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1. ABSTRACT

Tachykinins represent a family of neuropeptides
sharing similar C-terminus sequences, but exhibiting
preferential binding to one of three receptors caled
neurokinin receptors (NK-R). While known for its role in
contracting smooth muscle or acting as a pain signal
neurotransmitter, substance P (SP) and other tachykinins
can directly influence immune responses. Studies from the
early 1980s revealed that human lymphocytes bore NK-R,
but it remains unclear, even to-date, why such receptors are
expressed on leukocytes. Nerve tracing studies have
provided some speculation that the nervous system can
assist the immune system in stimulating an immune
response dependent upon which neuropeptide-bearing
fibers infiltrate specific lymphoid structures. Such
observations have important implications for regulating
mucosal responses given that tachykinin-bearing nerve
fibers extensively innervate the gut, and SP concentrations
in the gut are second only to the brain. Such evidence
suggests that SP and related neuropeptides may be
important in controlling bacterial infections of the gut. This
is shown by blocking SP action in which mice show
increased susceptibility to Salmonella infections since
induction of IFN-gamma is significantly reduced. In
addition, the absence or its presence of SP's or the newly
discovered  lymphocyte-derived  neurokinin  called
hemokinin's action can modify host IgA responses. Thus,
tachykinins introduce new circuits to immune regulation
suggesting that these neuropeptides exhibit cytokine- and
chemokine-like action.

2. INTRODUCTION

Neurotransmitters, neuropeptides, and
neuroendocrine hormones are often described in the context
of their neural functions, often without much consideration
of possible immune attributes. While it is already difficult
to image the layers of immune regulation without having to
consider neural pathways, neura tracing studies suggest
that indeed the nervous system can impact immunity. In
addition, products of the nervous system are also produced
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by leukocytes suggesting that these molecules have
extraneuronal functions. This review is a discussion of how
substance P (SP) can influence adaptive immunity, in
particular, in the context of bacterial infections. The
relevance of neural intervention probably has its greatest
influence in the mucosa because of the density of its
innervation by the sensory neurons, particularly the
periphera nerve fibers (peptidergic fibers) containing the
neuropeptides (stored in secretory vesicles).

3. THE ROLE OF TACHYKININS IN BACTERIAL
INFECTIONS

3.1. Theplayers

Recognized for its ability to contract ileum
smooth muscle cells and to act as a pain neurotransmitter,
many of the earlier studies of substance P (SP) focused on
its physiological capabilities (1, 2). This 11 amino acid
neuropeptide, SP (Table 1), is a product of the sensory
ganglion cells, and it is transported to peripheral sites
where it is stored and released on noxious stimulation (1).
SP belongs to a family of related peptides called
tachykinins in which each member bears the C-terminus
amino acid sequence, Phe-X-Gly-Leu-Met-NH,, with X-
being a branched aliphatic or aromatic amino acid, and the
C-terminad amino acid is amidated (Table 1). Not
surprisingly, these sequences are highly conserved among
mammals (bovine, human, mouse, and rat sequences). Two
other related tachykinins, substance K (neurokinin A) and
neuromedin K (neurokinin B) aso belong to this family of
neuropeptides. Most recently, a fourth neuropeptide has
been discovered (3, 4) called hemokinin, which is believed
to be responsible for many of the activities associated with
SP function on the immune system.

These neuropeptides are encoded by three
mammalian tachykinin genes. preprotachykinin A (PPT-A)
generates SP and neurokinin A, and by alternate RNA
splicing, four distinct SP-encoding mRNAs are produced
and designated as alpha, beta, gamma, and delta forms of
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Table 1. Tachykinin Amino Acid Sequences

Gene Trandated Products

Amino Acid Sequences

preprotachykinin A substance P (SP)

Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met-NH,

substance K (neurokinin A)

His-Lys Thr-Asp-Ser-Phe-Val-Gly-L eu-Met-NH,,

preprotachykinin B neurokinin B (neurokinin B)

Asp-Met-His-Phe-Val-Gly-Leu-Met-NH,

preprotachykinin C hemokinin (HK)

Arg-Ser-Arg-Thr-Arg-GIn-Phe-Tyr-Gly-Leu-Met-NH,

PPT-A; preprotachykinin B (PPT-B) generates neurokinin B;
and preprotachykinin C (PPT-C) generates hemokinin (3, 4).

However, neuronally-derived SP may not be the
only source of this neuropeptide during immune responses.
Following activation, a variety of leukocytes have the
potential to express neuropeptides. PPT-A  mRNA
expression has been detected in cultured macrophages, (5-
10), dendritic cells (11), lymphocytes (10-12), and
neutrophils (13) following stimulation. In addition, PPT-C
MRNA expression has been reported in B lymphocytes (3).
Fewer reports have quantified the levels of SP peptide that
can be derived from macrophages (5, 7, 14), dendritic cells
(12), lymphocytes (10) and neutrophils (13). Collectively,
these studies clearly demonstrate that stimulated leukocytes
can express PPT mRNA and the products of PPT genes,
albeit at concentrations that are significantly less than those
reported for neuronal-derived tachykinins.

3.2. Thereceptors

Much of the earlier studies focused on identifying
the receptor for tachykinins. The limitation of these earlier
studies was requisite demongtration that lymphocytes bore
receptors for these neuropeptides since the sequence for the
tachykinin receptors had not been determined until the late
'80s and early '90s (15-17). Prior to such findings, receptor
binding studies and ligand rank displacement studies were
required to verify that the Kd was identical to the neuronal
receptor. Ligand binding studies performed with nonlymphoid
receptors revealed that there were three receptors functionally
distinct by their preference in binding to SP, neurokinin A, or
neurokinin B (1, 2, 18). Thus, the tachykinin or neurokinin
receptor (NK-R) family was found to be composed of three
closdly related G-protein coupled seven transmembrane
receptors sharing sequence homology, but differing in ligand
specificity (2, 18). The neuronal SP receptor or NK-1R shows
the greatest affinity for SP (2, 18) and hemokinin (19, 20).
This receptor is identical to the NK-1R expressed by
leukocytes. In fact, macrophages (7, 21-26), dendritic cells
(25, 27), T lymphocytes (12, 28-33) and B lymphocytes (6,
34-39) expressNK-1R.

