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Abstract

The bovine respiratory disease complex (BRDC) is a major concern for cattle producers
in the United States and worldwide. One of the most costly and deadly components of BRDC is
bovine pneumonic pasteurellosis (BPP) caused by Mannheimia haemolytica. The initial
pulmonary inflammation associated with BPP is a characteristic serofibrinous exudation into the
lung, which is believed to be induced by M. haemolytica virulence factors such as
lipopolysaccharide (LPS) and leukotoxin (LKT) and host cytokines and chemokines such as
tumor necrosis factor — a, interleukin — 1P, and interleukin — 8. However, these pulmonary
changes often occur before virulence factors or cytokines are substantial components of the
pulmonary microenvironment. Other proinflammatory molecules such as substance P (SP) may
be involved in the pathogenesis of the peracute serofibrinous exudation of BPP. SPisan 11
amino acid long neuropeptide that is a neurotransmitter of pain that can be released from sensory
nerves into tissues to cause neurogenic inflammation. Neurogenic inflammation is characterized
by serofibrinous exudation and leukocyte activation. SP-like immunoreactivity was present in
the airways, alveolar septa, macrophages, endothelium, and peribronchial nerves in both
pneumonic and normal bovine lung; however, SP-like immunoreactivity was increased in
pneumonic compared to normal bovine lung due to increased immunoreactivity in macrophages.
SP and the combinations of SP with histamine and LPS increased the permeability of a calf
pulmonary arterial endothelial cell line to Evans blue dye labeled albumin by 12.34%, 13.57%,
and 22.03%, respectively compared to a cell control. Similarly, SP and the combination of SP
and histamine increased the monolayer permeability of a bovine adrenal gland capillary
endothelium by 8.27% and 16.69% compared to a cell control. The increase in permeability was
due to endothelial cell shape change and the formation of intercellular gaps rather than cell death.
However, SP does not increase the surface expression of the [, integrin CD18 (the M.
haemolytica LKT receptor) on bovine neutrophils nor does it increase LKT-induced
leukocytotoxicity of bovine peripheral blood leukocytes. These findings indicate that SP may be

a contributor to BPP in association with other cytokines.
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CHAPTER 1 - Literature Review

Bovine respiratory disease (BRD) is one of the most common and costly diseases of
feedlot calves with estimated annual losses up to $1 billion in the United States (2, 18, 32, 57,
62,110, 143, 147, 195). The average incidence of BRD in feedlots is estimated to be 14.4%
(167). Some studies indicate that the risk of death attributable to BRD i1s increasing, with greater
than half of all feedlot mortalities attributed to BRD (110). A major cause of severe pneumonia,
deaths and economic loss associated with BRD is bovine pneumonic pasteurellosis (BPP) caused
by Mannheimia haemolytica serotype 1 (2, 18, 32, 57, 143, 147). Thus, even small
improvements in the ability to reduce the incidence of BPP could provide a substantial positive

impact to beef cattle producers.
Bovine pneumonic pasteurellosis

Mannheimia haemolytica

Mannheimia haemolytica is a Gram-negative, nonmotile, non-spore-forming, oxidase
positive, fermentative, facultative anaerobic coccobacillus within the family Pasteurellaceae (33,
71, 147,200). Mannheimia haemolytica is considered a commensal pathogen in that it is part of
the normal bacterial flora of the ruminant nasopharynx that can become an opportunistic
pathogen when the host animal’s immune system is compromised (2, 147, 200). It has numerous
proposed virulence factors such as an adhesion, capsular polysaccharide, fimbriae, leukotoxin
(LKT), lipopolysaccharide (LPS), lipoproteins, neuraminidase, outer membrane proteins, a
serotype-specific antigen, sialoglycoprotease, and transferrin-binding proteins (147, 200). Of
these, LKT and LPS are considered the two most important contributors to the virulence of the
bacterium.

The bacterium was formerly classified as Pasteurella haemolytica and included two
biotypes: biotype A and biotype T (147, 200). Biotype A contained 17 serotypes; all of which
were renamed Mannheimia haemolytica except for serotype All (which was renamed
Mannheimia glucosida). Pasteurella haemolytica biotype T became P. trehalosi and then

Bibersteinia trehalosi.



