be an increased hypothalamic
turnover of NE following immune activation
(Besedovsky et al., 1983; Zalcman et al., 1991;
Shanks et al., 1994), which can give rise to an
activation of CRH neurons (Berkenbosch et al., 1987;
Sapolsky et al., 1987). Based on these data, it has long
been established that the immune system is
modulated by hypothalamic–pituitary (HP) axes
(Besedovsky et al., 1986; Rivier and Vale, 1989;
Chrousos, 1995; Savino and Dardenne, 1995), and
the role of central cytokines in the activation of HP
axes has been the subject of numerous studies
(Harbuz et al., 1992; reviewed by Schobitz et al.,
1994a).

Besides these neuroendocrine pathways, there is
evidence for neural routes, by which the brain
regulates peripheral immune functions. Several data
suggest the sympathetic nervous system to convey
information from the CNS to the peripheral immune
system (Sundar et al., 1989, 1990;Croiset et al., 1990;
Irwin et al., 1990, 1991, 1992; Irwin, 1994), and
adrenoceptor-mediated effects on lymphocyte func-
tions have been defined by several groups, including
ourselves (Livnat et al., 1987; Felsner et al., 1992,
1995; Sanders, 1995). The specific role of the
sympathetic nervous system in the modulation of
peripheral immune activity has been underscored by
a number of recent findings showing that (i)
sympathetic denervation results in a wide variety of
strain-, organ-, or even compartment-specific effects,
such as increases in cellular proliferation and
lymphocyte migration (Madden et al., 1994a),
enhanced microphage phagocytic function (Lyte
et al., 1991), reductions in thymus weight and
thymocyte numbers (Tsao et al., 1996), thymocyte
apoptosis (Tsao et al., 1996), and heterogeneous
alterations in B- or T-cell responsiveness, as well as
cytokine (IL-2 /IFN-y) production (Lyte et al., 1991;
Madden et al., 1994b); (ii) the IL-2-induced
enhancement of an IgM plaque-forming cell response
requires an intact sympathetic innervation of the
spleen and is blocked selectively by the ~-adrenergic
antagonist propranolol (Zalcman et al., 1994a); (iii)
the immunosuppressive effects of stress on humoral
and cell-mediated immune responses of rat spleno-
cytes are mediated via adrenergic fibers of the splenic
nerve (Wan et al., 1993);and (iv) local NE release is
involved in the regulation of IL-6 secretion in the
spleen (Straub et al., 1995). Furthermore, there exists
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a large body of evidence suggesting a regulatory role
for the sympathetic nervous system in the pathogen-
esis or progression of diseases, such as experimental
and clinical arthritis (Levine et al., 1986a, 1986b,
1988; Felten et al., 1992; Lorton et al., 1996),
experimental allergic encephatomyelitis (Chelmicka-
Schorr et al., 1988, 1989) and experimental
autoimmune myasthenia gravis (Agius et al., 1987).

Regarding immunomodulatory effects of vagal
efferent fibers, there is increasing evidence that
parasympathetic activity plays a prominent role in
thymic lymphopoiesis (Singh and Fatani, 1988),
apoptosis, as demonstrated by our group (Rinner
et al., 1994), and lymphocyte traffic from thymus to
peripheral Iymphoid organs. Antonica et al. (1996)
observed an increased export of immature
CD4+ CD8 +, double positive (DP), and
CD4- CD8 -, double negative (DN), cells from
mouse thymus following monolateral vagal denerva-
tion, and that both DP and DN cells migrate more
consistently to lymph nodes and spleen of vagoto-
mized mice compared to controls. In parallel, the
percentage of single positive (SP) cells was decreased
in peripheral organs. These results, together with the
findings of a preeminent role of the thymic
microenvironment in positive and negative selection
of developing T-cells, and thereby in the avoidance of
autoimmunity (Boyd et al., 1993), emphasize the
complex interactions between the nervous and
immune systems.

As a further efferent mechanism, central LPS as
such, or a fragment, could leak through the BBB and
induce cytokine production in the periphery. This has
been suggested by comparing the time-course of
serum IL-6 induction after peripheral or central LPS
administration (De Simoni et al., 1992, 1995;
Gottschall et al., 1992b). Further descending
brain–immune routes were identified by showing
that, aside from CRH (Schulte et al., 1994), several
other neuropeptides, such as substance P and VIP
(Stanisz et al., 1986; Laurenzi et al., 1990; Spangelo
et al., 1990; Agro and Stanisz, 1995), can transmit
central effects towards the periphery, and there is
growing evidence that central opioid pathways are
critically involved (De Simoni et a/., 1993; Fecho
et al., 1996). However, despite intense research
efforts, many aspects of the CNS-mediated im-
munoregulation are still poorly understood. Nor do
we exactly know in which way, or to what extent,
different brain sites influence specific immune
activities. For example, Hernandez et al. (1993)
reported that injection of morphine into either the
third ventricle or the anterior hypothalamus signifi-
cantly suppressed blood lymphocyte proliferation.
Weber and Pert (1989) examined the functional role
of the midbrain periaqueductal grey (PAG) in
opiate-induced immunosuppression. Microinjection
of morphine into the PAG resulted in a rapid
suppression of splenic natural killer (NK) cell
activity. Injection into the anterior hypothalamus,
arcuate nucleus, medial amygdala, medial thalamus,
and dorsal hippocampus was without an effect on
NK activity. Recently, the neuronal networks
connecting the PAG with a large number of brain
structures, including the nucleus raphe magnus,
ventrolateral medulla, hypothalamus, amygdala, and

prefrontal cortex, have been described in detail by
Behbehani (1995). In addition, this author reviewed
the pharmacology of PAG-mediated pain, analgesia,
anxiety and fear, vocalization or autonomic regu-
lation, which mainly involves opiates, GABAergic
interneurons, neurotensin, substance P, excitatory
amino acids, catecholamines, 5-HT-containing cell
bodies and CCK-responsive neurons. None the less,
little or virtually nothing is known whether, how, or
to what extent all these neurotransmitters are
implicated in brain immunomodulation via specific
structures such as the PAG.

The issue of neuroimmunomodulation is compli-
cated further by the fact that, aside from hypothala-
mus and brain stem regions, additional brain
strictures are involved in the modulation of
peripheral immune responses. Selective alterations of
different components of the immune system have
been observed in animals subjected to experimental
lesions of the cerebral cortex (Renoux et .zI., 1987),
the lateral septal area (Wetmore et al., 1994), the
nucleus basalis magnocellularis, the equivalent of
Meynert’s nucleus in the primate (Cherkaoui et al.,
1990), and further limbic structures (see below). In
view of the close relations between cholinergic
activity and immunity (see above), it should be kept
in mind that the basal nucleus of Meynert contains,
similar to the septum, not only large cholinergic but
also GABAergic neurons, and has been shown to be
involved in learning, memory and attention (Lamour
et al., 1989; Durkin, 1994; Muir et al., 1994). In
addition, septum and nucleus basalis of Meynert
serve as one of the diverse neuroanatomical
substrates providing for cortical activation or arousal
(Riekkinen et al., 1991; Osborne, 1994). However, at
present the specific role of both these structures in
neuroimmunology has not been defined, and should
be subject of future investigations.

What we can conclude from this diversity of
information is that (i) the brain as a whole
participates in the modulation of peripheral immu-
nity; (ii) humoral and neural pathways convey
information from the brain to the peripheral immune
system; (iii) neuroimmunomodulation includes brain
sites involved in emotional processing and cognitive
functions as the neuroanatomical substrate of
psychoimmunomodulation.

3. THE LIMBIC SYSTEM

The “limbic system” is used as a collective term for
various brain structures in the basomedial telen-
cephalon, diencephalon and mesencephalon, all of
which have been implicated in cognitive functions,
emotions, behavior, neuroendocrine and autonomic
responses. The most commonly cited structures
comprise the hippocampal formation with the
hippocampus, dentate gyrus and subiculum, as well
as the amygdaloid body, in particular a recently
reconsidered brain region referred to as the
“extended amygdala” (centromedial amygdaloid–bed
nucleus of the stria terminals continuum) (Martin
et al., 1991; Schmued, 1994; Heimer, 1995a). Aside
from these areas, many other parts of the brain,
including the old portions of the “rhinencephalon”,
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the cingulate gyrus, parahippocampal gyrus with the
entorhinal cortex and praesubiculum, the ventral
parts of the striatal complex, septum, anterior
thalamic nuclei, medial thalamic nuclei and the
habenula, have been recognized to be “limbic”
(Heimer, 1995b). It is generally accepted that all
these structures are related to each other as well as
to neighboring non-limbic areas by a network of
widespread fiber projections providing the basis of
highly organized neuronal circuits. However, it is all
the same now fairly certain that there does not exist
an anatomical or functional unit referable to a
“limbic system”. Therefore, for clarity’s sake, the
following chapters will focus on the roles of the
hippocampal–amygdala group and the nucleus
accumbens in psychoneuroimmunomodulation. As
one pathway, the hippocampal formation is related
reciprocally with the amygdaloid body via the
amygdalohippocampal fibers (Aggleton, 1986; Ama-
ral, 1986; Mello et al., 1992). The extended
amygdala itself projects to many regions in the
hypothalamus as well as to somatomotor and
autonomic areas in the brain stem, with further
effects on the spinal cord (Martin et al., 1991;
Schmued, 1994; Heimer, 1995a). On the other hand,
as shown e.g. in the visual system, information
processing also may involve the simultaneous
activation of different areas or distributed neuronal
networks, including cortico-cortical re-entrant cir-
cuits (Bullier and Nowak, 1995). Besides the visual
cortex, other re-entrant loops have been recognized,
which appear to involve the basal ganglia (Alexan-
der et al., 1989; Parent and Hazrati, 1995).
Accordingly, as a second route, a mesolimbic
component of such a cortico-basal ganglia–thalamo-
cortical re-entrant circuit is considered. The nucleus
accumbens is part of the “ventral striatopallidal
system” (Heimer, 1995c), which primarily receives
inputs from the hippocampal formation, the basolat-
eral amygdala, and temporal, as well as prefrontal
cortical areas. Interestingly, some impulses return to
the anterior cingulate area via the mediodorsal
thalamic nucleus (Heimer, 1995d). The nucleus
accumbens itself is known to be of relevance to both
cognitive functions (Schacter et al., 1989; Salamone,
1994), as well as the central processing of immune
signals (see below). Thus, psychoimmunomodulation
appears to be more complex than previously
supposed. Figure 4 is an attempt to visualize both
routes in one scheme.

In the following, some functional characteristics
of Iimbic structures will be summarized briefly. The
hippocampal formation has been attributed with
important functions in learning processes (Grossberg
and Merrill, 1992), memory and retrieval (Squire
and Zola-Morgan, 1989; Mishkin, 1993) and,
accordingly, has been implicated in Alzheimer’s
disease (Hyman et al., 1984; Mullan, 1993; Waka-
bayashi et al., 1994). The amygdala is critically
involved in the processing of emotional stimuli
(Davis, 1992), whereby hemispheric differences have
been observed (Adamec and Morgan, 1994), and
recent evidence suggests that amygdala neurons
serve important functions in emotional learning and
memory storage (reviewed by Ono et al., 1995).
Local infusion of CRF into the amygdala has been

found to affect aggressive as well as investigative
behavior in rats (Liang and Lee, 1988; Elkabir et al.,
1990). Furthermore, the medial amygdala is well
established to modulate defensive rage behavior
(Shaikh et al., 1993), as well as predatory attack
behavior in the cat (Han et al., 1996a, 1996b). On
the one hand, medial amygdaloid stimulation has
been shown to facilitate defensive rage behavior
elicited from the medial hypothalamus involving a
substance P pathway from the medial amygdala to
the medial hypothalamus (Shaikh et al., 1993). On
the other hand, the medial amygdala suppresses
predatory attack behavior elicited from the lateral
hypothalamus via a disynaptic pathway which, first,
runs from the medial amygdala to the ventromedial
hypothalamus utilizing substance P as excitatory
neurotransmitter and, second, includes inhibitory
GABAergic projections from the ventromedial
hypothalamus to the lateral hypothalamus (Han
ef al., 1996a, 1996b). These data indicate close
relationships between limbic areas and different
parts of the hypothalamus, supporting the notion of
multifunctional neuronal networks involved in the
control of behavioral activity. In view of the
importance of such distributed organization, it
would be of special interest to determine whether
similar pathways exist in mediating immune-induced
behavioral responses. In addition, hippocampus and
amygdala both have been shown to contain
receptors for corticotropin-releasing factor (CRF)
(Millan et al., 1986; Lovenberg et al., 1995;
Avishai-Eliner et al., 1996), glucocorticoids (GR)
(Sapolsky et al., 1983; McEwen et al., 1986; De
Kloet et al., 1994) and mineralocorticoids (MR)
(Coirini et al., 1985; McEwen et al., 1986; De Kloet
et al., 1994). It has become clear that the basal and
stress-induced HPA activity is coordinately con-
trolled by the high-affinity MRs (Type I receptors)
and the low-affinity GRs (Type II receptors) (De
Kloet, 1991), and that the hippocampus, particularly
the dorsal part, plays a prominent role in modulat-
ing the negative feedback effects of glucocorticoids
on HPA axis activity (review by Jacobson and
Sapolsky, 1991; Feldman and Weidenfeld, 1993). In
a series of papers (Beaulieu et al., 1986, 1987;
Feldman et al., 1994), the central and medial
nucleus of the amygdala were identified as a
regulatory sites of ACTH secretion. Back in the
seventies, Carroll et al. (1976) already argued that a
limbic–hypothalamus disinhibition of the pituitary–
adrenal axis occurs in patients with depressive
disorders. Aside from adrenal steroids, gonadal and
thyroid hormones also have been shown to influence
hippocampal physiology and morphology (Gould
et al., 1991; McEwen and Woolley, 1994; Woolley
and McEwen, 1994). However, by far the majority
of studies on Iimbic structures have addressed their
roles in the neuroendocrine stress response, and
several methods including psychosocial stress, im-
mobilization and cold restraint-induced gastric
ulcerogenesis have been used in animal models to
examine the effects of stressful stimulation on
hippocampus, amygdala, BST, as well as nucleus
accumbens (see below). Given these diverse functions
of Iimbic neuronal systems, it is not surprising that
a large number of receptor proteins, neuropeptides
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Fig. 4. Processing of external stimuli by hippocampal–amygdala and/or ventral striatopallidal structures.
Pathway 1 (solid): cortex–’’extended amygdala’’–(centromedial amygdaloid–bed nucleus of the stria
terrninalis continuum). Pathway 2 (striped): cortico-basal ganglia–thalamo-cortical “re-entrant loop” via
the “ventral striatopallidal system”. Additional connections (plain). Abbreviations: CeMA, centromedial
amygdala; BLA, basolateral amygdala; BST, bed nucleus of the stria terminals; HF, hippocampal

formation; S1, substantial innominata; ST, stria terminals; PAG, periaqueductal grey.

and neurotransmitters have been identified in these
regions. Current data suggest the involvement of
noradrenergic (Beaulieu et al., 1987; Dalmaz et al.,
1993; Gobert et al., 1993; Kiss et al., 1995),
cholinergic (Finkelstein et al., 1985; Gilad et al.,
1985; Dalmaz et al., 1993; Costa et al., 1994; Aigner,
1995; Rieck et al., 1995; Komourian and Quik, 1996;
Tice et al., 1996), GABAergic (Rainnie et al., 1991a,

1991b; Mello et al., 1992; Orchinik et al., 1995),
serotonergic (Beaulieu et al., 1986; Martin et al.,
1992; Holmes et al., 1995; Matsumoto et al., 1995;
Zhong and Ciaranello, 1995; Morales et al., 1996),
dopaminergic (Beaulieu et al., 1987; Gasbarri et al.,
1994; Nistico et al., 1994) and glutamatergic
mechanisms (Clark and Cotman, 1992; Liang et al.,
1994; Aigner, 1995; Bliimcke et al., 1995; Day et al.,
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1995; Arai and Lynch, 1996), as well as several
neuropeptides, including CRF (Ray et al., 1993;
Kalin et al., 1994), arginine vasopressin (AVP) (De
Vries et al., 1985; Brinton et al., 1994; Hirasawa
et al., 1994; Van Wimersma Greidanus and Maigret,
1996), oxytocin (Van Wimersma Greidanus and
Maigret, 1996), substance P (Rieck et al., 1995; Han
et al., 1996a), VIP (Leranth and Frotscher, 1983;
Roberts et al., 1984), pituitary adenylate cyclase
activating polypeptide (PACAP) (Palkovits et al.,
1995), neurotensin (Roberts et al., 1984), CCK
(Roberts et al., 1984; Hamilton and Freeman, 1995),
neuropeptide Y (Zachrisson et al., 1995), enkephalins
(Rieck et al., 1995), dynorphin (Watanabe et al.,
1995a), and somatostatin (Roberts et al., 1984;
Obata-Tsuto, 1987; Zachrisson et al., 1995).

Besides these classical neuronal and neuroendo-
crine components, the expression of cytokines and
their receptors has been demonstrated in all limbic
areas, as outlined in Table 1. Noteworthy in this
regard is that spontaneous autoimmune diseases in
the NZB and (NZB/NZW)Fl mouse model have
been shown to be associated with a deficit in the
density of IL-lR in the dentate gyrus exclusively
(Jafarian Tehrani et al., 1994). The IL-1~ expression
in the hippocampal formation also is affected by
chronic exposure to morphine. Using immunocyto-
chemical analysis, Pate] et al. (1996) recently reported
a marked decrease of IL-1P staining in the
polymorphic region of the dentate gyrus and
CA I–CA3 subfields of the rat hippocampus after
chronic treatment with morphine. Finally, classical
neurotransmitters such as 5-HT even at very low
concentrations were recently shown to induce
cytokine mRNA expression in rat primary hippocam-
pal astrocytes (Pousset et al., 1996).

Table 1. Cytokines and their Receptors in Limbic Areas

Receptor Limbic area

IL-1

IL-l R Molecular and pyramidal cell layer of the
hippocampus

Molecular and granule cell layer of the
dentate gyrus

Cingulate cortex
Entorhinal cortex
Subiculum
Basolateral amygdala
Olfactory bulb
Medial habenula
Anterior dorsal thalamus
Septum
Nucleus accumbens
Pyramidal cell layer of the hippocampus
Granule cell layer of the dentate gyrus
Olfactory bulb
Bed nucleus of the stria terminals
Substantial innominata

IL-IRA Dentate gyrus
IL-2R/IL-2 Pyramidal cell layer of the hippocampus

Granule cell layer of the dentate gyrus
IL-3R Hippocampus
IL-3 Hippocampus

Medial habenula
IL-6R/IL-6 Hippocampus
IL-8 Hippocampus
TNF-a Hippocampus

4. NEUROIMMUNE COMMUNICATIONS VIA
LIMBIC STRUCTURES

4.1. Lesioning Limbic Areas Affects Immune
Responses

Lesions of the dorsal hippocampus or amygdaloid
complex were found to produce a transient increase
in splenocytes and thymocytes, as well as increased
T-cell mitogen responses (Brooks et al., 1982), and
hypophysectomy was shown to reverse these effects
(Cross et al., 1982). Similarly, lesions of the
hippocampus were found to cause differential effects
on humoral immunity depending on the hippocampal
fields and/or axonal pathways destroyed (Pan and
Long, 1993). Alterations of cellular immune re-
sponses following small electrolytic lesions in
different parts of the brain support the notion that the
cingulate cortex, the central and the basomedial
nucleus of the amygdala participate in the control of
immunoneuroendocrine interactions (Masek et al.,
1992). Unilateral dopaminergic lesions of the nucleus
accumbens have been shown to result in decreased
splenic NK cell activity in left-lesioned mice as
compared to right-lesioned animals, and unilateral
striatal dopaminergic lesions have been found to
impair the proliferation of splenic lymphocytes in the
right-lesioned group only (Deleplanque et al., 1994).
These results suggest that immunologic reactivity is
asymmetrically modulated by central dopaminergic
pathways. Even though these data altogether show
that structural disturbances within limbic areas affect
immune functions, it should be kept in mind that, in
view of the widespread and intimate relations of brain
structures, results of experimental lesioning protocols
should be interpreted with caution.