Much of the earlier descriptions for the NK-1R
were derived from studies evaluating the human T cell
lymphoblast line, IM-9 (34, 40-42). Subsequent studies
showed that in humans the NK-1R may serve as a marker
to distinguish human mucosa B and T cells from
peripheral lymphocytes (24, 43). SP and neurokinin A aso
appear to be chemotactic for human lymphocytes rather
than monocytes (44), suggesting the expression of NK-1R
and NK-2R is functional.

3.3. Anatomical evidencefor SP'srolein immunity
It isimportant to note that outside the brain, SPis
found in greatest concentrations in the gut (1, 2), and this
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neuropeptide can also be found in high levels in the lungs
(45). This presence of SP suggests that SP may contribute
to the regulation of immune function in gut-associated
lymphoid tissues (GALT) and bronchus-associated
lymphoid tissue (BALT). Bearing this in mind, let us
consider the components of the mucosal immune system.
Mucosal tissues have two major components: inductive
sites and effector sites. Inductive sites are where antigens
are first encountered and processed and where initia
induction of immune and memory B and T cells occurs. In
the gut, the Peyer's patches represent the inductive sites for
the GALT (46, 47), and the nasal-associated lymphoid
tissue (NALT; 48-50) has recently been identified as the
Peyer's patch equivalent for the upper respiratory tract. For
the GALT and upper respiratory tract, the Peyer's patches
and NALT, respectively, can be functionally and
anatomically separated into three distinctive areas: 1) the
dome with a unique lymphoepitheium; 2) the B cell
follicles, which usually contain one or more germinal
centers; and 3) the perifollicular or T cell dependent area
(51). The dome region is covered by an epithelium referred
to as follicle-associated epithelium (FAE). Within the FAE,
there is a differentiated epithelial cell subset referred to as
M cells (52-54). M cells can sample soluble proteins (53,
55-57) or viruses, such as reovirus types 1 and 3 (58), HIV
(59, 60), poliovirus (61), and rotaviruses (62). In fact, the
majority of the enterobacteria family, i.e, Salmonella,
Escherichia coli, Vibrio cholerag, and Shigella, are
transported through M cells (56). Consequently, many of
the bacterial and viral pathogens actually exploit the M
cells as ameans of infecting the host. This is where antigen
and vaccine uptake into the inductive tissues leads to
effective presentation to MHC class Il restricted CD4" Th
cells, and for intracellularly processed and class |
associated peptides, it leads to CD8" lymphocytes and CTL
precursors, resulting in local immune protection.
Furthermore, B cells in inductive tissues respond to antigen
and undergo expansion and memory cell formation through
the help of Th cells, and they disseminate to mucosal
effector tissues such as the diffuse lamina propria (LP)
regions of the small and large intestine and nasal passages.
After settling into these effector tissues, the B cells may
undergo clona expansion and differentiation into IgA
plasma cells upon re-exposure to Ag and help from Th-
derived cytokines.

Some of the first studies considering the
possibility of potential cross-talk between a product of the
central nervous system (CNS) and the immune system
began with two studies.

ODorisio e al. (63) showed a non-neuronal
source for vasoactive intestinal peptide (VIP) in
neutrophils, but VIP could activate lymphocyte adenylate
cyclase (64). Payan et al. (65) showed that SP could
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enhance human T cell proliferative responses, and that
human lymphocytes expressed the SP receptor (34, 40),
whereas Beed et al. (66) showed that the receptor for the
neuropeptide, VIP, was expressed by the human MOLT
4b T cell lymphoblasts. Such observations led to the
guestion of why mononuclear cells would need to
express neuropeptide receptors. Neuronal tracing studies
provided part of the answer showing direct interaction
between leukocytes with nerve cells. This was shown in
a pair of studies where direct evidence between gut mast
cells and SP-containing nerve fibers (67, 68). In the
Peyer's patches, SP-containing nerve fibers infiltrate T
cell zones to contact macrophages avoiding B cell areas.
In contrast, intestinal lamina propria IgA plasma cells
were found in densely innervated areas, suggesting that
these cells perhaps may be more likely to be influenced
by neuropeptides (67, 69, 70). Evaluation of mesenteric
lymph nodes showed that SP-containing nerves were
sparse and found to be associated with 5 - 10% of the
arterioles and venules in the medulla adjoining the T cell
region and in the capsule (71). In the same study, SP
receptor binding sites were examined by quantitative
receptor autoradiography. SP-containing fibers were also
found in the BALT. In the rat BALT, SP-containing
fibers innervated the subepithelial zone (72). In the
human tonsil, SP-containing fibers were found in the
perivascular plexus with low level expression in the
interfollicular areas and adjacent to T cells and
macrophages (73). The association of SP containing
neurons with lymphoid organs is phylogeneticaly
conserved, since the Bursa of Fabricus in birds contains
SP fibers that contact B lymphocytes (74). Thus, we have
described the presence of peptidergic nerve fibers in
close approximation with lymphocytes. This evidence
suggests that indeed mononuclear cells are modified by
neuropeptides and the presence of neuropeptide receptor on
lymphoid cell surfaces corroborate this point. To address
the function of these neuropeptides on antigen-driven
immune responses, and the role of these neuropeptide
receptors expression on lymphocytes and macrophages, the
following studies describe the immune modulation on B
cells, T cells, and antigen-presenting cells.