Pathogenesis

The pathogenesis of BPP has been elucidated in general terms, but is still not completely
understood, particularly in the initial stages of the disease. Cattle carry small numbers of both
M. haemolytica serotypes 1 and 2 as part of their normal nasopharyngeal flora, with a
predominance of serotype 2 (2, 147, 200). In the initial stages of BPP, M. haemolytica serotype
1 proliferates to large numbers in the nasopharynx, is aerosolized to the lung in numbers that
overwhelm pulmonary defense mechanisms, colonizes and proliferates in the lower respiratory
tract, and initiates a serofibrinous effusion into the alveoli that progresses to fibrinopurulent
bronchopneumonia (2, 32). This 1s often associated with a stressful event in the calf’s life such
as shipping long distances, castration, dehydration, withholding food, or a predisposing viral or
mycoplasmal infection that creates airway damage and damages pulmonary clearance

mechanisms (2, 32, 143).

Mannheimia haemolytica leukotoxin

During the logarithmic phase of growth of M. haemolytica within the bovine lung, the
bacterium produces and secretes its major virulence factor, LKT (147, 200). Mannheimia
haemolytica LKT 1s a 102 kilodalton exotoxin classified within the RTX (repeats in toxin)
family. Similar bacterial exotoxins include the Escherichia coli hemolysin, the Actinobacillus
pleuropneumoniae and A. suis hemolysins and cytolysins, Actinobacillus
actinomycetemcomitans leukotoxin, Actinobacillus equuli hemolysin, Pasteurella aerogenes Pax
toxin, and Bordetella pertussis hemolysin.

Mannheimia haemolytica LKT interacts with the 3, integrin CD11a/CD18 (LFA-1) on
the surface of resident and recruited leukocytes (4, 45, 49, 81, 200). The LKT specifically binds
to the B chain of LFA-1, CD18 and the binding domain is most likely within amino acids 1 to
291 of bovine CD18 (45, 60). The action of M. haemolytica LKT on host leukocytes 1s
concentration-dependent. At higher concentrations, the interaction of LKT with bovine LFA-1
on leukocytes results in the formation of plasma membrane pores in the leukocytes leading to the
efflux of potassium; the influx of sodium, calcium and water; cell swelling and lysis; and cell
death by oncosis (35, 41, 147, 177, 200). Interaction of lower concentrations of LKT with LFA-
1 on bovine leukocytes results in cell death by apoptosis (41, 147, 200). Leukocyte apoptosis
initiated by LKT interaction with bovine LFA-1 is mediated through the intrinsic pathway of



apoptosis due to mitochondrial damage and the activation of caspase 9 (6). At very low
concentrations of LKT, interaction of LKT with bovine LFA-1 triggers the leukocyte respiratory
burst, leukocyte degranulation, and the synthesis of inflammatory cytokines such as tumor
necrosis factor-a (TNF), interleukin-1p (IL-1), interleukin-8 (IL-8) and arachidonic acid (AA)
metabolites (2, 111, 116, 147, 198, 200). Inflammatory cytokine synthesis by leukocytes after
LKT binding is caused by translocation of nuclear factor-kB (NF- «B) to the nucleus due to
increased intracellular calcium released from the endoplasmic reticulum and through calcium
channels in the membrane (76, 200). Arachidonic acid (AA) metabolites can also be synthesized
by bovine leukocytes after LKT binding by activation of phospholipase A, (PLA;) (192, 200).

Mannheimia haemolytica lipopolysaccharide

The other major virulence factor of M. haemolytica is the LPS derived from the cell wall
of the bacterium. The LPS of M. haemolytica interacts via Toll-like receptor 4 with alveolar
macrophages, pulmonary intravascular macrophages, mast cells, recruited neutrophils, and
endothelial cells to activate these cells and stimulate an inflammatory response (200). The
activation of leukocytes, particularly macrophages, can result in TNF production, pyrexia, and
hypotensive shock. Mannheimia haemolytica LPS interactions with endothelial cells can lead to
increased vascular permeability and endothelial cell injury and death (54, 114, 134). In addition,
LPS often forms a complex with LKT, which may enhance the leukocytotoxicity of LKT (108).

Host defenses and innate immune response to Mannheimia haemolytica

The earliest barrier to M. haemolytica colonization of the lung is the normal epithelium of
the respiratory tract with its mucus layer and mucociliary apparatus that works to move particles
trapped in the mucus out of the airway (2). The epithelium of the bovine respiratory tract can
also produce antimicrobial peptides, such as B-defensins, anionic peptides, and cathelicidins to
help eliminate M. haemolytica from the lung (2).

