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I. INTRODUCTION

Psychoneuroimmunology, the study of behaviorally 
associated immunological changes and immunologi-
cally associated behavioral changes that result from 
reciprocal interactions among the nervous, endocrine, 
and immune systems, has emerged as a new fi eld of 
scientifi c inquiry within the past 2 decades (Ader, 1981; 
Ader et al., 1991, 2001). It is a fi eld that has been defi ned 
phenomenologically and is currently being explored 
mechanistically, primarily by studying rodents and 
primates. Although hundreds of investigators are 
using these and other mammalian species to address 
basic and clinical facets of psychoneuroimmunology, 
we are aware of only a handful of laboratories in which 
invertebrates, avian, and ectothermic (cold-blooded) 

vertebrate species are serving, or have served, as living 
tools to probe the evolutionary origins of neural-
immune system interactions. In 2001, we published a 
comprehensive review of the research from these labo-
ratories (Cohen and Kinney, 2001); the pre sent review 
updates that information. The reader should bear in 
mind that the descriptive comparative approach we 
have taken here allows us only to make educated 
guesses about the true evolutionary history of the inte-
gration of two complex physiological systems.

To avoid redundancy with what is presented in the 
rest of this 4th edition of Psychoneuroimmunology, we 
will not summarize the voluminous data from research 
with mammals as we did in our earlier review (Cohen 
and Kinney, 2001). The main phenomenology emerg-
ing from the literature that deals with neural-immune 
system interactions in rodents and primates, however, 
still serves as the gold standard for the questions asked 
by investigators using non-mammalian model systems. 
Thus, for comparative purposes, the mammalian refer-
ence points include the following facts: (1) mammalian 
lymphoid tissues are richly innervated (Felten et al., 
1992; Felten et al., 2003); (2) cells of the mammalian 
immune system express receptors for neuropeptides, 
neurotransmitters, and hormones (Sanders et al., 1997, 
2001); (3) activation of these receptors by their appro-
priate ligands affects functional behavior of the cells 
(Sanders and Straub, 2002; Sanders et al., 2001); (4) the 
SNS exerts a tonic regulatory role over the immune 
system as revealed, for example, by experiments 
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involving sympathectomy (Kruszewska et al., 1995, 
1998); (5) cells of the immune system themselves 
produce, as well as respond to, neuropeptides and 
hormones (Blalock, 2005; Smith, 2003); (6) cytokines 
(e.g., IL-1, IL-6, TNF-α) produced by cells of both 
systems act as signal molecules in the bi-directional 
dialogue between the nervous and immune systems 
(Danzer et al., 2002; Goehler, et al., 1997; Maier, 2003; 
Maier and Watkins, 1998); and (7) behavioral responses 
to diverse stimuli (stressors) can trigger central neuro-
endocrine and peripheral autonomic responses that 
can alter immune parameters and, thereby, under 
certain conditions, affect the health of the organism 
(Glaser et al., 1999).

II. NEURAL-DEFENSE SYSTEM 
INTERACTIONS IN INVERTEBRATES

By all current defi nitions, invertebrates display fea-
tures of innate immunity in the complete absence of 
adaptive immunity (e.g., major histocompatibility 
complex [MHC], immunoglobulin genes, re-arranging 
T-cell receptor genes, immunological specifi city, and 
memory). In the past 15 years, two major research 
groups, one in Italy and the other in New York state, 
have explored the possibility that communication 
between the neuroendocrine and innate defense 
systems exists in invertebrates as well as vertebrates. 
These investigators have used four basic interrelated 
approaches to address this phylogenetically critical 
issue. In the following review of their work and the 
more recent work of others, the generic term hemocyte 
refers to the invertebrate equivalent of vertebrate blood 
leukocyte.

A. Synthesis of Neuroendocrine and 
Neurotransmitter Molecules by 

Invertebrate Hemocytes

The fi rst approach focused on whether endogenous 
neuroendocrine and/or neurotransmitter substances 
are synthesized by, and can affect the behavior of, 
invertebrate blood cells. Hemocytes from several mol-
luscan species (Planorbarius corneus, Lymnaea stagnalis, 
Mytilus edulis) exhibit immunoreactivity for several 
vertebrate neuropeptides including met-enkephalin, 
oxytocin, somatostatin, vasoactive intestinal peptide 
(VIP), substance P (SP) (Ottaviani and Cossarizza, 
1990), ACTH (Ottaviani et al., 1991; Ottaviani et al., 
1992a; Smith et al., 1991), and β-endorphin (Ottaviani 
et al., 1990). ACTH- and TNF-α–like molecules are also 
found in some types of leukocytes residing in the 
hemolymph of the dipteran Calliphora vomitoria; stain-
ing for both ACTH and TNF-α of the mitotically active 

plasmacytes was related to their activated state dur -
ing the formation of capsules to wall off foreign sub-
stances (Franchini et al., 1996b). Immunoreactive 
met-enkephalin has also been detected in the coelomic 
fl uid of earthworms, and treatment of earthworm coe-
lomocytes with DAMA stimulates coelomocyte migra-
tion, much as is seen in human granulocytes and 
molluscan hemocytes (Cooper et al., 1993). Eleven 
years ago, Ottaviani et al. (1995a) reported that hemo-
cytes from freshwater snails, Planorbarius corneus and 
Viviparus ater, express pro-opiomelanocortin (POMC) 
mRNA as assessed by in situ hybridization with a 
digoxigenin-labeled human DNA probe. Interestingly, 
this probe did not detect POMC mRNA in another 
morphologically distinct hemocyte from these species, 
a hemocyte that Ottaviani (1992) believes has features 
of the vertebrate T-cell. This is the same probe men-
tioned subsequently in connection with detection of 
POMC mRNA in phagocytic leukocytes from both the 
edible frog and goldfi sh, and in lymphocytes from 
frogs but not fi sh (Ottaviani et al., 1995a).

It also appears that “stress” stimulates invertebrate 
hemocytes to produce endogenous neural-immune 
mediators. For example, Stefano et al. (1989b) found 
elevated levels of endogenous morphine-like material 
in the hemolymph of Mytilus that had been subjected 
to electrical shock combined with mechanically pre-
venting closure of their shells. Concurrent with  this 
rise was a substantial increase in the proportion of 
activated (ameboid, as opposed to rounded or resting) 
hemocytes (Stefano et al., 1993). With respect to stress-
ors and immunological changes in invertebrates, it is 
worth noting that Malham et al. (2003) reported that 
abalone subjected to 15 minutes of mechanical distur-
bance (i.e., shaking in a rotating box) resulted in an 
elevation of norepinephrine (NE) and epinephrine 
(EPI) levels. Whether this increase was causally respon-
sible for the accompanying reduction of numbers of 
circulating hemocytes, their migratory and phagocytic 
activity, and respiratory burst is possible, but this com-
ponent of the regulatory pathway has yet to be studied. 
Interestingly, these changes in immune parameters 
were short lived in that the values returned to baseline 
levels (with the exception of superoxide anion produc-
tion) 100–480 minutes after stress exposure. In a related 
study, Malham and co-workers (2002) “stressed” octo-
puses (Eledone cirrhosa) by handling them and expos-
ing them to air for a few minutes. They found that both 
NE and EPI were released into hemolymph but that 
the increased levels returned to basal levels within 
30–60 minutes after stressor exposure. They also saw 
a decrease in the numbers of circulating hemocytes 
that was followed by a rebound effect (i.e., greater 
numbers than controls within an hour). In contrast to 
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their observations with abalone, the stressor in the 
octopus effected an increase in hemocyte activity (mea-
sured by phagocytosis of heat-killed Vibrio) that peaked 
at 1 hour and returned to baseline by 2 hours. The 
production of superoxide anions peaked as early as 5 
minutes post stressor exposure and remained elevated 
for upwards of 2 hours. The norendocrine effectors 
responsible for these transitory changes are unknown, 
as is whether such short-lived changes have repercus-
sions with respect to the health of these invertebrate 
species. There is, however, a very recent study that 
addresses the long-term health consequences of a 
stressor exposure in another invertebrate, the fresh 
water clam Anodonta piscinalis (Saarinen and Taskinen, 
2005). These investigators explored the susceptibility 
of Anodonta to the ergasilid copepod, Paraergasilus 
rylovi. Clams were fi eld collected from two popula-
tions in late summer. They were then transported to 
the laboratory and marked. The stressed clams were 
subjected to low oxygen for 25 days, whereas the 
unstressed control clams were housed in their lakes of 
origin for the same period. Eleven months after expo-
sure to the stressor, the stressed clams were more 
intensively parasitized than controls. They also showed 
lower growth, lower reproduction, and poorer sur-
vival than the “unstressed” control clams. Thus, this 
model suggests that even in an invertebrate, a stressor 
may evoke long-lasting effects on susceptibility of 
natural populations to parasitism.