3.4. Tachykinins and adaptive immunity

Some of the initial studies to examine SP's
function evaluated whether B cells could be induced to
secrete 1g. It was found that SP enhanced concanavalin
A activated splenic, mesenteric lymph node, and Peyer's
patch mononuclear cells resulting in 70%, 40%, and
300% increases, respectively, in IgA production (75).
To alesser extent, IgM levels were altered significantly
by 20 to 40%, but not 1gG levels. Given the context of
anatomical data, this observation suggested that SP may
preferentially stimulate IgA secretion, or alternatively it
may indicate that SP is an IgA switching factor. A more
recent study using human T and B lymphocyte co-
cultures showed that SP, neurokinin A, and neurokinin
B could augment IgA and 1gG, secretion in IL-5 or
TGF-beta co-stimulated cultures (76). These collective
in vitro studies suggest that B lymphocytes can be
directly stimulated by tackykinins, or they require the
presence of an additional NK-1R" cell subset that is
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responsive to tachykinins which in turn augment B cell
responses.

To delineate between these two possibilities and
to study whether SP can act as a B cell differentiation
factor (6, 36, 37), cloned IgM * and IgA™ B lymphoma cell
lines were tested. Radiolabelled binding studies reveaed
that these CH12.LX subclones were NK-1R" with the
appropriate Kd. Initial tests of whether SP could directly
augment antibody production of CH12.LX.C4.4F10 (IgA™)
B cells showed only modest enhancement, whereas similar
stimulation on CH12.LX.C4.5F5 (IgM *) B cells showed no
augmentation. However, as previous studies suggested,
SP's capability to augment Ig synthesis may be tied to a
second signal. The addition of physiological concentrations
of SP to LPS-co-stimulated CH12.LX.C4.5F5 cells
enhanced IgM production or to LPS-co-stimulated
CH12.LX.C4.4F10 cells enhanced IgA production. In a
similar fashion, purified splenic (36) and Peyer's patch B
cells (38) required a co-stimulation signal in order to effect
lg augmentation. Physiologicll SP  concentrations
augmented L PS-co-stimulated splenic B cell IgM and 1gG3
production (36), and augmented 1L-6-co-stimulated Peyer's
patch IgA and IgG production (38). Collectively, these
studies demonstrate that SP can directly affect B cellsin the
absence of antigen-presenting cells or T cells, and the
observed |g augmentations occurred with physiologically
relevant SP concentrations supporting the notion that the B
cell NK-1R is functional. This requisite for a co-
stimulatory signal implies that under resting conditions SP
has a minimal effect upon B cells. Thisis further supported
by the observation that SP-containing nerve fibers fail to
infiltrate into the PP B cell zones, suggesting that repeated
or direct stimulation of PP B cell subsets can be avoided.
This aversion may aso represent an additional means of
regulating B cell activation, and possibly during an
inflammatory response, innervation into the B cell zones
may occur resulting in their activation. Alternatively, SP
may also direct its action on T cells and accessory cells (see
below), or expression of the NK-1R is more likely for
mediating signaling by the newly described NK-1R agonist,
the tachykinin, hemokinin (19, 20). It was recently shown
that high concentrations of hemokinin stimulated the
proliferation of IL-7 expanded B lymphocytes (3).
Alternatively, it is speculated that hemokinin may act as an
autocrine factor promoting the survival of B cell precursors
in the bone marrow (3).

The in vivo relevance of the above described in
vitro studies were shown by Helme et al. (77). Using the
neurotoxin, capsaicin, which destroys unmyelinated
sensory neurons present in peripheral tissues (78) and
thereby depleting peripheral SP (and other neuropeptide)
levels, neonata rats were treated, allowed to mature, and
then immunized with sheep red blood cells (SRBC). As a
result, greater than 80% reduction in IgM and 1gG plague-
forming cell responses by popliteal lymph nodes were
observed when compared to plaque-forming cell responses
in untreated SRBC-immunized rats. These results clearly
demonstrate the importance of the nervous system, and in
this case, the relevance of neuropeptides for developing
antibody responses. This lack of antigen responsiveness
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exhibited by capsaicin-pretreated rats was reversible upon
co-administration of SP with SRBC. Likewise, rats treated
with the SP antagonist, Spantide, during antigen priming
caused similar reduction in antibody responses (79). Thus,
these studies show that SP can impact antibody responses
to particulate antigens.

Aside from the early functional studies showing
that SP supports T cell proliferation (65, 75), implications
that T lymphocytes can express NK-1R, NK1 mRNA
expression by cultured murine (29) and human T cells (14)
or T cell lines have been reported. The functionality of T
cel NK-1R was demonstrated by co-cultures with SP-
producing dendritic cells (11). Interestingly, NK-1R mRNA
expression was observed in intragpitheliad and lamina
propria T lymphocytes, but not in splenic T cells (12).

3.5. Tachykininsand Salmonella

Since SP is present at nhanomolar concentrations
in the gut, this is suggestive that SP contributes to the
regulation of immune function in gut. Thus, a mucosa
infection model would seem to be the most likely candidate
to study the role of SP upon immunity. In this context, few
studies have examined the relevance of SP upon bacterial
infections. The majority of such studies focused on immune
responses subsequent to wild-type or attenuated Salmonella
infections. One reason to study Salmonella infections is
because Salmonella enters through the gut mucosa where it
survives as an intracellular pathogen of macrophages and
dendritic cells. Successful clearance of this pathogen
requires 1L-12 induced IFN-gamma production, which
amplifies macrophage and dendritic cell activation,
resulting in Salmonella's elimination (80). As such, using
the murine salmonellosis model was investigated to
determine the importance of SP upon macrophage
activation (23).

From these studies, it has become evident that
NK-1R expression by macrophages and dendritic cells has
an important role for resolving Salmonella infections, at
least at the initiation of the host response. The rationale for
hypothesizing that SP might play an important role in
antigen-presenting cells (APC) activation and destruction
of Salmonella is derived from a series of in vitro studies
examining the impact of SP upon macrophage function and
the demonstration that NK-1R can be induced by these
cells (7, 21, 23, 25, 81-84). Cultured macrophages exposed
to Salmonella were found to rapidly upregulate expression
of NK-1R (23). Such a response had added significance
since it was already established that SP could augment the
production of reactive oxygen intermediates by these cells
(21). Thus, an upregulation of NK-1R expression by
Salmonella might significantly increase the SP-mediated
macrophage response, directly killing the bacteria, as was
suggested in earlier studies showing that SP could enhance
the production of the proinflammatory cytokines, IL-1, IL-
6, and TNF-alpha by macrophages (81). Together with the
results showing that SP could enhance LPS-induced
production of bioactive 1L-12p70 (82) suggests that
neurokinins maybe important proinflammatory inducers.
Moreover, these in vitro studies suggests that SP might
augment the ability of macrophages to kill Salmonella, as
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well as mechanisms which would enhance the cell
mediated immune response via production of monokines.

