
Aria Oncologica Vol. 30 No. 4 1991 

FROM THE DEPARTMENTS OF PEDIATRICS, AND MEDICAL MICROBIOLOGY AND IMMUNOLOGY, OHIO STATE 
UNIVERSITY, COLUMBUS, OHIO, USA. 

MODULATION OF IMMUNE FUNCTION BY INTESTINAL NEUROPEPTIDES 

L. P. SIRINEK and M. S. O'DORISIO 

Abstract 
Direct regulatory control of the immune system by the central 

nervous system has been postulated. In support of this view is a 
large body of literature describing immunoregulatory activities of 
neuropeptides isolated from the gastrointestinal tract. In this 
review we examine the evidence for expression of specific receptors 
for gut peptides on immune effector cells and further explore the 
regulatory effects of these peptides on immune function. Peptides 
to be discussed include substance P, somatostatin, vasoactive 
intestinal peptide (VIP), the opioid peptides leu and met 
enkephalin, calcitonin gene related peptide (CGRP), neuropeptide 
Y, and cholecystokinin (CCK). 

Key wordr: Neuropeptides, immunomodulators, neuroimmune 
axis. 

Modulation of immune function by the central nervous 
system (CNS) was first suggested by early empirical de- 
scriptions of increased susceptibility to infectious diseases 
following emotional or physical stress. Later, more system- 
atic investigations describing stress-induced alterations of 
immune function, as well as the immunoinhibitory effects 
of glucocorticoids provided a reasonable physiological ba- 
sis for the earlier observations. Thus increased susceptibil- 
ity to disease following stress could be explained solely 
(and somewhat naively) on the basis of neuroendocrine 
interactions resulting in elevated glucocorticoid levels and 
subsequent immunosuppression. 

Although interaction of the CNS with the immune sys- 
tem can occur via several endocrine pathways, the presence 
of various neuropeptide receptors on  cells of the immune 
system suggests more direct communication pathways. 
Moreover, immune cells release factors which can influence 
neuronal activity. Thus direct communication between the 
CNS and the immune system may well be bidirectional. 

Due to its anatomical organization with abundant auto- 
nomic innervation, as well as its extensive lymphoid com- 

partment, the gastrointestinal tract represents one poten- 
tial site in which to study interactions between these two 
systems. Moreover, a number of neuropeptides with ob- 
served or potential immunomodulatory effects have been 
isolated from gut tissues. Those peptides most widely 
studied include substance P, somatostatin, vasoactive in- 
testinal peptide and the opioid peptides, leu- and 
metenkephalins. In addition, more recent studies indicate 
that the peptides calcitonin gene-related peptide, neu- 
ropeptide Y, and cholecystokinin may also regulate the 
immune response. Distribution of these peptides within 
lymphoid tissues is summarized in the Table. The purpose 
of this review is to provide a brief survey of the current 
literature surrounding these peptides in the context of 
immune regulation. 

Substance P 
Substance P (SP) is an undecapeptide belonging to the 

tachykinin family of peptides. Tachykinins are character- 
ized by their potent vasodilatory effects which result in 
marked hypotension and subsequent tachycardia. As a 
group the tachykinins share a common C terminal se- 
quence phe-X-gly-leu-met-NH,, where X represents a site 
of aromatic or aliphatic amino acid substitution ( I ) .  

Within the central nervous system, SP functions as a 
neurotransmitter, with discrete localization in several areas 
of the brain and spinal cord (2). In the gastrointestinal 
tract, nerve fibers containing SP are found within the 
perivascular nerve plexuses, particularly in association 
with small arterioles (3), suggesting a role in regulating 
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Table 
Location of gut neuropeptides (5, 63) 

Peptide Lamina Peyer’s Lymph Spleen 
propria patches node 

~ ~ ~ ~~ ~ 

Substance P + + + + 
Somatostatin + + 
Vasoactive 

intestinal 
peptide + + + 

Enkephalins + 
Calcitonin 

peptide + + + + 
Neuropeptide Y + + 
Cholecystokinin + + 

gene-related 

intestinal blood flow. In addition, SP immunoreactivity 
has been detected in the myenteric plexuses of the gut wall, 
as well as in endocrine cells present in the mucosa (2). 
Aside from peptide distribution within the gastrointestinal 
tract, the widespread distribution of SP receptors within 
the gut, including vasculature, smooth muscle, epithelium, 
and lymphoid nodules (4) suggests the importance of this 
peptide in normal gut physiology. In the spleen, SP-con- 
taining neurons are abundantly located in both the red and 
white pulp, but only sparsely located in the periarteriolar 
lymphatic sheath, where T lymphoyctes are concentrated 
( 5 ) .  