In the alveoli, M. haemolytica, LKT, and LPS can interact with pulmonary alveolar
macrophages (PAMs) to initiate an acute inflammatory response. When PAMs are activated by
M. haemolytica and its virulence factors, they synthesize and secrete TNF, IL-1, IL-8, and most
likely other proinflammatory mediators such as leukotriene B4 (LTB4) and prostaglandin E2
(PGE2), which are increased in bovine lungs infected with M. haemolytica (2, 111, 116, 147,

198, 200). Mast cells are often also activated and degranulate to release histamine (2). These



inflammatory mediators and M. haemolytica LPS can activate endothelial cells causing them to
increase expression of [CAM-1 mRNA (2). This leads to increased neutrophil adherence and
infiltration of the lung, which is further enhanced by the inflammatory mediators released from
alveolar macrophages and the presence of M. haemolytica and its products. Neutrophil
infiltration can lead to increased I1-1 and IL-8 production and helps to eliminate the bacteria
from the lung. However, the infiltration of neutrophils in the presence of LKT often leads to
increased pulmonary damage. In fact, the activation of neutrophils by TNF, IL-1, gamma
interferon (IFN-y), and M. haemolytica LPS and LKT increased the expression of the 3, integrins
and neutrophil cytotoxicity when exposed to LKT (2, 99, 105, 106). The importance of
neutrophils to pulmonary damage incurred during the disease process is emphasized by the fact
that calves depleted of neutrophils prior to M. haemolytica inoculation have less pulmonary
damage and vascular leakage than calves with an adequate peripheral neutrophil count (165).
Infection of the lung with M. haemolytica also results in a local procoagulant state within
the lung. Activation of endothelial cells by M. haemolytica LPS and IL-1 induce tissue factor
production to stimulate extrinsic coagulation and other procoagulant activities (2). During M.
haemolytica pneumonia, PAMS express tissue factor and their procoagulant activity is increased

30- fold (2). In contrast, macrophage and neutrophil fibrinolytic activity is reduced 23-fold.

Lesions of Mannheimia haemolytica pneumonia

The macroscopic lesions of bovine pneumonia caused by M. haemolytica are
cranioventral lobular to lobar fibrinopurulent bronchopneumonia with foci of coagulative
necrosis and variable fibrinous pleuritis (Figure 1-1) (32). On cross-section, the lung is often
purple to red and wet with prominent foci of necrosis (Figure 1-2). The interlobular septa are
remarkably widened by fibrin and edema fluid.

Microscopically, the initial lesion begins as serofibrinous effusion into the alveoli (Figure
1-3) (32). This is followed by a massive infiltration of neutrophils into the alveoli (Figure 1-4).
Because of the actions of M. haemolytica LKT, neutrophil infiltration is often associated with the
formation of “oat cells” (degenerate/necrotic leukocytes) (Figure 1-5) and the formation of large
foci of necrosis (Figure 1-6) that correspond to the necrotic areas seen macroscopically. As the
lesions progress, there is often the formation of abscesses, sequestra of the necrotic tissue, and

bronchiolitis obliterans (fibrous obstruction of bronchiole lumens) due to small airway damage.



Summary

Bovine pneumonic pasteurellosis caused by M. haemolytica is still the major cause of
BRD, particularly in feedlots. Mannheimia haemolytica produces multiple virulence factors, but
of most importance are LKT and LPS. Mannheimia haemolytica and its virulence factors initiate
a process that starts as a serofibrinous effusion, followed by activation of host leukocytes to
induce inflammatory mediator secretion that causes intense tissue-damaging fibrinopurulent
bronchopneumonia that. Although the pathogenesis of the later stages of the lesion is relatively
well characterized, the pathogenesis of the serofibrinous effusion in the early stages of M.
haemolytica bronchopneumonia is not as well understood. The inflammatory mediator cascade
associated with later stages of M. haemolytica pneumonia does not adequately explain the
extensive initial effusion because there are very few bacteria and leukocytes present in the lung
at this stage of infection. There may be other inflammatory mediators, such as substance P (SP),
that may be responsible for the initial serofibrinous effusion in the absence of substantial
numbers of M. haemolytica or leukocytes that can predispose to the initial proliferation of M.

haemolytica in the lung.

Substance P and immunity

Substance P is a undecapeptide with the structure of Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-
Gly-Leu-Met-NH: (74, 128, 139). Substance P is a neuropeptide that is classified as a tachykinin
based on a common carboxy-terminal sequence of Phe-X-Gly-Leu-Met-NH; where X is a
hydrophobic (Val or Ile) or aromatic (Tyr or Phe) amino acid. Substance P as well as most other
tachykinins are encoded by the preprotachykinin I (PPT-I) gene. Substance P is synthesized as a
larger protein and then enzymatically cleaved into the active peptide (74, 128, 139).