Using the information derived from the above
described studies, in vivo evaluations were performed to
study the relevance of SP and its receptor in mucosal
immune responses against Salmonella. Interestingly,
subsequent to ora infection with Salmonella, rapid and
dramatic upregulation of the mRNASs encoding SP (85) and
its receptor (23) was observed in mucosal tissues. This
result suggested that SP and its receptor were involved in
the initiation of the response against this pathogen. To
directly address this possibility, mice were pretreated with
the potent SP antagonist, Spantide I1, prior to oral challenge
with Salmonella. Mice pretreated with this SP antagonist
could not resist the bacterial infection as well as control
mice pretreated with an irrelevant peptide (23). Treatment
with the antagonist caused no apparent alterations in gut
function aside from a reduction in IL-12p40 mRNA
expression in vivo following ora inoculation with
Salmonella. Therefore, in vivo antagonism of SP/NK-1R
interactions resulted in surprising and dramatic reductions
in the resistance against the intracellular pathogen,
Salmonella.

To further address the role of SP contribution to
SIgA responses, NK-1R” mice were orally immunized

with an attenuated Salmonella construct expressing
colonization factor antigen | (CFA/l). This vaccine

construct has been shown to elicit a biphasic Th cell
response (86) supported by an early robust IL-4- and IL-5-
producing CD4" T cells. When such construct was used to
orally immunize NK-1R" mice, a significant increase in
antigen-specific SIgA  titers were obtained (87).
Surprisingly, no significant differences in IFN-gamma
production were observed between NK-1R* and NK-1R™
mice, but increased production to IL-6 was obtained. This
evidence suggests minimally, that some intracellular
infections are resolvable in the absence of NK-1R function,
perhaps viaincreasesin S-1gA responses.

4. SUMMARY AND PERSPECTIVES

In this chapter, we have provided experimental
evidence for the role of neurokinins in bacterial infections.
Having shown that SP can play a role in augmenting both
innate and adaptive immune arms, future studies showing
the intracellular mechanisms involved become increasingly
significant. In view of these observations, it remains to be
resolved why neurokinins can be derived from other than
neuronal cells since SP containing neurons have been
localized to many lymphoid tissues. As past studies have
shown, leukocytes can synthesize SP (5) and VIP (63, 91-
94). One aspect of the studies addressing leukocyte-derived
neuropeptides that has failed to gather consideration is the
question why these neuropeptides are produced by
leukocytes. Speculatively, there are severa possible
explanations for the importance of leukocyte-derived
tachykinins. First, it is highly likely that the stimuli which
induce neuronal production and secretion of tachykinins
will be significantly different from those stimuli which
would evoke SP secretion by leukocytes. Therefore, the
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ability of leukocytes to produce SP during immune
responses might reflect a need to respond to a diverse array
of stimuli. Alternatively, this may represent an
amplification mechanism to retain proinflammatory
responses as observed in the Salmonella infection studies.
Third, it is likely that leukocyte-derived neuropeptide
production will allow such peptides to be produced in areas
of limited innervation by peptidergic neurons. This would
permit tachykinins to contribute to the development of
immune responses in the absence of neuronaly derived
peptide. While intricate studies have shown the production
of tachykinins by leukocytes, studies describing their in
vivo relevance have been minimal. One possibility for their
production is that low level production of neuropeptides
may represent a mechanism for maintaining the expression
of their respective receptors on the leukocyte cell surface.
In the case of macrophage-derived SP (5), the proponents
offered that macrophages produced SP in a
paracrine/autocrine fashion to regulate cytokine production.
Thus, if leukocyte synthesized neuropeptides can affect
their own function, then we must consider them
functionally similar to cytokines. It may be important for
them not to function at neuronal or endocrine sites; they
may instead exhibit properties not previously considered.
Consequently, leukocyte-derived neuropeptides introduce a
novel regulatory circuit to immune regulation, possibly
behaving as cytokines do. Such an additiona regulatory
pathway may also have its own mode of neuropeptide
release. Previous studies have shown the sensitivity of
neural elements to cytokine stimulation to induce the
release of neuropeptides (95, 96), but these same cytokines
may not affect leukocyte-derived neuropeptide release.

As suggested by some of the previously
described studies, the impact by SP will most likely occur
in alocalized area as opposed to inducing a systemic effect,
but may very well impact the development of memory
responses. Being inherently mobile, this allows leukocytes
greater opportunities for neural-immune interactions and
suggests that leukocytes may be transiently innervated.
Evidence to this effect has been shown by Felten et al. (88),
in which ultra-structural studies with rat spleens showed
synaptic-like contacts between sympathetic nerve fibers
and lymphocytes. This close approximation between
lymphocytes and nerve fibers (67, 89, 90), especialy
mucosal sites in the gut, provides physical evidence for
cross-communication between the immune and nervous
systems. Such physical evidence, combined with shared
usage of molecules, e.g., neurotransmitters, neuropeptides,
neuroendocrine hormones, suggests that the nervous system
does impact lymphocytes, whereas cytokines can affect
neural function. Moreover, to facilitate this cross-talk, one
of the intriguing observations to-date is the expression of
neuropeptide and neuroendocrine hormone receptors on
leukocytes. In particular, it is interesting to note the varied
expression of NK-R by various leukocytes.