With regard to its role in modulating the immune re- 
sponse, the interactions of SP with a number of lymphocyte 
and accessory cell populations have been widely studied. 
Both T (6,7) and B (6, 8,9) lymphocytes express membrane 
receptors for SP. In the IM-9 human B lymphoblast cell 
line, the SP receptor has been characterized as a 38 kD 
glycoprotein, derived from 36 and 33 kD precursors follow- 
ing posttranslational glycosylation ( 10). Glycosylation is 
not, however, apparently required for peptide binding, since 
pretreatment of cells with tunicamyin fails to inhibit SP 
binding (,lo). Functional activity in these cells following SP 
binding, however, was not assessed. The SP receptor has 
recently been cloned from rat brain (1 1) and submandibular 
gland (12) and demonstrated to be a 46 kD protein 
belonging to the G-protein family of receptors. 

The affinity with which the lymphocyte SP receptor 
binds its ligand, as assessed by Scatchard analysis of the 
IM-9 receptor, is high (k, = 0.3-0.i7 nmol/l) (7). Similar 
results have been reported for T cells (k, = 1.85 nmol/l) 
(7). Based upon competitive inhibition studies utilizing 
related tachykinins (substance K and eledoisin), binding of 
SP to the lymphocyte membrane receptor occurs via the 
carboxy terminus (6,9). Interestingly, SP binding to the 
IM-9 SP receptor downregulates receptor expression (6). 

Functional studies provide additional support for the 
concept of an immunomodulatory function of SP. SP 
stimulates proliferation (13, 14) and acts as a comitogen in 

phytohemagglutinin (PHA) and conconavalin A (ConA) 
induced proliferation ( 14, 1 3 ,  as assessed by ’H-thymidine 
incorporation. In addition, SP augments pokeweed mito- 
gen (PWM) induced interferon-y production by human 
peripheral blood mononuclear cells ( 16). 

With regard to B cell function, Stanisz et al. (15) 
demonstrated increased immunoglobulin synthesis in mito- 
gen-pulsed lymphocyte populations treated with SP in 
vitro. This work is of particular interest from several 
perspectives. First, IgA production was much more en- 
hanced than IgM or IgG. Secondly, cells derived from 
Peyer’s patches were more sensitive to the effects of SP 
than cells derived from the spleen or mesenteric lymph 
nodes. Subsequent studies utilizing cells from mice im- 
planted with osmotic pumps demonstrated SP-mediated 
enhancement of IgA synthesis in vivo (17). 

In addition to lymphocytes, other cell populations 
related to immune function are also responsive to SP 
treatment. Early studies by Hartung & Toyka (18) demon- 
strated that treatment of guinea pig peritoneal 
macrophages with SP in vitro resulted in the production of 
peroxide, super oxide, and thromboxane B2. In later stud- 
ies using standard radioligand binding techniques, this 
same group demonstrated the presence of SP receptors on 
guinea pig macrophages (19). Receptor affinity was some- 
what lower (k, = 19 nM) than that reported for 
lymphocytes, and both carboxy and amino terminals ap- 
peared to be relevant for ligand binding. In the case of 
human monocytes, SP treatment can increase cytotoxicity 
against tumor targets (20), as well as stimulate production 
of interleukin 1, interleukin 6, and tumor necrosis factor-a 
(21,22). In addition, SP appears to be chemotactic for 
human monocytes (23). 

Neutrophils are also responsive to treatment with SP. 
Increased metabolic activity (24-26), degranulation (24), 
and production of inflammatory mediators (24), have all 
been observed in populations of neutrophils following 
treatment with SP. In addition, SP-mediated stimulation of 
histamine release from mast cells and basophils has been 
reported in various species (27), although human mast 
cells and basophils fail to respond (27,28). 