B. Effects of Mammalian Neuroendocrine 
and Neurotransmitter Molecules on 

Invertebrate Hemocytes

Several investigators have examined the possible 
infl uence of exogenous neuroendocrine, neuropeptide, 
and/or neurotransmitter messenger molecules on the 
behavior of invertebrate hemocytes. Recent research 
on crustaceans by Cheng and colleagues (2005) revealed 
that 4 hours after white shrimp received 10−7  M dopa-
mine, there was a 25% decrease in total hemocyte 
count, a 15% decrease in phenoloxidase activity, a 21% 
decrease in respiratory burst, and a 50% decrease in 
superoxide dismutase activity. Further, the phagocytic 
activity and clearance of Vibrio also diminished signifi -
cantly, and bacterial challenge resulted in a higher 
mortality. Li et al. (2005) reported a similar response 
to dopamine (except for the change in numbers of cir-
culating hemocytes) in a different host (giant prawn) 
and parasite combination.

Catecholamines have been shown to affect the 
behavior of hemocytes from bivalves. Specifi cally, 
Lacoste et al. (2001) reported that 0.1  μM NE (and 
higher) inhibited phagocytosis in oysters, an effect that 

was mimicked by isoproterenol, but not by the alpha 
agonist, phenylephrine. The antagonist, propranolol (a 
beta-blocker), blocked the NE effect, but an alpha-
blocker did not. Further experiments indicated that the 
reported effect was mediated via a cAMP-protein 
kinase A-dependent signal.

In the 1990s, Franchini and Ottaviani (1994) and 
Ottaviani et al. (1992d) published that ACTH induces 
cytoskeletal and motility changes of phagocytic hemo-
cytes from snails. Genedani et al. (1994) basically con-
fi rmed these studies for CRF. They also reported that 
ACTH fragments (1–24), (1–4), (4–9), (1–13), (1–17), 
and (11–24) stimulate molluscan hemocyte migration, 
whereas the entire sequence (1–39) and the fragment 
(4–11) have an inhibitory effect. Differences between 
species were noted with respect to the response to 
individual fragments. Additionally, the (4–11) frag-
ment could antagonize some of the stimulatory frag-
ments (4–9) as well as TNF-α–induced chemotaxis. 
More recently, Malagoli et al. (2000) again confi rmed 
(in the mollusc Mytilus galloprovincialis) that exogenous 
CRH provokes changes in the cellular shape of immu-
nocytes and that this response is dependent on extra-
cellular Ca++. By using various inhibitors of transduction 
signaling pathways, they could completely or partially 
inhibit these changes. These fi ndings are consistent 
with the proposition that PKA, PKC, and PKB/Akt are 
involved in CRH-induced cell shape changes in immu-
nocytes and that the cellular effect of CRH needs the 
synergistic action of the two second messengers, cAMP 
and IP(3). In this study, Malagoli and colleagues also 
reported that immunocytes from the mussel ex  -
press mRNAs for the CRH receptors, CRH-R1 and 
CRH-R2.

ACTH also causes molluscan hemocytes to release 
biogenic amines (NE, EPI, and dopamine) that infl u-
ence chemotactic and phagocytic activities of hemo-
cytes (Franchini and Ottaviani, 1994; Ottaviani et al., 
1992d). The greatest release occurred after 15 minutes, 
but after 45 minutes, the values were similar to those 
of the controls. Culturing hemocytes with CRF also 
provoked release of biogenic amines, suggesting that 
endogenous ACTH mediates this release. These exper-
iments also suggest that molluscan hemocytes have 
the capacity to bind and respond to CRH in a manner 
reminiscent of the way in which mammalian leuko-
cytes respond to this releasing factor (Ottaviani et al., 
1993a). These authors further demonstrated immuno-
reactive tyrosine hydroxylase and dopamine beta-
hydroxylase (enzymes involved in biogenic amine 
biosynthesis) in these hemocytes. Ottaviani et al. (1994) 
found a similar but less signifi cant catecholamine 
response when mammalian interleukin-2 (IL-2) rather 
than ACTH was added to cultures of hemocytes. Inter-
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estingly, pre-incubation of hemocytes with IL-2 or 
with anti–IL-2 monoclonal antibody signifi cantly 
reduced or completely eliminated the CRF-induced 
release of biogenic amines. Further direct evidence of 
competition between CRF and IL-2 was revealed by 
immunocytochemical and cytofl uorimetric analysis. 
One explanation favored by these investigators (at 
least at that time) was the presence of a unique (ances-
tral?) receptor on molluscan hemocytes that is capable 
of binding both CRF and IL-2. If this is indeed the case, 
it would have signifi cant implications for understand-
ing the evolution of neural-immune system interac-
tions. At the very least, these and other observations 
suggest that in terms of catechol biosynthesis, the 
invertebrate hemocyte may be a major player in an 
ancestral stress response that is associated with the 
HPA axis in mammals.

Stefano and colleagues (Dureus et al., 1993) also 
found that administration of mammalian neuropep-
tide Y (NPY) to either molluscan hemocytes or to 
human granulocytes inhibited both spontaneous 
activation and chemotaxis in response to the chemoat-
tractant synthetic peptide, N-formyl-methionyl-leucyl-
phenylalanine.

In a somewhat more recent investigation, Sassi et al. 
(1998) confi rmed that ACTH (1–24) induces cell shape 
changes in the immunocytes of the mollusc, Mytilus 
galloprovincialis. Using computer-assisted microscopic 
image analysis, they reported that a G protein antago-
nist (suramin sodium), an adenylate cyclase inhibitor 
(2′,5′-dideoxyadenosine), and a protein kinase inhibi-
tor (staurosporine) inhibited this effect. The highly 
specifi c inhibitors H-89 (for protein kinase A) and 
calphostin C (for protein kinase C) only partially 
inhibited the morphological alterations, whereas the 
simultaneous action of H-89 and calphostin C com-
pletely blocked them. Thus, mammalian ACTH-
induced changes in cell shape appear to involve the 
adenylate cyclase/cAMP/protein kinase A pathway, 
as well as the activation of protein kinase C. In a related 
paper (Ottaviani et al., 1998b), ACTH receptor-like 
messenger RNA was detected in molluscan hemocytes 
(and, as a control, in human blood mononuclear cells) 
using a digoxigenin-labeled bovine cDNA probe. 
These fi ndings imply that the ACTH receptor gene 
has been highly conserved during evolution and, 
according to these investigators, support their hypoth-
esis that there is a phylogenetic relationship between 
the immune and neuroendocrine systems in in -
vertebrates.

Stefano et al. (1989a) reported that opioids can 
also affect the behavior of hemocytes of the mussel, 
Mytilus edulis. Specifi cally, they found that the syn-
thetic enkephalin analogue, DAMA (D-Ala2, met5-
enkephalinamide), modulated locomotion, adherence, 

and conformation of a subset of hemocytes that resulted 
in their assuming a fl attened and elongated conforma-
tion with extended pseudopodia. These morphological 
characteristics of hemocyte activation are similar to 
those seen following similar treatment of human gran-
ulocytes (Hughes et al., 1991b; Stefano et al., 1989a; 
Stefano et al., 1989b; Stefano et al., 1991a).

C. Effects of Mammalian Cytokines on 
Invertebrate Hemocytes

The third approach to studying invertebrate neural-
innate immune system interactions has involved 
exploring the impact of molecules, purported to be 
homologues of mammalian pro-infl ammatory cyto-
kines, on hemocyte locomotion and phagocytosis, and 
on the production of nitric oxide synthase (NOS) and 
biogenic amines (Ottaviani et al., 1995c; Ottaviani 
et al., 1997). Some of these studies provide suggestive 
evidence that the cytokines tested can bind to, and 
compete with, CRF for the same membrane receptor 
(Ottaviani and Franchini 1995). However, given the 
known lack of cross-reactivity of most mammalian 
cytokines with cells from different mammalian species 
(Haynes and Cohen, 1991), these results with mam-
malian cytokines and invertebrate blood cells must 
remain more provocative than defi nitive.