Thereis still much to learn about the mechanisms
utilized by the nervous system to regulate immune function
in the MALT. We are beginning to learn about the ability
of lymphocytes and macrophages to respond to tachykinins.
Subsequent  studies should provide insight into the
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modulation of NK-R on leukocytes and, in particular, lead
to an understanding of the regulatory mechanisms and
events responsible for the expression of NK-R. This can be
especially significant in mucosal tissues where the presence
of tachykinins is greatly associated with leukocytes. The
consequence of understanding the relationship between the
nervous system and the immune system will provide a basis
for future treatment of bacteria infections. Thus, with the
development of cDNA probes and monoclonal antibodies
to NK-R, the regulation of these receptors on lymphoid
cells and macrophages can be addressed readily, providing
afunctional understanding of the neural-immune network.

5.ACKNOWLEDGMENTS

This work is supported by U. S. Public Health
Service Grant, DE-13812, and in part by the Montana
Agricultural Station and USDA Formula Funds.

6. REFERENCES

1. Pernow, B: Substance P. Pharmacol Rev 35, 85-140
(1983)

2. Hokfelt, T., B. Pernow & J. Wahren: Substance P. a
pioneer amongst neuropeptides. J Intern Med 249, 27-40
(2001)

3. Zhang, Y., L. Lu, C. Furlonger, G. E. Wu & C. J. Paige:
Hemokinin is a hematopoietic-specific tachykinin that
regulates B lymphopoiesis. Nat Immunol 1, 392-397 (2000)

4. Kurtz, M., R. Wang, M. Clements, M. Cascieri, C.
Austin, B. Cunningham, G. Chicchi & Q. Liu
Identification, localization and receptor characterization of
novel mammalian substance P-like peptides. Gene 296, 205
(2002)

5. Pascual, D. W & K. L. Bost: Substance P production by
macrophage cell lines. A possible autocrine function for
this neuropeptide. Immunology 71, 52-56 (1990)

6. Bost, K. L & D. W. Pascual: Substance P: alate-acting B
lymphocyte differentiation co-factor. Amer J Physiol 262,
C537-C545 (1992)

7. Ho, W. Z, J. P.La, X. H. Zhu, M. Uvaydova & S. D.
Douglas: Human monocytes and macrophages express
substance P and neurokinin-1 receptor. J Immunol 159,
5654-5660 (1997)

8. Ho, W. Z, J. P. La, Y. Li & S. D. Douglas: HIV
enhances substance P expression in human immune cells.
FASEB J 16, 616-618 (2002)

9. Killingsworth, C. R, S. A. Shore, F. Alessandrini, R. D.
Dey & J. D. Paulauskis: Rat alveolar macrophages express
preprotachykinin gene-l mRNA-encoding tachykinins. Am
JPhysiol 273, L1073-1081 (1997)

10. Lai, J. P., S. D. Douglas, E. Rappaport, J. M. Wu & W.
Z. Ho: Identification of a deltaisoform of preprotachykinin



SP and Proinflammatory Responses

mRNA in  human mononuclear phagocytes and
lymphocytes. J Neuroimmunol 91, 121-128 (1998)

11. Lambrecht, B. N., P. R. Germonpre, E. G. Everaert, I.
Carro-Muino, M. De Veerman, C. de Felipe, S. P. Hunt, K.
Thielemans, G. F. Joos & R. A. Pauwels: Endogenously
produced substance P contributes to lymphocyte
proliferation induced by dendritic cells and direct TCR
ligation. Eur J Immunol 29, 3815-3825 (1999)

12. Qian, B. F., G. Q. Zhou, M. L. Hammarstrém & A
Danielsson: Both substance P and its receptor are expressed
in mouse intestinal T lymphocytes. Neuroendocrinology
73, 358-368 (20014)

13. Metwali, A., A. M. Blum, L. Ferraris, J. S. Klein, C.
Fiocchi & J. V. Weinstock: Eosinophils within the healthy
or inflamed human intestine produce substance P and
vasoactive intestinal peptide. J Neuroimmunol 52, 69-78
(1994)

14. Li, Y., S. Tian, S. D. Douglas & W. Z. Ho: Morphine
Up-regulates expression of substance P and its receptor in
human blood mononuclear phagocytes and lymphocytes.
Cell Immunol 205, 120-127 (2000)

15. Masy, Y., K. Nakayama, H. Tamaki, Y. Harada, M.
Kuno & S. Nakanishi: cDNA cloning of bovine substance-
K receptor through oocyte expression system. Nature 329,
836-838 (1987)

16. Yokota, Y., Y. Sasai, K. Tanaka, T. Fujiwara, K.
Tsuchida, R. Shigemoto, A. Kakizuka, H. Ohkubo & S.
Nakanishi: Molecular characterization of a functiona
cDNA for rat substance P receptor. J Biol Chem 264,
17649-17652 (1989)

17. Hershey, A. D. & J E. Krause: Molecular
characterization of a functiona cDNA encoding the rat
substance P receptor. Science 247, 958-962 (1990)

18. Maggi, C. A: The mammalian tachykinin receptors.
Gen Pharmacol 26, 911-944 (1995)

19. Bdllucci, F., F. Carini, C. Catalani, P. Cucchi, A. Lecci,
S. Mehni, R. Patacchini, L. Quartara, R. Ricci, M.
Tramontana, S. Giuliani & C. A. Maggi: Pharmacological
profile of the novel mammalian tachykinin, hemokinin 1
Br J Pharmacol 135, 266-274 (2002)

20. Camarda, V., A. Rizzi, G. Cdo, R. Guerini, S
Savadori & D. Regoli: Pharmacologica profile of
hemokinin 1: anovel member of the tachykinin family. Life
i 71, 363-370 (2002)

21. Hartung, H. P., K. Wolters & K. V. Toyka: Substance
P: Binding properties and studies on cellular responses in
guinea pig macrophages. J Immunol 136, 3856-3863 (1986)

22. Lucey, D. R., J. M. Novak, V. R. Polonis, Y. Liu & S.
Gartner: Characterization of substance P binding to human
monocytes/macrophages. Clin Diagn Lab Immunol 1, 330-

3214

335 (1994)

23. Kincy-Cain, T. & K. L. Bost: Increased susceptibility of
mice to Salmonella infection following in vivo treatment
with the substance P antagonist, Spantide 1I. J Immunol
157, 255-264 (1996)