Neuropeptides can potentially interact with phagocytic 
cells via a high affinity receptor specific for that peptide or 
via membrane structures important in phagocytosis (29) or 
chemotaxis (23). The carboxy terminal end of the peptide 
is required for effects of SP, which are mediated via the 
high affinity SP receptor (e.g. cytotoxicity and release of 
cytokines), whereas stimulation of the phagocytic or 
chemotactic mechanisms appears to involve the amino 
terminal tetrapeptide (29). 

Somatostatin 

Somatostatin (SS), in its most common form, exists as a 
14 amino acid structure with disulfide linkage between 2 
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cysteine residues resulting in a cyclic molecule. It is widely 
distributed throughout the central nervous system (2, 30), 
particularly in the hypothalamus, from which it was first 
isolated. Its name is based upon its action on the anterior 
pituitary, where it acts to inhibit the release of growth 
hormone. Within the brain, SS is found in highest concen- 
trations within the median eminence and arcuate nucleus, 
although it is also found in the cortex, particularly in the 
preoccipital region (30). In the peripheral nervous system, 
SS is associated with sensory fibers, often associated with 
catecholamine-containing fibers. In the gastrointestinal 
tract, SS is associated with small fibers in the mucosa, as 
well as neurons of the submucosal and myenteric plexuses 
(2, 3, 30). 

Production of SS occurs via synthesis of a large precur- 
sor molecule, preprosomatostatin. Post translational cleav- 
age results in the mature form, most commonly as the 14 
amino acid form, but often as a 28 amino acid chain (30). 

Like SP. the action of SS on various lymphocyte popula- 
tions has been widely studied. Utilizing fluorescent labelled 
SS, Scicchitano et al. (31) demonstrated specific SS binding 
on murine Peyer's patch and splenic T and B lymphocytes. 
Their data indicated significant differences among the vari- 
ous populations tested, with T and B cells derived from 
Peyer's patches showing greater SS binding frequencies 
than those derived from the spleen. Moreover, in assessing 
B-cell binding with regard to surface immunoglobulin iso- 
type, these authors reported that binding was greatest 
among Peyer's patch cells expressing either IgA or IgM. 
Results among splenic B cells were slightly different with a 
much higher proportion of IgA+ cells binding SS than 
either IgM' or I g G + .  

Human lymphocyte expression of SS receptors has also 
been reported. In an early study, Bhathena et al. (32) 
reported binding of SS to enriched populations of periph- 
eral blood lymphocytes. Human SS lymphocyte receptors 
were further characterized in a recent report by Sreedharan 
et al. (33) utilizing the Jurkat T cell tumor line and the 
U266 IgE-secreting myeloma. Data from this study indi- 
cated the presence of two populations of SS receptors on 
both cell lines. High affinity receptors (k, = 3-5 pmol/l) 
were present in relative low density on both the T and B 
cell line (144 and 1 295 sites/cell respectively). Lower 
affinity receptors (k, = 66- 100 nmol/l) were expressed at a 
much higher density on both cell populations. 

Although there are numerous reports regarding the al- 
teration of lymphocyte function following treatment with 
SS, the effects reported are somewhat contradictory. Using 
a murine system, Stanisz et al. (15) and Scicchitano et al. 
(31) demonstrated inhibition of ConA induced lymphocyte 
proliferation and immunoglobulin secretion in splenic, 
mesenteric lymph node, and Peyer's patch lymphocytes 
following in vitro treatment with SS (lo-'  mol/l). In con- 
trast, Krco et al. (34) reported that murine lymph node 
cells stimulated with mitogens (PHA, ConA, and LPS) or 

alloantigen in vitro were not affected by similar concentra- 
tions of SS. Still other reports indicate that untreated 
(35, 36) or mitogen-stimulated (37) lymphocyte prolifera- 
tion may be enhanced by in vitro SS treatment a t  com- 
parable doses ( 10-6-10-18 mol/l). 

In the case of human lymphocytes, the observed effects 
of SS on lymphocyte function appear to be more consis- 
tent. Using MOLT-4 lymphoblasts and PHA-stimulated 
human T cells, Payan et al. (38) demonstrated suppression 
of cell proliferation following SS ( 1 0 - l ~ -  moI/I) treat- 
ment. Similarly, suppression of mitogen-induced prolifera- 
tion has also been observed in cell populations derived 
from volunteers receiving intravenous infusion of SS 
(250 pg/h) (39). Additional in vivo suppressive effects of 
SS are suggested by a case report by Vehmeyer et al. (40) 
in which they describe the failure of PHA to promote 
colony growth of T cells isolated from a somatostatinoma 
patient. 