Substance P was first discovered in 1931 in equine brain and intestinal extracts as an
unidentified hypotensive and spasmogenic agent (74, 128, 139). In 1970-1971, SP was isolated
and purified from the bovine hypothalamus and its amino acid sequence was determined (74,
103, 128, 139). Further studies have shown that SP is widely distributed in both the central and
peripheral nervous systems (73, 74, 128, 139). In the central nervous system, SP is not only a
neurotransmitter of pain and various physiologic functions, but also serves as a modulator of
behavioral and cognitive functions (131). These behavioral functions include those associated

with stressful situations. For example, calves that vocalized continuously (a sign of distress in



cattle) during testicular manipulation in a castration model had higher plasma SP levels than
calves that were silent during the process (36). In the peripheral nervous system, SP is localized
in sensory nerves and neurons as a neurotransmitter of pain and in the neurons of the respiratory,
gastrointestinal, and genitourinary tracts (128, 131). In addition, SP can be released from
sensory nerves and leukocytes to initiate neurogenic inflammation and enhance the inflammatory
process (128). Neurogenic inflammation is characterized by vasodilation and effusion of fluid

from blood vessels (95).

Substance P receptor

The tachykinins as a group bind to at least three different receptors on target cells;
neurokinin-1 (NK-1), neurokinin-2 (NK-2), and neurokinin-3 (NK-3) (74, 122, 128). These
receptors are all members of the 7 transmembrane G-protein coupled receptor family, but each
tachykinin receptor appears to be preferentially activated by a different tachykinin (74, 122,
128). SP preferentially activates NK-1, which is expressed on numerous target cells throughout
the body including endothelial cells and leukocytes (58, 61, 72, 74, 142, 184).

Binding of SP to NK-1 on target cells results in rapid endocytosis of the NK-1 receptor
allowing for desensitization of the target cell to SP signaling (74, 128). When the NK-1 receptor
1s stimulated by an agonist, phospholipase C is activated. Phospholipase C is then able to
catalyze phosphatidylinositol 4, 5-biphosphate (PIP;) into inositol 1, 4, S-trisphosphate (IP5) and
diacylglyerol (DAG). IP;and DAG act as second messengers leading to calcium release from

the endoplasmic reticulum to activate protein kinase C.

Substance P release from nerves and degradation within tissues

Substance P can be released from the sensory nerves in the peripheral nervous system
into the tissues to initiate and enhance inflammation as well as influence vascular tone and
permeability. This release 1s due to the activation of a specific receptor on the nerve termed
transient receptor potential vanilloid subfamily, member 1 (TRPV1) (123, 151, 174, 175).
TRPV1 has several exogenous and endogenous agonists that can potentially lead to the release of
SP. In addition, several inflammatory molecules sensitize TRPV1 to reduce its threshold for
activation. The most studied agonist is the vanilloid capsaicin, the pungent compound found in
chili peppers (151, 174, 175). However, there are numerous other molecules and conditions that

can activate/sensitize TRPV1, including numerous chemical irritants. These include,



resiniferatoxin and ovanil, venoms from jellyfish and spiders, bradykinin, nerve growth factor,
anandamide, lipoxygenase products, arachidonic acid metabolites, leukotriene B4, adenosine and
ATP, high temperatures above 43°C, and acidic pH less than 5.3 (151, 174, 175).

Normally within the tissues, SP is quickly degraded by various peptidases. The most
common is CD10 [a.k.a., neutral endopeptidase, common acute lymphoblastic leukemia antigen
(CALLA), enkephalinase, membrane metalloendopeptidase, or neprilysin] (150, 162, 164).

CD10 is expressed in multiple cells throughout the body including pulmonary epithelium,
endothelial cells, and neutrophils. In addition, endothelial cells secrete another peptidase capable
of degrading SP called angiotensin-converting enzyme (ACE) (27, 150). In the absence of
adequate CD10 activity (e.g., virus-mediated damage to pulmonary endothelium), the local tissue
levels of SP that are released from the nerves can increase and lead to SP-induced vasodilation,
increased vascular permeability, and neurogenic inflammation (197). The release of SP from

nerves and its subsequent degradation within the tissue are summarized in Figure 1-7.

Substance P and innate immunity
The release of SP from sensory nerves into tissues can have profound effects on the local
vascular and cellular innate immune responses by initiating neurogenic inflammation or by
influencing ongoing acute inflammation (128). The prominent feature of neurogenic
inflammation 1s vasodilation and fluid effusion. SP can cause vasodilation, increase vascular
permeability, cause mast cell and neutrophil degranulation, activate neutrophils and
macrophages, and increase proinflammatory molecule synthesis and release from leukocytes.

The effects of SP on the innate immune system are summarized in Figure 1-8 and the text below.