24. Goode, T., J. O'Connell, C. Sternini, P. Anton, H.
Wong, G. C., O'Sullivan, JK. Callins & F. Shanahan:
Substance P (neurokinin-1) receptor is a marker of human
mucosal but not peripheral mononuclear cells. molecular
quantitation and localization. J Immunol 161, 2232-2240
(1998)

25. Marriott, 1. & K. L. Bost: IL-4 and IFN-gamma up-
regulate substance P receptor expression in murine
peritoneal macrophages. J Immunol 165, 182-191 (2000)

26. Radley, A., K. L. Bogt, J. K. Olson, S. D. Miller & 1.
Marriott: Expression of functional NK-1 receptors in
murine microglia. Glia 37, 258-267 (2002)

27. Marriott, 1. & K. L. Bost: Expression of authentic
substance P receptors in murine and human dendritic cells.
J Neuroimmunol 114, 131-141 (2001)

28. Cook, G. A., D. Elliott, A. Metwali, A. M. Blum, M.
Sandor, R. Lynch & J. V. Weinstock: Molecular evidence
that granuloma T lymphocytes in murine Schistosomiasis
mansoni express an authentic substance P (NK-1) receptor.
J Immunol 152, 1830-1835 (1994)

29. McCormack, R. J., R. P. Hart & C. Ganea: Expression
of NK-1 receptor mRNA in murine T Ilymphocytes.
Neuroimmunomodulation 3, 35-46 (1996)

30. Blum, A. M., A. Metwali, C. Crawford, J. Li, K. Qadir,
D. E. Elliott & J. V. Weinstock: Interleukin 12 and antigen
independently induce substance P receptor expression in T
cellsin murine schistosomiasis mansoni. FASEB J 15, 950-
957 (2001)

31. Guo, C. J, J. P. Lai, H. M., Luo, S. D. Douglas & W. Z.
Ho: Substance P up-regulates macrophage inflammatory
protein-1? expression in human T lymphocytes. J
Neuroimmunol 131, 160-167 (2002)

32. Tripp, R. A., A. Barskey, L. Goss & L. J. Anderson:
Substance P receptor expresson on lymphocytes is
associated with the immune response to respiratory syncytial
virusinfection. J Neuroimmunol 129, 141-153 (2002)

33. Blum, A. M., A. Metwali, D. E. Elliott & J. V.
Weinstock: T cell substance P receptor governs antigen-
elicited IFN-%roduction. Am J Physiol Gastrointest Liver
Physiol 284, G197-204 (2003)

34. Payan, D. G, D. R. Brewster & E. J. Goetzl: Stereo-
specific receptors for substance P on cultured 1M-9
lymphoblasts. J Immunol 133, 3260-3265 (1984)

35. Pascual, D. W., J. Xu-Amano, H. Kiyono, J. R. McGhee



SP and Proinflammatory Responses

& K. L. Bost; Substance P acts directly upon cloned B
lymphoma cells to enhance IgA and IgM production. J
Immunol 146, 2130-2136 (1991)

36. Pascual, D. W., J. R. McGhee, H. Kiyono & K. L. Bost:
Neuroimmune modulation of lymphocyte function: 1.
Substance P enhances immunoglobulin synthesis in LPS
activated murine splenic B cells. Inter Immunol 3, 1223-
1229 (1991)

37. Pascua, D. W., K. L. Bogt, J. Xu-Amano, H. Kiyono,
& McGhee: The cytokine-like action of substance P upon B
cell differentiation. Reg Immunol 4, 100-104 (1992)

38. Pascual, D. W., K. W. Beagley, H. Kiyono & J. R.
McGhee: Substance P promotes Peyer's patch and splenic
B cel differentiation. In: Advances in Mucosa
Immunology. Eds: Mestecky, J, Plenum Press, New York
(1995)

39. van Ginkel, F. W. & D. W. Pascual: Recognition of
neurokinin-1 receptor (NK1-R): antibody to a peptide
sequence from the third extracellular region binds to brain
NK1-R. J Neurcimmunol 67, 49-58 (1996)

40. Payan, D. G., D. R. Brewster, A. Missirian-Bastian &
E. J. Goetzl: Substance P recognition by a subset of human
T lymphocytes. J Clin Invest 74, 1532-1539 (1984)

41. Payan, D. G., J. P. McGillis& M. L. Organist: Binding
characteristics and affinity labeling of protein constituents
of the human IM-9 lymphoblast receptor for substance P. J
Biol Chem 261, 14321-14329 (1986)

42. McGillis, J. P., M. L. Organist, K. H. Scriven & D. G.
Payan: Purification of the 33,000-dalton ligand binding-
protein constituent of the lymphoblast substance P receptor.
J Neurosci Res 18, 190-194 (1987)

43. Goode, T., J. O'Connell, W.-Z., Ho, G. C. O'Sullivan, J.
K. Callins, S. D. Douglas & F. Shanahan: Differentia
expression of neurokinin-1 receptor by human mucosal and
lymphoid cells. Clin Diagn Lab Immunol 7, 371-376.
(2000)

44. Hood, V. C,, S. C. Crawys, L. Urban & B. L. Kidd:
Differential role of neurokinin receptors in human
lymphocyte and monocyte chemotaxis. Regul Pep 96, 17-
21 (2000)

45, Joos, G. F., K. O. De Swert & R. A. Pauwels: Airway
inflammation and tachykinins: prospects for the
development of tachykinin receptor antagonists. Eur J
Pharmacol 429, 239-250 (2001)

46. McGhee, J. R. & H. Kiyono: The mucosal immune
system. In: Fundamental Immunology, 4" edition. Eds:
Paul, WD, Lippincott-Raven Publishers, Philadelphia, PA
(1999)

47. Pascua, D. W., H. Kiyono & J. R. McGhee: Mucosd
immunity: molecular and cellular aspects of immune

3215

protection to enteric infections. In: Enteric Infections and
Immune Responses. Eds: Paradise, LO, Bendinelli, M &
Friedman, H, Plenum Press, New York, NY (1996)