In addition t o  its effects on  lymphocytes, SS binds to 
human monocyte populations (32), and can alter func- 
tional activity of various monocyte/macrophage popula- 
tions. Rat peritoneal macrophages exhibited enhanced 
antibody-dependent cell-mediated cytotoxicity against 
sheep erythrocytes following treatment with SS (41), which 
appeared to be dependent upon both increased Fc receptor 
expression and production of active oxygen species. More- 
over, in vivo administration of SS enhances colloidal car- 
bon clearance in rats, presumably through the action of 
activated hepatic Kupffer cells (42). In the case of human 
peripheral blood monocytes Peck (20) has reported partial 
inhibition of interferon-mediated cytolytic activity in pop- 
ulations of human monocytes. This effect could be abro- 
gated by the addition of SP, suggesting both negative and 
positive regulation of this function by neuropeptides. 

Finally, SS may also be involved in secretory activity of 
basophils. Goetzl et al. (43, 44) have demonstrated that 
histamine and leukotriene D4 release from human 
basophils sensitized with anti-human IgE can be inhibited 
by SS treatment ( 3  x 10-9-10-'3 mol/l). Moreover, inhibi- 
tion in this context appears t o  involve only immune medi- 
ated release, since SS was ineffective in inhibiting 
ionophore mediated release. The significance of these find- 
ings relative t o  the potential role of SS in neurogenic 
regulation of basophil function, must be viewed with some 
caution, in that basophils, themselves, can produce an 
SS-like substance (45). Thus basophil degranulation may, 
in fact, be controlled in vivo by an autocrine or paracrine 
mechanism rather than through direct neurogenic control. 

Vasoactive intestinal peptide 

Vasoactive intestinal peptide (VIP), first isolated from 
porcine gastrointestinal tract (2). is a 28 amino acid pep- 
tide structurally related to a group of gastrointestinal 
regulatory compounds included in the secretin family. 
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Other members include PHI (polypeptide with amino- 
terminal histidine and carboxy terminal isoleucine), growth 
hormone releasing factor (GHRF), helodermin, secretin, 
glucagon, and GIP (gastric inhibitory peptide). Named on 
the basis of its marked vasodilatory effect, VIP is a strong 
smooth muscle relaxant. Thus it appears to regulate intes- 
tinal motility. In addition, water and ion secretion in the 
gut are also enhanced by VIP (2). 

Although first isolated in the gut, VIP has been localized 
within the CNS in the cortex, hypothalamus, amygdaloid 
nucleus, and striatum (2). In the PNS, nerve fibers contain- 
ing VIP are present in the superior and inferior mesenteric 
ganglia, as well as within the submucosal and myenteric 
plexuses in the gut. In addition, immunoperoxidase stain- 
ing for VIP has also localized VIPergic fibers associated 
with the vasculature in the areas of Peyer’s patches (46), 
including small vessels which may be implicated in 
lymphocyte migration from the vasculature to the Peyer’s 
patches. 

The possibility that VIP might act as an immunomodu- 
lator is supported by numerous studies examining the 
interaction of VIP with various lymphocyte populations. 
Using the MOLT 4B T lymphoblast line, Beed et al. (47) 
demonstrated specific binding of ‘251-VIP to membrane 
receptors present on these cells. Using Scatchard analysis, 
they reported that a single class of VIP receptors 
(k, = 7.3 nmol/l) were present, and estimated 15 000 bind- 
ing sites per cell based upon a B,,, of 0.24nmol/l. In a 
related study from the same laboratory, human peripheral 
blood lymphocytes were also assessed for their ability to 
bind VIP. Normal lymphocytes exhibited higher affinity 
binding than was observed in the MOLT 4B cell line (48), 
with fewer binding sites per cell (i.e. k, = 0.45 nmol/l with 
1 700 binding sites per cell). As in the previous study, 
competitive binding data using the related peptides secretin 
and glucagon demonstrated receptor specificity for VIP. 