4.2. NeuroendocrineImmunomodulationat Limbic
Neuronal Systems

As will be shown in the following, a number of
recent experimental data strongly argue for an
integration of limbic areas into immunoneuroen-
docrine circuits. Injection of IL-1P into the lateral
cerebral ventricle reduced the affinity of hippocampal
MRs in parallel to an enhanced HPA activity, and
caused a shift in the MR/GR balance, which has been
suggested to be of importance to the regulation of
stress responses, behavioral activity, hippocampal
excitability in general, long-term potentiation, and
immune-induced neuroendocrine effects (De Kloet
et al., 1994; Schobitz et al., 1994b; McEwen and
Sapolsky, 1995). It was concluded that this mechan-
ism allows for an individual modulation of HPA axis
activity during basal conditions, or in response to
different amounts of stressful stimulation, including
immune challenge. Another interesting aspect is that
prenatal immune challenge has been shown to
decrease MR and GR levels in the hippocampus of
adult progeny, and to induce abnormalities in HPA
axis function (Reul et al., 1994). Furthermore,
functional abnormalities in the HPA axis are often
observed in pathological conditions, such as
Alzheimer’s disease, certain depressive illnesses, panic
disorder, as well as multiple sclerosis (O’Brien et al.,
1993; Michelson et al., 1994; Miller et al., 1994;
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Abelson and Curtis, 1996), and in major depression
a hyperactivity of the HPA axis has been correlated
with an enhanced IL-1/3 production (Maes et al.,
1993). In addition, recent studies addressing steroid
hormone effects on neurons and behavior revealed a
rich diversity of genomic and non-genomic steroid
actions on neuronal properties (for review see Weeks
and Levine, 1995). The work by Sapolsky (1986),
Sapolsky and Pulsinelli (1985), Sapolsky et al. (1985,
1988, 1990)) e.g., pointed out the deleterious effects
of prolonged glucocorticoid exposure on hippocam-
pal neurons. On the other hand, a deficient
immunoneuroendocrine feedback loop via the HPA
axis has been implicated in animal models of
spontaneous and experimentally induced auto-
immune diseases (see above). In this context, an
interesting recent study shows a number of immune
abnormalities in transgenic mice expressing Type II
GR antisense RNA comprising a deficient im-
munoneuroendocrine dialogue, alterations in thymo-
cyte trafficking/migration, a shift of the T-cell balance
towards the CD4 helper subset, and an absence of sex
dimorphism in the development of GR mRNA
expression and cell-mediated immunity (Morale
et al., 1995). Furthermore, Fischer 344 (F344) rats,
which are known to mount a significantly higher
corticosterone response to stress or to an immune
challenge compared to Lewis and Sprague Dawley
(SD) rats, are found to exhibit greater stress-induced
Type 11 receptor activation in the cortex, hippo-
campus, and hypothalamus than SD and Lewis rats
(Dhabhar et al., 1995a). In addition, whereas Fischer
rats serve as models for aging and cancer (Solleveld
et al., 1984; Ghanta et al., 1990), Lewis rats are prone
to autoimmune diseases (Sternberg et al., 1989a,
1989b; Mason et al., 1990). However, whether a
defect in the hippocampal neuronal system is
involved in the pathogenesis or exacerbation of
autoimmune diseases needs to be clarified in future
experiments.

In another approach to examine the effects of
hippocampal IL-1 on brain functions, Linthorst et al.
(1994) used a microdialysis probe, which allows
stress-free intrahippocampal administration of re-
combinant human IL-1/3 (hIL-1~) in close vicinity of
field CA3 and the dentate gyrus of rats. The
intrahippocampal infusion of hIL-1~ caused (i) a
stimulation of HPA activity as reflected by increased
plasma levels of ACTH, as well as plasma and
dialysate levels of corticosterone; (ii) increases in
hippocampal extracellular 5-HT levels in parallel
with a decrease in behavioral activity; and (iii) an
elevation of body temperature. The neural pathways
mediating these effects need to be investigated
further, but appear to involve serotonergic neuro-
transmission, possibly the nuclei raphe (Taylor, 1982;
Werner and Bienek, 1985; Jacobs and Azmitia, 1992)
and projections from hippocampus to nuclei raphe
via septum (Swanson et al., 1987; Cui et al., 1993) or
extended amygdala (Heimer, 1995e).

In further evidence of neuroimmunologic regu-
lation exerted by Iimbic structures, Hauger et al.
(1993) have shown the effects of high intracerebral
levels of CRH on the regulation of CRH receptors in
amygdala and anterior pituitary as well as on the
modulation of immune functions. Chronic CRH

pretreatment resulted in decreased CRH receptor
concentrations exclusively in the amygdala, and
splenic NK responses became insensitive to an acute
intracisternal CRH injection. Although the central
mechanisms of neuroendocrine–neuroimmune regu-
lation are not yet known in detail, brain CRH (Irwin,
1994; Irwin et al., 1987) and autonomic nervous
system mechanisms (Irwin, 1994; Irwin et al., 1990,
1992) have been shown to be implicated. Moreover,
aside from different patterns of sympathetic dysregu-
lation (Roy et al., 1985; Rudorfer et al., 1985; Veith
et al., 1994), in depression chronic CRH-hypersecre-
tion has been reported (Nemeroff et al., 1984, 1992),
and reduced CRH binding-sites have been found in
the frontal cortex (Nemeroff et al., 1988). Both CRH
activation and increased sympathetic nervous system
activity may contribute to selective immune alter-
ations observed in different types of depressive
disorders. Supporting this view, Irwin et al. (1991)
suggested that the activation of the sympathetic
nervous system and elevated plasma levels of
neuropeptide Y are associated with a reduction of
NK activity in depressed patients. However, the
interactions between neuropeptide Y, immunity, and
depression appear to be rather complex, since central
administration of neuropeptide Y also can result in
immunoenhancing effects, as shown in the olfactory
bulbectomized (OB) rat model of depression (Song
et al., 1996). A subchronic i.c.v. low-dose infusion of
neuropeptide Y (i) reversed the deficit in NE
concentrations in the amygdala of OB rats; (ii)
decreased the concentrations of 5-hydroxyindole
acetic acid (5-HIAA) in the hypothalamus; (iii)
reduced hyperactivity of OB rats in the open field; (iv)
elevated the concentrations of corticosterone; and (v)
interestingly increased lymphocyte responses to
phytohemagglutinin (PHA) and concanavalin A
(ConA), which normally are suppressed in these
animals, while not affecting the changes in the
differential white blood cell count and the elevated
PHA-induced chemiluminescence of mononuclear
cells (Song et al., 1996).

As AVP plays a significant role in the immunoneu-
roendocrine dialog (Nakatsuru et al., 1991; Zela-
zowski e[ al., 1993), it is of note that the amygdala,
as well as the BST, contain AVP synthesizing cell
bodies (De Vries et al., 1985), and nitric oxide
synthase has been detected in the amygdala (Pow,
1992). IL-2 has been shown to stimulate AVP release
from hypothalamus and amygdala in oitro in a
calcium-dependent manner, possibly via NO-medi-
ated signaling (Raber and Bloom, 1994). Analogous
in vitro results have been obtained regarding
IL-2-induced CRH release from the hypothalamus as
well as from the amygdala (Raber et al., 1995), and
it has been established that NE, as well as
acetylcholine, enhances the in vitro release of CRH
(Raber et al., 1995) and AVP (Raber and Bloom,
1994) from the amygdala, involving NO-mediated
signaling in the case of acetylcholine.

If Iimbic areas are in fact involved in the central
regulation of the immunoneuroendocrine dialog, the
exploration of the neurotransmitters involved in this
issue will be of particular interest. Similar to results
obtained in the hypothalamus, antigen challenge
results in alterations of NE (Carlson et al., 1987;

——...
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Zalcman e{ al., 1991) as well as changes in 5-HT
(Carlson et al., 1987) in the hippocampus. Further-
more, dopamine levels in the nucleus accumbens were
found decreased following administration of antigen
at or about the time of peak immune responses
(Zalcman et al., 1991; Shanks et al., 1994). Using
in viuo microdialysis, Lacosta et al. (1994) detected an
increase in extracellular dopamine in the nucleus
accumbens following immunization. This in vivo
dopamine elevation is a likely result of an increased
release of dopamine from neurons. An interesting
point is that immune-induced dopamine alterations
in the nucleus accumbens appear to be more
pronounced in isolated animals compared to animals
housed in groups (Zalcman et al., 1991; Lacosta
et al., 1994; Shanks et al., 1994). Other studies have
investigated cytokine-specific effects on monoamine
activities. According to Zalcman et al., 1994b),
peripherally (i.p.) administered IL-1 increased NE
turnover in the hypothalamus as well as in the
hippocampus, and 5-HT turnover in the hippo-
campus and prefrontal cortex. IL-6 (i.p.) increased
5-HT activity in the hippocampus as well as the
prefrontal cortex, and IL-2 (i.p.) induced a markedly
increased hypothalamic NE utilization. All three
cytokines modified dopamine activities in the
prefrontal cortex (Zalcman et al., 1994b), a brain
region most sensitive to stressful stimulation (Roth
et al., 1988). Additionally, Zalcman’s aforementioned
study revealed intriguing results as (i) IL-l-induced
increases of plasma corticosterone do not necessarily
correlate with IL-l-induced alterations of hypothala-
mic NE activity; (ii) although IL-2 can markedly
enhance NE utilization in the hypothalamus, this
does not necessarily result in significant increases of
plasma corticosterone concentrations; and (iii) even
though IL-6 is able to alter central 5-HT and
dopamine activities, it does not obligatorily affect
hypothalamic NE activity or plasma corticosterone
concentrations. The latter is in line with observations
reported by Dunn (1992). The functional significance
of these intricate relations will be considered below.
Systemically, administered IL-2 also has been found
to reduce the in vivo dopamine release from the
nucleus accumbens (Anisman et al., 1996). As for the
amygdala, activation of dopamine D] receptors has
been shown to be involved in the selective
enhancement of mitogen (ConA) responsiveness of
splenocytes (Nistico et al., 1994). Considering the
organization of the basal forebrain cholinergic
projections, which allow widespread influence on an
array of brain regions, including hippocampus and
amygdala (Rieck et al., 1995), and recent investi-
gations confirming the significance of cholinergic
activity in learning and memory (Aigner, 1995;
Sokolov and Kleschevnikov, 1995), the following
data provide convincing evidence that cholinergic
neurons in limbic areas have a crucial role in
psychoimmunology. As recently summarized by
Schauenstein et al. (1994), the cholinergic system
modulates both immunologic reactivity and the
immunoneuroendocrine dialog. Rinner and Schauen-
stein (1991) have reported that antigenic challenge
results in a transient decrease of number and increase
in affinity of muscarinic cholinergic receptors in the
hippocampus. An important central action of IL-2

has been suggested to be involved in the modulation
of hippocampal acetylcholine release (Hanisch et al.,
1993), which is in line with previous work by Araujo
et al. (1989), who have observed that exogenous IL-2
diminished the potassium-evoked release of acetyl-
choline from rat hippocampal slices. Furthermore,
systemically injected IL- IP was found to induce a
decrease in extracelhrlar acetylcholine in the hippo-
campus of freely moving rats (Rada et al., 1991).

To summarize this section, it should be stressed
that the hypothalamus is not the only site involved in
the modulation of the pituitary–adrenal axis. Besides
the evidence that the hippocampus indirectly
modulates HPA activity (see above), the central and
medial nucleus of the amygdala have been suggested
to modulate ACTH secretion (Beaulieu et al., 1986,
1987; Feldman et al., 1994), and to exert differential
effects on the CRH content in the ME (Beaulieu
et al., 1989; Feldman et al., 1994). Although
hypothalamic CRH neurons may be involved in such
superior regulatory mechanisms exerted by limbic
structures, it seems conceivable that neurosecretory
fibers from the extended amygdala and/or hippo-
campus may project directly to the ME, forming an
amygdalo/hippocampo-hypophysial pathway. It re-
mains to be evaluated whether, how, or to what
extent external signals (e.g. stress conditions includ-
ing an immune challenge) are capable to induce the
activation of such a route. Alternatively, a number of
observations suggested the BST as a site of
convergence conveying information from hippo-
campus and amygdala to hypothalamus or other
parts of the brain (Cullinan et al., 1993; Herman
et al., 1994; Pacak et al., 1995), and the belief is held
that this pathway is involved in the modulation of
HPA activity (Dunn, 1987; Feldman et al., 1990;
Gray et al., 1993) (Fig. 5). In line with the notion of
additional regulatory mechanisms involved in the
neuroimmune dialog, several data indicate that HPA
axis activation is not an obligatory consequence
following antigen challenge (Stenzel-Poore et al.,
1993; Shanks et al., 1994). According to Zalcman
et al., 1994b) and Dunn (1992), peripheral cytokines
not necessarily activate the HPA axis or affect plasma
corticosterone concentrations, and results previously
obtained in our own laboratory revealed that the
corticosterone response induced by immunization
with SRBC is abrogated following peripheral
cholinergic treatment with physostigmine (Rinner
and Schauenstein, 1991). Even though several trivial
reasons, such as different experimental conditions or
different dose-dependencies of antigen-specific im-
mune responses, may account for such discrepancies,
the available data clearly illustrate the high degree of
complexity of central neuroendocrine immunomodu-
lation.

4.3. Immune Stimulation Evokes
Electrophysiological Changes in Neuronal Activities

in Limbic Areas

A large body of information on neuroimmune
communications and cognition has been generated by
electrophysiological recordings of neurons. Bese-
dovsky et al. (1977) were the first to demonstrate
increased neuronal firing rates in the ventromedial
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Fig. 5. Modulation of the pituitary–adrenal axis via hippocampus and amygdala. Abbreviations: BST,
bed nucleus of the stria terminals; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropin.

nucleus of the hypothalamus at the time of maximal
antibody production following immunization. Simi-
lar results were obtained in the hippocampus
(Korneva et al., 1985). Recently, effects of immune-
derived cytokines on electrophysiological phenomena
in limbic areas have been described. IL-1P induced
membrane hyperpolarization in neurons of the
basolateral amygdala (BLA), most probably in-
directly mediated through enhancement of endogen-
ous GABA and accompanied by a decrease in input
resistance (Yu and Shinnick-Gallagher, 1994). As
stated in the same report, superfusion of IL-1/l
reduced the amplitudes of EPSPS (excitatory postsyn-
aptic potentials) and blocked fast and slow IPSPS
(inhibitory postsynaptic potentials) evoked by stimu-
lation of the stria terminals and the lateral amygdala
possibly via presynaptic mechanisms. In a related
study, IL-ID has been found to enhance GABAergic
IPSPS in hippocampal neurons of the pyramidal cell
layer (Zeise et al., 1992), which would suggest
contrary cytokine effects in different brain regions,
but could also be due to different experimental
approaches used in these two studies. Furthermore,

IL-1P was shown to have excitatory effects on BST
neuronal activity possibly via prostaglandin mobiliz-
ation (Wilkinson et al., 1993), and both IL-1P
(Plata-Salaman and Ffrench-Mullen, 1992) as well as
IL-2 (Plata-Salaman and Ffrench-Mullen, 1993)
depress voltage-dependent calcium currents in CA1
hippocampal neurons.

It has long been established that learning and
memory is related to plastic changes of neuronal
pathways, and long-term potentiation (LTP) of
synaptic transmission is a widely used model of
neuronal plasticity (Bliss and Collingridge, 1993).
Cytokine effects on electrically induced potentiation
of the synaptic transmission have been primarily
c)escribed in the hippocampus. Interferon have been
shown to inhibit the induction of LTP and to
attenuate post-tetanic potentiation (PTP), short-term
potentiation (STP) as well as the LTP maintenance
phase (D’Arcangelo et al., 1991). IL-2 inhibited the
induction of both LTP and STP, attenuated PTP and
reduced. the maintenance of LTP (Tancredi et al.,
1990). Tumor necrosis factor affected LTP negatively
(Tancredi et al., 1992), and IL-1/3 inhibited the

.———— ----.—.——.—
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potentiation of synaptic transmission in field CA3 of
mouse (Katsuki et al., 1990), as well as in field CA1
of rat hippocampal slices (Bellinger et al., 1993). The
underlying mechanisms of cytokine-induced effects
on LTP remain to be further clarified, but may
include NMDA (Collingridge and Davies, 1989;
Bashir et al., 1991) and muscarinic receptors
(Burgard and Sarvey, 1990; Sokolov and
Kleschevnikov, 1995), the protein kinase C system
(Farrar and Andersen, 1985; Hu et al., 1987;
Malinow et al., 1988; Reymann et al., 1988),
sphingosine-sensitive processes (Malinow et al., 1988;
Ballou, 1992; Kolesnick and Golde, 1994), the G
protein system (Evans et al., 1987; Goh and
Pennefather, 1989; Harnett and Rigley, 1992), as well
as endogenous NO (Schuman and Madison, 1991;
Watanabe et al., 1995b). Besides mono- and
lymphokines, several growth factors have been shown
to influence the generation of LTP. Both epidermal
growth factor and basic fibroblast growth factor were
found to promote hippocampal LTP either in
fimbria-fornix-lesioned rats or anesthetized rats
(Ishiyama et al., 1991; Abe et al., 1992). Finally, it
should be considered that induction criteria for LTP
are not only studied in the hippocampal formation
but also in other limbic parts of the brain. Recently,
it was suggested that neuronal activities in the
ipsilateral BLA are required in part for the induction
of LTP in the dentate gyrus in vivo (Ikegaya et al.,
1995). Moreover, recent work supports the hypoth-
esis of a cooperation of hippocampal formation and
amygdala providing electrophysiological evidence of
direct neuronal connections between the BLA and the
dentate gyrus (Ikegaya et al., 1996).