48. Spit, B. J,, E. G. J. Hendriksen, J. P. Bruijntjes & C. F.
Kuper: Nasal lymphoid tissue in the rat. Cell Tissue Res
255, 193-198 (1989)

49. van der Ven, |. & T. Sminia: The development and
structure of mouse nasal associated lymphoid tissue: an
immuno-and enzyme-histochemical study. Reg Immunol 5,
69-75 (1993)

50. Langermann, S., S. Palaszynski, A. Sadziene, C. K.
Stover & S. Koenig: Systemic and mucosal immunity
induced by BCG vector expressing outer-surface protein A
of Borrelia burgdorferi. Nature 372, 552-555 (1994)

51. Mestecky, J. & J. R. McGhee: Immunoglobulin A
(IgA): Molecular and cellular interactions involved in 1gA
biosynthesis and immune response. Adv Immunol 40, 153-
245 (1987)

52. Owen, R. L. & A. L. Jones: Epithelid cell specidization
within human Peyer's patches: an ultrastructural study of
intestinal lymphoid follicles. Gastroenterology 66, 189-203
(1974)

53. Owen, R. L: Sequential uptake of horseradish
peroxidase by lymphoid follicle epithelium of Peyer's patch
in the normal unobstructed mouse intestine: an
ultrastructural study. Gastroenterology 72, 440-451 (1977)

54. Csencsits, K. L., M. A. Jutila, & D. W. Pascual: Nasal-
associated lymphoid tissue (NALT): phenotypic and
functional evidence for the primary role of peripheral node
addressin in naive lymphocyte adhesion to HEV in a
mucosal site. J Immunol 163, 1382-1389 (1999)

55. Bockman, D. E. & M. D. Cooper: Pinocytosis by
epithelium associated with lymphoid fallicles in the bursa
of Fabricius, appendix, and Peyer's patches. An electron
microscopic study. Amer J Anat 136, 455-477 (1973)

56. Kato, T. & R. L. Owen: Structure and function of
intestinal mucosal epithelium. In: Mucosal |mmunology,
2" edition. Eds: Ogra, PL, Mestecky, J, Lamm, ME,
Strober, W, Bienenstock, J, & McGhee, JR, Academic
Press, San Diego (1999)

57. Neutra, M. R., T. L. Phillips, E. L. Mayer & D. J.
Fishkind: Transport of membrane-bound macromolecules
by M cells in follicle-associated epithelium of rabbit
Peyer's patch. Cell Tissue Res 247, 537-546 (1987)

58. Wolf, J L., R. S Kauffman, R. Finberg, R.
Dambrauskas, B. N. Fields & J. S. Trier: Determinants of
reovirus interaction with the intestinal M cells and
absorptive cells of murine intestine. Gastroenterology 85,
291-300 (1983)

59. Amerongen, H. M., R. Weltzin, C. M. Farnet, P.



SP and Proinflammatory Responses

Michetti, W. A. Haseltine & M. R. Neutra: Transepithelia
transport of HIV-1 by intestinal M cells: a mechanism for
transmission of AIDS J AIDS4, 760-765 (1991)

60. Owen, R. L: M cells as portals of entry for HIV.
Pathobiology 66, 141-144 (1998)

61. Sicinski, P., J. Rowinski, J. B. Warchol, Z. Jarzabek,
W. Gut, B. Szczygiel, K. Bielecki & G. Koch: Poliovirus
type 1 enters the human host through intestinal M cells.
Gastroenterology 98, 56-58 (1990)

62. Dharakul, T., T. H. Riepenhoff, B. Albini, & P. L.
Ogra: Digtribution of rotavirus antigen in intestina
lymphoid tissues: potentia role in development of the
mucosal immune response to rotavirus. Clin Exp Immunol
74, 14-19 (1988)

63. O'Dorisio, M. S., T. M. O'Dorisio, S. Cataland & S. P.
Balcerzak. Vasoactive intestina polypeptide as a
biochemical marker for polymorphonuclear leukocytes. J
Lab Clin Med 96, 666-672 (1980)

64. O'Dorisio, M. S,, N. S. Hermina, T. M. O'Dorisio & S.
P. Balcerzak: Vasoactive intestinal polypeptide modulation
of lymphocyte adenylate cyclase. J Immunol 127, 2551-
2554 (1981)

65. Payan, D. G., D. R. Brewster & E. J. Goetzl: Specific
stimulation of human T lymphocytes by substance P. J
Immunol 131, 1613-1615 (1983)

66. Beed, E. A., M. S. ODorisio, T. M. O'Dorisio & T. S.
Gaginellaz. Demongtration of a functional receptor for
vasoactive intestinal polypeptide on MOLT 4b T
lymphoblasts. Regul Pep 6, 1-12 (1983)

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

68. Stead, R. H: Innervation of mucosal immune cells in
the gastrointestinal tract. Reg Immunol 4, 91-99 (1992)

69. Ichikawa, S., S. P. Sreedharan, E. J. Goetzl & R. L.
Owen: Immunohistochemical localization of peptidergic
nerve fibers and neuropeptide receptors in Peyer's patches
of the cat ileum. Regul Pept 54, 385-395 (1994)

70. Kulkarni-Narla, A., A. J. Beitz & D. R. Brown:
Catecholaminergic, cholinergic and peptidergic innervation
of gut- associated lymphoid tissue in porcine jejunum and
ileum. Cell Tissue Res 298, 275-286 (1999)

71. Popper, P., C. R. Mantyh, S. R. Vigna, J. E. Maggio &
P. W. Mantyh: The localization of sensory nerve fibers and
receptor binding sites for sensory neuropeptides in canine
mesenteric lymph nodes. Peptides 9, 257-267 (1988)

72. Inoue, N., S. Magari & M. Sakanaka: Distribution of

3216

peptidergic nerve fibers in rat bronchus-associated
lymphoid  tissuellight ~ microscopic ~ observations.
Lymphology 23, 155-160 (1990)