D. Production of Cytokine-Like 
Molecules by Invertebrate Hemocytes

The fi nal approach taken by these investigators 
addresses the production of cytokine-like molecules 
by invertebrate hemocytes in response to signals that 
clearly elicit cytokine production by mammalian leu-
kocytes. Like human granulocytes, molluscan hemo-
cytes respond to lipopolysaccharide (LPS) stimulation 
by assuming the active conformation changes described 
above (Hughes, et al., 1990; Hughes et al., 1991a; 
Hughes et al., 1991c). Similar LPS-induced changes of 
hemocytes from the insect Leucophaea maderae have 
also been published (Ottaviani et al., 1995e). At 
least for molluscs, this effect could be blocked by 
anti-mammalian TNF-α and/or anti–IL-1 antibodies. 
DAMA also is able to induce molluscan hemocytes to 
produce immunoreactive (ir)IL-1 (Stefano et al., 1991b). 
Administration of naloxone blocked the DAMA-
induced conformational change by hemocytes, but 
these cells could still be activated by administration of 
recombinant human (rh)IL-1α, suggesting that opioid 
activation may be triggered by an IL-1–like molecule 
(Stefano et al., 1991b).

As mentioned earlier, molluscan hemocytes release 
biogenic amines when they are cultured with CRF, a 
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phenomenon that Ottaviani and co-workers (1991) 
described as a prototypic stress response. This response 
is signifi cantly reduced when hemocytes are pre-
incubated with IL-1α, IL-1β, TNF-α, or TNF-β prior to 
adding CRF to the incubation mixture (Ottaviani et al., 
1995b).

Ottaviani and Franchini (1995) and Franchini et al. 
(1996a) used immunocytochemistry to detect immuno-
reactive platelet-derived growth factor α and β 
(PDGFα/β) and transforming growth factor (TGF)-β 
in phagocytic invertebrate leukocytes. The presence of 
PDGF-α/β–like receptors and TGF-β receptor (type 
II)-like molecules on the plasma membranes of the 
immunocytes of the mollusc Mytilus galloprovincialis 
was also suggested by immunocytochemistry (Kletsas 
et al., 1998). This latter study also revealed that PDGF-
α/β and TGFβ1 provoke changes in the shape of the 
molluscan hemocytes following interactions of these 
mammalian ligands with their putative receptors and 
that these extracellular signals are transduced along 
the phosphoinositide-signaling pathway. Ottaviani 
et al. (1998a) suggest that in the mussel, the major 
pathway followed by PDGFα/β and TGFβ in provok-
ing the release of NE, EPI, and dopamine into cell-free 
hemolymph is mediated by a CRH-ACTH biogenic 
amine axis.

In mammals, microglial cells, like macrophages, are 
phagocytic and synthesize pro-infl ammatory cyto-
kines. Sonetti et al. (1997) argue that the snail, Planor-
bius corneus, also has a class of glial cells that resemble 
vertebrate microglia. Interestingly, these cells can be 
identifi ed by their immunopositivity to anti–POMC-
derived peptide antibodies. As in the vertebrates, snail 
microglia exhibit macrophage-like mobility, and when 
exposed in vitro to LPS or bacteria, they underwent 
conformational and mobility changes and also became 
phagocytic. Moreover, when activated, they also 
expressed TNF-α–like molecules and increased pro-
duction of NOS, as shown immunocytochemically. 
Morphine (which appears to bind these cells via a μ3 
receptor) inhibited this mobility and phagocytic activ-
ity of invertebrate microglia, suggesting to these inves-
tigators that opioid-like compounds may infl uence 
invertebrate microglia as well as hemocytes. Similar 
microglial-like cells have also been described in the 
mussel and the insect Leucophaea maderae (Sonetti et al., 
1994). Excitability of a population of nociceptive 
sensory neurons in Aplysia were infl uenced by neigh-
boring hemocytes (Clatworthy, 1998); Clatworthy and 
Grose (1999) suggest that in vitro activation of these 
hemocytes by LPS causes them to produce cytokine-
like factors which modulate expression of injury-
induced sensory nerve hyperexcitability.

The aforementioned studies with invertebrates are 
clearly provocative in terms of their suggesting a 

common evolutionary origin of the immune and neu-
roendocrine systems with their attendant infl amma-
tory and stress responses (Ottaviani and Franchini, 
1995; Ottaviani and Franceschi, 1996, 1997, 1998). 
However, before accepting the validity of this hypoth-
esis, or even some of the data that led to its for -
mulation, we must emphasize the importance of 
characterizing all the immunoreactive molecules and 
their receptors described in the previous paragraphs 
at the structural and genomic levels to determine if 
they are true homologues of their mammalian coun-
terparts rather than, for example, an artifact of the 
detection methods used to identify them (Hahn et al., 
1996).

A few intriguing studies we encountered in our 
review of the literature do not fi t into the outline we’ve 
followed for this section on invertebrates. Indeed, they 
so beautifully reveal the evolutionary conservation of 
the links between behavior and its neuroimmune con-
sequences that they merit their own paragraph. Mallon 
et al. (2003) and Riddell and Mallon (2006) presented 
behavioral evidence indicating a link between the 
immune system and the nervous system in insects. In 
brief, bumblebees that were injected with LPS to incite 
an anti-bacterial response in their hemolymph (Moret 
and Schmid-Hempel, 2000) have reduced abilities to 
learn (or recall memory) in a classical conditioning 
paradigm. Their study further points out that this 
associative learning defi cit occurs only after bees are 
deprived of pollen (their only protein sources).

As will be discussed later in the section on birds, 
some evolutionary biologists have become interested 
in the immune system in general (and psychoneuroim-
munology in particular) because of an interest in 
energy trade-offs between immune processes and 
various behaviors (e.g., reproduction, foraging for 
food, nest building, sexual displays). With respect to 
invertebrates, Fedorka et al. (2004) tested the hypoth-
esis that “immune suppression” mediates a pheno-
typic trade-off between reproduction and immunity 
by manipulating reproductive effort and measuring 
immune function and mortality rates in the striped 
ground cricket, Allonemobius socius. In this species, 
male crickets provide females with a hemolymph-
based “nuptial gift” during copulation. Based on their 
knowledge that hemolymph contains many immune 
mediators, these investigators predicted that sexual 
selection might differentially affect how disease resis-
tance evolves in males and females. Indeed, they found 
that for both sexes, an increased mating effort resulted 
in a reduced immune ability. In their words, immune 
suppression appears to be a link between reproductive 
effort and cost in this system. Also of note are their 
observations that males and females differentially 
invest in several aspects of immunity prior to mating: 
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Males exhibit a higher concentration of circulating 
hemocytes and a superior bacterial defense capability 
than females. In a related study from this group, Zuk 
et al. (2004) reported that the ability of seasonal breed-
ing crickets (both in the fi eld and in the lab) to encap-
sulate foreign material was better in males than 
females. No sex dimorphism was noted in an asea-
sonal breeding species; however, when food was 
restricted, the males again did better. Although an 
interaction between the endocrine and defense systems 
are suspect in the results described in this and the 
preceding paragraph, no mechanisms have been 
explored formally. No doubt many experimental ques-
tions of potential psychoneuroimmunological interest 
raised by this intriguing line of research will keep 
these and other investigators gainfully occupied for 
several years.

III. NEURAL-IMMUNE INTERACTIONS 
IN TELEOST FISH

Given the phylogenetic success of the teleosts 
(Hickman et al., 1993), it would not be unreasonable 
to propose that fi sh, like all other ectotherms discussed 
in the following sections, display coordinated and 
integrated immune and neuroendocrine responses to 
environmental challenges. The information reviewed 
in this section and elsewhere (Weyts et al., 1999; Yada 
and Nakanishi, 2002) clearly support this hypothesis.