4.4. Limbic Structures in Stress and Immunity

With the emergence of interdisciplinary research
areas, such as psychoneuroimmunology, new insights
into the concept of stress as a stereotyped and
non-specific response (alarm, resistance, exhaustion)
to aversive or noxious stimuli were obtained,
indicating the involvement of an array of regulatory
mechanisms including corticosteroidsj monoamine,
acetylcholine, endogenous opioids, melatonin, several
pituitary hormones and cytokines (Khansari et al.,
1990; Hoffman-Goetz and Pedersen, 1994). As
initially mentioned, it is generally accepted that
different stressors alter immunity in different ways,
and this research is reviewed in detail elsewhere
(Dantzer and Kelley, 1989; DeGiorgi and Altomare,
1992; Rinner et al., 1992; Fricchione and Stefano,
1994; Irwin, 1994; Kort, 1994; Dhabhar et al.,
1995b). Noteworthy in this regard is an intriguing
finding, which suggests that the adrenal gland may be
the source of plasma IL-6 following exposure to
physical and psychological stressors, and that
/?-adrenergic receptor stimulation is not involved in
mediating this effect (Zhou et al., 1993). Basal IL-6
secretion in cultures of splenic cells and peripheral
blood mononuclear cells was not enhanced after
repeated footshocks, and mitogen-induced IL-6
production was decreased in cultures of immune cells
following stress. Thus, the elevation of plasma IL-6
may reflect a hormonal response of the organism to
arousal. Whether psychosocial stress influences the

expression of cytokine mRNA and/or cytokine
synthesis in limbic areas is not yet clear. With the
exception of Pousset et al. (1996) (see also above),
who recently observed the induction if IL-6, TNF-a
and transforming growth factor ~ (TGF-fl) mRNA
expression in cultured rat hippocampal astrocytes by
low concentrations (10- ‘0–10- ‘zM) of serotonin,
non-inflammatory stimuli appear to induce IL-1P
gene expression in the hypothalamus exclusively
(Minami et al., 1991). Endogenous glucocorticoids
are known to modulate the central effects of
cytokines (Morrow et al., 1993a; Goujon et al., 1995).
However, studies addressing the mechanisms and the
specific site of action are rather limited to date.
Despite such gaps in our knowledge, a considerable
number of data describe relations between stress
effects including levels of catecholamines in blood
and different nuclei of the amygdaloid body on the
basis of lesion or stimulation experiments (Henke,
1980a, 1980b, 1985; Johansson et al., 1981; Galeno
and Brody, 1983; Morrow et al., 1993b). Electrolytic
lesions of the central nucleus of the amygdala
attenuated the increase in dopamine turnover in the
frontal cortex normally seen following mild stress
(Davis et al., 1994). The question of the underlying
neural pathways mediating this reponse is not
resolved. However, dopaminergic cells in the ventral
tegmental area, which in turn project to the
prefrontal cortex may be involved (Maeda and
Mogenson, 1981; Wallace et al., 1992). CRH–NE
interactions at the central nucleus of the amygdala
appear to mediate gastric cytoprotective effects
during stress implicating /3-adrenoceptor action (Ray
et al., 1993). An increase in NE levels also was
observed in the BST of rats during 2 hr of
immobilization (Pacak et al., 1995). In another study,
an increased number of CRH-binding sites was found
in the amygdala of tree shrews following psychosocial
stress (Fuchs and Flugge, 1994). Kalin et al. (1994)
have observed that restraint stress increased levels of
CRH mRNA in the rat amygdala. However, a more
recent study failed to replicate this result, and it was
suggested that type or duration of stressors and
species differences may account for selective re-
sponses of CRH neurons in the amygdala (Makino
et al., 1995). Support to this notion came from other
studies, indicating that different neuronal networks,
particularly dopaminergic activity in the nucleus
accumbens, are involved in the adaptation to aversive
or pleasurable repeated experiences (Le Meal and
Simon, 1991; Imperato et al., 1992). The concept that
increased dopamine turnover, metabolism and
release in mesocorticolimbic areas is a strain-specific
and time-dependent response to stress-inducing
stimuli, such as physical restraint, footshock, or
social defeat stress, has been experimentally
confirmed by a number of investigations (Cabib
et al., 1988; Roth et al., 1988; Abercrombie et al.,
1989;Puglisi-Allegra et al., 1991; Tidey and Miczek,
1996). Furthermore, it is well established that the
hippocampus, particularly the hippocampal cholin-
ergic system, has a crucial role in the processing of
stressful stimuli (Finkelstein et al., 1985; Gilad et al.,
1985; Tajima et al., 1996). Chronic psychosocial
stress also has been found to induce morphological
alterations in CA1 and CA3 hippocampal pyramidal
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neurons of tree shrews (Fuchs et al., 1995). However,
the functional relationship between stress-induced
HPA axis activation and abovementioned neuronal
systems is still a point of debate. Imperato et al.
(1991) e.g. have observed in rats that restraint stress
and freeing the animals both stimulated release and
metabolism of dopamine in the nucleus accumbens
and prefrontal cortex, as well as the release of
acetylcholine in the hippocampus. After habituation
to the respective situation these alterations declined.
Corticosterone levels were elevated during the whole
period of restraint stress and decreased by freeing the
animals. Moreover, this study provides evidence that
these dopamine and acetylcholine changes in limbic
structures occur independently of HPA axis acti-
vation. Thus, different forms of stressful stimulation
appear to be processed in Iimbic brain regions
implicating emotional experiences, and selective
neurochemical changes in limbic structures in turn
may cause selective central and peripheral neuronal,
neuroendocrine and, most probably, immune alter-
ations.

A final point to be discussed is that brief or
prolonged periods of stress have been shown to
influence memory formation in different ways
(reviewed by McEwen and Sapolsky, 1995). Consid-
ering glutamate receptors as putative candidates
involved in learning and memory (Advokat and
Pellegrin, 1992; Aigner, 1995), changes in excitatory
amino acid receptor binding have been demonstrated
in the hippocampus following different qualities of
stressful stimulation (single social stress experience,
acute tail-shock stress) (Tocco et al., 1991; Krugers
et al., 1993). However, contrary resuks were obtained
in response to repeated restraint stress (Watanabe
et al., 1995a). Further detailed research is needed to
study the implication of glutamate receptors in stress
responses and cognition, and future experiments
should examine the specific role of these receptors in
alterations of immune responses in association with
psychosocial stress. Even though, at present, nothing
is known about such an interaction, first — albeit
indirect — lines of evidence appear to point in this
direction. In experiments on embryonic mammalian
hippocampal neurons, Mayer and Vyklicky (1989)
observed that the T-cell mitogen ConA selectively
reduces desensitization of quisqualate receptors. The
most compelling evidence for an interaction between
Iimbic structures, the glutamatergic system and the
immune system is found in a recent report by
Hardin-Pouzet et al. (1996). The authors described an
enhanced expression of glutamate dehydrogenase in
cultured hippocampal astrocytes following treatment
with TNF-u or IL- Ict. This enzyme is involved in
glutamate metabolism and helps to maintain a low
(non-toxic) extracellular glutamate concentration.

4.5. Effects of the Activated Immune System on
Limbic Structures

Consistent with the notion of a link between Iimbic
areas and immunity, peripheral endotoxin (LPS)
treatment has been found to result in decreased
‘251-lL-lu binding in the hippocampus (Takao et al.,
1994) and dentate gyrus (Haour et al., 1990).
Furthermore, LPS, IL-la or /l can increase prosta-

glandin (PG)E2 biosynthesis in the dorsal hippo-
campus of mice involving IL- I receptor activation
(Weidenfeld et al., 1995), and LPS decreases the
affinity of hippocampal MRs (Schobitz et al., 1994b).
The LPS-induced increases in 5-HT metabolism in
the hypothalamus and hippocampus can be asymmet-
rically expressed (Deh-ue et al., 1994), supporting
observations on brain and behavioral Iateralization,
which have been associated with immune reactivity
(review by Neveu, 1992). Central LPS has been found
to induce different patterns of cytokine mRNA
expression in the brain including the hippocampus
(De Simoni et al., 1995). In addition to what has been
observed with bacterial endotoxin, muramyl dipep-
tide, a microbial product with adjuvant activity,
which has been shown to be implicated in steep
regulation (Krueger and Majde, 1995), can alter
neuronal activity in the hypothalamus as well as the
hippocampus (Dougherty and Dafny, 1990).

Immunologic reactivity also can interfere indirectly
with the production of neurotransmitters, and could
have neurobiological as well as psychological
consequences within limbic structures. Werner-Fel-
mayer et al. (1989) have found that an IFN-y-induced
pteridine biosynthesis is associated with an enhanced
tryptophan metabolism to form kynurenine. This
reduces the availability of 5-HT and may cause the
production of metabolizes with neurotoxic properties.
In this context, a chronically activated immune
system, as is observed in HIV patients, has been
correlated with reduced serum levels of tryptophan
(Fuchs et al., 1990) and with decreased whole blood
levels of 5-HT (Launay et al., 1989). Interestingly,
both results have been shown to be associated with
necrologic/psychiatric symptoms in HIV patients.

Additional evidence that HIV infection affects
limbic areas came from studies in rats. The i.c.v.
infusion of recombinant gp120, as well as injection
directly into the dorsal hippocampus, induced IL-I
activity in the brain (Sundar et al., 1991),whereby the
injection into the hippocampus was more effective
than i.c.v. infusion. This was associated with an
enhanced HPA axis activity, reduced NK cell activity
and lymphocyte mitogen responses.

Finally, immune cell-derived cytokines were found
to exert effects on growth and survival of neurons.
Hippocampal neurons, as well as glial cells, respond
to IL-1 stimulation in culture by enhanced pro-
duction of nerve growth factor (NGF) (Friedman
et al., 1990; Spranger et al., 1990) and i.c.v. injection
of IL-1 was found to increase NGF mRNA in the
hippocampus (Spranger et al., 1990). Recombinant
IFN-y has been reported to promote the differen-
tiation of cultured embryonic hippocampal neurons
at physiologically relevant concentrations (Barish
et al., 1991).Additional lines of evidence indicate that
IL-6 acts as a neurotrophic factor (Hama et al., 1989,
1991; Kushima and Hatanaka, 1992; Kushima et al.,
1992). Moreover, IL-6 has been recognized to protect
cultured rat hippocampal neurons against glutamate
neurotoxicity (Yamada and Hatanaka, 1994), which
has been suggested to be caused, in part, by NMDA
receptor/channel activation (Rothman and Olney,
1987; Yamada and Hatanaka, 1994). This is in
agreement with Toulmond et al. (1992)’s in uivo
findings in rats regarding a neuroprotective role of



Neuroimmunomodulation via Limbic Structures 211

IL-6 against neurotoxic effects of NMDA on striatal
cholinergic neurons. Sarder et al. (1996) observed
differential effects of IL-2 and IL-6 on neuronal
morphology and neurite regeneration in cultured
hippocampal cells. IL-2 promoted both elongation
and branching of neurites, whereas IL-6 only
promoted elongation of neuronal processes. Further-
more, IL-2 significantly increased the number and the
length of the branches, which emerge from the
proximal part of a damaged neurite, and it also
increased the total length and number of non-dam-
aged neurites. In contrast, IL-6 did not show any
significant effect on these parameters in laser
beam-damaged neurons. In all, the results of the
present and preceding studies clearly indicate that
immune-cytokines selectively affect neuronal growth,
survival and neuritogenesis. On the other hand, direct
actions of cytokines, or interactions between cytoki-
nes and neurotrophic factors may have detrimental
effects on limbic neuronal systems. Besides NGF, one
of the best known neurotrophic factors is brain-de-
rived neurotrophic factor (BDNF). Both of them
have been considered as agents that presumably act
on cholinergic neurons of the basal forebrain
(Whittemore and Sieger, 1987; Phillips et al., 1990)
and, because of this, probably are able to protect
neurons from neurodegenative diseases. In this
context, Lapchak et al. (1993) reported that systemic
IL-1P decreases BDNF mRNA expression in the rat
hippocampal formation, and this mechanism is
thought to be involved in the neuropathology of
Alzheimer’s disease. Chronic treatment with recombi-
nant IL-2 has been used to determine the cytokine
effect on the CNS of aged mice as compared to adult
animals (Nemni et al., 1992). IL-2-mediated neuronal
cell losses and degenerative changes limited to
hippocampal regions became apparent in aged mice
only, and were correlated with mnestic dysfunctions.

4.6. Conditioningof Immune Functions
— Mediated Via Limbic Areas?

Based on the work of Pavlov (1928), conditioned
neutral stimuli, such as saccharin, lithium chloride or
environmental stimuli, that were previously paired
with an unconditioned stimulus, e.g. an immunosup-
pressive drug, subsequently are able by themselves to
modulate an immune response (conditioned re-
sponse). A detailed review of this issue is presented in
Ader and colleagues’ Psychoneuroimmunology (1991)
— the underlying mechanisms mediating these
phenomena remain largely speculative. Endogenous
increases of glucocorticoids caused by stressful
conditioning paradigms may be involved in con-
ditioned immunosuppression (Kelley et al., 1985;
Lysle et a/., 1988). However, other studies did not
support this hypothesis (Ader et al., 1979;King et al.,
1987; Peeke et al., 1987). Endogenous opioids, such
as /3-endorphin, and the HPA axis, are believed to
play an essential role in the conditioned enhancement
of NK cell activity (Hsueh et al., 1994, 1995). In line
with this view, arecoline, a muscarinic cholinergic
agent, which previously has been shown to stimulate
HPA activity via central pathways (Calogero et al.,
1989), has recently been identified as a drug that
serves as an unconditioned stimulus in a Pavlovian

conditioning paradigm (Demissie et al., 1995). The
pairing of arecoline with a novel odor (camphor)
could be used to trigger a conditioned response,
whereby the subsequent exposure to the odor alone
was sufficient to raise NK activity. In a related study,
centrally injected IFN-/l also has been found to serve
as an unconditioned stimulus for the conditioning of
an NK cell response (Solvason et al., 1993);however,
the central pathways mediating this effect still remain
to be examined. Other data suggest the involvement
of endogenous CRH (Perez and Lysle, 1995), and the
/1-adrenergic system (Lysle et al., 1991; Luecken and
Lysle, 1992) in the conditioned modulation of
different types of immune responses. Whether and
how Iimbic areas actually participate in the central
modulation of conditioned immune responses is not
yet formally known. Evidence in favor of this notion
came from a study by Pezzone et al. (1992). An
auditory cue as conditioned stimulus following
electric footshock (the unconditioned stimulus) was
able to induce Fos expression in different parts of the
brain including the medial amygdaloid nucleus. In
addition, both of these stimuli were capable to
suppress immune functions. Unfortunately, it cannot
be excluded that Fos activation in the amygdala just
reflects the role of this structure in an (unconditioned
fear response. Thus, these studies should be extended
by using non-aversive conditioning paradigms.
However, based on the data summarized herein, and
in view of the well-known role of limbic areas in
learning processes, as well as in the processing of
associative emotional factors, we propose that
neuronal activities in the hippocampal formation and
extended amygdala are critically involved in these
phenomena.

5. CONCLUSIONS

In this review, we have charted for the first time an
integrated view of the neuroanatomy of psychoim-
munology based on the description of afferent/
efferent pathways in the neuroimmune dialog, as well
as on the major functions of Iimbic areas and their
putative roles in brain–immune communications. It
stands to reason that psychoneuroimmunology
cannot provide a universal explanation of a given
disease, but it may enhance our understanding of
psychosomatic aspects of immune disorders, such as
immune deficiency states or autoimmune diseases.
Additionally, it may open up new pathophysiological
concepts of different types of depression and
dementia. However, considering the conspicuous
complexity of neuronal networks and neuroendocrine
mechanisms on the one hand, and the complexity of
immune functions on the other, it is not surprising
that the results obtained are diverse and often
contradictory. We can only conclude that (i) humoral
and neural, most probably vagal, afferents link the
peripheral immune system with the brain; (ii)
humoral and neural efferents, such as the HPA axis,
a number of neuropeptides and autonomic pathways
link the CNS with the peripheral immune system; (iii)
Iimbic structures represent the neuroanatomical
substrates for psychoimmunomodulation as they
serve as superior regulators of neuroendocrine and
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autonomic centers allowing an individual and
selective modulation of learning processes, memory,
emotional behavior, stress and immune responses.

Given these results, immune dysfunctions may (i)
arise from a dysregulation of the parasympathetic
division of the nervous system; (ii) from an MR/GR
imbalance in the hippocampus leading either to an
enhanced or an impaired HPA activity; (iii) from
changes in number, affinity or signaling of cytokine
receptors in the CNS; and (iv) from alterations in
release and turnover of all the neurotransmitter
material mentioned, ranging from NE to excitatory
amino acids. More detailed knowledge of the
pharmacology, particularly of the “newcomers” of
transmitters, as well as their physiological roles in
brain and immune functions, will be required to
clarify further the extensive network of brain–im-
mune interactions. Additional studies at the molecu-
lar level will be needed to determine precisely
cytokine effects on neurotransmission. Cholinergic
and GABAergic responses should be studied in more
detail. Finally, a potential field of interest would be
the investigation of glutamatergic mechanisms in
neuroimmunology. Such investigations should lead
to a better understanding of neuroimmunomodula-
tion at limbic structures to provide the scientific basis
to Juvenal’s “Orandum est ut sit mens sana in corpore
sane”.

Acknow,ledgernenls-The research from our laboratory
reported in this article was supported by the Austrian
Science Foundation, projects 7509,7038, and 9925. We wish
to thank Drs Peter Liebmann and Peter Marquardt for their
review of this manuscript. Thanks also to Mr Heinrich Haas
for his advice on the illustrations.

REFERENCES

Abe, K., Ishiyama, J. and Saito, H. (1992)Effectsof epidermal
growthfactor and basic fibroblast growth factor on generation of
long-term potentiation in the dentate gyrus of fimbria-fornix4e-
sioned rats. Brain Res. 593, 335–338,

Abelson,J. L, and Curtis, G, C, (1996)Hypothalamic–pituitary–
adrenal axis activityin panic disorder. Arch, Gen. Psychia[. 53,
323-331.

Abercrombie, E. D,, Keefe,K. A., DiFrischia,D. F. and Zigmond,
M. J. (1989)Differentialeffects of stress on in uiuo dopamine
release in striatum, nucleus accumbens, and medial prefrontal
cortex. J. Neurochem, 52, 1655–1658,

Adamec, R. E. and Morgan, H. D. (1994) The effectof kindlingof
differentnucleiin the left and right amygdala on anxiety in the rat,
Phjsiol. Behat,. 55, 1-12,

Ader, R., Cohen, N. and Greta, L. J. (1979) Adrenal involvement
in conditioned immunosuppression. Int, J, Immunopharmacol. 1,
141-145.

Ader, R,, Felten, D. L. and Cohen, N, (1991) Psyc/roneuroimmurrol-
og~’,second edition. AcademicPress: New York.

Ader, R., Cohen, N. and Felten, D, (1995) Psychoneuroimmunol-

ogy: interactions between the nervous system and the immune
system.Lancet 345, 99–103.

Advokat, C. and Pellegrin, A, 1. (1992) Excitatory amino acids and
memory — evidence from research on Alzheimer’s disease and
behavioral pharmacology. Neuro.rci, IJehat,,ReL, 16, 13-24.

Aggleton, J. P, (1986) A description of the amygdalo-hippocampal
interconnections in the macaque monkey, Exp. Brfdn Res, 64,
515-526.

Agius, M. A,, Checinski, M, E., Richman, D, P. and Chelmicka-
Schorr, E. (1987) Sympathectomy enhances the severity of
experimental autoimmune myasthenia gravis (EAMG), J.
Neuroinrrnurrol.16, 11–12,

Agro, A. and Stanisz, A. M. (1995) Neuroimmunomodulatirm:
classical and non-classical cellular activation. ,4dr, Newroimnwlo/.
5, 311-319.

Aigner, T. G. ( 1995) Pharmacology of memory: cholinergic–gluta.
matergic interactions. Cur).. Opirr. Newobio/, 5, 155–I60.

Akira, S,, Hirano, T., Taga, T. and Kishimoto, T, (1990) Biology of
multifunctional cytokines: IL 6 and related molecules (IL 1 and
TNF), FASEB J. 4, 286fY2867,

Alexander, G. E., DeLong, M. R. and Strick, P. (1989) Parallel
organization of functionally segregated circuits linking basal
ganglia and cortex, Amru. Reu. Neurosci. 9, 357-381,

Amaral, D. G. (1986) Amygdalohippocampd and amygdalocortical
projections in the primate brain. Adr. E.Yp.Med. Biol, 203, 3-17.

Anisman, H., Kokkinidis, L. and Merali, Z, (1996) Interleukin-2
decreases accumbal dopamine etllux and responding for rewardi”g
lateral hypothalamic stimulation, Brai~ Res, 731, 1-11.

Antonica, A., Ayroldi, E., Magni, F. and Paolocci, N. (1996)
Lymphocyte traffic changes induced by monolateral vagal
denervation in mouse thymus and peripheral organs, J.
Neuroimmurro/.64, 1I5–122.

Arai, A. and Lynch, G. (1996) Response to repetitive stimulation of
AMPA receptors in patches excised from fields CA I and CA3 of
the hippocampus. Brain Res. 716, 202–206,

Araujo, D. M., Lapchak, P. A., Collier, B. and Quirion, R. (1989)
Localization of interleukin-2 immrmoreactivity and interleukin-2
receptors in the rat brain: interaction with the cholinergic system.
Brain Res, 498, 257–266,

Avishai-Eliner, S., Yi, S.-J. and Baram, T. Z. (1996) Developmental
profile of messenger RNA for the corticotropin-releasing hormone
receptor in the rat Iimbic system, Deu. Brain Res. 91, 159–163,

Ballou, L. R. (1992) Sphingolipids and cell function. Immune/. Toda},
13, 339-341.

Barish, M, E., Mansdorf, N, B, and Raissdana, S. S. (1991)
Gamma-interferon promotes differentiation of cultured cortical
and hippocampal neurons. Da,. Bio/, 144, 412423.