Substance P and antimicrobial activity

Many neuropeptides, including SP, are similar in amino acid composition and structure to
antimicrobial peptides suggesting that neuropeptides may have direct antimicrobial activity. In
fact, SP has been found to have in vitro antimicrobial activity against Escherichia coll,
Enterococcus faecalis, Pseudomonas aeruginosa, Proteus vulgaris, Staphylococcus aureus, and

Candida albicans (51, 66, 93).



Substance P and respiratory tract epithelium

The epithelium of the respiratory tract is innervated by SP-containing nerve fibers (55,
127,128, 187). In particular, cattle contain SP immunoreactive nerve fibers in the airway
epithelium, in the connective tissue beneath the epithelium and around blood vessels, and in the
bronchial glands (127). Overall, these SP immunoreactive nerve fibers are few in number, and
are more numerous in calves than in cows.

Exposure of a bovine bronchial epithelial cell line to SP increased neutrophil adhesion,
presumably by increased affinity or avidity of ICAM-1 on the epithelial cells for B, integrins on
the leukocytes (44). SP increases TNF, IL-6 and IL-8 production from human bronchial
epithelial cells (188). In addition, mRNA for interleukins-1, -3, -5, -6, TNF, and IFN-y was
increased in human nasal mucosa samples when exposed to SP (129).

Because SP-containing nerve fibers innervate the lung, it is possible that the release of SP
increases the expression of antimicrobrial peptides in pulmonary epithelium. However, exposure
of bovine tracheal epithelium to SP did not increase the expression of the B-defensin tracheal

antimicrobial peptide in the epithelial cells (116).

Vascular effects of substance P

Substance P 1s a potent mediator of vascular changes. It can cause vasodilation and can
increase vascular permeability allowing proteinaceous edema fluid to diffuse from the
vasculature into the extracellular space (29, 30, 84, 88, 128). The vascular effects of SP may be
due to its direct effects on endothelial cells or by causing mast cell degranulation resulting in the
release of histamine or other inflammatory mediators that have vascular effects. Inflammatory
mediators that increase vascular permeability, such as histamine and LPS, often enhance the SP-
induced vascular permeability increase (86, 97). The direct vasodilatory effect of SP is mediated
through endothelial cell production of nitric oxide, which diffuses to the vascular smooth muscle
causing it to relax (88). The direct vascular permeability increase is caused by SP binding to
endothelial cell NK-1 causing increased intracellular calcium resulting in endothelial cell

contraction and formation of intercellular gaps (117, 179, 180, 186).

Substance P and mast cells
Tissue mast cells are closely associated with nerve fibers, so they are in a unique position

to be influenced by neuropeptides, such as SP, released from nerves. Interaction of SP with



human and rat mast cells results in degranulation of mast cells and release of stored mast cell
inflammatory and vasoactive molecules such as histamine and serotonin (94, 128). In addition,

mouse mast cells stimulated by SP increased TNF gene expression and protein secretion (128).

Substance P and neutrophils

Many neutrophil functions can be elicited or enhanced by exposure to SP. Substance P
alone or in combination with LPS increases neutrophil attachment to endothelial cells, bovine
bronchial epithelial cells, and alveolar epithelial cells (44, 47, 98). This effect was mediated by
[, integrins, which are variably increased on the surface of neutrophils when they are treated
with SP. Substance P is also a chemoattractant for neutrophils; it enhances neutrophil migration
through a fibroblast barrier and primes neutrophils for the respiratory burst (85, 128, 138, 140).
In addition, neutrophils exposed to SP degranulate, produce hydrogen peroxide, and can produce

TNF, IL-1 and IL-6 (43, 128).

Substance P and eosinophils

Eosinophils can also be activated by SP. SP activation of eosinophils causes
degranulation, release of arachidonic acid metabolites, and the release of superoxide anion (128).
In some circumstances, (particularly eosinophils from allergic patients) SP can enhance the
eosinophil chemotactic response to platelet-activating factor (PAF) and LTB4 (128).
Eosinophils can also produce SP (128, 193, 194).

Substance P and macrophages

SP can activate and induce many proinflammatory changes in macrophages. SP is a
chemotactic factor for human macrophages (26, 34, 79, 128). Macrophages exposed to SP have
increased phagocytic capabilities and increase their production of reactive oxygen species to
enhance the elimination of foreign material such as bacteria (67, 79, 149). SP induces
macrophages to increase their production of the inflammatory cytokines TNF, IL-1, and IL-6 as
well as arachidonic acid metabolites to augment the acute inflammatory process (79, 101, 102,
128). In addition, macrophages have been shown to possess NK-1 and to produce SP (58, 72,
149). Thus, SP production by macrophages may act as an autocrine or paracrine signal to further

propagate the inflammatory process.