In assessing differences in VIP binding among murine 
lymphocyte populations, Ottaway & Greenberg (49) exam- 
ined populations of cells derived from spleen, mesenteric 
lymph node, subcutaneous lymph node and Peyer’s patches. 
In all instances, VIP binding was detected, but it appeared 
to be related to the T cell component of these tissues, since 
the proliferative responses to the T cell mitogens, PHA and 
ConA were inhibited, while the response to the B cell 
mitogen, lipopolysaccharide (LPS) was not. 

More recently, VIP binding among cells of B cell lineage 
has been reported. Using a human pre-B cell line, NALM 
6, and the human plasma cell line DAKIKI, O’Dorisio et 
al. (50) detected high affinity VIP receptors on both cell 
lines (k, = 12.6nmol/l and 9.1 nmol/l NALM 6 and 
DAKIKI respectively). Using covalent cross-linking tech- 
niques, they further characterized the receptor as a 47 kD 
protein. 

As mentioned above, VIP down-regulates mitogen- 
induced lymphocyte proliferation (13.49, 51). In addition, 

VIP can inhibit production of interleukin-2 in mitogen 
stimulated cultures (5 I ) .  Moreover, treatment of murine T 
cells with VIP results in down-regulation of their VIP 
receptors (52). These authors found that in vitro treatment 
with VIP was associated with a decrease in the ability of T 
cells to localize in Peyer’s patches and mesenteric lymph 
nodes following subsequent infusion into untreated ani- 
mals. Thus, VIP appears to regulate movement of 
lymphocytes from the vasculature to the lymphatic tissue. 
Similar effects were reported by Moore (53) and Moore et 
al. (54) using a sheep popliteal lymph node model. In these 
studies, VIP was infused into the afferent lymphatics in 
vivo, and the efferent lymphatics were monitored for 
lymphocyte migration from the node. In both studies a 
marked decrease in the number of lymphocytes migrating 
from the node were reported, particularly among T helper 
(CD4 + ) cells. 

In contrast to these inhibitory actions, VIP has been 
shown to increase human NK lytic activity in peripheral 
blood lymphocyte populations (55). Inhibition of lytic 
activity is observed, however, when VIP is present during 
the cytotoxic assay. 

Many of the effects of in vitro treatment with VIP may 
be related to VIP activation of adenylate cyclase. In an 
early study O’Dorisio et al. ( 56) demonstrated that incuba- 
tion of several populations of human lymphocytes with 
VIP resulted in stimulation of adenylate cyclase. They 
further showed that this reaction was antagonized by 
somatostatin. Similar results using other human lymphoid 
populations were obtained by Calvo et al. (57). 

More recently, several studies have examined the molec- 
ular events following cAMP production produced by ini- 
tial VIP ligand-receptor interaction. Again using the 
MOLT 4B lymphoblast, O’Dorisio et al. (58) demon- 
strated that VIP-stimulated increases in cAMP were fol- 
lowed by activation of CAMP-dependent protein kinase 
and increased protein phosphorylation. These data suggest 
a metabolic pathway in which VIP ligand-receptor stimu- 
lates adenylate cyclase resulting in activation of CAMP- 
dependent protein kinase. The exact manner in which these 
phosphorylated proteins alter cell function has not yet 
been determined. 

With regard to non-lymphoid cells, VIP receptor ex- 
pression among monocyte/macrophage populations has 
been somewhat controversial. While early studies of 
unstimulated human monocytes failed to detect either 
VIP binding or adenylate cyclase activation (56, 57), more 
recent studies using populations of zymosan-activated 
macrophage populations have demonstrated both VIP 
binding ( 59), and VIP-induced alterations in metabolic 
activity (60,61). Like SP, VIP has chemotactic activity 
(23), but a detailed study of peptide domains required 
for binding to the macrophage VIP receptor versus 
interactions via phagocytic or chemotactic mechanisms 
has not been performed. 
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Opioid peptides 

Several opioid peptides which appear to modulate im- 
mune function have been isolated from the CNS. These 
include peptides belonging to 2 major groups; the endor- 
phins and the enkephalins. Because of their limited distri- 
bution within the CNS and, more importantly, their sparse 
distribution within the gastrointestinal tract, endorphins 
will not be specifically included in the present discussion. 