A. Innervation of Lymphoid Organs and 
Response of Leukocytes to 

Biogenic Amines

Autonomic innervation in the spleens of cod 
(Nilsson and Grove, 1974), coho salmon (Flory, 1989), 
and rainbow trout (Flory, 1990) has been demonstrated. 
At least for coho salmon, however, splenic innervation 
appears to be largely associated with the vasculature, 
with some branching out into the parenchyma (Flory, 
1989). Chemical sympathectomy (SyX) of salmon with 
6-hydroxydopamine (6-OHDA) depletes noradrener-
gic (NA) innervation as measured either by HPLC for 
NE, or by the absence of fl uorescent NA nerve fi bers 
(Flory, 1989) using sucrose-potassium phosphate-
glyoxylic acid-induced (SPG) histofl uorescence for 
catecholamines (de la Torre, 1980). Chemical SyX has 
also been reported to increase the number and percent-
age of splenic anti-sheep red blood cell (SRBC) plaque-
forming cells (PFCs) in fi sh denervated prior to immu-
nization; no effect was seen if immunization preceded 
SyX. These data are consistent with the augmented 
antibody response seen following SyX of neonatal rats 

(Besedovsky et al., 1979) and adult mice (Kruszewska 
et al., 1995, 1998), but contrast with the decreased anti-
body and cell-mediated responses seen after SyX in 
adult mice (Livnat et al., 1985; Madden et al., 1989a; 
Madden et al., 1989b; Sanders and Straub, 2002).

Flory (1990) also demonstrated for rainbow trout 
that adrenergic and cholinergic agents can alter in vitro 
antibody response to TNP-LPS. Specifi cally, the in vitro 
induction of a primary anti–TNP-LPS PFC response 
was suppressed by the β-adrenergic agonist, isoproter-
enol (10−4–10−7  M), whereas it was enhanced by the α-
adrenergic agonist, phenylephrine. The β-agonist effect 
could be blocked by propranolol, consistent with 
receptor mediation, and the α-agonist effect was 
blocked by yohimbine but not phentolamine. This sug-
gestion of an α–2 adrenoreceptor was confi rmed by the 
demonstration that clonidine (10−7–10−11  M), an α–2 
specifi c agonist, enhanced antibody responses. A cho-
linergic agonist also enhanced PFC responses over a 
dose range of 10−5–10−11  M; this was blockable by the 
muscarinic antagonist, atropine. Subsequent studies 
have revealed an infl uence of adrenergic and choliner-
gic agents on the chemiluminescent and mitogenic 
responses of trout leukocytes (Bayne and Levy, 1991; 
Flory and Bayne, 1991). Plytycz and co-workers 
(Józefowski and Plytycz, 1998; Józefowski et al., 1995) 
extended Flory’s studies by demonstrating fi rst that 
there are adrenergic and cholinergic receptors on head 
kidney leukocytes of the goldfi sh, Carassius auratus; 
and second, that high concentrations of the β-
adrenergic agonist, isoproteronol (10−4  M), and the 
cholinergic agonist, carbachol (10−5  M), enhanced 
phorbol myristate acetate (PMA)-induced oxidative 
burst of goldfi sh macrophages, effects that could be 
blocked by equimolar concentrations of propranolol 
and atropine, respectively. Both EPI and NE enhance 
the respiratory burst activity of carp anterior kidney 
macrophages and neutrophils (Verburg-van Kemenade, 
personal communication). Finally, Narnaware and col-
leagues (Narnaware and Baker, 1996; Narnaware et al., 
1994) observed that both α- and β-adrenergic agonists 
depress in vitro phagocytosis of yeast by rainbow trout 
macrophages and that injection of the adrenergic 
blocker phentolamine can prevent the depressive 
effects of “stress” on the phagocytic index of cells from 
the same species.

Serotonin (5-HT) is also immunomodulatory in fi sh. 
According to a set of detailed experiments (Ferriere et 
al., 1996), 5-HT suppressed LPS- and PHA-induced 
proliferation of trout PBLs. This inhibitory effect could 
be mimicked by an agonist of 5-HT1A receptors 
(8-OH-DPAT) and was reversed by an antagonist of 
5-HT1A and 5-HT1B receptors (spiperone). Scatchard 
plot analyses confi rmed the existence of specifi c sero-
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tonin receptors on lymphocytes. In a competition 
study, serotonin inhibited the binding of 3H-5HT to 
receptors in both resting and mitogen-stimulated lym-
phocytes. However, the agonists (8-OH-DPAT and 
buspirone) and antagonist (NAN-190) of the 5-HT1A 
receptor subtype failed to displace 3H-5HT binding to 
receptor sites in resting cells, but they did inhibit 3H-
5HT binding in LPS- and PHA-stimulated lympho-
cytes. Based on these observations, the authors propose 
that 5-HT1A receptors are expressed on activated lym-
phocytes only after mitogenic stimulation. An agonist 
of 5-HT1B receptors (CGS-12066B) failed to affect 3H-
5HT binding on either resting or mitogen-stimulated 
lymphocytes, suggesting that this 5-HT receptor 
subtype is absent on lymphocytes. A subsequent phar-
macological study from the same group (Meyniel et 
al., 1997), in which additional antagonists of mamma-
lian 5-HT receptors (ICS-205–930 and metoclopramide) 
were used, suggests that fi sh 5-HT3 lymphocyte recep-
tors may differ pharmacologically from mammalian 
receptors.

B. Neuropeptide Production by Cells of 
the Teleost Immune System

Recently, investigators have begun to explore 
whether fi sh leukocytes, like mammalian lymphocytes 
(Blalock, 2005), synthesize hormones typically associ-
ated with the hypothalamo-pituitary-interrenal (HPI) 
gland axis.1 POMC-derived peptides (ACTH, α-MSH, 
and β-endorphin) have been detected immuno-
cytochemically in goldfi sh thymic epithelial cells 
(Ottaviani et al., 1995d), and constitutive and mitogen-
stimulated production of immunoreactive POMC 
products by catfi sh lymphocytes has also been reported 
(Arnold and Rice, 1997). Since both studies were based 
on antibody detection of antigenic cross-reactivities, 
their interpretation may be questioned. However, 
Ottaviani et al. (1995a) have also reported that goldfi sh 
(C. auratus) phagocytic leukocytes express POMC 
mRNA as determined by in situ hybridization with a 
digoxigenin-labeled human DNA probe. The same 
probe also detected POMC mRNA in phagocytic leu-
kocytes and peripheral blood lymphocytes from the 
frog, Rana esculenta, but lymphocytes from goldfi sh 
did not express this gene. A study of different teleost 
and amphibian species, however, seems necessary 
before endorsing these authors’ suggestion that expres-

sion of this gene in vertebrate lymphocytes fi rst 
occurred in the Amphibia.

A major contribution to psychoneuroimmunology 
in the past decade has been research revealing that in 
mammals communication between the neuroendo-
crine and immune systems is mediated, at least in part, 
by pro-infl ammatory cytokines (e.g., IL-1, IL-6, TNF-
α). For example, in rodents, IL-1 can act on the hypo-
thalamus and pituitary to elicit CRH and ACTH, 
respectively (Parsadaniantz et al., 1994, 1997). Thanks 
largely to the work of Secombes and colleagues in 
Scotland, several cytokine genes that include IL-1 (Ple-
guezuelos et al., 2000; Secombes et al., 1998); IL-8 
(Laing et al., 2002); IL-10 (Zou et al., 2003); TNF-α (Zou 
et al., 2002, 2003); IFN-γ (Zou et al., 2005); IL-6 (Bird 
et al., 2005); lymphotoxin b (Kono et al., 2006), IL-11 
(Wang et al., 2005); and IL-18 (Zou 2004) have been 
cloned in different species (e.g., salmon, rainbow trout) 
and, at least for some genes, their products expressed 
as recombinant proteins (reviewed in Secombes et al., 
2001; Secombes and Cunningham, 2004). This major 
sustained effort has permitted research on the role of 
cytokines as mediators of neuroendocrine-immune 
interactions in teleosts. Indeed, there is now solid evi-
dence that in fi sh, IL-1β is an effector molecule that 
activates the HPI axis as evidenced by a strikingly 
elevated level of plasma cortisol in trout receiving an 
i.p. injection of 0.1–0.6  nmol/kg of the recombinant 
protein (Engelsma et al., 2002; Holland et al., 2002). 
Holland et al. (2002) also reported that trout IL-1β 
peptides (P1 and P3), which are homologous to recep-
tor-binding sequences of human IL-1β, failed to infl u-
ence the prevailing cortisol concentration even though 
an equivalent dose was immunostimulatory in vivo. In 
this study, blockade of endogenous ACTH release by 
administration of the synthetic glucocorticoid dexa-
methasone (DEX) prevented the rIL-1β–mediated ele-
vation of plasma cortisol. Inhibition studies with the 
cloned fi sh IL-1 receptor-associated protein and IL-1 
receptor (Stansberg et al., 2005) have yet to be carried 
out to further probe the role of this cytokine in the 
neuroimmune circuitry. Nevertheless, the important 
phylogenetic take-home message from these studies is 
that IL-1 signaling between the immune and neuroen-
docrine systems in mammals is conserved in lower 
vertebrates. Just how early this neuroimmune regula-
tory pathway evolved (i.e., is it present in elasmo-
branchs and agthanans?) remains unresolved. So too 
does the question of whether, like mammals, other 
pro-infl ammatory cytokines play a signaling role at the 
teleost level of phylogeny.