Bashir, Z. 1,, Alford, S., Davies, S. N., Randall, A. D, and
Collingridge, G. L. (1991) Long-term potentiation of NMDA
receptor-mediated synaptic transmission in the hippocampus.
Nature 349, 15&158.

Beaulieu, S,, Di Paolo, T. and Barden, N. (1986) Control of ACTH
secretion by the central nucleus of the amygdala: implication of the
serotonincrgic system and its relevance to glucocorticoid delayed
negative feedback mechanism. Ncwwendocrino/ogy 44, 247–254,

Beaulieu, S., Di Paolo, T., Cote, J. and Barden, N. (1987)
Participation of the central amygdaloid nucleus in the response of
adrenocorticotropin secretion to immobilization stress: opposing
roles of tbe noradrenergic and dopaminergic systems. Neuroendo-
crinologj, 45, 3746.

Beaulierr, S., Pelletier, G,, Vaudry, H, and Barden, N. (1989)
Influence of the central nucleus of the amygdala on the content of
corticotropirr-releasing factor in the median eminence. Neuroendo-
crinolog~ 49, 255–261.

Behbehari, M. M, (1995) Functional characteristics of the midbrain
periaqueductal gray. Prog. Neurobiol. 46, 575-605.

Bellinger, D, L., Lorton, D,, Romano, T. D., Olschowka, J. A.,
Felten, S. Y. and Felten, D. L. (1990) Neuropeptide innervation
of Iymphoid organs. Ann. NY Acad, Sri, 594, 17–33,

Bellinger, F. P., Madamba, S. and Siggins, G. R, (1993)
Interleukin-lp inhibits synaptic strength and long-te~
potentiation in the rat CA I hippocampus. Brain Res. 628,
227-234.

Bergquist, J,, Tarkowski, A,, Ekman, R, and Ewing, A, (1994)
Discovery of endogenous catecholamines in lymphocytes and
evidence for catecholamine regulation of lymphocyte function via
an autocrine loop. Proc. Nfsf/. Acad. Sci, U,S,A. 91, 12912–12916.

Berkenbosch, F., Van Oers, J., Del Ray, A., Tilders, F. and
Besedovsky, H. O. (1987) Corticotropin-releasing factor-produc-
ing neurons in the rat activated by interleukin-1. Science 238,
526526.

Besedovsky, H. 0,, Sorkin, E., Keller, M. and Miller, J, (1975)
Changes in blood hormone levels during the immune response,
Proc. Soc. E.Yp. BirA, Med. 150, 466470,

Besedovsky, H., Sorkin, E., Felix, D. and Haas, H. (1977)
Hypothalamic changes during the immune response, Eur. J.
hItlSUiW[.7, 323–325.

Besedovsky, H. 0,, Del Rey, A. and Sorkin, E. (1979) Antigenic
competition between horse and sheep red blood cells is a



Neuroimmunomodulation via Limbic Structures 213

hormone-dependent phenomenon. C/in. E.Yp, Imrrnmo[, 37,
lo&l 13.

Besedovsky, H. 0., Del Rey, A., Sorkin, E., Da Prada, M., Burri,
R. and Honegger, C. (1983) The immune response evokes changes
in brain nomdrenergic neurons. Science 221, 56+S66,

Besedovsky, H. O., Del Rey, A., Sorkin, E. and Dirmrello, C, A.
(1986) Immunoregukitory feedback between interieukin-1 and
giucocorticoid hormones. Scierrce 233, 652-654.

Bienenstock, J., Tomioka, M., Matsuda, H., Stead, R. H., Quinonez,
G., Simon, G. T., Coughlin, M. D. and Denburg, J. A. (1987) The
role of mast cells in inflammatory processes: evidence for
nerve–mast cell interactions. Irrt.Arc}l. Al[erg}, Immunol. 82,
238-243.

Bileviciute, 1., Lundeberg, T., Ekblom, A. and Theodorsson, E.
(1993) Bilateral changesof substanceP-, neurokininA-, calcitonin
gene-relatedpeptide-and neuropeptideY-like immunoreactivity
in rat knee joint synovial fluid during acute monoarthritis.
Neurosci. Left. 153, 3740.

Bileviciute, 1., Stenfors, C., Theodorsson, E., Beckman, M, and
Lundeberg, T. (1995) Significant changes in neuropeptide
concentrations in the brain of normotensive (WKY) and
spontaneously hypertensive (SHR) rats following knee joint
monoarthritis. Braifi Res. 704, 71–78.

Blalock, J. E. (1992) Production of peptide hormones and
neurotransmitters by the immune system (Eds K, Ishizaka, P. J.
Lachmann and B. H. Waksman). Chem. Imrrrunol,(Neuroirrrmu-
noendowinoi,) 52, 1–24.

Blalock, J. E. (1994) The syntax of immune-neuroendocrine
communication. Immurrol. Today 15, 504511.

Blatteis, C, M. (1992) Role of the OVLT in the febrile response to
circulating pyrogens, Prrrg. Brairr Res. 91, 409-412.

Bliss, T. V. P. and Collingridge, G. L. (1993) A synaptic model of
memory: long-term potentiation in the hippocampus. Narure 361,
31-39.

Blum, A. M., Metwali, A., Mathew, R. C., Cook, G., Elliott, D. and
Weinstock, J. V. (1992) Grancdoma T lymphocytes in murine
schistosomiasis mansoni have somatostatin receptors and respond
to somatostatin with decreased IFN-y secretion. J. Irrrmuna/.149,
3621-3626.

Bliimcke, I., Wolf, H. K., Hof, P. R., Morrison, J. H. and Wiestler,
O. D. (1995) Regional distribution of the AMPA glutamate
receptor subunits GIuR2(4) in human hippocampus. BrmirrRes.
682, 239-244.

Bluth& R.-M., Walter, V., Parnet, P,, Lay&,S., Lestace, J., Verrier,
D., Poole, S,, Stenning, B. E., Kelley, K. W. and Dantzer, R.
(1994) Lipopolysaccharide induces sickness behaviour in rats by
a vagal mediated mechanism. CR. Acad. Sci. Paris Ser. III 317,
499-503.

Boyd, R. L., Tucek, C. L., Godfrey, D. 1., Izon, D. J., Wilson, T.
J., Davidson, N. J., Bean, A. G. D., Ladyman, H. M., Ritter, M.
A. and Hugo, P. (1993) The thymic microenvironment. Irrvrwm/.
Toda}, 14, 445459.

Brinton, R. D., Monreal, A. W. and Fernandez, J. G. (1994)
Vasopressin-induced neurotrophism in cultured hippocampal
neurons via V1 receptor activation. J. Neurobia/. 25, 38G394.

Brooks, W. H., Cross. R. J., Roszman, T. L. and Markesbery, W.
R. (1982) Neuroimmunomndulation: neural anatomical basis for
impairment and facilitating. Ann. Neurol. 12, 5&61.

Bullier, J. and Nowak, L. G. (1995) Parallel versus serial processing:
new vistas on the distributed organization of the visual system.
Curr. Opin. Neurobiol. 5, 497-503.

Bcdloch, K. and Moore, R. Y. (1981) Innervation of the thymus
gland by brain stem and spinal cord in mouse and rat. Am. f.
Arrat. 162, 157-166.

Burgard, E, C. and Sarvey, J. M. (1990) Muscarinic receptor
activation facilitates the induction of long-term potentiation
(LTP) in the rat dentate gyrus. Neuroxci, Left. 116, 34-39.

Cabib, S., Kempf, E., Schleef. C., Oliverio, A. and Puglisi-Allegra,
S. (1988) Effects of immobilization stress on dopamine and its
metabolizes in different brain areas of the mouse: role of genotype
and stress duration. Brain Rcs, 441, 153–160.

Calogero, A. E., Kamilaris, T. C., Gomez, M. T., Johnson, E. 0..
Tartaglia, M. E., Gold, P. W. and Chrousos, G. P. (1989) The
muscarinic cholinergic agonist arecoline stimulates the rat
hypothalamic-pituitary-adrenalaxisthrougha centrallymediated
corticotropin-releasinghormone-dependentmechanism.Endacrin-
olog.v 125, 245–2453.

Carlson, S. L., Felten, D. L., Livnat, S, and Felten, S. Y. (1987)
Alterations of monoamine in specific central autonomic nuclei
following immunization in mice. Brai~~Bebar. {mmun. 1, 52-63.

Carr, D. J. J. (1992) Neuroendocrine peptide receptors on cells of the
immune system (Eds K. Ishizaka, P. J, Lachmann and B. H.
Waksman). Cbern. Immunol. (Neu{.oi!rl{??unoendoc).inol,)52,
8+105.

Carroll, B. J., Curtis, G. C. and Mendels, J. (1976) Neuroendocrine
regulation in depression I. Limbic system–adrenocortical dysfunc-
tion. Arcb. Gen. Ps},chiar. 33, 1039–1044,

Chelmicka-Schorr, E,, Checinski, M. and Arnason, B. G. W. (1988)
Chemical sympathectomy augments the severity of experimental
allergic encephalomyelitis, J. Neur-oimrrwro/,17, 347–350.

Chelmicka-Schorr, E,, Kwasniewski, M. N,, Thomas, B. E. and
Arnason, B, G, W. (1989) The ~-adrenergic agonist isoproterenol
suppresses experimental allergic encephalomyelitis in Lewis rats.
J. Neuroimmunol. 25, 203-207.

Cherkaoui, J., Mayo, W., Neveu, P. J,, Kelley, K. W., Vitiello, S.,
Le Meal, M. and Simon, H. (1990) The nucleus basalis is involved
in brain modulation of the immune system in rats. Bruin Re.s, 516,
345-348.

Chrousos, G. P. (1995) The hypothalamic–pituitary–adrenal axis
and immune-mediated inflammation, New Eng/. J. Med. 332,
1351-1362.

Clark, A. S. and Cotman, C. W. (1992) Adrenal hormone effects on
hippocampal excitatory amino acid binding. Brain Res. 585,
161468.

Coirini, H., Margariiios, A. M,, De Nicola, A. F., Rainbow, T, C,
and McEwen, B. S. (1985) Further studies of brain aldosterone
binding sites employing new mineralocorticoid and glucocorticoid
receptor markers irruimo, Brain Res, 361, 212–216.

Collingridge, G. L. and Davies, S. N. (1989) NMDA receptors and
long-term pntentiation in the hippocampus. In: The NMDA
Receptor, pp. 123-135, Eds J. C. Watkins and G, L, Oxford
University Press: Oxford, U.K.

Costa, P., Traver, D, J., Auger, C. B. and Costa, L, G. (1994)
Expression of cholinergic muscarinic receptor subtypes mRNA in
rat blood mononuclear cells, Immunopharrnacolagy28, 113–123.

Croiset, G., Heijnen, C, J., Van der Wal, W. E., De Boer, S, F, and
De Wied, D. (1990) A role for the autonomic nervous system in
modulating the immune response during mild emotional stimuli.
Life .$ci. 46, 419425.

Cross, R. J., Brooks, W. H,, Roszman, T. L. and Markesbery, W.
R. (1982) Hypothalamic-immune interactions. Effect of hypophy-
sectomy on neuroimmunomodulation, J. Neuro/. Sci. 53, 557–566.

Cui, Y., Lee, T. F. and Wang, L. C. (1993) Thermoregulatory
responses following injection of 5-hydroxytryptamine into the
septohippocampal complex in rats. Pharmacoi. Biochem. Behau.
45, 935-939,

Ccdlinan, W. E., Herman, J, P. and Watson, S. J. (1993) Ventral
subicular interaction with the hypothalamic paraventricular
nucleus: evidence for a relay in the bed nucleus of the stria
terminals, J, Comp, Neuro/. 332, 1-20.

Dalmaz, C., Introinicollison, 1. B. and Mcgaugh, J. L. (1993)
Noradrenergic and cholinergic interactions in the amygdala and
the modulation of memory storage. Behcw.Brain Res. 58, 167–174.

Dantzer, R. and Kelley, K. W. (1989) Stress and immunity: an
integrated view of relationships between the brain and the immune
system. L;feSci. 44, 1995–2008.

D’Arcangelo, G., Grassi, F., Ragnzzinn, D., Santoni, A., Tancredi,
V. and Eusebi, F. (1991) Interferon inhibits synaptic potentiation
in rat hippocampus. Brain Res. 564, 245–248.

Davis, M. (1992) The role of the amygdala in fear and anxiety. Annu.
Rev. Neurosci. 15, 353-375.

Davis, M., Hitchcock, J. M., Bowers, M, B., Berridge, C. W.. Melia,
K. R, and Roth, R. H. (1994) Stress-induced activation of
prefrontal cortex dopamine turnover: blockade by lesions of the
amygdala, Brain Res, 664, 207–210.

Day, N. C., Williams. T, L,, Ince, P. G,, Kamboj, R. K., Lodge, D.
and Shaw, P. J. (1995) Distribution of AMPA-selective glutamate
receptor subunits in the human hippocampus and cerebellum.
Mol. Brain Res. 31, 17-32.

DeGiorgi, L. and Altomare, D. (1992) Modification of the immune
system following mental and physical stress. Bu/1.Inst. Paskur 90,
99-107.

De Kloet, E. R. (1991)Brain corticosteroid receptor balance and
homeostatic contrnl, Front. Neuroendowinri. 12, 95–164.



214 H. S. Haas and K. Schauenstein

De Kloet, E. R., Oitzl, M, S. and Sch6bitz, B. (1994)Cytokines and
the brain corticosteroid receptor balance: relevance to pathophys-
iology of neuroendocrine immune communication. P>,choneurotw-
dowinologj 19, 121-134,

Delepkinque, B., Vitiello, S., Le Meal, M. and Neveu, P. J, (1994)
Modulation of immune reactivity by unilateral striatal and
mesolimbic dopaminergic lesions, ,%’euro.rci.L.e(I. 166, 216220.

Delrue, C., Deleplanque, B., Rouge-Pent, F., Vitielio, S. and Neveu,
P. J. ( 1994) Brain monoaminergic, neuroendocrine, and immune
responses to an immune challenge in relation to brain and
behavioral Iateralization, Brain Bekau, ImmurI.8, 137-152.

Demissie, S., Rogers, C, F,, Hiramoto, N. S., Ghanta, V. K. and
Hiramoto, R. N. (1995) Arecoline a muscarinic cholinergic agent
conditions central pathways that modulate natural killer cell
activity. J. Neuroirnmunol,59, 57–63,

De Simoni, M. G., De Luigi, A., Gemma, C,, Faggioni, R,, Gatti,
S., Manfridi, A., Sironi, M. and Ghezzi, P. (1992) Central nervous
system-mediated induction of systemic IL-6 and TNF. In:
Pathoph~siolog~,and Pharmacolog+,ofCj,rokirres,pp. 143-148. Eds
A, Mantovani and P. Ghezzi. Biomedical Press: New York.

De Simoni, M. G., De Luici, A., Gemma, C,, Sironi, M., Manfridi,
A. and Ghezzi, P. (1993) Modulation of systemic interleukin-6
induction by central interleukin-1. Am. J. P/!}siol. 265,
R739-R742,

De Simoni, M. G., Del Bo, R., De Luigi, A., Simard, S. and Forloni,
G. (1995) Central endotoxin induces ditlerent patterns of
interleukin (IL)- 1/3and IL-6 messenger ribonucleic acid expression
and IL-6 secretion in the brain and periphery. Endocrino/og?,136,
897-902.

De Vries, G. J., Buijs, R. M., Van Leeuwen, F. W., Caffe, A. R, and
Swaab, D. F. (1985) The vasopressinergic innervation of the brain
in normal and castrated rats. J. Corrp. Neurol, 233, 23&254.

De Vries, H. E., Blom-Roosemalen, M. C. M,, van Oosten, M,, de
Boer, A. G., van Berkel, T. J. C., Breimer, D. D. and Kuiper, J,
(1996) The influence of cytokines on the integrity of the
blood–brain barrier irruirro. J. Neuroimrnunol,64, 3743,

Dhabhar, F. S., Miller, A. H., McEwen, B. S. and Spencer, R. L,
(1995a) Differential activation of adrenal steroid receptors in
neural and immune tissues of Sprague Dawley, Fischer 344, and
Lewis rats. J. Neuroimmuno/, 56, 77-90.

Dhabhar, F. S., Miller, A, H,, McEwen, B. S, and Spencer, R. L.
(1995b) Effects of stress on immune cell distribution. Dynamics
and hormonal mechanisms. J. Irnrnuno/,154,5511–5527,

Donaldson, L, F,, Harmar, A. J., McQueen, D. S. and Seckl, J, R,
(1992) Increased expression of preprotachykinin, calcitmrin
gene-related peptide, but not vasoactive intestinal peptide
messenger RNA in dorsal root ganglia during the development of
adjuvant monoarthritis in the rat, Me/. Brain Res. 16, 143–149.

Dougherty, P, M, and Dafny, N. (1990) Muramyl-dipeptide, a
microphage-derived cytokine, alters neuronal activity in hypo-
thalamus and hippocampus but not in the dorsal raphe/peri-
aqueductal gray of rats. J, Neuroirrwmod. 28, 201--208.

Dunn, A. J. (1992) The role of interleukin-1 and tumor necrosis
factor-a in the neurochemical and neuroendocrine responses to
endotoxin. Braitt Rev. Bull. 29, 807–812.

Dunn, J. D. (1987) Plasma corticosterone responses to electrical
stimulation of the bed nucleus of the stria terminals. Brain Rex.
407, 327-331.

Durkin, T. P. (1994) Spatial working memory over long retention
intervals: dependence on sustained cholinergic activation in the
septohippocampd or nucleus basalis magnocellularis–cortical
pathways?. Neuroscience 62, 681-693,

Duvaux-Miret, O., Stefano, G, B,, Smith, E. M., Dissous, C. and
Capron, A. (1992) Immunosuppression in the definitive and
intermediate hosts of the buman parasite Schistosoma mansoni by
release of immunoreactive neuropeptides. Prrrc, Na//, A<,ad,,Sci,
U.S.A. 89, 778-781.

Elkabir, D. R., Wyatt, M. E., Vellucci, S. V, and Herbert, J, (1990)
The effects of separate or combined infusions of corticotropin-re-
Ieasing factor and vasopressin either intraventricularly or into the
amygdala on aggressive and investigative behavior in the rat.
Regul. Peptide.~28, 199–214.

Eskay, R. L., Elden, L. E. and Hsu, C.-M. (1992) Interleukin-lu and
tumor necrosis factor-a differentially regulate enkephalin,
vasoactive intestinal polypeptide, neurotensin, and substance P
biosynthesis in chromaffin cells. Errdorrimrlogj,130, 2252-2258.

Evans, D. L., Folds, J. D., Petitto, J. M., Golden, R. N., Pedersen,

C. A., Corrigan, M., Gilmore, J. H., Silva. S. G., Quade, D. and
Ozer, H. (1992) Circulating natural killer cell phenotypes in men
and women with major depression. Arc/7, Gen. J?rj,chiat. 49,
388-395.

Evans, S. W,, Beckner, S. K. and Farrar, W, L. (1987) Stimulation
of specific GTP bindingand hydrolysis activities in lymphocyte
membrane by interleukin-2. Nanw 325, 166168.

Farrar, W. L, and Andersen, W. B, (1985) 1nterleukin-2 stimulates
association of protein kinase C with plasma membrane. Nature
315.233-235.

Farra;, W. L., Hill, J, M., Harel-Bellan, A. and Vinocour, M. (1987)
The immune logical brain. Imnruno/. Rev. 100, 361–378.

Fatani, J. A., Quayyum, M. A., Mehta, L. and Singh, U. (1986)
Parasympathetic innervation of the thymus: a histochemical and
immunocytochemical study. J. Arrat. 147, 115–119.

Fecho, K., Maslonek, K. A., Dykstra, L. A. and Lysle, D. T. (1996)
Assessment of the involvement of central nervous system and
peripheral opioid receptors in the immunomodulatory etlects of
acute morphine treatment in rats, J. Pharmaco[. E.Yp. Ther. 276,
626636,

Feldman, S, and Weidenfeld, J. (1993) The dorsal hippocampus
modifies the negative effect of glucocorticoids on the adrenocorti-
cal and median eminence CRF-41 responses to photic stimulation,
Brain Res. 614, 227–232.