Substance P and adaptive immunity

In addition to playing a role in the innate immune response, SP has been implicated in
enhancing adaptive immune responses. Mice deficient in the SP receptor did not develop a
normal granulomatous response to Schistosoma mansoni and produced much less IFN-y, IgG2a,
and IgE than mice with a normal SP receptor (15). Mice treated with a NK-1 receptor antagonist
were more susceptible to infection with Sa/monella than untreated mice, with a decreased IFN-y
response in the treated mice (194). Also, mice deficient in the SP receptor had a decreased
cytotoxic T-lymphocyte (CTL) response, decreased interleukin-12 (IL-12) synthesis and
secretion, and increased viral load compared to normal mice when both were infected with
murine y-herpesvirus 68 (52). It has also been shown that SP can induce the production of IL-12
by murine macrophages (91) further emphasizing the role that SP can play in adaptive immunity.

Substance P also influences B- and T-lymphocytes. SP is a chemoattractant for
lymphocytes and can enhance their attachment to endothelial cells (128, 189). Substance P is a
B-lymphocyte differentiation cofactor that can increase immunoglobulin production, particularly
the production of IgA (19, 133, 169). Substance P does increase the production of IgM from B
cells, but the greatest increase is seen when SP 1s combined with LPS (133). With human and
murine T-lymphocytes, SP enhances interleukin-2 (IL-2) production, enhances macrophage
inflammatory protein-1f expression, and regulates INF-y production (16, 17, 128. The natural
killer cell activity of intraepithelial T-lymphocytes is increased when they are exposed to SP
(40). Substance P can also stimulate the proliferation of both B- and T-lymphocytes (100, 136,
169). Both B- and T-lymphocytes express the NK-1 receptor, and T-lymphocytes can produce
SP (28, 128, 170).

Summary
Substance P has multiple effects in initiating or enhancing innate and adaptive immunity
(Table 1-1). Substance P has direct antimicrobial effects against some species of bacteria in
vitro. It can elicit inflammatory cytokine and gamma interferon production, but not tracheal
antimicrobial peptide production from respiratory epithelial cells. Substance P has profound
vascular effects including the induction of vasodilation and increased vascular permeability that
allows the effusion of protein-rich edema fluid from the vasculature. Mast cell histamine release

and TNF production is induced by SP. Neutrophil attachment to endothelial and respiratory
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epithelial cells is increased after exposure to SP. Substance P is also a chemoattractant for
neutrophils, induces hydrogen peroxide production in neutrophils, increases cytokine synthesis in
neutrophils, and primes neutrophils for the respiratory burst. Substance P causes eosinophils to
degranulate, produce superoxide anion, and produce arachidonic acid metabolites. Substance P
also enhances eosinophil chemotaxis induced by other chemotactic factors. Eosinophils can also
produce SP. Substance P is a chemoattractant for macrophages, increases their cytokine
synthesis, induces macrophages to synthesize arachidonic acid metabolites, causes oxygen free
radical production, and increases macrophage phagocytosis. Macrophages also contain NK-1
and can produce SP. Both B- and T-lymphocytes contain NK-1, and T-lymphocytes can produce
SP. Substance P increases lymphocyte attachment to endothelial cells, is a chemoattractant for
lymphocytes, and can stimulate B- and T-lymphocyte proliferation. Substance P is a late co-
differentiation factor for B-lymphocytes, and increases immunoglobulin production, particularly
IgA. T-lymphocytes’ cytokine production and natural killer abilities are enhanced after exposure
to SP. Collectively, these findings indicate that SP can have multiple effects in promoting innate

and adaptive immunity.

Substance P and respiratory disease

Substance P has been implicated in the pathogenesis of a wide variety of respiratory
conditions including asthma, respiratory syncytial virus infection, and acute respiratory distress
syndrome (11, 68, 128 183, 197). In both natural and experimental respiratory conditions that
involve SP, there are usually increased levels of SP, upregulation of NK-1 receptors, or both. In
humans, elevated concentrations of SP are present and NK-1 is up-regulated in patients with
asthma and chronic obstructive pulmonary disease (84). Following immune stimulation in mice,
NK-1 is upregulated on granulocytes and macrophages located perivascularly and
peribronchially, and upon alveolar infiltrates within the lung (88). Substance P levels within
BAL fluids are also increased, accompanied by increased numbers of inflammatory cells and
elevated cytokines.