LPS is known to activate the fi sh HPI axis (Balm, 
1997). Since increased cortisol levels could be induced 
by either an i.p. injection of LPS or rIL-1β, it is reason-

1Since in fi sh, the interrenal glands serve the function provided 
by the adrenal cortex in mammals (Chester Jones et al., 1980), the 
hypothalamo-pituitary-adrenal axis and the hypothalamo-pituitary-
interrenal axis are functionally equivalent.
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able, by extrapolating from the mammalian literature, 
to conclude that in fi sh LPS induces an increase in IL-1 
that, in turn, effects increased levels of cortisol via 
activation of the HPI axis. An early literature points 
out that direct exposure of pituitary tissue to LPS in 
vitro blunts ACTH and α-MSH release (Balm et al., 
1995). Although it is once again reasonable to assume 
that these changes result from an increase in cytokine 
secretion following LPS treatment, it should be noted 
that LPS can also affect endocrine tissues directly 
(Brunetti et al., 1994; Milton et al., 1993).

One of the most important reasons for conducting 
studies using a homologous system (i.e., trout rIL-1b 
injected into trout) is that it obviates problems inherent 
in using mammalian cytokines in fi sh. Earlier studies 
like one in which murine IL-1α was reported to inhibit 
α-MSH release by the HPI axis (Balm et al., 1993) or 
studies pointing out that mammalian IL-1 has no effect 
on teleost lymphocytes (see review by Haynes and 
Cohen 1991; see also Ellsaesser and Clem, 1994; 
Verburg-van Kemenade et al., 1995) need to be repeated 
in the homologous system, especially since mamma-
lian and fi sh IL-1 have minimal identity at the DNA 
and amino acid sequence levels (Secombes et al., 
1998).

C. Glucocorticoids, Neuropeptides, and 
Stressor Effects on Immunity

The neuroendocrine stress response of fi sh (Wende-
laar Bonga, 1997) is quite similar to that of mammals 
(Chrousos and Gold, 1992) in that it consists, in part, 
of a stressor-sensitive HPI axis. Cortisol, the major glu-
cocorticoid in fi sh, is produced by the interrenal gland. 
Primary mediators of cortisol in teleosts are ACTH 
(apparently for acute stress situations) and α-MSH 
(in more chronic situations) (Donaldson, 1981; Lamers 
et al., 1994; Sumpter et al., 1994). These hormones, in 
turn, are under hypothalamic control via CRF for 
ACTH (Olivereau and Olivereau, 1991) or via both 
CRF and TRH α-MSH (Lamers et al., 1994). Parentheti-
cally, in an in vitro study, Harris and Bird (1998) dem-
onstrated that a 1-hour exposure to α-MSH increases 
the phagocytic ability of head kidney macrophages 
and neutrophils from rainbow trout.

Although the neuroendocrinology of the stress 
response in teleosts has been well studied (Huising 
et al., 2004, 2005; Rotlant et al., 2003; van den Burgh 
et al., 2005), information that causally relates, in a step-
wise and mechanistic fashion, stressor-associated neu-
roendocrine levels and pathways to changes in immune 
system parameters and susceptibility to pathogens is 
relatively fragmentary. This is not to say that there is 
a dearth of studies that explore the effects of stressors 

on selected aspects of immune function and on mortal-
ity in agriculturally important teleost species. Quite 
the contrary (Barton and Iwama, 1991; Ellis, 1981; 
Ndoye et al., 1991; Pickering, 1981; Wendelaar Bonga, 
1997). For example, a 30-second dip net removal of 
Chinook salmon from the water temporarily elevated 
plasma cortisol, increased leukocyte numbers in the 
thymus and anterior kidney, decreased blood and 
spleen leukocytes, and altered resistance to the fi sh 
pathogen Vibrio anguillarum (Maule et al., 1989). 
Altered resistance was manifested by an increased 
mortality and decreased time-to-death in salmon 
exposed to Vibrio 4 hours after stressor exposure and 
by a decreased mortality (relative to controls) and 
longer survival times in fi sh exposed 1 day after this 
acute stressor (Maule and Schreck, 1990a; Maule et al., 
1989). Altered immune function was also refl ected by 
a decreased in vitro anti-TNP antibody production 
(relative to unstressed fi sh) by anterior kidney leuko-
cytes 4 hours and 7 days after stressor exposure. At 
this later time-point, plasma cortisol levels had 
returned to normal (Maule et al., 1989), indicating that 
the effects of the stressor persist beyond the time of 
cortisol elevation. A similar observation was made by 
Betoulle et al. (1995), who subjected trout to hyperos-
motic shock for 7 days or 30 days and measured corti-
sol, PRL, and anti-Yersinia ruckeri antibodies in the 
serum. Relatively short-term “stress” was associated 
with a correlation between high levels of both stress 
hormones and a delayed production and lower titers 
of antibody. More chronically exposed animals had no 
increase in stress hormones but still had low antibody 
titers. These two reports, among others, are consistent 
with the idea that the putative immunomodulatory 
effects of stress hormones impact the earlier phases of 
antibody production.

A recent study (Binuramesh et al., 2006) has con-
vincingly demonstrated that the social environment of 
fi sh plays an important role in their adaptive and 
innate immune responses to pathogens. This research 
examined the effects of sex ratio of a tilapia (Oreochro-
mis mossambicus) housed for 4 weeks either as same sex 
or mixed (1:1) sex cohorts on antibody responses to 
Aeromonas hydrophila; serum lysozyme activity; pro-
duction of intracellular reactive oxygen species (ROS); 
on reactive nitrogen species (RNS) by peripheral blood 
leukocytes; and on disease resistance against live, viru-
lent Aeromonas hydrophila. Their data convincingly 
showed an enhanced antibody response and increased 
number of antibody-producing cells in the mixed-sex 
cohorts relative to fi sh in monosex ratio groups. Similar 
enhancement was also observed in non-specifi c 
immune parameters such as serum lysozyme level, 
ROS, and RNS production. The host resistance test 
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revealed that enhanced immunity in the equal male 
and female sex ratio group was protective against 
Aeromonas hydrophila infection. Hence, natural sex 
ratios may enhance disease resistance to pathogens in 
this species; just how it does so is an important but 
unresolved issue. As indicated in the aforementioned 
Binuramesh study, stressors can modify various 
aspects of the innate as well as adaptive immune 
system of teleosts. In another example from other 
species (e.g., trout), in vitro respiratory burst activity 
of fi sh anterior kidney phagocytes was diminished fol-
lowing handling and exposure to anoxic shock, as well 
as by crowding (Angelidis et al., 1987; Pulsford et al., 
1994; Yin et al., 1995), but it was increased in trout fol-
lowing transfer from fresh to sea water (Marc et al., 
1995), indicating a variance across species and/or 
stress modalities. A social stress paradigm in rainbow 
trout led to increased in vivo phagocytosis of bacteria 
by peripheral blood phagocytes (Peters et al., 1991). 
Transition from fresh to seawater, however, had no 
effect on activity of natural cytotoxic cells (NCC) iso-
lated from brown trout (Marc et al., 1995). Although 
decreasing the water temperature in which carp were 
held enhanced their NCC activity (Le Morvan-Rocher 
et al., 1995), the in vitro assays were all performed at 
28°C, which could have different consequences for 
cells isolated from fi sh adapted to different tempera-
tures (Clem et al., 1984, 1991). A social stress paradigm 
in aggressive fi sh (Tilapia) resulted in depressed NCC 
activity and mitogenic responses in the subordinate 
fi sh (Ghoneum et al., 1988). As determined by blocking 
studies with naltrexone, this effect seems to be medi-
ated, at least in part, by endogenous opioids (Faisal 
et al., 1989). A group of Polish investigators led by 
Plytycz has demonstrated that endogenous opioids 
(i.e., morphine) also appear to be involved in reducing 
numbers, but increasing respiratory burst activity, of 
thioglycollate-elicited infl ammatory cells in peritoneal 
exudates from goldfi sh (Chadzinska et al., 1997; Gruca 
et al., 1996) and salmon (Chadzinska et al., 1999). This 
morphine-induced increase in respiratory burst activ-
ity did not occur if the exudate cells were harvested 
from stressed salmon (Plytycz et al., 1996). As would 
be predicted by the results from these studies involv-
ing the parenteral administration of morphine and 
naltrexone, opioid receptors have been identifi ed on 
teleost head kidney leukocytes cells and characterized 
by radiolabeled ligand binding (Józefowski and 
Plytycz, 1997).