Feldman, S,, Cnnforti, N. and Saphier, D. (1990) The preoptic area
and bed nucleus of the stria terminates are involved in the effects
of the amygdala on adrenocortical secretion, Neuroscience 37,
775-779,

Feldman, S., Conforti, N., Itzik, A, and Weidenfeld, J, (1994)
Differential effect of amygdaloid lesions on CRF-41, ACTH and
corticosterone responses following neural stimuli. Brain Res. 658,
21-26,

Felsner, P., Hofer, D., Rinner, I., Mangge, H., Gruber, M.,
Korsatko, W. and Schauenstein, K, (1992) Continuous in riw
treatment with catecholamines suppresses in uio-oreactivity of rat
peripheral blood T-lymphocytes via a-mediated mechanisms, J.
Neuroirnrnunol.37, 47-57.

Felsner, P,, Hofer, D,, Rinner, I., Porta, S., Korsatko, W. and
Schauenstein, K. (1995) Adrenergic suppression of peripheral
blood T cell reactivity in the rat is due to activation of peripheral
eel-receptors. J, Neuroimmunol, 57, 27–34.

Felten, D. L,, Felten, S. Y., Bellinger, D. L., Carlson, S. L..
Ackerman, K. D., Madden, K. S., Olschowka, J. A. and Livnat,
S. (1987) Noradrenergic sympathetic neural interactions with the
immune system: structure and function, Irnmuno/. Ret,, 100,
225-260,

Felten, D, L., Felten, S. Y., Bellinger, D. L, and Lorton, D, (1992)
Noradrenergic and peptidergic innervation of secondary lymphoid
organs: role in experimental rheumatoid arthritis. Eur. J. C/in,
hlw,t. 22, SUppl. 1, 3741.

Felten, S. Y. and Olschowka, J. (1987) Noradrenergic sympathetic
innervation of the spleen: II. Tyrosine hydroxylase (TH)-positive
nerve terminals form synaptic-like contacts on lymphocytes in the
splenic white pulp, In: Neuroimrnurwrmdularion,pp. 7&74, Eds J.
R. Perez-Polo, K. Bulloch, R. H. Angeletti, G. A. Hashim and J.
de Vellis. Alan R. Liss, Inc.: New York.

Finkelstein, Y,, Koffler, B., Rabey, J. M. and Gilad, G. M. (1985)
Dynamic of cholinergic synaptic mechanisms in the rat
hippocampus after stress, Brain Res. 343, 314319,

Fleshner, M,, Goehler, L. E., Hermann, J., Relton, J, K,, Maier, S.
F. and Watkins, L. R. (1995) Interleukin-1~ induced cortico-
sterone elevation and hypothalamic NE depletion is vagally
mediated, Brai~ Rex. Bu//. 37, 605–610.

Frei, K., Bodmer, S., Schwerdel, C. and Fontana, A. (1985)
Astrocytes of the brain synthesize interleukin-3-like factors. J,
Immunol. 135, 40444047,

Freidin, M., Bennett, M. V, L, and Kessler, J. A. ( 1992) Cultured
sympathetic neurons synthesize and release the cytokine
interleukin 1~. Pror. Na//, Arad, .Ri. U.S..4. 89, 1044GIO443,

Fricchione, G. L. and Stefano, G. P. (1994) The stress response and
autoimmunoregulation. Ad!. Neuroinrmunol,4, 13–27,

Friedman, W, J., Larkfors, L.. Ayer-LeLievre, C., Ebendal, T,,
Olson, L. and Persson, H. (1990) Regulation of B-nerve growth
factor expression by inflammatory mediators in hippocampal
cultures. J. Ncwro.rci.Res. 27, 374388,

Fuchs, D., Moeller, A. A., Reibnegger, G., Stoeckle, E,, Werner, E,
R. and Wachter, H. (1990) Decreased serum tryptophan in



Neuroimmunomodulation via Limbic Structures 215

patients with HIV-1 infection correlates with increased serum
neopterin and with necrologic/psychiatric symptoms. J. Acq.
Irnmurr.Def Siwd. 3, 873–876,

Fuchs, E. and Fiiigge, G, (1994) Modulation of binding sites for
corticotropin-releasing hormone by chronic psychosocial stress.
P.~>,choneuroendoc!ino/og~20, 33-51.

Fuchs, E., Uno, H. and Fliigge, G. (1995) Chronic psychosocial
stress induces morphological alterations in hippocampal pyrami-
dal neurons of the tree shrew. Brain Rcs. 673, 275-282,

Fukuoka, H., Kawatani, M., Hisamitsu, T. and Takeshige, C, (1994)
Cutaneous hyperalgesia induced by peripheral injection of
interleukin-1~ in the rat. Brain Res. 657, 133–140.

Gadient, R. A. and Otten, U. (1994) Expression of interleukin-6
(IL-6) and interleukin-6 receptor (IL-6R) mRNAs in rat brain
during postnatal development. Brain Res. 637, l&14.

Gadient, R. A. and Otten, U. (1996) Postnatal expression of
interleukin-6 (IL-6) and IL-6 receptor (IL-6R) mRNAs in rat
sympathetic and sensory ganglia. Brain Res, 724, 4146,

Galeno, T. M. and Brody, M. J. (1983) Hemodyrramic responses to
amygdaloid stimulation in spontaneously hypertensive rats. J.
P/!}$io/. 245, R281–R286.

Gasbarri, A,, Verney, C., Irznocenzi, R., Campana, E. and Pacitti,
C. (1994) Mesolimbic dopaminergic neurons innervating the
hippocampd formation in the rat: a combined retrograde tracing
and immunohistochemical study. Brairr Res. 668, 71–79.

Gaykema, R. P. A., Dijkstra, I. and Tilders, F. J. H. (1995)
Subdiaphragmatic vagotomy suppresses endotoxin-induced acti-
vation of hypothalamic corticotropin-releasing hormone neurons
and ACTH secretion.Endocrirrolog~,136, 47174720,

Ghanta, N. R., Haseman, J. K., Grumbein, S., Crawford, D, D. and
Eustis, S. L. (1990) Growth, body weight, survival, and tumor
trends in F344/N rats during an eleven-year period. Toxicol,
Patbol. 18, 61–70.

Gilad, G. M., Mahom, B. D., Finkelstein, Y., Koffler, B. and Gilad,
V, (1985) Stress-induced activation of the hippocampal cholinergic
system and the pituitary–adrenocortical axis. Brain Res. 347,
404408.

Gobert, A., Widdowson, P., Renouard, A., Rivet, J. M., Bervoets,
K. and Millan, R. J. (1993) Multiple et,-adrenoceptor subtypes: an
examination of the subtype modulating noradrenaline synthesis in
rat hippocampus. J. Neurochem. 61S, S25A,

Goehler, L. E., Relton, J., Maier, S. F, and Watkins, L. R. (1994)
Biotinylated interleukin-1 receptor antagonist (IL-lra) labels
paraganglia in the rat liver hilus and hepatic vagus. Proc. Soc.
Neurosci. Abstr. 20, 956.

Goehler, L. E., Busch, C. R., Tartaglia, N., Relton, J., Sisk, D.,
Maier, S. F, and Watkins, L. R, (1995) Blockade of cytokine
induced conditioned taste aversion by subdiaphragmatic vago-
tomy: further evidence for vagal mediation of immun~brain
communication. Neurosci. Lcrr. 185, 163–166.

Goetzl, E. J. and Sreedharan, S. P. (1992) Mediators of
communication and adaptation in the neuroendocrine and
immune system. FASEB J. 6, 264&2652.

Goh, J. W. and Pennefather, P. S. (1989) A pertussis toxin-sensitive
G protein in hippocampal long term potentiatiorr. Scimrce 244,
980-983.

Gordon, M. A., Cohen, J. J. and Wilson, B. (1978) Muscarinic
cholinergic receptors in murine lymphocytes: demonstration by
direct binding. Proc. Nat{. Arad. Sri. L/.S.A. 75, 2902-2904.

GottschaO, P. E.. Komaki, G. and Arimura, A. (1992a) Interleukin-1
beta activation of central nervous system. In: Interleukirr-1in the
Brairr, pp. 27–50. Eds Rothwell and Dmrtzer. Pergamon Press:
New York.

Gottschall, P. E., Komaki, G. and Arimura, A. (1992b) Increased
circulating interleukin-1, and interleukin-6 after intracerebroven-
tricular injection of Iipopolysaccharide. Neuroemkxrimdo,g.r56,
935-938.

Goujon, E., Parnet, P., Cremorm, S. and Dantzer. R. (1995)
Endogenous glucocorticoids down regulate central effects of
interleukin-1~ on body temperature and behaviour in mice. Brairr
Res. 702, 173-180.

Gould, E., Woolley, C. S. and McEwen. B. S. (1991) The
hippocampal formation: morphological changes induced by
thyroid, gonadal and adrenal brrrmones. P~,{/toneuroendocrinol[jg]
16, 67-84.

Gray, T. S., Piechowski, R. A., Yracheta, J. M., Rittenhouse, P. A.,
Bethea, C. L. and Van de Kar, L. D. (1993) Ibotenic acid lesions

in the bed nucleus of the stria termirralis attenuate conditioned
stress-induced increases in prolactin ACTH and corticosterone.
Neuroendocrino/Ogj.57, 517–524.

Grossberg, S, and Merrill, J. W. L, (1992) A neural network model
of adaptively timed reinforcement learning and hippocampal
dynamics. Cogn, Brain Re.r. 1, 3-38.

Gutierrez, E. G., Banks, W. A. and Kmtin, A. J. (1993) Murine
tumor necrosis factor alpha is transported from blood to brain in
the mouse. J. Neuroimmurro[.47, 169–176.

Gutierrez, E. G., Banks, W. A. and Kastin, A. J. (1994) Blood-borne
interleukin-1 receptor antagonist crosses the blood–brain barrier.
J. Neuroirrrnrunol.55, 153-160.

Hama, T., Miyamoto, M., Tsukui, H,, Nishio, C. and Hatanaka, H.
(1989) 1nterleukin-6 as a neurotrophic factor for promoting the
survival of cultured basal forebrain cholinergic neurons from
postnatal rats. Neurosci. Le[t. 104,341&344.

Hama, T., Kushima, Y., Miyamoto, M., Kubota, M., Takei, N. and
Hatanaka, H, (1991) Interleukin-6 improves the survival of
mesencephalic catecholaminergic and septal cholinergic neurons
from postnatal, two-week-old rats in cultures. Newroscierrce40,
45$452.

Hamilton, M. E. and Freeman, A. S. (1995) Effects of administration
of cholecystokinin into the VTA on DA overflow in nucleus
accumbens and amygdala of freely moving rats. Brain Res, 688,
13+142,

Han, Y., Shaikh, M. B. and Siegel, A. (1996a) Medial amygdaloid
suppression of predatory attack behavior in the cat: 1, Role of a
substance P pathway from the medial amygdala to the medial
hypothalamus. Brain Res, 716, 59–71.

Han, Y., Shaikh, M. B. and Siegel, A. (1996b) Medial amygdaloid
suppression of predatory attack behavior in the cat: 11.Role of a
GABAergic pathway from the medial to the lateral hypothalamus,
Brain Res. 716, 72–83.

Hanisch, U. K., Seto, D, and Quirion, R. (1993) Modulation of
hippocampal acetylcholine release: a potent central action of
interleukin-2. J. Neurosci. 13, 3368–3374.

Haour, F. G., Ban, E. M., Milon, G. M., Baran, D, and Fillion, G.
M. (1990) Brain interleukin-1 receptors: characterization and
modulation after Iipopolysaccharide injection. Prog, ,Veuroirrmru-
noendocrinol. 3, 19&204.

Harbuz, M. Z., Stephanou, A., Sarlis, N. and Lightman, S. L. (1992)
The effects of recombinant interleukin (IL)-] alpha, IL-1 beta or
IL-6 on hypothalammpituita~–adrenal axis activation. J,
Endocrinoi, 133, 349–355,

Hardin-Pouzet, H., Giraudon, P,, Bernard, A,, Derrington, E., Belin,
M. F. and Didier-Bazet, M. (1996) Cytokines are increased in the
rat hippocampus after serotonergic neuron degeneration and
upregulate the expression of GDH, an enzyme involoved in
glutamate detoxification. J. Neuroimrnurro/.69, 117-122,

Hare, A. S,, Clarke, G. and Tolchard, S. (1995) Bacterial
Iipopolysaccharide-induced changes in FOS protein expression in
the rat brain: correlation with neuroendocrine and thermoregula-
tory changes. J. Neuroendocrinol. 7, 791–799.

Harnett, M. and Rigley, K, (1992) The role of G-proteins versus
protein tyrosine kinases in the regulation of lymphocyte
activation. hrmrurd. Toda}, 13, 482486.

Hart, R. P., Shadiack, A. M. and Jonakait, G, M. (1991) Substance
P gene expression is regulated by interleukin-1 in cultured
sympathetic ganglia. J. Neurosci. Res. 29, 282–291,

Hart, R. P., Liu, C,, Shadiack, A, M., McComzack, R, J, and
Jonakait, G. M. (1993) An mRNA homologous to interleukin-1
receptor type I is expressed in cultured rat sympathetic ganglia, J,
Neuvoimmunol. 44, 49–56.

Hauger, R. L,, Irwin, M. R,, Lorang, M,, Aguilera, G, and Brown,
M. R. (1993) High intracerebral levels of CRH result in CRH
receptor downregulation in the amygdala and neuroimmune
desensitization. Brain Res. 616, 283–292.

Heimer, L. (1995a) Amygdaloid body mrd extended amygdaki, Ch.
20. In: The Human Bruin and Spinal Cord. Functional
Neurrzrznotamjand Di,wectiorrGuide, Second Edition, pp. 415J421,
Ed. L. Heimer. Springer: New York.

Heimer, L. (1995b) Hippocampal formation, Ch. 21. In: Tbe Human
Bruin and Spinal Cord. Functional Neuroanatom.r. and Di.wction
Guide, Secatld Edi[iarr,pp. 423431. Ed. L. Heimer. Springer: New
York.

Heimer, L. (1995c) Basal ganglia and related basal forebrain
structures, Ch. 16. In: The Human Bruin cmd Spina/ Card.



216 H, S, Haas and K. Schauenstein

Fun<tiomd Neuroanatorr?jand dissection Guide, Second Edition,
PP. 339/352. Ed. f-. f+.+zw. Springer: New York.

Heimer, L. (1995d) Basal ganglia and related basal forebrain
structures, Ch. 16. In: The Human Bruin and Spinal Cord.
Functional Neuroamtomj, and Dissection Guide, Second Edition,
PP. 346–347. Ed. L. Heimer.Springer:New York.

Heimer, L. (1995e) Brain stem, monoaminergic pathways, and
reticular formation, Ch, 10. In: The Human Brain and Spinal Cord.
Functional Neuroamztom.t and Dissection Guide, Second Edition,
PP. 227–229. Ed. L. Heimer. Springer: New York.

Hellstrand, K. and Hermodsson, S. (1990a) Enhancement of human
natural killer cell cytotoxicity by serotonin: role of non-T/
CD16 + NK cells, monocytes and 5-HT-IA receptors, Cell.
[t12117uf10[.12, 199–214.

Hellstrand, K. and Hermodsson, S. (1990b) Monocyte mediated
suppression of human natural killer cell cytotoxicity: regulation by
serotonergic 5-HT-IA receptors, Scarrd.J. Irnrrnmo/.32, 183–192.

Henke, P. G. (1980a) The amygdakiand restraint ulcers in rats. J.
Comp. Ph.vsio[. PsJchol, 94, 313–323,

Henke, P, G. (1980b) Facilitation and inhibition of gastric pathology
after lesions in the amygdala of rats, Phjsiol. Behau. 25, 575–579.

Henke, P. G. (1985)The amygdala and forced immobilization of
rats. Be/rat, Brain Res. 16, 19–24.

Herman, J, P., Cullinan, W, E, and Watson, S, J. (1994) Involvement
of the bed nucleus of the stria terminals in tonic regulation of
paraventricular hypothalamic CRH and AVPmRNA expression,
J. Neuroendocrinol, 6, 433&442,

Hernmzdez, M, C., Flores, L. R. and Bayer, B. M. (1993)
Immunosuppression by morphine is mediated by central
pathways. J. Pharmacol. Exp. Ther, 267, 133&1341.

Hikawa, N. and Takenaka, T. (1996) Sensory neurons regulate
immunoglobulin secretion of spleen cells: cellular analysis of
bidirectional communications between neurons and immmze cells.
J. Neuroirmnunol, 70, 191–198,

Hirasawa, A., Nakayama, Y,, Ishiharada, N., Honda, K., Saito,
R., Tsujimoto, G., Takano, Y. and Kamiya, H, (1994)
Evidence for the existence of vasopressin V2 receptor mRNA in
rat hippocampus. Biochem. Bioph.vs, Res. Cornmun, 205,
1702-1706,

Hoffman-Goetz, L, and Pedersen, B, K, (1994) Exercise and the
immune system: a model of the stress response?. Invrwnoi. Today
15, 382-387.

Holmes, M. C,, French, K. L, and Secki, J. R. (1995) Modulation
of serotonin and corticosteroid receptor gene expression in the rat
hippocampus with circadian rhythm and stress. &fo/, Brairr Res.
28, 186192.

Hsueh, C.-M., Tyring, S. K., Hiramoto, R. N. and Ghanta, V. K,
(1994) Efferent signal(s) responsible for the conditioned augmen-
tation of natural killer cell activity. Neuroimmunomodu/ation 1,
7481.

Hsueh, C.-M., Chen, S.-F,, Ghanta, V. K. and Hiramoto, R. N.
(1995) Expression of the conditioned NK cell activity is
11-endorphindependent.Brain Res. 678, 7682,

Hu, G.-Y., Hwdby, &Oslash;., Walam, S. 1,, Albert, K. A., Skjeflo,
P., Andersen, P. and Greengard, P. (1987) Protein kinase C
injection into hippocampal pyramidal cells elicits features of long
term potentiation. Nczmre328, 42&429,

Hu, Y., Dietrich, H,, Herold, M., Heinrich, P. C. and Wick, G.
(1993) Disturbed immune-endocrine communication via the
hypothalamo–pituitary–adrenal axis in autoimmune disease, [}7/.
Arch. Allergy Irrrmunol.102, 232-241.

Hyman, B. T., Van Hoesen, G. W., Damasio, A, R, and Barnes, C,
L. (1984) Alzheimer’s disease: cell-specific pathology isolates the
hippocampal formation. Science 225, 1168-1170,

Ikegaya, Y., Saito, H. and Abe, K, (1995) Requirement of
basolateral amygdala neuron activity for the induction of
long-term potentiation in the dentate gyrus in uiuo.Brain Res, 671,
351-354.

Ikegaya, Y., %ito, H. and Abe, K. (1996) Dentate gyrus field
potentials evoked by stimulation of the basolateral amygdaloid
nucleus in anesthetized rats. Brain Rex. 718, 53+0,

lmperato, A., Puglisi-AOegra, S., Casolini, P. and Angelucci, L.
(1991) Changes in brain dopamine and acetylcholine release
during and following stress are independent of the pituitary-
adrenocortical axis. Brai~tRc.s, 538, 11l–l 17.

Imperato, A., Angelucci, L., Casolini, P., Zocchi, A. and
Puglisi-Allegra, S. ( 1992)Repeated stressful experiences differently

affect Iimbic dopamine release during and following stress. Brain
Res. 577, 194199,

Irwin, M, ( 1994) Stress-induced immune suppression: role of brain
corticotropin releasing hormone and autonomic nervous system
mechanisms. Adt. Neuroimmurrol,4, 2947.

Irwin. M. R.. Vale, W. and Britton, K. T. (1987) Central
corticotropin-releasing factor suppresses natural killer cytotox-
icity. Brain Behur. Immun. 1, 81–87.