In contrast t o  endorphins (END), enkephalins (ENKs) 
are widely distributed in the CNS, particularly within the 
globus pallidus, caudate, amygdala, and hypothalamus 
(62). In the peripheral nervous system, fibers containing 
ENK are detected throughout the gastrointestinal tract, 
with notable localization in the myenteric plexus of the 
small intestine (2). In the spleen, ENKs have been de- 
scribed in association with the central artery and branches, 
extending into adjacent white pulp (63). 

Enkephalins exist in 2 forms, met-ENK and leu-ENK, 
named on the basis of their carboxy terminal amino acid. 
Both pentapeptides are synthesized from a common 236 
amino acid precursor, proenkephalin A (64). 

Within the central nervous system, enkephalins mediate 
their function through interactions with 6 or p opioid 
receptors, with leu-ENK and /3 END binding to the p 
receptor and met-ENK binding primarily to the 6 receptor. 
Met-ENK binding to the p receptor can occur albeit with 
lower affinity ( 2 ) .  Similarly, there is evidence that ENK 
interacts with lymphocyte populations via similar recep- 
tors. In an early study, Mehrishi & Mills (65) demon- 
strated that 3H-naloxone, a specific opioid receptor ( p  and 
6) blocker, would bind in a specific manner to human 
peripheral blood lymphocytes. In addition, several studies 
demonstrating modulation of mitogen-induced prolifera- 
tion by ENK reported reversal of ENK effects if cells were 
treated in the presence of naloxone (66-68). 

In examining the effects of ENK on the immune re- 
sponse, a number of studies have investigated the effects of 
in vitro exposure of various lymphocyte populations to  
mitogen-induced proliferation. In an early study, Plot- 
nikoff & Miller (69) demonstrated that both met- and 
leu-ENK could augment the proliferative response of 
murine lymphocytes to PHA. Similar results were obtained 
by Kharkevich & Kadagidze (67) using met-ENK to mod- 
ulate PHA responses in human lymphocytes. Treatment of 
human lymphocytes with met-ENK in vitro can also aug- 
ment their proliferative response to suboptimal concentra- 
tions of ConA, as well as  induce proliferation in 
unstimulated cells (66). 

In contrast to  these reports of ENK-induced stimulation 
of proliferative responses, several studies have indicated 
that in vitro treatment with ENK can result in depressed 
mitogen induced proliferation. For example, Li & Fraker 
(68) reported that treatment of murine splenocytes with 
met-ENK inhibited their response to ConA and LPS, 

while enhancing the response to  PWM. Similarly, Zozulia 
et al. (70) demonstrated that proliferation of human pe- 
ripheral blood lymphocytes in response to optimal concen- 
trations of PHA could be inhibited by dalargin, a synthetic 
analogue of leu-ENK. 

While modulation of mitogen responses appears some- 
what variable, ENK modulation of NK activity has been 
more consistent. Faith et al. (71) demonstrated that in 
vitro treatment of human peripheral blood lymphocytes 
with either met-ENK or leu-ENK resulted in increased 
NK activity. Similarly, treatment of mice with varying 
doses of met-ENK ( 1  -30 mg/kg) in vivo demonstrated 
increased NK activity in splenocytes recovered within 20 h 
after treatment. More importantly, this same treatment 
appeared to enhance survival after viral (HSV-2) infection, 
and to  inhibit growth of transplanted B15 melanoma cells. 

In addition to  the effects noted above, in vitro treatment 
of lymphocytes with ENKs results in decreased T cell, and 
increased B cell and thymocyte motilities (72), stimulation 
of T cell rosettes (73,74),  and increased IL-2 production 
(64). Similarly, in vivo treatment of mice or rats with ENK 
results in decreased antibody production (75), depressed 
allograft rejection (76), depression of Arthus and delayed 
type hypersensitivity reactions in mice (76), and decreased 
lymphocyte release from peripheral lymph nodes (53). 