73. Weihe, E. & J. Krekel: The neuroimmune connection in
human tonsils. Brain Behav Immun 5, 41-54 (1991)

74. Zentd, H. J. & E. Weihe: The neuro-B cell link of
peptidergic innervation in the Bursa Fabricii. Brain Behav
Immun 5, 132-147 (1991)

75. Stanisz, A. M., D. Befus & J. Bienenstock: Differential
effects of vasoactive intestinal peptide, substance P, and
somatostatin -~ on  immunoglobulin  synthesis  and
proliferation by Iymphocytes from Peyer's patches,
mesenteric lymph nodes, and spleen. J Immunol 136, 152-
156 (1986)

76. Braun, A., P. Wiebe, A. Pfeufer, R. Gessner & H. Renz:
Differential modulation of human immunoglobulin isotype
production by the neuropeptides substance P, NKA and
NKB. J Neuroimmunol 97, 43-50 (1999)

77. Heme, R. D., A. Eglezos, G. W. Dandie, P. V.
Andrews & R. L. Boyd: The effect of substance P on the
regional lymph node antibody response to antigenic
stimulation in capsaicin-pretreated rats. J Immunol 139,
3470-3473 (1987)

78. Buck, S. H. & T. F. Burks: The neuropharmacology of
capsaicin: review of somatostatin recent observations.
Pharmacol Rev 38, 179-226 (1986)

79. Eglezos, A., P. V. Andrews, R. L. Boyd & R. D.
Helme: Effects of capsaicin treatment on immunoglobulin
secretion in the rat: further evidence for involvement of
tachykinin-containing afferent nerves. J Neuroimmunol 26,
131-138 (1990)

80. Kincy-Cain, T., J. D. Clements & K. L. Bost:
Endogenous and exogenous interleukin-12 augment the
protective immune response in mice orally challenged
with Salmonella dublin. Infect Immun 64, 1437-1440
(1996)

81. Lotz, M., J. H. Vaughan, and D. A. Carson: Effect
of neuropeptides on production of inflammatory
cytokines by human monocytes. Science 241, 1218-
1221 (1988)

82. Kincy-Cain, T. & K. L. Bost: Substance P-induced IL-
12 production by murine macrophages. J Immunol 158,
2334-2339 (1997)

83. Marriott, I. & K. L. Bost: Substance P diminishes
lipopolysaccharide and | FN-4nduced TGF-2 production by
cultured murine macrophages. Cell Immunol 183, 113-120
(1998)

84. Marriott, I., M. J. Mason, A. Elhofy & K. L. Bost:
Substance P activates NF-kappaB independent of
elevations in intracellular calcium in  murine



SP and Proinflammatory Responses

macrophages and dendritic cells. J Neuroimmunol 102,
163-171 (2000)

85. Bost, K. L: Inducible preprotachykinin  mRNA
expression in mucosal lymphoid organs following oral
immunization with Salmonella. J Neuroimmunol 62, 59-67
(1995)

86. Pascual, D. W., D. M. Hone, S. Hall, F. W. van Ginkdl,
M. Yamamoto, N. Walters, K. Fujihashi, R. Powell, S. Wu,
J. L. VanCott, H. Kiyono & J. R. McGhee: Expression of
recombinant enterotoxigenic colonization factor antigen |
by Salmonella typhimurium €elicits a biphasic T helper cell
response. Infect Immun 67, 6249-6256 (1999)

87. Trunkle, T., N. Walters & D. W. Pascual: Substance P
(SP) receptor-deficient (NK1R”) mice show elevated
secretory (S)-1gA responses to oral Salmonella vaccines
and increased resistance to wild-type Salmonella challenge.
FASEB J 17, C27, #32.18 (2003)

88. Felten, D. L., S. Y. Feten, D. L. Bdlinger, S. L.
Carlson, K. D. Ackerman, K. S. Madden, J. A. Olschowki
& S. Livnat: Noradrenergic sympathetic neural interactions
with the immune sytem: structure and function. Immunol
Rev 100, 225-260 (1987)

89. Felten, D. L., S. Y. Feten, S. L. Carlson, J. A.
Olschowka & S. Livnat: Noradrenergic and peptidergic
innervation of lymphoid tissue. J Immunol 135, 755s-765s
(2985)

90. Ottaway, C. A., D. L. Lewis & S. L. Asa Vasoactive
intestinal peptide-containing nerves in Peyer's patches.
Brain Behav Immun 1, 148-158 (1987)

91. Gomariz, R. P., M. J. Lorenzo, L. Cacicedo, A. Vicente
& A. G. Zspata: Demonstration of immunoreactive
vasoactive intestinal peptide (IR-VIP) and somatostatin
(IR-SOM) in rat thymus. Brain Behav Immun 4, 151-161
(1990)

92. Mathew, R. C., G. A. Cook, A. M. Blum, A. Metwali,
R. Felman & J. V. Weinstock: Vasoactive intestinal peptide
stimulates T lymphocytes to release IL-5 in murine
schistosomiasis mansoni infection. J Immunol 148, 3572-
3577 (1992)

93. Martinez, C., M. Delgado, C. Abad, R. P. Gomariz & J.
Laceta: Regulation of VIP production and secretion by
murine lymphocytes. J Neuroimmunol 93, 126-138 (1999)

94. Delgado, M. & D. Ganea: Cutting edge: is vasoactive
intestinal peptide a type 2 cytokine? J Immunol 166, 2907-
2912 (2001a)

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

96. Jonakait, G. M. & S. Schotland: Conditioned medium

3217

from activated splenocytes increases substance P in
sympathetic ganglia. J Neurosci Res 26, 24-30 (1990)

Key Words: Substance P, Mucosal immunity, Neurokinin
receptor, Salmonella, Neuropeptide, Lymphocytes, Review

Send correspondenceto: Dr David W. Pascual, Veterinary
Molecular Biology, Montana State University, Bozeman,
MT 59717-3610, Tel: 406-994-6244, Fax: 406-994-4303,
E-mail: dpascual @montana.edu