Irwin, M., Hauger, R. L., Jones, L., Provencio,M. and Britton, K.
T. (1990)Sympatheticnervoussystemmediatescentral cortico.
tropin-releasing factor induced suppression of natural killer
cytotoxicity.J. Pharmacoi. E.yp, Ther-.255, 101–107.

Irwin, M., Brown, M., Patterson, T., Hauger, R., Mmcovich. A. and
Grant, 1, (1991) Neuropeptide Y and natural killer cell activity:
findings in depression and A[zheimer caregiver stress. FASEB J.
5, 3100-3107.

Irwin, M,, Hauger, R, and Brown, M. (1992) Central corticotropin
releasing hormone activates the sympathetic nervous system and
reduces immune function: increased responsively of the aged rat.
Endocrirro/ogy131, 1047-1053,

Ishiyama, J., Saito, H, and Abe, K. (1991) Epidermal growth factor
and basic fibroblast growth factor promote the generation of
long-term potentiation in the dentate gyrus of anesthetized rats.
Neurosci. Res, 12, 403411.

Jacobs, B. L. and Azmitia, E. C. (1992) Structure and function of
the brain serotonin system. Physio/, Reu. 72, 165–229.

Jacobson, L. and Sapolsky, R. (1991) The role of the hippocampus
in feedback regulation of the hypothalamic–pituitary–adrenocorti.
cal axis. Endocr. Reu. 12, 118–134.

Jafarian Tehrani, M., Hu, Y., Marquette, C., Dietrich, H., Haour,
F. and Wick, G. (1994) Interleukin-1 receptor deficiency in brains
from NZB and (NZB/NZW)Fl autoimmunemice. J, Newroirn-
rrumol. 53, 91–99,

Johansson, G,, Olsson, K,, Haggendal, J,, Jonsson, L. and
Thoren-Tolling, K, (1981) Effect of amygdalectomy on stress-in-
duced myocardial necrosis and blood levels of catecholamines in
pigs. Acra Physiol. Scand. 113, 553-555.

Johnson, A. K. and Gross, P. M. (1993) Sensory circumventricukw
organs and brain homeostatic pathways. FASEB J. 7, 678–686,

Jonakait, G. M. and Schotland, S. (1990) Conditioned medium from
activated splenocytes increases substance Pin sympathetic ganglia.
J. Neuroxci, Res, 26, 2LG30.

Jonakait, G. M., Schotland, S. and Hart, R, P. (1990) tnterleukin-1
specifically increases substance P in injured sympathetic ganglia,
Ann.NY Acad. Sci. 594, 222-230.

Kalin, N. H., Takahashi, L. K. and Chen, F.-L. (1994)Restraint
stress increasescorticotropin-releasinghormone mRNA content
in the amygdala and paraventricularnucleus. Brain Res. 656,
182-186.

Kaneda, T., Kitamum, Y. and Nomura, Y. (1993) Presence of m3
subtype muscarinic acetylcholine receptors and receptor-mediated
increases in the cytoplasmatic concentration of Caz + in Jurkat, a
human leukemic helper T lymphocyte line, Mol. Pharnmco[. 43,
356364.

Kannan, Y., Bienenstock, J., Ohta, M., Stanisz, A. M. and Stead,
R. H, (1996) Nerve growth factor and cytokines mediate Iymphoid
tissue-induced neurite outgrowth from mouse superior cervical
ganglia in vitro. J. tmmunol, 156, 313-320,

Katsuki, H., Nakai, Y., Akaji, K. and Satoh, M. (1990) lnterleukin-1
beta inhibits long-term potentiation in the CA3 region of mouse
hippocampal slices. Eur. J, Pharmacol. 181, 323-326,

Kelley, K. W., Dantzer, R,, Mormede, P., Salmon, H. and Aynaud,
J. (1985) Conditioned taste aversion suppresses induction of
delayed-type hypersensitivity immune reactions. F’hv.~io/,Behar.
34, 193-198.

Khan, 1. and Collins, S. M. (1994) Expression of cytokines in the
longitudinal muscle myenteric plexus of the inflamed intestine of
rat. Gamwentero/og~ 107, 691–700,

Khansari, D. N., Murgo. A. J. and Faith, R. E. (1990)
Effects of stress on the immune system. fmmuno[. Todar 11,
170-175.

King, M. G,, Husband, A, J. and Kusnecov, A. W, (1987)
Behaviorally conditioned immunosuppression using anti-lym-
phocyte serum: duration of effect and role ofcorticosteroids, Med.
Sci. Re.s. 15, 407408.

Kiss, J. P., Zsilla, G,, Mike, A., Zelles, T,, Toth, E., Lajtha, A, and
Vizi, E. S. (1995) Subtype-specificity of the presynaptic



Neuroimmunomodulation via Limbic Structures 217

a~-adrenoceptors modulating hippocampal norepinephrine release
in rat. Brain Re.s. 674, 238-244.

Kluger, M. J. (1991) Fever: role of pyrogens and cryogens. Pby.$io/.
Ret. 71, 93--127.

Kolesnick, R. and Golde, D. W. (1994) The sphingomyelin pathway
in tumor necrosis factor and interleukin-1 signaling. Cell 77,
325-328.

Komourimr, J. and Quik, M, (1996) Characterization of nicotinic
receptors in immortalized hippocampal neurons. Brain Res. 718,
3745.

Korneva, E. A., Klimenko, V. M. and Shkhinek, E. K. (1985)
Neurohumoral Mairrterrarrceof”JmrnuneHomeostosis. University of
Chicago Press: Chicago. Translated and edited by S. A. Corson
and E. O’L. Corson.

Kort, W. J. (1994) The effect of chronic stress on the immune
response. Adt. Neuroirrrrnunol.4, l–l 1.

Krueger, J. M. and Majde, J. A. (1995) Cytokines and sleep. ht.
Arrh. Al/erg}, Irnrrrunol.106, 97-100.

Krugers, H. J., Koolhaas,J. M., Bohus, B. and Korf, J. (1993)A
single social stress-experience alters glutamate receptor-binding in
rat hippocampal CA3 area. Neurosci. &tI. 154, 73–77.

Kushima,Y. and Hatanaka, H. (1992)hzterleukin-6and leukemia
inhibitory factor promote the survival of acetylcholinesterase-
positive neurons in culture from embryonic rat spinal cord.
Neurosci. Le’It. 143, 1I&l 14.

Kushima, Y., Hama, T. and Hatanaka, H. (1992) Interleukin-6 as
a neurotrophic factor for promoting the survival of cultured
catecholaminergic neurons in a chemically defined medium.
Neurosci. Res. 13, 267-280.

Lacosta, S., Merali, Z., Zalcman, S. and Anisman, H. (1994)
Time-dependent in t,ivo mesolimbic dopamine variations following
antigenic challenge. Brain Res. 664, 225–230.

Lamour, Y., Bassant, M. H., Senut, M. C. and Dutar, P. (1989)
Brain aging, Alzheimer’s disease and the cholinergic system. In:
Neurotran.rmissiorrand CerebrouascrdarFunction. Vol. I, pp. 3-28.
Eds J. Seylaz and E. T. MacKenzie. Elsevier: Amsterdam.

Landmann, R. (1992) Beta-adrenergic receptors in human leukocyte
subpopulations. Eur. J. C/in. lrrwvt. 22, Suppl. 1, 3f&36.

Lapchak, P., Araujo, D., Quirion, R. and Beaudet, A. (1991)
Immunoautoradiographic localization of interleukin 2-like im-
munoreactivity and interleukin 2 receptors (Tac antigen-like
immunoreactivity) in rat brain. Neuroscience 44, 173–184.

Lapchak, P. A., Araujo, D, M. and Hefti, F. (1993) Systemic
interleukin-l(J decreases brain-derived neurotrophic factor mes-
senger RNA expression in the rat hippocampal formation.
Neuroscience 53, 297-301.

Launay, J.-M., Copel, L., Callebert, J., Corva’ia, N., Bricaire, F.,
Laplanche, J.-L., Saal, F, and Peries, J. (1989) Serotonin and
human immunodeficiency viruses. Nouo. Reu. Fr. Herrrafol.31,
159–161.

Laurenzi, M. A., Persson, M. A. A., Dalsgaard, C. J. and
Haesgerstrand, A. (1990) The nerrropeptide substance P stimulates
production of interleukin-1 in human blood monocytes: activated
cells are preferentially influenced by the neuropeptide. Scrznd. J.
Immuno[. 31, 529-533.

Lay&,S,, Bhrtb&,R. M., Kent, S., Combe, C., Medina, C., Parnet,
P., Kelley, K. W. and Dantzer, R. (1995) Subdiaphragmatic
vagotomy blocks the induction of interleukin-1~ mRNA in the
brain of micein response to peripherally administered lipopolysac-
charide. Am. J. Physioi. (Regul. Integr. Corrrp. Physiol.) 268,
R1327-R1331.

Le Meal, M. and Simon, H. (1991) Mesocorticolimbic dopaminergic
network: functional and regulatory roles, Physiol. Rev. 71, 1,
155-234,

L&inth, C. and Frotscher, M. (1983) Commissural afferents to the
rat hippocampus terminate on vasoactive intestinal polypeptide-
Iike immunoreactive non-pyramidal neurons. An EM immuno-
cytochemical degeneration study. Brain Re.r. 276, 357–361.

Levine, J. D., Clark, R., Devor, M., Helms, C., Moskowitz, M. A.
and Basbaum, A. 1. (1984) Intraneuromd substance P contributes
to the severity of experimental arthritis. Science 226, 547–552.

Levine, J. D., Dardick, S. J,, Roizen, M. F., Helms, C, and Basbaum,
A. 1. (1986a) Contribution of sensory afferents and sympathetic
efferents to joint injury in experimental arthritis. J. Newro.rci.6,
3423-3429.

Levine, J. D., Fye, K., Heller, P., Bmbaum, A. I. and
Whiting-O’ Keefe, Q. (1986b) Clinical response to regional

intravenous guanethidine in patients with rheumatoid arthritis. J.
Rbeumatol. 13, 104Lk1043.

Levine, J. D., Coderre, T, J., Helms, C. and Basbaum, A. 1. (1988)
D,-Adrenergic mechanisms in experimental arthritis, Pro’. NaI/.
Acad. Sci, USA, 85, 4553&4556.

Liang, K. C. and Lee, E, H, Y. (1988) Intra-amygdala injections of
corticotropin-releasing factor facilitate inhibitory avoidance
learning and reduce exploratory behavior in rats, PsjYhpbmmz-
cology 96, 232–236.

Liang,K. C., Hen, W, and Davis,M. (1994)Pre- and post-training
infusion of N-methyl-t) -aspartame receptor antagonists into the
amygdala impair memory in an inhibitory avoidance task. Bebrw.
Ntwrosci. 108, 241–253.

Licinio, J., Wong, M, and Gold, P. W. (1991) Localization of
interleukin-1receptorantagonistmRNA in rat brain. Errdacrin-
o[og~ 129, 562–564,

Licinio, J., Wong, M. L. and Gold, P. W. (1992) Neutrophil-activat-
ing peptide-1/interleukin-8 mRNA is localized in rat hypothala-
mus and hippocampus, Ntworepart 3, 753–756.

Lignon, M. F., Bernad, N, and Martinez, J. (1991) Pharmacological
characterization of type B cholecystokinin binding sites on human
Jurkat T lymphocyte cell line. Ma/. Pharrmzco/.39, 615–620,

Linthorst, A. C. E., Flachskamm, C,, Holsboer, F. and Reul, J. M.
H. M. (1994) Local administration of recombinant human
interleukin-1~ in the rat hippocampus increases serotonergic
neurotransmission, hypothalamic–pituitary–adrenocortical axis
activity, and body temperature, Errdacrirrolag}135, 52&532.

Livnat, S., Madden, K. S., Felten, D. L, and Felten, S. Y. (1987)
Regulation of the immune system by sympathetic neural
mechanisms. Prog. Neurapsychopharmacol. Birrl, Psychiat, 11,
145-152.

Lorton, D., Bellinger,D,, Duclos, M,, Felten, S, Y. and Felten, D.
L. (1996) Application of 6-hydroxydopamine into the fatpads
surrounding the draining, lymph nodes exacerbates adjuvant-in-
duced arthritis. J. Neuroirnrmmol,64, 103-113.

Lovenberg, T. W., Liaw, C. W,, Grigoriadis, D. E., Clevenger, W.,
Chalmers, D. T., De Souza, E. B. and Oitersdorf, T. (1995)
Cloning and characterization of a functionally distinct cortico-
tropin-releasing factor receptor subtype from rat brain. Prac.
Nat/. Acad. Sci, U.S.A. 92, 836840,

Ludlam, W. H., Chandross, K, J. and Kessler, J. A, (1995) LIF-and
IL-1~-mediated increases in substance P receptor mRNA in
axotomized, explanted or dissociated sympathetic ganglia. Brain
Res. 685, 12-20.

Luecken, L. J. and Lysle, D. T. (1992) Evidence for the involvement
of fl-adrenergic receptors in conditioned immunomodrdation. J.
Neuroirrrmunal.38, 20>220.

Lysle, D. T., Cunnick, J. E., Fowler, H. and Rabin, B. (1988)
Pavlovian conditioning of shock-induced suppression of lympho-
cyte reactivity: acquisition, extinction, and preexposure effects.
Life Sci. 42, 2185–2194.

Lysle, D. T., Cunnick, J. E. and Maslonek, K. A. (1991)
Pharmacological manipulation of immune alterations induced by
an aversive conditioned stimulus: evidence for a ~-adrenergic
receptor-mediated Pavlovian conditioning process. Behao, Neuro-
.sci. 105, 443449.

Lyte, M., Ernst, S., Driemeyer, J. and Baissa, B. (1991) Stain-specific
enhancement of splenic T cell mitogenesis and microphage
phagocytosis following peripheral axotomy. J. Neuroirrrnrurro/.31,
1-8.

Madden, K. S., Felten, S. Y., Felten, D. L., Hardy, C. A. and Livnat,
S. (1994a) Sympathetic nervous system modulation of the immune
system. 11. Induction of lymphocyte proliferation and migration
in uit,oby chemical sympathectomy. J. Neuroirrmrurrol.49, 67–75.

Madden, K. S., Moynihan, J. A,, Brenner, G. J., Felten, S. Y.,
Felten, D. L. and Livnat, S. (1994b) Sympathetic nervous system
modulation of the immune system, 111.Alterations in T and B cell
proliferation and differentiation in oi(ro following chemical
sympathectomy. J. Neuraimmunol. 49, 77–87.

Maeda, H. and Mogenson, C. J. (1981) Electrophysiologicd
responses of neurons of the ventral tegmental area to electrical
stimulation of amygdala and lateral septum. Neurascitwce 6,
367-376,

Maes, M., Bosmans, E., Meltzer, H. Y., Scharpe, S. and Suy, E.
(1993) Interleukin-1 beta: a putative mediator of HPA axis
hyperactivity in major depression?. ..4m. J. P.r.rchiat. 150,
1189-1193.



218 H, S. Haas and K. Schauenstein

Main, C., Blennerhassett, P. and Collins, S, M, (1993) Human
recombinant interleukin Iff suppresses acetylcholine release from
rat myenteric plexus. Ga.!froerrtwo/ogJ 104, 1648–1654.

Makino, S., Schulkin, J., Smith, M. A., PacAk, K,, Palkovits, M. and
Gold, P. W. (199S)Regulation ofcorticotropin-releasing hormone
receptor messenger ribonucleic acid in the rat brain and pituitary
by glucocorticoids and stress, Errdcwrino[ogj136, 4517=!525.

Malinow, R., Madison, D. V. and Tsien, R. W. (1988) Persistent
protein kirmse activity underlying long-term potentiation, Nature
335, 821P824.

Mameya, S.-I., Sawa, T, and Taniyama, K. (1995) Arachidonic acid
cascade and stimulation of acetylcholine release by human
recombinant interleukin-1 O in guinea pig ileum, J, Pharrnaml.
E.,p. The,. 275, 319-324.

Maness, L. M., Banks, W, A,, Zadina, J. E. and Kastin, A. J. (1995)
Selective transport of blood-borne interleukin-lti into the
posterior division of the septum of the mouse brain. Brain Res.
700, 83-88.

Mapp, P. I., Terenghi, G., Walsh, D. A., Chen, S, T,, Cruwys, S. C.,
Garrett, N., Kidd, B. L., Pokrk, J. M. and Blake, D. R. (1993)
Monoarthritis in the rat knee induces bilateral and time-dependent
peptide immunoreactivity in the spinal cord. Neurosciarce 57,
1091-1096.

Martin, K. F., Hannon, S., Phillips, I. and Heal, D. J. (1992)
Opposing roles for 5-HT,, and 5-HT, receptors in the control of
5-HT releasein rat hippocampusin uiuo. Br. J. Phurrmrcoi.106,
139-142.

Martin, L. J., Powers, R. E., Dellovade, T. L. and Price, D. L. (1991)
The bed nucleus-amygdala continuum in human and monkey, J.
Comp. Neuro/. 309, 445485.

Marz, P., Gadient, R. A. and Otten, U. (1996) Expression of
interleukin-6 receptor (IL-6R) and gp130 mRNA in PC12 cells
and sympathetic neurons: modulation by tumor necrosis factor u
(TNF-x). Brain Res. 706, 71-79.

Masek, K., Petrovicky, P. and Seifert, J, (1992) An introduction to
the possible role of central nervous system structures in
neuroendocrine–immune systems interaction. Irrt.J. Imn7unophar-
macol. 14, 317–322.

Mason, D., MacPhee, I. and Antoni, F. (1990) The role of the
neuroendocrine system in determining genetic susceptibility to
experimental allergic encephalomyelitis in the rat. frnrrwdog}, 70,
1-5.

Matsumoto, M., Yoshioka, M,, Togashi, H., Tochihara, M,, Ikeda,
T. and Saito, H. (1995) Modulation of norepinephrine release by
serotonergic receptors in the rat hippocampus as measured by
in rit,o microdialysis. J. Pharrnacol. E.xp. Ther. 272, 10441051.

Matta, S. G., Singh, J., Newton, R. and Sharp, B. M. (1990) The
trdrenocorticotropin response to interleukin-1~ instilled into the
rat median eminence depends on the local release of catechol-
amines. Endocrirrolog} 127, 2175–2181.

Mayer, M. L. and Vyklicky, L. Jr. (1989) Concarmvalin A selectively
reduces desensitization of mammalian neuronal quisquahite
receptors. Proc. Natl. Acud. S~i. U.S.A. 86, 1411–1415.

McEwen, B. S. and Sapolsky, R. M. (1995) Stress and cognitive
function. Curr. Opin. Neurobio/. 5, 205-.216.

McEwen, B. S. and Woolley, C. S. (1994) Estmdiol and progesterone
regulate neuronal structure and synaptic connectivity in adult as
well as developing brain. E.rp. Gerorrfo/. 29, 431436.

McEwen, B. S., DeKloet, E. R. and Rostene, W. (1986) Adrenal
steroid receptors and actions in the nervous system. Ph,t,siol.Rtv,.
66, I 121-1137.

Mello, L. E. A. M., Tan, A. M. and Finch, D. M. (1992) GABAergic
synaptic transmission in projections from the basal forebrain and
hippocampal formation to the amygdala: an in oiw iontophoretic
study. Brain Res. 587, 41P48.

Michelson, D., Stone, L., Galliven. E., Magiakou, M. A., Chrousos.
G, P,, Sternberg, E. M. and Gold, P. W. ( 1994)Multiple sclerosis
is associated with alterations in hypothalamic–pituitary–adrenal
axis function. J. C[irr. Errdorrirra/.Metub.79, 848–853.

Micic, M., Leposavic, G. and Ugresic, N. (1994) Relationship
between monoaminergic and cholinergic innervation of the rat
thymus during aging. J, Nrurrrirrrmunol.49, 205-212.