Aside from modulation of lymphocyte activity, modula- 
tion of monocyte/macrophage activity may also be influ- 
enced by ENK. Metabolic activity of rat macrophages 
appears to  be influenced by met-ENK, with varied re- 
sponses dependent upon concentration of peptide used 
(77). Low concentrations ( 10-9-10-7 moI/I) result in 
influx of Na + , efflux of Ca + + , and a rise in cGMP. This 
response is inhibited by naloxone. On the other hand, high 
concentrations ( 10-6-10-5 mol/l) are associated with 
influx of both Na + and Ca + + , and increase in CAMP. 
This response is not inhibited by naloxone. 

In addition to  its effect on macrophage metabolic activ- 
ity, met-ENK can alter macrophage function. Using the 
murine macrophage cell line RAW264, Petty & Berg (78) 
demonstrated increased phagocytosis of antibody-coated 
sheep erythrocytes following in vitro treatment with 
met-ENK. Similar results were also observed following 
treatment of thioglycolate-stimulated murine peritoneal 
macrophages. Similar results have been obtained in rats 
(77, 79). ENK treatment has also been shown to increase 
IL-I production (80), enhance reactive oxygen species (8l) ,  
and enhance non-antibody-mediated tumor cell lysis (82). 
Cellular reorganization has also been reported in human 
monocytes following treatment with leu- and met-ENK, 
with reduction in vimentin filaments and reduction in the 
expression of MHC class I1 antigen expression (83). 

Neutrophils also appear to  be influenced by ENK treat- 
ment. Oxygen release is inhibited by both leu- and met- 
ENK (84). In addition, neutrophil adherence is increased 
following treatment with met-ENK (85). This effect is only 
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partially blocked by naloxone, however, suggesting the 
presence of non-opioid receptors, in addition to more 
traditional p opioid receptors. 

Calcitonin gene-related peptide 

Calcitonin gene-related peptide (CGRP) is a 37 amino 
acid peptide. Its name is based upon its relationship to the 
calcitonin gene complex. This gene complex consists of 6 
exons coding 3 major peptides including calcitonin, kata- 
calcin and CGRP. Like many other peptides, C G R P  is 
synthesized as a precursor molecule which is processed by 
cleavage and amidation prior to release from the cell (86). 

Like calcitonin, CGRP is produced by the thyroid (86). 
In addition, however, it is found throughout the central and 
peripheral nervous systems. In the CNS it is found in high 
concentrations in the dorsal horn of the spinal cord, 
suggesting a sensory function (86). In the gastrointestinal 
tract it has been localized to a subepithelial plexus in the 
mucosa of the esophagus. In addition, Stead et al. (87) have 
reported CGRP-containing neurons in contact with mast 
cells in the lamina propria of rat intestine. Nerve fibers 
containing CGRP have also been observed in the spleen (5). 

Unlike the above peptides, the immunomodulatory 
effects of CGRP are only beginning to be described. Bind- 
ing of CGRP to murine T lymphocytes has been reported 
(88). On the basis of Scatchard analysis, Umeda & 
Arisawa (88) have postulated the presence of a high 
affinity site (k, = 3.5 x 10- '" mol/l) and a lower affinity 
site (k,, = 4.8 x lo-' mol/l), with 265 and 13 000 sites/cell 
respectively. 

CGRP stimulates adenylate cyclase and inhibits PHA 
and ConA induced proliferation in murine lymphocytes 
(89). On the other hand, the mitogen response to LPS was 
unaffected in this study. 

CGRP has also been implicated in alteration of 
macrophage function. Nong et al. (90) have recently re- 
ported CGRP-mediated inhibition of peroxide production 
by macrophages stimulated with interferon-)). These results 
are supported by Abello et al. (91), who have demon- 
strated high affinity binding of CGRP functionally linked 
to adenylate cyclase in the macrophage-like P388Dl cell 
line. Eosinophil chemotactic activity is enhanced following 
treatment with CGRP (92), suggesting that this peptide 
can also interact with the chemotactic peptide receptor. 

Neuropeptide Y 

Neuropeptide Y (NPY) is structurally related to  pancre- 
atic polypeptide and peptide YY. First isolated from 
porcine brain as a 36 amino acid peptide, NPY has since 
been detected in the median eminence and pituitary stalk. 
In addition it is contained in many neurons throughout the 
peripheral autonomic nervous system, where it is often 
colocalized with norepinephrine (2). 