As in mammals, lysozyme plays a non-specifi c anti-
bacterial defense role in fi sh. Plasma lysozyme levels 
(as well as plasma cortisol and epinephrine) in rainbow 
trout increased following 30 seconds of handling 
(Demers and Bayne, 1997). Lysozyme levels were also 

increased in brown trout following their transition 
from fresh to seawater (Marc et al., 1995) but were 
unaffected by parr-smolt transformation (see below) in 
Atlantic salmon (Olsen et al., 1993) and were actually 
decreased in carp following 30 days of crowding (Yin 
et al., 1995). These differences may well relate to the 
duration and severity of the stressor, as was shown by 
Möck and Peters (1990), who observed that 30 minutes 
of handling increased lysozyme levels in rainbow 
trout, whereas a 2-hour transport stressor decreased 
their levels.

It seems clear that many of the effects of stressors 
on non-specifi c and specifi c defense modalities in fi sh 
involve the HPI axis and glucocorticoids. Fish leuko-
cytes possess receptors for corticosteroids (Maule and 
Schreck, 1990a, 1990b; Verburg-van Kemenade et al., 
1999; Weyts et al., 1998a). In coho salmon, receptor-like 
binding of a synthetic corticosteroid analogue (triam-
cinolone acetonide) to cells isolated from spleen and 
head kidney was reported (Maule and Schreck, 1990b). 
Carp peripheral blood cells also express cortisol recep-
tors with a high binding affi nity (Kd 3.8  nM). Neutro-
philic granulocytes isolated from the carp head kidney 
contain cortisol-binding sites with the same character-
istics (Weyts et al., 1998a, 1998c), suggesting that both 
PBL and head kidney neutrophils express the same 
glucocorticoid receptor. Basal receptor densities in 
both cell types are approximately 500 per cell. Follow-
ing cortisol treatment in vivo, receptor numbers in carp 
PBL decrease (Weyts et al., 1997), whereas numbers of 
corticosteroid receptors in coho salmon spleen and 
head kidney leukocytes increase following exposure to 
an acute or chronic stressor or by cortisol treatment in 
vivo (Maule and Schreck, 1991). These changes in 
receptor densities have been explained by a stress- or 
cortisol-induced traffi cking of receptor-rich leukocyte 
subtypes from the circulation into lymphoid organs. 
However, since corticosteroid receptors in coho salmon 
head kidney leukocytes are also increased following 
an in vitro exposure to cortisol (Maule and Schreck, 
1991), an actual upregulation of receptor numbers 
resulting from the cortisol treatment also seems 
reasonable.

The immunosuppressive effects of glucocorticoids 
have been demonstrated in several studies with tele-
osts. Anderson et al. (1982) injected rainbow trout with 
a synthetic glucocorticoid 24 hours after immunizing 
them with the O-antigen of Yersinia ruckeri and 
observed depressed in vitro and in vivo antibody pro-
duction and a reduced number of splenic lymphocytes. 
A similar reduction in numbers of antibody-producing 
cells has been described in fl ounder (Carlson et al., 
1993). Ellsaesser and Clem (1987) injected channel 
catfi sh i.v. with cortisol (6.7  μg/kg body weight), 
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which resulted in a plasma level of cortisol 30 minutes 
following injection equivalent to that seen 30 minutes 
following “transport stress” in this species. This 
increase correlated with decreased numbers of circu-
lating leukocytes, increased neutrophils, and decreased 
LPS- and Con A-induced lympho-proliferation. This 
last observation has also been made for salmon by 
Espelid et al. (1996). Since these Norwegian investiga-
tors noted that the addition of physiologic levels of 
cortisol to normal fi sh leukocytes in vitro did not alter 
mitogen responses, they suggested that an indirect 
mechanism was involved in the observed effects. 
However, Tripp and colleagues (1987) found that 
physiological concentrations of cortisol in vitro did, in 
fact, depress both LPS-induced mitogenesis and the 
primary anti–TNP-LPS antibody responses of splenic 
and head kidney lymphocytes from coho salmon. In 
this paradigm, pronephric lymphocytes were sensitive 
early in the antibody response, whereas splenic lym-
phocytes were sensitive throughout the culture period. 
Although it is unknown whether the aforementioned 
differences in the in vitro effects of cortisol on salmon 
and catfi sh lymphocyte mitogenesis are related to the 
species used or to methodological considerations, 
others have also shown that vitro, cortisol inhibits 
teleost lymphocyte proliferation (Grimm, 1985; Puls-
ford et al., 1995; Tripp et al., 1987) and reduces anti-
body production (Tripp et al., 1987; Wechsler et al., 
1986).

It has been suggested that cortisol may act on fi sh 
lymphocytes by inhibiting cytokine production as it 
does in mammalian cells (Kaattari and Tripp, 1987; 
Tripp et al., 1987). On the other hand, the observation 
that in vivo cortisol treatment resulting in plasma con-
centrations of 400  ng/ml enhances the numbers of 
apoptotic lymphocytes in the skin of rainbow trout 
(Iger et al., 1995) suggests that apoptosis may be regu-
lated by cortisol. Indeed, apoptosis appears to have 
been conserved as an immune regulatory mechanism 
in fi sh as well as other ectothermic vertebrates includ-
ing frogs (Haberfeld et al., 1999; Rollins-Smith, 1998; 
Rollins-Smith and Blair, 1993; Rollins-Smith et al., 
1997a; Ruben et al., 1994) and salamanders (Ducoroy 
et al., 1999). Cortisol-induced apoptosis of fi sh leuko-
cytes is mediated by a glucocorticosteroid receptor 
since the glucocorticoid receptor antagonist RU486 
(Weyts et al., 1998a, 1998b, 1998c) could block apopto-
sis. The low concentration of cortisol (0.1  μM) that was 
effective in inducing B-cell apoptosis contrasts with the 
lack of effects of cortisol’s natural conversion product, 
cortisone. Since the conversion of cortisol to cortisone 
in fi sh is highly preferred over the reverse reaction 
(Donaldson and Fagerlund, 1972), this conversion may 

provide the fi sh with a mechanism to regulate the 
effects of corticosteroids on cells of the immune system. 
The lack of apoptosis induction by cortisone correlates 
with the low affi nity of the glucocorticosteroid receptor 
in carp PBL for cortisone (250 times lower than that for 
cortisol) (Weyts et al., 1998c).

Effects of cortisol on leukocyte viability are cell 
type-specifi c. For example, B-cells from carp are espe-
cially sensitive to cortisol, whereas thrombocytes and 
T-cells are insensitive. Induction of apoptosis depends 
on the developmental state and/or activation state of 
the lymphocyte. In the periphery, only activated B-
cells appear sensitive, whereas in head kidney and 
spleen apoptosis induction in B-cells is independent of 
the activation state (Verburg-van Kemenade et al., 
1999).

Interestingly, in vitro apoptosis of carp head kidney 
neutrophils was reduced when cells were cultured 
with cortisol, and this effect of cortisol was also medi-
ated by a glucocorticoid receptor (Weyts et al., 1998b). 
Analysis of the glucocorticoid receptors in these cells 
revealed that they may be the same as those detected 
in PBLs since both have the same affi nity and specifi c-
ity (Weyts et al., 1998c). The inhibition of neutrophil 
apoptosis by cortisol, combined with the observation 
that neutrophil respiratory burst activity was not 
affected by cortisol, would augment the supply of 
functional neutrophils in stressful conditions. Taking 
into account that neutrophils, together with macro-
phages, form the fi rst line of defense against invading 
microorganisms (Dalmo et al., 1997), mobilization of 
these cells under stressful conditions may be impor-
tant for survival.