Milkm, M. A., Jacobowitz, D. M., Hauger, R. L., Catt, K. J. and
Aguilera, G. ( 1986) Distribution of corticotropin-releasing factor
receptors in primate brain. Prcx. Nat/. Amid. Sci. U.S.A. 83,
1921-1925.

Miller, A. H., Sastry, G., Speranza. A. J. Jr, Lawlor, B. A., Mohs,

R. C., Ryan, T, M., Gabriel, S, M.. Serby, M., Schmeidler, J. and
Davis, K. L, (1994) Lack of association between cortisol
hypersecretion and non-suppression on the DST in patients with
Alzheimer’s diseases. Am. J. P,r~d~iat.151, 267–270.

Minami, M., Kumishi, Y., Yamaguchi, T., Nakai, S., Hirai, Y, and
Satoh, M, (1991) Immobilization stress induces interleukin-1 beta
mRNA in the rat hypothalamus. Neurosri. L.ett. 123, 254256.

Mishkin,M, (1993)Cerebralmemorycircuits, In: E.vp/oring Brain
Functions:Models in Neuroscience, pp. 113–125. Eds T. A. Poggio
and D. A, Glaser. Wiley: New York.

Morale, M. C,, Batticane, N., Gallo, F., Barden, N. and Marchetti,
B. (1995) Disruption of hypothalamic-pituitary–adrenocortical
system in transgenic mice expressing type 11 glucocorticoid
receptor antisense ribonucleic acid permanently impairs T cell
function: effects on T cell trafficking and T cell responsiveness
during postnatal development. Endocrino{og} 136, 3949-3960.

Morales, M., Battenberg, E., de Lecea, L,, Sanna, P. P. and Bloom,
F. E. (1996) Cellular and subcellular immunolocalization of the

tYPe 3 serotonin receptor in the rat central nervous system. Mo/.
Brain Res. 36, 251–260.

Morrow, L. E., McClellan, J. L,, Corm, C. A. and Kluger, M. J.
(1993a) Glucocorticoids alter fever and IL-6 responses to
psychological stress and to Iipopolysaccharide, Am, J, Ph},sio/.
(Regul. Integr. Cornp. Physiol,) 264, R101&R1016.

Morrow, N. S., Grijalva, C, V,, Geiselman, P. J. and Novin, D.
(1993b)Effectsof amygdaloidlesionson gastricerosion formation
during exposure to activity-stress. Phjsiol. Behao. 53, 1043-1048.

Muir, J. L., Everitt,B.J. and Robbins,T. W.(1994)AMPA-induced
excitotoxiclesionsof the basalforebrain:a significantrole for the
cortical cholinergic system in attentional function. J. Neuro.wi. 14,
2313-2326.

Mullan, M. (1993) The molecular pathology of Alzheimer’s disease.
Int. Ret. Ps?chiu[. 5, 351–362,

Nakamura-Craig, M, and Smith, T. W. (1989) Substance P and
peripheral inflammatory hypemlgesia. Pain 38, 91-98.

Nakatsuru, K,, Ohgo, S., Oki, Y. and Matsukura, S. (1991)
Intedeukin-1 (IL-1) stimulates arginine vasopressin (AVP) release
from superfused rat hypothalamo-neurohypophyseal complexes
independently of cholinergic mechanism, Brain Res. 554, 3845.

Nance, D. M., Hopkins, D. A. and Bieger, D, (1987) Re-investi-
gation of the innervation of the thymus gland in mice and rats,
Brain Behar. Immun. 1, 13&147.

NemerotT, C. B., Widerlov, E. and Bissette, G. (1984) Elevated
concentrations of CSF corticotropin-releasing factor-like im-
munoreactivity in depressed patients. Science 226, 1342–1344.

Nemeroff, C. B., Owens, M. J,, Bissette, G. and Stanley, M. (1988)
Reduced corticotropin releasing factor binding sites in the frontal
cortex of suicide victims. Arch. Car. Psvchiat, 45, 577–582.

Nemeroff, C. B., Krishrmn, K. R. R., Reed, D,, Leder, R,, Beam,
C. and Dumnick, N. R. (1992) Adrenal gland enlargement in
major depression. Arch. Gen. PsJ,chiat. 49, 384387,

Nemni, R., Iannaccone, S., Quattrini, A,, Smirne, S,, Sessa, M.,
Lodi, M., Erminio, C. and Canal, N, (1992) Effect of chronic
treatment with recombinant interleukin-2 on the central nervous
system of adult and old mice. Braifl Res. 591, 248–252.

Neveu, P. J. (1992) Asymmetrical brain modulation of the immune
response. Brain Res. Ret,. 17, 101–107,

Niijima, A, (1992) The afferent discharges from sensors for
interleukin-1-~ in the hepato-portal system in the anesthetized
rat. J, Ph.vsiol, 446, 236P.

Niijima, A. (1995) An electrophysiological study on the vagd
innervation of the thymus in the rat. Brain Res. Bull. 38, 319–323.

Niijima, A., Hori, T., Aou, S. and Oomura, Y. (1991) The effects of
interleukin 1~ on the activity of adrenal, splenic and renal
sympathetic nerves in the rat. J. Auton. New. Sv.Vt.36, 183–192.

Niijima, A., Hori, T., Katafuchi, T. and Ichijo, T. (1995) The effect
of interleukin-1/Jon the efferentactivityof the vagus nerve to the
thymus. J. .4urmr. Ncrr, Sy.rI. 54, 137-144.

Nistico, G., Caroleo, M. C., Arbitrio, M. and Pulvirenti, L. (1994)
Dopamine DI receptors in the amygdala enhance the immune
response in the rat. Arm.NY Acad. Sci. 741, 316323.

Obata-Tsuto, H.-L. (1987) Light mrd electron microscopic study of
somatostatin-like immunoreactive neurons in rat hippocampus.
Bruin Re.r. Bull. 18, 613-620.

O’Brien, J. T., Ames, D. and Schweitzer, I. (1993) HPA axis function
in depression and dementia: a review. trrI. J. Geriatr. f~sd~ia~. 8,
887-898.



Neuroimmunomodulation via Limbic Structures 219

One, T., Nishijo, H. and Uwano, T. (1995) Amygdaki role in
conditioned associative learning. Prog. iVtwrbio/. 46, 401k422.

Orchinik, M., Welland, N. G. and McEwen, B. S. (1995) Chronic
exposure to stress levels of corticosterone alters GABA~ receptor
subunit mRNA levels in rat hippocampus. Mol. Bruiti REV.34,
29-37.

Osborne, P. G. (1994) A GABAergic mechanism in the medial
septum influences cortical arousal and locomotor activity but not
a previously learned spatial discrimination task. iVeurosci. Lef/.
173, 63-66.

Ovadia, H. and Abramsky, O. (1987) Dopamine receptors on
isolated membranes of rat lymphocytes. In: Neuroinlmunorrrodu[a-
[ion, pp. 71&74.Eds J. R. Perez-Polo, K. Bulloch, R. H. Angeletti,
G. A. Hashim and J. de Vellis. Akin R. Liss, Inc.: New York.

Pacak, K., McCarty, R., Palkovits, M., Kopin, I. J. and Goldstein,
D. S. (1995) Etlects of immobilization on in uiro release of
norepinephrine in the bed nucleus of the stria terminals in
conscious rats. Brain Res. 688, 242–246.

Palkovits, M., Somogyviri-Vigh, A. and Arimura, A. (1995)
Concentrations of pituitary adenylate cyciase activating polypep-
tide (PACAP) in human brain nuclei. Brairr Res. 699, 116120.

Pan, Q. and Long,J. (1993)Lesions of the hippocampus enhance or
depress humoral immunity in rats. Neuroreporf 4, 864866.

Parent, A. and Hazrati, L.-N. (1995)Functional anatomy of the
basal ganglia.1.The cortico-basal ganglia–thalamo<ortical loop.
Brain Res. Ret. 20, 91–127.

Patel, N. A., Romero, A. A., Zadina. J. E. and Chang, S. L. (1996)
Chronic exposure to morphine attenuates expression of inter-
leukin-1~ in the rat hippocampus. Braifl Res. 712, 34tN344.

RIVIOV, I,p, (1928) Lecfures on Conditioned Re’jk.res. Liveright:New
York.

Peeke, H. V. S., Ellman, G., Dark, K.. Salfi, M. and Reus, V. I.
(1987) Cortisol and behaviorally conditioned histamine release.
Ann. NY Acad. Sri. 496, 583-587.

Perez, L. and Lysle, D. T. (1995) Corticotropin-releasing hormone
is involved in conditioned stimulus-induced reduction of natural
killer cell activity but not in conditioned alterations in cytokine
production or proliferative responses. J. Neuroirnnruncd.63, 1-8.

Petitto, J. M. and Huang, Z. (1994) Molecular cloning of a partial
cDNA of the interleukin-2 receptor-j3 in normal mouse brain: in
si[u localization in the hippocampus and expression by
neuroblastoma cells. Brai~ Res. 650, 14fL145.

Pezzone,M. A., Lee,W.-S.,Hoffman,G. E. and Rabin, B. S. (1992)
Induction of C-FOSimmunoreactivityin the rat forebrain by
conditionedand unconditionedaversivestimuli. Brain Re.r. 597,
41-50.

Phillips,H. S., Hains, J. M., Laramee,G. R., Rosenthal, A. and
Winslow,J. W. (1990)Widespreadexpressionof BDNF but not
NT-3 by target areas of basal forebrain cholinergicneurons.
Science 250, 29G294.

Plata-Salamin, C. R. and Ffrench-MuOen, J. M. H. (1992)
Interleukin-1~ depresses calcium currents in CA I hippocampal
neurons at pathophysiological concentrations. Brain Res. fJul/.29,
221-223.

Plata-Salamin, C. R. and Ffrench-MuOen, J. M. (1993) Interleukin-2
modulates calcium currents in dissociated hippocamptd CAI
neurons. Ntwrorepcv[ 4, 579–581.

Pousset, F., Fournier, J., Legoux, P,, Keane, P., Shire, D. and
Soubrie, P. (1996) Effect of serotonin on cytokine mRNA
expressionin rat hippocampalastrocytes. Mol. Brairr Re.r. 38,
5662.

Pow, D. V. (1992) NADPH-diaphorase (nitric oxide synthase)
staining in the rat supraoptic nucleus is activity dependent:
possible functional implications. J. Ntwoerrdocrino[. 4, 377-380.

Puglisi-Allegra,S., Imperato,A., Angelucci,L. and Cabib, S. (199})
Acute stress induces time-dependent responses in dopamine
mesolimbic system. Brczit!Ref. 554, 217–222.

Raber, J. and Bloom, F. E. (1994) IL-2 induces vasopressin release
from the hypothalamus and the amygdala: role of nitric
oxide-mediated signaling. J. Neuro.wi. 14, 6187–6195.

Raber, J., Koob, G. F. and Bloom, F. E. (1995) Interleukin-2 (IL-2)
induces corticotropin-releasing-factor (CRF) release from the
amygdala and involves a nitric oxide-mediated signaling;
comparison with the hypothalamic response. J. Plmrrnurol. E.rp.
Ther. 272, 8!5-824.

Rada, P., Mark, G. P., Vitek, M. P., Mangano, R. M., Blume, A.
J., Beer, B. and Hoebel, B. G. (1991) Interleukin-1~ decreases

acetylcholine measured by microdialysis in the hippocampus of
freely moving rats, Emil? Res. 550, 287-290.

Rainnie, D. G.. Asprodini, E. K. and Shinnick-Gallagher, P. (1991a)
Excitatory transmission in the basolateral amygdaki. J. Nwro-
p/~.rsio/.66, 986998,

Rainnie, D. G., Asprodini, E. K. and Shinnick-Gallagher, P, (1991b)
Inhibitory transmission in the basolateral amygdala, J, Neuro-
ph},sio/. 66, 999-1009.

Ray, A., Henke, P, G., Gulati, K. and Sen, P, (1993)The amygdaloid
complex, corticotropin releasing factor and stress-induced gastric
ulcerogenesis in rats. Brairr Res. 624, 286290.

Renoux,G., Biziere,K., Renoux,M., Bardos,P, and Degenne, D.
(1987) Consequences of bilateral brain neocortical ablation on
lmuthiol-induced immunostimulation in mice, Arm. NY Acad. Sri.
496, 346353.

Reul, J. M,, Stec, 1,, Wiegers, G. J., Labeur, M. S., Linthorst, A. C.,
Arzt, E. and Holsboer, F, (1994) Prenatal immune challenge alters
the hypothalamic–pituitary–adrenocortical axis in adult rats, J,
C/in. Irwest. 93, 2601&2607.

Reymann, K. G., Frey, U,, Jerk, R. and Matthies, H. (1988)
Polymyxin B, an inhibitor of protein kinase C, prevents the
maintenance of synaptic long-term potentiation in hippocampd
CA, neurons. Brain Re.s, 440, 305-314.

Rieck, R. W., Nabors, C, C,, Updyke, B. V. and Kratz, K. E. (1995)
Organization of the basal forebrain in the cat: localization of
L-enkephalin, substance P, and choline acetyltransferase im-
munoreactik,ity. Brain Res. 672, 237–250,

Riekkinen, P., Buzsaki, G., Riekkinen, P, Jr, Soininen, H. and
Partanen, J. (1991) The cholinergic system and EEG slow waves.
Electi-oorcepha[ogr,C/in. Newoph.rsiol, 78, 89-96.

Rinner, I. and Schauenstein, K, (1991) The parasympathetic nervous
system takes part in the immuno-neuroendocrine dialogue. J.
Neuroimnruno[.34, 165–172,

Rinner, I. and Schauenstein, K, (1993) Detection of choline-acetyl-
transferase activity in lymphocytes. J. Neurosci, Res, 35, 188–191.

Rinner, 1., Schauenstein, K., Mangge, H., Porta, S. and Kvetnansky,
R. (1992) Opposite effects of mild and severe stress on in ui[ro
activation of rat peripheral blood lymphocytes, Brain Eehar.
Imrnurr.6, 1313140.

Rinner, I., Kukulansky, T,, Felsner. P,, Skreiner, E., Globerson, A.,
Kasai, M., Hirokawa, K., Korsatko, W. and Schauenstein, K.
(1994) Cholinergic stimulation modulates apoptosis and differen-
tiation of murine thymocytes via a nicotinic effect on thymic
epitheliums. Biorhem. BiophJs. Res. Corn. 203, 1057–1062.

Rivest, S., Torres, G. and Rivier, C. (1992) Differential effects of
central and peripheral injection of interleukin-lfl on brain c:firs
expression and neuroendocrine functions. Brain Res. 587, 13—23.

Rivier. C. and Vale, W. (1989) In the rat, interleukin-lti acts at the
level of the brain and the gonads to interfere with gonadotropin
and sex steroid secretion. Endocrirro/og~124, 2105–2109.

Roberts, G. W., Woodhams, P. L., Polak, J. M. and Crow, T. J.
(1984) Distribution of neuropeptides in the Iimbic system of the
rat: the hippocampus. Neuro.wiarct’ 11, 35–77.

Rommo, T, A., Felten,S. Y., Olschowka, J. A. and Felten, D. L.
(1994) Nomdrenergic and peptidergic innervation of Iymphoid
organs in the beluga, De/phirrapterusleuca.r:an anatomical link
between the nervous and immune systems. J. Morp/m/. 221,
243-259.

Roth, R. H., Tam, S.-Y., Ida, Y., Yang, J.-X. and Deutch, A. Y.
(1988) Stress and mesocorticolimbic dopamine system. Arm. NY
Acad. Sci. 537, 138–147.

Rothman, S. M. and Olney, J. W. (1987) Excitotoxicity and the
NMDA receptor. Trend.rNeuro.rri. 10, 299-302.

Roy, A., Pickar, D., Linnoila, M. and Potter, W. Z. (1985) Plasma
norepinephrine level in affective disorders. Arch. Ga. P$rchia.

42, 1181--1185.
Rudorfer, M. V., Ross. R. J., Linnoila, M.. Sherer, M. A. and

Potter, W. Z. (1985) Exaggerated orthostatic responsivity of
plasma norepinephrine in depression. Arch. Gen. P.rrchiat. 42,
118&l 192.

Riihl, A,, Hurst, S. and Collins. S. M. (1994) Synergism between
interleukins 1/3and 6 on noradrenergic nerves in rat myenteric
plexus. Gastrom[wo/og~’ 107, 993-1001.

Salamone, J. D. (1994) The involvement of nucleus accumbens
dopamine in appetitive and aversive motivation. Behcn. Brain Re.s.
61, 117-133.

Sanders, V. M. (1995)The role of adrenoceptor-mediated signals in



220 H. S. Haas and K. Schauenstein

the modulation of lymphocyte function, Ac/r, Neurrrimmurd, 5,
283-298.

Sapolsky, R. M. (1986) Glucocorticoid toxicity in the hippocampus:
temporal aspects of synergy with kainic acid. Neuroendoc,}.ir~o/og~
43, 44&444.

Sapolsky, R. M. mzd Pulsinelli, W. A. (1985) Glucocorticoids
potentate ischemic injury to neurons: therapeutic implications.
Scie~ce 229, 1397–1400,

Sapolsky, R. M,, McEwen, B. S. and Rainbow, T. C. (1983)
Quantitative autoradiography of [3H]corticosterone in rat brain.
Brain Res. 271, 331-334.

Sapolsky, R. M., Krey, L. C. and McEwen, B. S. (1985) Prolonged
glucocorticoid exposure reduces hippocampal neuron number:
implications for aging. J. Neurosci. 5, 1222–1227,

Sapolsky, R., Rivier, C., Yamamoto, G., Plotsky, P. and Vale, W.
(1987) lnterleukin-1 stimulates the secretion of hypothalamic
corticotropin-releasing factor. Science 238, 522–524.

Sapolsky, R. M., Packan, D. R. and Vale, W, W. (1988)
Glucocorticoid toxicity in the hippocampus: in oitm demon-
stration. Brain Res. 453, 367–371.

Sapolsky, R. M., Uno, H., Rebert, C. S. and Finch, C. E. (1990)
Hippocampaldamage associatedwith prolongedglucocorticoid
exposurein primates.J. Neurosci, 10, 2897–2902.

Sarder, M., Abe, K., Saito, H. and Nishiyama, N. (1996)
Comparative effect of IL-2 and IL-6 on morphology of cultured
hippocampal neurons from fetal rat brain. Brain Res. 715, 9-16.

Savino, W. and Dardenne, M. (1995) Immune–neuroendocrine
interactions. Irnmurrol.TodaJ$16, 318–322.

Schacter, G. B., Yang, C. R., Innis, N, K. and Mogenson, G. J.
(1989) The role of the hippocampal-nucleus accumbens pathway
in radial-arm maze performance. Brain Res. 494, 339–349.

Schafer, M., Carter, L. and Stein, C. (1994) Interleukin-1~ and
corticotropin-releasing factor inhibit pain by releasing opioids
from immune cells in inflamed tissue. Proc. Nat/. Acad. .Sci.
U.S.A. 91, 42194223.

Schaible, H. G. and Schmidt, R. F. (1988) Time course of
mechanosensitivity changes in articular afferents during a
developing arthritis. J. Neurop/r.vsio/.60, 218@2195.

Schauenstein, K., Faessler, R., Dietrich, H., Schwarz, S., Kroemer,
G. and Wick, G. (1987) Disturbed immune%ndocrine commmzi-
cation in autoimmune diseases. Lack ofcorticosterone response to
immune signals in obese strain chickens with spontaneous
autoimmune thyroiditis. J. Irnrnurm/.139, 183W1833.

Schauenstein, K., Rinner, I., Felsner, P., Hofer, D., Mangge, H..
Skreiner, E,, Liebmann, P. and Globerson, A. (1994) The role of
the adrenergic/cholinergicbalancein the immune–neuroendocrine
circuit. In: Advances in Psvchorreuroimrrrunology,pp. 349–356. Eds
I. Berczi and J. Sz&lenyi.Plenum Press: New York.

Schmued, L. C. (1994) Diagonal ventral forebrain continuum has
overlapping telencephalic inputs and brainstem outputs which
may represent loci for limbic/ autonomic integration. Brain Res.
667, 175-191.