In many studies, the administration of NK-1 antagonists inhibits the inflammatory
response. Systemic administration of a NK-1 antagonist has been shown to significantly reduce
the numbers of inflammatory cells within the BAL fluids in a mouse model of pulmonary

immune inflammation (88). In an immune complex model of lung inflammation characterized
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by increased microvascular permeability and neutrophil influx, administration of antibody
against NK-1 has been shown to inhibit these inflammatory changes (21). These studies indicate
that the release of SP and increased levels of NK-1 within the lung are associated with

inflammatory changes that are comparable with those of early stages of pneumonia.

Substance P and bovine respiratory disease

One of the earliest morphological changes in BPP is a dramatic serofibrinous effusion
into alveoli (2, 32, 195). This extensive vascular leakage could be in response to a variety of
direct or indirect acting vasoactive mediators, such as histamine, leukotrienes, TNF, IL-1, LPS,
or SP. (2, 32, 195). Flooding of alveoli with fluid would contribute to reduced clearance of any
bacterium in the inhaled air (e.g., M. haemolytica).

The distribution of SP-containing nerve endings in the respiratory tract has been
investigated in various species, including ruminants (55, 127, 187). In normal calves SP-
reactive nerve endings were most numerous in the nasal, laryngeal, and tracheal mucosa, and less
numerous in the lung (127). Within the lung the SP-containing fibers were present in pulmonary
epithelium, the connective tissue beneath the epithelium and around blood vessels and glands,
but were sparse in smooth muscle layers. The SP-reactive nerve endings were most numerous in
calves compared to cows. Capsaicin treatment of neonates caused a reduction in the number of
SP fibers (127). A similar decrease with age in the number of respiratory SP-containing nerve
fibers was reported in sheep (63). In neonatal lambs, dihydrocapsaicin depleted SP-fibers by
85% and caused an increase in the density of mast cells (144). However, in spite of the large
numbers of mast cells in dihydrocapsaicin-treated lambs, pulmonary histamine content was no
different than that in control lambs (144).

Direct biological effects of SP have been reported in in vitro studies. Bovine bronchial
epithelial cells stimulated by SP and acetylcholine had increased production of eosinophil
chemotactic factor and leukotriene B4 (96). Substance P mediated both direct and indirect
contraction of bovine tracheal smooth muscle, with direct activation occurring in a manner
similar to that caused by acetylcholine stimulation (39). The presence of NK-1 has been reported
on bovine alveolar macrophages and exposure of alveolar macrophages to SP resulted in

enhanced phagocytosis and TNF production compared to non-stimulated controls (149).

12



SP appears to be involved in the pathogenesis of bovine respiratory syncytial virus
(BRSV) infection, a common predisposing factor to bovine respiratory disease and BPP (8). In
other species, RSV infection can induce upregulation of NK-1 (92, 141, 183) and enhance SP-
induced pulmonary inflammation (5, 68). Notably, a fusion protein of BRSV (virokinin) has
biological properties and immunological reactivity similar to that of SP (201). In experimental
infections of gnotobiotic calves using a wild type and mutant BRSV with defective virokinin
production, there were less severe lesions induced by the mutant virus compared to the wild type
virus (185). These studies suggest an enhancement of pulmonary inflammation in response to
SP or SP-like activity associated with another important bovine respiratory pathogen that often

precedes BPP.

Conclusions

Bovine pneumonic pasteurellosis caused by M. haemolytica is still a common and costly
disease in beef cattle. Although much is known about the pathogenesis of BPP, there remains
much to be learned particularly about the early stages of the disease when the lesion is mainly
serofibrinous effusion without the presence of many M. haemolytica or leukocytes within the
lung. In the absence of traditionally incriminated mediators of BPP (e.g., TNF, LKT, and LPS),
other inflammatory mediators may be involved in the early stages of BPP.

Substance P has been shown to have a multitude of proinflammatory effects on
components of both innate and adaptive immunity that can lead to initiation or enhancement of
inflammation. Inflammation initiated by SP is termed neurogenic inflammation, the prominent
feature of which is vasodilation and edema formation.

Substance P has been implicated in the pathogenesis of many respiratory diseases in
various species. The numerous documented roles of SP in inflammation, notably, its association
with stress-related conditions, pulmonary irritation, and serofibrinous effusion make it a prime
candidate to have a role in the early pathogenesis of BPP. The question this project investigates
is whether or not SP is a likely contributor to the pathogenesis of BPP. To investigate the
potential role of SP in bovine pneumonia induced by M. haemolytica three hypotheses were
established:

1. The quantity of SP is increased in M. haemolytica-induced pneumonia compared to

normal bovine lungs.
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Substance P is capable of inducing increased vascular permeability and vascular
leakage in bovine vascular endothelial cells.
Substance P increases CD18 expression on bovine neutrophils and subsequent

increased leukocytotoxicity upon exposure to M. haemolytica LKT.
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Figures and Tables

Figure 1-1 Bronchopneumonia in a feedlot calf caused by Mannheimia haemolytica.