Although cortisol can trigger apoptosis of leuko-
cytes, and stressors elevate this steroid in fi sh, Alford 
et al. (1994) observed that confi nement stress of channel 
catfi sh was associated with a decrease in apoptotic 
PBLs, and in vitro culture of lymphoid cells with cor-
tisol failed to induce apoptosis. This apparent discrep-
ancy with some of the previously cited literature may 
relate to the fact these investigators used unstimulated 
cells in their experiments and, at least in carp, only 
mitogen-stimulated PBLs are sensitive to cortisol-
induced apoptosis (Weyts et al., 1998b).

Plasma cortisol concentrations in stressed salmo-
nids and cyprinids range between 100 and 500  ng/ml 
(Barton and Iwama, 1991), of which approximately 
25–125  ng/ml is present in an unbound confi guration 
(Caldwell et al., 1991; Flik and Perry, 1989). Therefore, 
concentrations in the micromolar range or higher may 
not be physiological. It appears that in vitro, cortisol 
does not affect phagocytosis or respiratory burst activ-
ity (Narnaware et al., 1994; Weyts et al., 1998b) unless 
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supraphysiological concentrations in the micromolar 
range (or higher) are used (Ainsworth et al., 1991; 
Pulsford et al., 1995; Stave and Roberson, 1985). 
Accordingly, respiratory burst activity of a goldfi sh 
macrophage cell line was unaffected by up to 10  μM 
cortisol (Wang and Belosevic, 1995). The inhibition of 
phagocytosis of SRBC that was described in the same 
study was again only detected at relatively high (1  μM) 
cortisol concentrations.

Studies of cellular immune functions associated 
with either stressor administration or in vivo cortisol 
treatment often fail to consider leukocyte traffi cking 
and redistribution as an explanation of the apparent 
immunosuppression observed in vitro. A wealth of 
information reveals that many stressors (e.g., trans-
port, anoxia, social confl ict, handling, injection) in 
several fi sh species are associated with decreased 
numbers of circulating B-lymphocytes and increased 
numbers of circulating neutrophils (Ainsworth et al., 
1991; Angelidis et al., 1987; Bly et al., 1990; Ellsaesser 
and Clem, 1987; Espelid et al., 1996; Faisal et al., 1989; 
Pulsford et al., 1994; Salonius and Iwama, 1993). These 
effects are mimicked by in vivo corticosteroid treat-
ment (Ainsworth et al., 1991; Ellsaesser and Clem, 
1987; Espelid et al., 1996; Weyts et al., 1997). Increased 
infi ltration of leukocytes into the thymus, head kidney, 
skin, and gill (Balm and Pottinger, 1993; Iger et al., 
1995; Maule and Schreck, 1990a; Peters et al., 1991) has 
also been observed following either stress or in vivo 
cortisol administration. Thus, interpretation of data 
obtained from in vitro functional analysis of leukocytes 
from stressed fi sh or from fi sh injected with corti  -
sol needs to take into consideration the possible 
(dis)appearance of cell populations rather than simply 
changes in cell activity.

Although there are more data supporting a neuro-
endocrine-immune link in fi sh than there are for any 
other non-mammalian vertebrate, studies to date have 
used many different species and many different types 
of stressors. Thus, no “best use” model has emerged 
to allow an in-depth study of the effects of various 
sorts of stressors on several immune parameters of a 
single species. Effects are leukocyte type dependent, 
and the fi nal outcome may depend on the severity and 
duration of the stressor, as it does in mammals (Moyni-
han et al., 1994). The cortisol-mediated rescue of neu-
trophils from apoptosis shows that cortisol does not 
suppress all aspects of the fi sh defense system. Rather, 
cortisol acts as a regulator, inhibiting some parts of the 
(specifi c) immune response and enhancing other (non-
specifi c) components that may be functional in stress-
ful situations. Stimulation of an innate immune 
response may be part of an adaptive response neces-

sary to combat potential pathogens under stressful 
conditions (Weyts et al., 1999).

D. Seasonal Infl uences on Immunity

Smolting, a series of profound physiological changes 
that prepare juvenile freshwater salmon for entry into 
salt water, is characterized by increases in plasma thy-
roxine and cortisol levels (Maule et al., 1987). These 
hormonal changes correlate with decreased numbers 
of splenic PFCs in salmon immunized with the O-
antigen from V. anguillarum and also with decreased 
numbers of PBL (although there was an increase in the 
proportion of small lymphocytes) relative to either 
erythrocytes or fi sh body weight. Such changes, 
together with increased mortality to Vibrio infection, 
have also been seen following implantation of cortisol-
containing pellets (Maule et al., 1987).

Like reptiles and amphibians (discussed in follow-
ing sections), immune reactivities and lymphoid tissues 
of teleosts undergo seasonal changes that are unre-
lated to smolting. For example, Yamaguchi et al. (1981) 
found that the agglutinating and cytotoxic antibody 
responses of trout immunized in the spring with the 
pathogen Aeromonas salmonicida were higher and 
increased more rapidly than those of fi sh immunized 
in the winter, even though animals were held at a 
constant temperature of 18°C. Seasonal modulation in 
antibody production in relation to the state of lym-
phoid tissue development has also been studied in the 
ovoviviparous marine fi sh, Sebastiscus marmoratus 
(Nakanishi, 1986). Fish immunized with SRBC in 
summer after having been acclimated for at least 2 
weeks to 23°C, had higher antibody titers than fi sh 
immunized in winter, even when the environmental 
temperature of acclimation and immunization was 
constant. A sexual dimorphism was noted in that anti-
SRBC antibody titers of mature females were lower 
than that of either males or immature females in the 
winter spawning season. In addition, the thymus of 
pregnant and especially post-spawning females was 
entirely involuted, showing a marked decrease in the 
number of lymphocytes in both the cortex and medulla. 
The neuroendocrine regulation of such dramatic 
changes seems well worth further study.

Circadian rhythm has been shown to infl uence 
immune responses in fi sh. The gulf killifi sh, Fundulus 
grandis, for example, exhibits a circadian variation in 
immune reactivity during scale allograft rejection. Spe-
cifi cally, a two- to three-fold higher level of immune 
activity and cellular destruction occurred during the 
dark period, resulting in a longer survival time for 
grafts transplanted at light onset than for those grafted 
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at lights off (Nevid and Meier, 1993, 1994). Phase rela-
tionships between two circadian neuroendocrine oscil-
lations (daily photoperiod and non-photic daily 
stimuli) appear to be involved (Nevid and Meier, 
1995a), as do levels of hormones and neuropeptides/
neurotransmitters (Nevid and Meier, 1995b). For 
example, daily rhythms of alloimmune reactivity could 
be abrogated by treating fi sh with naloxone or pro-
pranolol at light offset only, GH or atropine at light 
onset only, or PRL at either light onset or light offset. 
Timed treatments with PRL or GH reduced the length 
of time needed to completely destroy scale grafts, 
whereas timed treatments with propranolol or nalox-
one prolonged graft survival (Nevid and Meier, 
1995b).

IV. NEURAL-IMMUNE INTERACTIONS 
IN AMPHIBIANS

Based on a variety of morphological and physiolog-
ical characteristics that distinguish Amphibia from 
Teleosteii and Reptilia, this class of vertebrates is gen-
erally thought of as a phylogenetically pivotal group. 
As such, the immune systems of a few (one hopes 
representative) amphibian species have been exhaus-
tively studied. In the last decade, a few “amphibian 
immunologists” have broadened their research focus 
to include neural-immune interactions in both frogs 
and salamanders. Areas being investigated include: (a) 
innervation of lymphoid tissues; (b) neuropeptide/
neurotransmitter regulation of immunity; (c) seasonal/
neuroendocrine effects on immunity in adults; (d) neu-
roendocrine regulation of immunity during metamor-
phosis; and (e) the impact of environmental stressors 
on anti-microbial immunity and its implications for 
the worldwide decline of amphibians.