Sch6bitz, B., De Kloet, E. R. and Holsboer, F. (1994a) Gene
expression and function of interleukin 1, interleukin 6 and tumor
necrosis factor in the brain. Prog. Ntwobiol. 44, 397432.

Sch6bitz,B.,Sutanto,W., Carey,M. P., Holsboer,F. and De Kloet,
E. R. (1994b)Endotoxinand interleukinI decreasethe affinityof
hippocampalmineralocorticoid(type 1) receptor in parallel to
activationof the hypothalamic–pituitary–adrenalaxis.Neuroetrdo-
crirrO/Og),60, 124133.

Schulte, H. M., Bamberger, C. M., Elsen, H., Herrmann, G.,
Bamberger, A. M. and Barth, J. (1994) Systemic interleukin-lm
and interleukin-2 secretion in response to acute stress and to
corticotropin-releasing hormone in humans. Eur. J. C/in. Im,es(.
24, 773-777.

Schuman, E. M. and Madison, D. V. (1991) A requirement for the
intercellular messenger nitric oxide in long-term potentiation.
,Science254, 1503-1506.

Sehic, E. and Blatteis, C. M. (1996) Blockade of lipopolysaccharide-
induced fever by subdiaphragmatic vagotomy in guinea pigs. Bruin
Res. 726, 16&166.

Sellami, S. and de Beaurepaire, R. (1995) Hypothalamic and
thakimic sites of action of interleukin-1~ on food intake, body
temperature and pain sensitivity in the rat. Braif!Res. 694,69-77.

Shaikh, M. B., Steinberg, A. and Siegel, A. (1993) Evidence that
substance P is utilized in medial amygdaloid facilitation of
defensive rage behavior in the cat. Brain Res. 625, 283-294.

Shanks, N,, Francis, D., Zalcman, S., Meaney, M. J. and Anismmz,
H. (1994) Alterations in central catecbolamines associated with
immune responding in adult and aged mice, Brain, Res. 666,
77-87.

Singh, U. and Fatani, J. (1988) Thymic Iymphopoiesis and
cholinergic innervation, T/?jmus 11, 3–13.

Sokolov, M. V. and Kleschevnikov,A. M, (1995) Atropine
suppresses associative LTP in the CA}. region of rat hippocampal
slices. Brain Res. 672, 281-284.

Solleveld, H. A., Haseman, J. K. and McConnell, E. E. (1984)
Natural history of body weight gain, survival, and neoplasia in the
F344 rat. J. Nat[. CarrccrInst. 72, 929-940.

Solvmon, H. B., Ghanta, V, K, and Hiramoto, R, N, (1993) The
identity of the unconditioned stimulus to the central nervous
system is interferon-p, J, Neuroimmuno[. 45, 75–82,

Song, C., Earley, B. and Leonard, B. E. (1996) The effectsof central
administrationof neuropeptideY on behavior,neurotransmitter,
and immunefunctionsin the olfactory bulbectomized rat model
of depression. Brain, Behw. Imrnun. 10, 1–16,

Spangelo, B. L., Isakson, P. C. and MacLeod, R. M. (1990)
Production of interleukin-6 by anterior pituitary cells is stimulated
by increased intracellular adenosine 3’,5’-monophosphate and
vasoactive intestinal peptide. Endocrinology,127, 403409.

Spranger, M., Lindholm, D., Bandtlow, C,, Heumann, R., Grahn,
H., Naher-Noe, M. and Thoenen, H. (1990) Regulation nf nerve
grnwth factor (NGF) synthesis in the rat central nervous system:
comparison between the effects of interleukin-1 and various
grnwth factors in astrocyte cultures and in Iit,o, Eur. J. Neurosci.
2, 69-76.

Squire, L. R. and Zola-Morgan, S. (1989) The medial temporal lobe
memory system. Science 253, 138t&1386.

Stanisz, A. M., Befus, D. and Bienenstock, J. (1986) Differential
effects of VIP, substanceP, and somatostatin on immunoglobulin
synthesis and proliferations by lymphocytes from Peyer’s patches,
mesenteric lymph nodes, and spleen. J. Irnrnurto/,136, 152–156,

Stead, R. H., Tomioka, M., Quinonez, G., Simon, G, T,, Felten, S.
Y. and Bienenstock. J. (1987) Intestinal mucosal mast cells in
normal and nematode-infected rat intestines are in intimate
contact with peptidergic nerves. Proc.Nail.Acad. Sci. U.S.,4. 84,
2975-2979.

Stein, C., Hassan, A. H. S., Przewlocki, R., Gramsch, C., Peter, K.
and Herz, A. (1990) Opioids from immunocytes interact with
receptors on sensory nerves to inhibit nociception in inflammation.
Proc, Natl. Acad. Sci. U.S.A. 87, 5935–5939.

Stenzel-Poore, M., Vale, W. W. and Rivier, C. (1993) Relationship
between antigen-induced immune stimulation and activation of
the hypothalamic–pituitary–adrenal axis in the rat. Endocrirro[og)
132, 1313-1318.

Sternberg, E. M., Hill, J. M., Chrousos, G. P., Kamilaris, T.,
Listwak, S. J., Gold, P. W. and Wilder, R. L, (1989a)
Inflammatory mediator-induced hypothalamic–pituitary-adrenal
axis activation is defective in streptococcal cell wall arthritis-sus-
ceptible Lewis rats. Proc, Natl. Acad. Sci. USA. 86, 23742378.

Sternberg, E. M., Young, W. S., Bernadini, R., Calogero, A. E.,
Chrousos, G. P,, Gold, P. W. and Wilder, R. L. (1989b) A central
nervous system defect in biosynthesis of corticotropin releasing
hormone is associated with susceptibility to streptococcal cell
wall-induced arthritis in Lewis rats. Proc. mrm, Acad, Sri, U,S,,4,
86, 47714775.

Stitt, J. T. (1990) Passage of immunomodulators across the
blood-brain barrier. Ya/e J. Biol. Med. 63, 121-131.

Straub, R. H., Lang, B., Falk, W., Sch61merich, J. and Singer, E. A.
(1995) In t,iwo superfusion method for the investigation of
nerve–immune cell interaction in murine spleen. J. Neui-oirrrrnurm/.
61, 53-60.

Sundar, S. K., Becker, K. J., Cierpial, M. A., Carpenter, M. D.,
Rankin, L. A,, Fleener, S. L., Ritchie, J. C., Simson, P. E. and
Weiss, J. M. (1989) Intracerebroventricular infusion of interleukin
1 rapidly decreases peripheral cellular immune responses. Proc.
Nat/. Acad. Sci, U.S.A. 86, 6398-6402.

Sundar, S. K., Cierpial, M. A., Kilts, C., Ritchie, J. C. and Weiss,
J. M. (1990) Brain IL-1. induced immunosuppression occurs
through activation of both pituitary–adrenal axis and sympathetic
nervous system by corticotropin-releasing factor. J. Nt’uro.wi. 10,
11, 3701-3706.

Sundar.S. K., Cierpial,M. A., Kamaraju,L. S., Long, S., Hsieh, S.,
Lorenz, C., Aaron, M., Ritchie, J. C. and Weiss, J. M. (1991)



Neuroimmunomodulation via Limbic Structures 221

Humanimmunodeticiencyvirusglycoprotein(gpl20)infusedinto
rat brain inducesinterleukin-I to elevatepituitary–adrenalactivity
and decrease peripheral cellular immune responses. Proc. Nat/.
Acad. .Sci. f/.S.,4. 88, 1124&l 1250.

Swanson. L. W. Kohler. C. and Bj6rklund, A. (1987) Thetimbic
region. I. The septohippocampal system. In: Handbook qf
Chemical Neuroarratonq; Vol 5, Part 1, pp. }25-277. Eds A.
Bjorklund, T. H6kfeltmzdL.W. Swanson. Elsevier: Amsterdam.

Tajima, T., Endo, H., Suzuki, Y., Ikari, H., Gotoh, M. and Iguchi,
A. (1996) Immobilization stress-induced increase of hippocampal
acetylcholine and of plasma epinephrine, norepinephrine and
glucose in rats. Brairr Res. 720, 155-158.

Takao, T., Nakata, H., Tojo, C., Kurokawa, H., Nishioka, T.,
Hashimoto, K. and De Souza, E. B. (1994) Regulation of
interleukin-1 receptors and hypothalamic–pituitary–adrenal axis
by Iipopolysaccharide treatment in the mouse. Brairr Res. 649,
265-270.

Takasu, N., Komiya, I., Nagasawa, Y., Asawa, T. and Yamada, T.
(1990) Exacerbation of autoimmmze thyroid dysfunction after
unilateral adrenalectomy in patients with Cushing’s syndrome due
to an adrenocortical adenoma. N. Eng/. J. Med. 322, 1708–1712.

Takasu, N., Ohara, N.. Yamada, T. and Knmiya, I. (1993)
Development of autoimmune thyroid dysfunction after bilateral
adrenalectomy in a patient with Carney’s complex and after
removal of ACTH producingpituitaryadennmain a patientwith
Cushing’sdisease. J. Errdocrirro/.Irwst. 16, 697–702.

Tancredi, V., Zona, C., Velotti, F., Eusebi, F. and Santorzi, A. (1990)
Interleukin-2 suppresses established long-term potentiation and
inhibits its induction in the rat hippocampus. Brain Res. 525,
149-151.

Tancredi, V., D’Arcangelo, G., Grassi, F., Tarroni, P., Palmieri, G.,
Santoni, A. and Eusebi, F. (1992) Tumor necrosisfactor alters
synaptictransmissionin rat hippocampalslices.Neurosci. Letf.
146, 176178,

Taylor, D. C. M. (1982) The effectsof nucleusraphemagnuslesions
on an ascendingthermalpathwayin the rat. J. Physio/. (Lorrdorr)
326, 309-318.

Tice, M. A. B., Hasbemi, T., Taylor, L. A. and McQuade, R. D.
(1996) Distribution of muscarinic receptor subtypes in rat brain
from postnatal to old age. Dt’L,. Brairr Res. 92, 7W76.

Tidey, J. W. and Miczek, K. A. (1996) Social defeat stress selectively
alters meso-corticnlimbic dopamine release: an in uioo microdialy -
sis study. Brain Res. 721, 14&149.

Tocco, G., Shors, T. J., Baudry, M. and Thompson, R. F. (1991)
Selective increase of AMPA binding to the AMPA/quisqualate
receptor in the hippocampus in response to acute stress. Brain Res.
559, 168–171.

Toulmond, S., Vige, X., Fage, D. and Benavides, J. (1992) Local
infusion of interleukin-6 attenuates the neurotoxic effects of
NMDA on rat striatal cholinergic neurons. Neurosci. Lz[t. 144,
49-52.

Tsao, C.-W., Cheng, J.-T., Shen, C.-L. and Lin, Y.-S. (1996)
6-Hydroxydopamineinduces thymocyte apoptosis in mice. J.
Neuroimmurrol.65, 91-95.

Undem,B.J., Riccio,M. M., Weinreich,D., Ellis,J. L. and Myers,
A. C. (1995) Neurophysiology nf mast cell–nerve interactions in
the airways. Int. Arch. Allergy Immunol. 107, 199–201.

Van Dam, A.-M., Brouns, M., Man-A-Hing, W. and Berkenbosch,
F. (1993) Immunocytochemical detection of prostaglandin E2 in
microvasculature and in neurons of rat brain after administration
of bacterial endotoxin. Brain Res. 613, 331–336.

Van Dam, A.-M., De Vries, H. E., Kuiper, J., Zijlstra, F, J., De Boer,
A. G., Tilders, F. J. H. and Berkenbosch, F. (1996) Interleukin-1
receptors on rat brain endothelial cells: a role in neuroimmune
interaction?.FA.S.EBJ. 10, 351–356.

Vandenabeele, P. and Fiers, W. (1991) Is amyloidogenesis during
Alzheimer’s disease due to an IL-1/IL-6-mediated “acute phase
response” in the brain?. [mmunol. Todai, 12, 217–219.

Van Wimersma Greidanus, Tj. B. and Maigret,C. (1996)The role
of limbic vasopressin and oxytocin in social recognition. Brain
Res. 713, 153-159.

Veith, R. C., Lewis, N., Linares, 0. A., Barnes, R. F., Raskind, M.
A., Villacres, E. C., Murburg, M. M., Ashleigh, E. A., Castillo,
S., Peskind, E. R., Pascualy, M. and Halter, J, B. (1994)
Sympathetic nervous system activity in major depression. Basal
and desipramine-induced alterations in plasma norepinephrine
kinetics. Arch. Gen. P.rydriat. 51, 41IL422.

Wakabayashi, K., Honer, W. G, and Masliah, E. (1994) Synapse
alterations in the hippocampalkztorhimal formation in
Alzheimer’s disease with and without Lewy body disease. Brain
Res. 667, 2432.

Wallace, D. M., Magnuson, D. J. and Gray. T. S. (1992)
Organization of amygdaloid projections to brainstem dopamin-
ergic, noradrenergic, and adrenergic cell groups in the rat. Brain
Res, Bu[[. 28, 447454.

Wan, W., Vriend, C. Y., Wetmore, L., Gartner, J. G., Greenberg,
A. H. and Nance, D. M. (1993) The effects of stress on splenic
immune function are mediated by the splenic nerve. Brain Res.
Bu//. 30, 101–105.

Watanabe, Y., Wailand, N. G, and McEwen, B. S. (1995a) Effects
of adrenal steroid manipulations and repeated restraint stress on
dynorphin mRNA levels and excitatory amino acid receptor
binding in hippocampus. Brairr Res. 680, 217-225.

Watanabe, Y., Saito, H, and Abe, K, (1995b) Nitric oxide is involved
in long-term potentiation in the medial but not lateral amygdala
neurnn synapses ifl t,itro. Brain Res. 688, 233–236.

Watkins, L. R., Wiertelak, E. P., Goehler, L. E., Mooney-Heiberger,
K,, Martinez, J., Furness, L., Smith, K. P. and Maier, S. F.
(1994a) Neurocircuitry of illness-induced hyperaigesia. Brain Res.
639, 283-299.

Watkins, L. R., Wiertelak, E. P., Goehler, L. E., Smith, K. P.,
Martin, D. and Maier, S. F. (1994b) Characterization of
cytokine-induced hyperalgesia. Brain Res. 654, 15–26.

Watkins, L. R., Wiertelak, E. P., Furness, L. E. and Maier, S. F.
(1994c) Illness-induced hyperalgesia is mediated by spinal
neuropeptides and excitatory amino acids. BrczirrRes. 664, 17–24.

Watkins, L. R., Goehler, L. E., Relton, J., Brewer, M. T. and Maier,
S. F. (1995a) Mechanisms of tumor necrosis factor-cc (TNF-cs)
hyperalgesia. Brain Res. 692, 244250.

Watkins, L. R., Goehler, L. E., Relton, J. K., Taraglia, N., Silbert,
L., Martin, D. and Maier, S. F. (1995b) Blockade of interleukin-1
induced hyperthermia by subdiaphragmatic vagotomy: evidence
for vagal mediation of immune–brain communication. Neurosci.
Lett. 183, 27–31

Weber, R. J. and Pert, A. (1989) The periaqueductal gray matter
mediates opiate-induced immunosuppression. Science’245, 188–
190,

Weeks, J. C. and Levine, R. B. (1995) Sternid hormone effects on
neurons subserving behavior. Curr. Opirr. Neurobiol. 5, 809–815.

Weidenfeld, J., Crumeyrolle-Arias, M. and Haour, F. (1995) Effect
of bacterial endotoxin and interleukin-1 on prostaglandin
biosynthesis by the hippocampus of mouse brain: role of
interleukin-1 receptors and glucocorticoids. Neuroerrdocrino/ogj>
62, 3946.

Werner, J. and Bienek, A. (1985) The significance of nucleus raphe
dorsaiis and centrals for thermoafferent signal transmission to the
prenptic area of the rat. E-vP.Brain Res. 59, 543-547.

Werner-Felmayer, G,, Werner, E. R., Fuchs, D., Hausen, A.,
Reibnegger, G. and Wachter, H. (1989) Characteristics of
interferon induced tryptophan metabolism in human cells in uitro.
Biochinr. Biopbys. Acta 1012, 14&147.

Wetmore, L., Green-Johnson, J., Gartner, J. G., Sanders, V. and
Nance, D. M. (1994) The effects of kainic acid-induced lesions in
the lateral septal area on cell-mediated immune function. Brain
Behav. Immun. 8, 341-354.

Whittemore, S. R. and Sieger, A. (1987) The expression, localization
and functional significance of ~-nerve growth factnr in the central
nervous system. Brain Res. Ret,. 12, 439464.

Wiertelak, E. P., Furness, L, E., Watkins, L. R. and Maier, S. F.
(1994) Illness-induced hyperalgesia is mediated by a spinal
NMDA–nitric oxide cascade. Brain Res. 664, 9–16.

Wilkinson, M. F., Mathieson, W, B. and Pittman, Q. J. (1993)
Irzterleukin-lfi has excitatory effects on neurons of the bed nucleus
of the stria termirmlis. Brain Res. 625, 342–346.

Woolley, C. S. and McEwen, B. S. (1994) Estradiol regulates
hippocampal dendritic spine density via an N-methyi-u-aspmtate
receptor-dependent mechanism. J. Neurosci. 14, 768&7687.

Yamada, M. and Hatanaka, H. (1994) Interleukin-6 protects
cultured rat hippocampal neurons against glutamate-induced cell
death. Brain Res. 643, 173-180.

Yu, B. and Shinnick-Gallagher, P. (1994) lnterleukin-1~ inhibits
synaptic transmission and induces membrane hyperpolarization in
amygdida neurons. J. Phannucol.E.Yp.Tker.271,590-600.

Zachrisson, O., Math&, A. A., Stenfors. C. and Lindefors, N. (1995)



222 H. S. Haas and K. Schauenstein

Limbic effects of repeated electroconvulsive stimulation on
neuropeptide Y and somatostatin mRNA expression in the rat
brain. A40/. Brairr Res. 31, 71-85.

Zalcman, S., Shanks, N. and Anisman, H. (1991) Time-dependent
variations of central norepinepbrine and dopamine following
antigen administration. Brain Res. 557, 69–76.

Zalcmmr, S., Green-Johnson, J. M., Murray, L., Wan, W., Nimce,
D. M. and Greenberg, A. H. (1994a) 1nterleukin-2-induced
enhancement of an antigen-specific IgM plaque-forming cell
response is mediated by the sympathetic nervous system. J.
P6armucol. E.rp. Ther. 271, 977-982.

Zalcman, S., Green-Johnson,J. M., Murray, L., Nance, D. M.,
Dyck, D., Anismmr, H. and Greenberg, A. H. (1994b)
Cytokine-specific central monoamine alterations induced by
interleukin-1, -2 and -6. Brain Res. 643, 4M9.

Zeise, M. L., Madamba, S. and Siggins, G. R. (1992) lnterleukin-1~

increases synaptic inhibition in rat hippocampal pyramidal
neurons in titro, Regu[. Peptides 39, 1–7.

Zelazowski, P., Patchev. V. K., Zelazowska, E. B., Chrousos,
G. P., Gold, P. W. and Sternberg, E. M. (1993) Release of
hypothalamic corticotropin-releasing hormone and arginine-vaso-
pressin by interleukin-1~ and a-MSH: studies in rats with
different susceptibility to inflammatory disease. Bnrirr Res. 631,
22-26.

Zhong, P. and Ciarmello, R. D. (1995)Transcriptionalregulation
of hippocampal 5-HT,,, receptors by cordcosteroid hormones.
Mol. Brain Res. 29, 23-34.

Zhou, D., Kusnecov, A. W., Shurin, M, R., DeParrIi, M. and Rabin.
B. S. (1993) Exposure to physical and psychological stressors
elevates plasma interleukin 6: relationship to the activation of
hypothalamic-pituitary-adrenal axis. Endocrino/ogr 133, 2523-
2530.