In the gastrointestinal tract, NPY may be found in cells 
within the myenteric plexuses, particularly near both prox- 
imal and distal ends. Neurons of the myenteric plexus 
often contain NPY in association with somatostatin and 
cholecystokinin (2). In addition, NPY-containing nerve 
fibers have been identified in the parenchyme of mesenteric 
lymph nodes, where they end in close proximity to  
lymphoyctes (5). 

NPY has only recently been studied in the context of 
immunomodulatory effects. In a large study examining the 
effects of a number of neuropeptides, Soder & Hellstrom 
(93) demonstrated that NPY could inhibit the spontaneous 
proliferative activity of guinea pig lymph node cells. Simi- 
lar inhibitory effects were noted in mitogen (PHA)-pulsed 
lymphocytes. In contrast, Jones et al. (94) have recently 
demonstrated varied effects of NPY on the proliferative 
responses of human peripheral blood T cells t o  ConA. 
Repeated studies over time suggested that the effects of 
NPY may be altered by the physiological state of the cell 
donor. Whether or not immune effector cells express high 
affinity receptors for NPY remains to be determined. 

Cholecysto kinin 

Cholecystokinin (CCK) was first isolated from porcine 
small intestine and characterized as a 33 amino acid pep- 
tide (2). More recently larger forms of the peptide have 
been identified including 39 and 58 amino acid forms. In 
addition, a biologically active 8 amino acid form consisting 
of the carboxyterminal octapeptide of the 33 amino acid 
form has been isolated. It is predominantly the octapeptide 
form which has been localized in the small intestine, blood, 
and CNS. 

In the CNS, CCK-8 is found in the cerebral cortex, 
hypothalamus, and posterior pituitary (2). In the gut it is 
produced by endocrine cells in the mucosa ( I  cells), but 
may also be detected in neurons within the myenteric 
plexus (2). In the spleen, CCK-8 is found in high abun- 
dance in the white pulp where it appears to  surround cell 
clusters (64). 

Like NPY and CGRP, the potential immunomodulatory 
effects of CCK have not yet been thoroughly examined. 
Freier & Lebenthal (95) have recently reported the effects 
of CCK-8 infusion on the secretion of antibody into 
isolated gut loops in the rat. Their results indicated that 
administration of CCK-8 is followed rapidly by an increase 
in IgA activity detected in the gut lumen. Similarly, IgG 
secretion was also enhanced by this treatment, as were IgM 
and IgE, although to lesser degrees. These results correlated 
with depressed baseline secretion of IgA and IgG following 
infusion of the CCK antagonist, proglumide. 

Direct cellular effects of CCK have also been reported. 
McMillen et al. (96) have examined the effects of CCK 
treatment on mitogen-induced proliferation, as well as 
intracellular Ca  + + mobilization. Results of these studies 



INTESTINAI. NFUROPEPTIDES A N D  IMMUNF FUNCTION 515  

indicated that like other stimulatory signals such as T cell 
receptor/ligand interaction, the addition of CCK ( lo-'- 
10- '" mol/l) to human peripheral blood mononuclear cells 
stimulates the release of intracellular Ca + + . Specificity of 
this response was confirmed by the failure of CCK to 
induce a similar response in cells that had been pretreated 
with the CCK antagonist, L364,718. Similarly, CCK treat- 
ment of human peripheral blood mononuclear cells re- 
sulted in increased proliferation in cells stimulated with 
either suboptimal doses of PHA or antLCD3 antibody. 
Interestingly, the proliferative response to optimum doses 
of PHA was inhibited by CCK treatment. 

Conclusion 

Neuropeptides provide an exquisite mechanism by 
which the CNS can modulate immune activity. The ability 
of many of these compounds to specifically bind to both 
regulatory and effector cells of the immune system has 
been well documented. Moreover, the facilatory or in- 
hibitory effects of these peptides on immune cells have also 
been established. 

The purpose of the present review has been to examine 
a subset of neuropeptides which are present within the 
gastrointestinal tract and may regulate the activities of the 
endogenous lymphocyte populations. While such regula- 
tion may be necessary for the maintenance of normal gut 
physiology, the precise interactions between the CNS and 
the immune system at this site remain to  be determined. 

Corresponding author: Dr Lawrence P. Sirinek, Department of 
Pediatrics, The Ohio State University, Columbus, Ohio, USA. 
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