A. Innervation of Lymphoid Organs

Several lines of evidence point to catecholamines as 
“neuroimmune transmitters” in amphibians. Prior to 
the published observations in mammals by the Feltens 
in the 1980s (Felten and Olschowka, 1987; Felten et al., 
1987), Nilsson (1978) had used fl uorescence histochem-
istry to reveal sympathetic innervation of the spleen of 
the cane toad, Bufo marinus, and Zapata et al. (1982) 
published electron microscopic evidence of direct con-
tacts between nerve endings and lymphoid cells in the 
jugular body of the leopard frog, Rana pipiens (Manning 
and Horton, 1982). More recently, Kinney et al. (1994b) 
described noradrenergic and peptidergic innervation 
of the spleen of the adult South African clawed frog, 
Xenopus laevis, using: SPG histofl uorescence (de la 

Torre, 1980) for catecholamines and immunocyto-
chemistry for tyrosine hydroxylase (TH), the rate-
limiting enzyme in the synthesis of catecholamines 
(Felten and Olschowka, 1987); PGP 9.5 (a general neu-
ronal antigen); and NPY. Spleens of this species, like 
those of other anurans, have a clearly defi ned red and 
white pulp (Manning, 1991; Manning and Horton, 
1982). Noradrenergic fi bers are almost exclusively 
restricted to the white pulp in association with the 
central artery. These fi bers have occasional varicosities 
in the parenchyma, and additional fi bers are present 
in the boundary cell/perifollicular areas where they 
may come into contact with B-cells and macrophages 
of the white pulp; non-lymphoid dendritic cells 
involved in trapping and retention of soluble antigen 
(Manning, 1991); and possibly the T-cells at the extreme 
boundary of the white pulp. In some instances, fi bers 
were also noted in the splenic capsule. In short, this 
innervation pattern in Xenopus is similar to that 
described for the murine spleen (Felten et al., 1987).

The profi le of fi ne varicose nerve fi bers staining for 
NPY in the white pulp of the Xenopus spleen was 
similar to, but less abundant than, TH+ fi bers, an obser-
vation that may refl ect a difference in sensitivity of the 
antibody used rather than an actual difference 
in amount of neurotransmitter present. Substance 
P-staining fi bers were also found around vessels in the 
splenic white pulp (Kinney et al., 1994b).

Although frogs, toads (Anura), and salamanders 
(Urodela) are all amphibians, the two taxonomic orders 
differ immunologically in several interesting ways, 
such as the delayed kinetics of antibody production 
and allograft rejection characteristic of urodeles rela-
tive to anurans (Cohen and Koniski, 1994). In addition, 
and in sharp contrast to the mammalian-type pattern 
of innervation that characterizes the compartmental-
ized Xenopus spleen, SPG histofl uorescence analysis of 
the non-compartmentalized spleens of the salaman-
ders Taricha torosa, Notophthalmus viridescens, and 
Ambystoma mexicanum revealed a diffuse pattern of 
innervation associated with the reticular network 
(Kinney et al., 1994b).

The third order of amphibians, the Gymniophiona 
(Apoda or caecelians), has received only limited atten-
tion from immunologists, no doubt because they are 
diffi cult to obtain for laboratory research. The spleen 
of one such apodan, Typhlonectes sp., is elongate like 
that of salamanders. Unlike salamander spleens, 
however, the Typhlonectes spleen exhibits some aggre-
gation of lymphocytes into white pulp-like regions 
that are less organized than the white pulps of the 
anuran or mammalian spleen (Manning, 1991). The 
spleen of this species is also characterized by less 
abundant innervation than the urodele spleen, both in 
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immediate proximity to blood vessels and also in areas 
removed from blood vessels, as shown by SPG histo-
fl uorescence. PGP 9.5 staining of the Typhlonectes 
spleen revealed occasional individual fi bers and fi ber 
bundles in a pattern similar to that seen with histofl uo-
rescence (Kinney et al., 1994b).

The ontogeny of splenic innervation during the 
larval life of Xenopus has also received some attention. 
Clothier et al. (1991) reported changes in splenic inner-
vation during the period shortly before metamorphic 
climax. Specifi cally, they described a drop in the levels 
of splenic NE, as assessed by HPLC and SPG histofl uo-
rescence at Nieuwkoop and Faber (1967) larval stage 
58, a time when lymphocyte mitogen responsiveness 
is also signifi cantly decreased (Rollins-Smith et al., 
1984). Unfortunately, this reported developmental loss 
of splenic NE was not accompanied by micrographic 
documentation of a loss of sympathetic nerve fi bers in 
the spleen. The lack of such documentation becomes 
important in view of our observations (Kinney, 1996) 
that the larval Xenopus spleen is innervated earlier 
than stage 58 (i.e., from stage 54 onward), and that the 
appearance of innervation is very sensitive to the envi-
ronmental conditions (e.g., temperature, animal 
density) under which the larvae are reared. We have 
also reported that chemical SyX during larval life prior 
to the appearance of splenic compartmentation does 
not affect the subsequent development of the demarca-
tion into a red and white pulp (Kinney, 1996), and that 
early larval thymectomy that renders animals T-cell 
defi cient does not infl uence the normal development 
of innervation (Kinney et al., 1993; Rollins-Smith and 
Cohen, 1995).

B. Sympathetic and Neuroendocrine 
Regulation of Immunity

SyX (using 6-OHDA) of adult Xenopus is associated 
with a signifi cant increase in the in vitro proliferative 
response by splenocytes cultured with the mitogens 
LPS, Con A, and PMA (Kinney, 1995; Kinney and 
Cohen, 2005). A similar increase in in vitro prolifera-
tion was noted when splenocytes from frogs that had 
been parenterally immunized with keyhole limpet 
hemocyanin (KLH) 2 days after SyX were cultured 
with KLH (Kinney, 1995). This SyX-associated enhance-
ment of polyclonal- and antigen-driven proliferation 
of Xenopus splenocytes is similar to observations in 
mice (Kruszewska et al., 1995, 1998). Unlike these 
murine studies, our initial (Kinney, 1995) SyX experi-
ments did not reveal any alteration in the primary 
serum anti-KLH IgM antibody response (assayed 1–55 
days post-immunization) in frogs immunized 2 days 
after 6-OHDA treatment. This apparent lack of effect 

was recently reproduced (Kinney, unpublished). 
However, when such primed frogs were again treated 
with 6-OHDA 47 days after the initial SyX and injected 
with a second dose of KLH 2 days later, the secondary 
IgY anti-KLH response was increased relative to the 
appropriate controls. To the best of our knowledge, the 
impact of SyX on secondary antibody responses in 
other species has never been examined.

SyX does not appear to affect the time-course of skin 
allograft rejection (Kinney, 1995; Kinney et al., 1994a), 
a T-dependent immune process in Xenopus (Manning 
et al., 1976). Specifi cally, injection of 6-OHDA 2 days 
before transplantation, and repeated weekly during 
the course of the experiment, did not affect skin graft 
survival, regardless of whether donor and hosts dif-
fered by MHC plus minor histocompatibility (H) locus 
antigens or by minor H-antigens only. There was also 
no effect of SyX on the accelerated second-set rejection 
of minor H locus-disparate grafts. In confi rmation of 
these data, Józefowski et al. (1996) reported that chronic 
in vivo administration of β-adrenergic (propranolol) or 
muscarinic (atropine) antagonists had no effect on skin 
allograft survival in R. esculenta and R. temporaria. Mor-
phine, too, was without effect. The picture is slightly 
different, however, when the fate of xenografts rather 
than allografts was investigated using R. esculenta as 
hosts. Specifi cally, repeated injections of propranolol 
increased the survival time of xenogeneic skin grafts 
from R. temporaria and B. bomina, injections of atropine 
signifi cantly accelerated rejection of skin from B. bomina 
but not R. temporaria, and injections of morphine had 
no effects regardless of the donor species used. Inter-
estingly, binding of radiolabeled ligands to muscarinic 
and adrenergic receptors on PBLs was increased sig-
nifi cantly in xenografted animals but not on cells from 
recipients of allografts. It is also noteworthy that unlike 
classic T-cell–mediated rejection of allografts, xeno-
graft rejection in anurans is thought to primarily 
involve innate and antibody-mediated immunity 
(Horton et al., 1992; Józkowicz., 1995).

In Xenopus, immunological tolerance characterizes 
the alloimmune response of perimetamorphic animals 
to skin grafts from adult donors that differ from the 
hosts only by minor H-antigens (DiMarzo and Cohen, 
1982). SyX of newly metamorphosed recipients of such 
grafts had no effect on either the induction or mainte-
nance of this non-deletional form of tolerance (Kinney, 
1995).

As in so-called higher vertebrates, immunological 
effects of SyX suggest that cells involved in amphibian 
immunity express receptors for noradrenergic ligands. 
Indeed, in the late 1970s, an English group (Hodgson 
et al., 1978, 1979) reported that antigen-binding sple-
nocytes from several species of SRBC-immunized sala-
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