Note the cranioventral consolidation, the fibrin on the pleura, and the fluid within the thorax.
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Figure 1-2 Cross-section of bronchopneumonia in a feedlot calf caused by Mannheimia

haemolytica.

Note the multiple foci of necrosis indicated by the long arrows and the fibrin and edema in the

interlobular septa indicated by the short arrows.
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Figure 1-3 H&E stained section of peracute bronchopneumonia in a feedlot calf caused by
Mannheimia haemolytica.

Note the fibrin and edema fluid in the alveoli and the paucity of inflammatory cells.
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Figure 1-4 Acute fibrinosuppurative bronchopneumonia caused by Mannheimia

haemolytica in a feedlot calf.
Note the infiltration of neutrophils, some of which are degenerate and have caused tissue

damage.
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Figure 1-5 Acute fibrinosuppurative bronchopneumonia with “oat cells” caused by
Mannheimia haemolytica in a feedlot calf.

The arrow points to the “oat cells”.
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Figure 1-6 Acute fibrinosuppurative bronchopneumonia with necrosis caused by
Mannheimia haemolytica in a feedlot calf.

The star 1s in the center of the necrotic focus.
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Figure 1-7 Summary of substance P release from peripheral nerve into the tissue and

possible outcomes.
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Substance P

Vascular effects

-1 Vascular permeability

Neutrophils
-1 Adherence
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-H,0, production
-Degranulation
-Chemotaxis

Figure 1-8 Summary of the action of substance P on the differing components of the innate

immune response.

AA = arachidonic acid, PMN = neutrophil, SP = substance P.
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Table 1-1 Action of substance P on the cells of the innate and adaptive immune responses.

Innate Immunity

Adaptive Immunity

Direct antimicrobial effects
Respiratory epithelium

e Cytokine secretion

e Increased neutrophil adherence
Vascular effects

e  Vasodilation

e Increased vascular permeability
Mast cells

e  Degranulation

e  Histamine release
e Cytokine secretion

Neutrophils

e Increased adherence to endothelial and
epithelial cells

¢  Chemoattractant

e Cytokine secretion

e  Degranulation

¢ Hydrogen peroxide synthesis

e  Primes for respiratory burst

Eosinophils

e  Produce superoxide anion

e  Arachidonic acid metabolite formation

e FEnhances chemotaxis induced by other
chemotactic factors

e  Produce substance P

Macrophages

¢  Chemoattractant

e Increase phagocytic ability

e Cytokine secretion

e  Arachidonic acid metabolite formation

e  Oxygen free radical formation

e Produce substance P

Macrophages
e ProduceIL-12

e  Produce substance P

e Previous actions in innate immunity
Lymphocytes

¢  Chemoattractant

e Increased adherence to endothelium
e BandT cell proliferation

¢ Immunoglobulin production

Cytokine secretion from T cells
Enhance natural killer activity
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CHAPTER 2 - Substance P — like immunoreactivity in normal and

pneumonic bovine lung

Introduction

Bovine respiratory disease (BRD) is one of the most common and costly diseases of
feedlot calves in North America and worldwide (2, 53, 57, 110, 121, 143, 146). Mannheimia
haemolytica serotype 1 is the predominant cause of bovine pneumonic pasteurellosis (BPP) and
1s most often associated with severe pneumonia, deaths and economic loss associated with BRD
(2,18, 32,38, 53,57, 143). The typical lesion caused by M. haemolytica is fibrinopurulent
bronchopneumonia. This lesion progresses from an initial serofibrinous exudation into alveolar
lumens to neutrophil accumulation, parenchymal necrosis, and aggressive interlobular spread of
inflammation (2, 18, 32, 57, 143). In cattle that survive the acute disease, chronic changes that
may occur include abscesses, fibrosis, and bronchiolitis obliterans.

Many of the lesions of BPP are attributed to M. haemolytica virulence factors such as
lipopolysaccharide (LPS) and leukotoxin (LKT) (2). However, lesions can also be initiated or
exacerbated by host responses, such as the localized release of tumor necrosis factor — o (TNF),
interleukin 1 — B (IL-1p), and interleukin — 8 (IL-8) (2, 165). The neuropeptide substance P (SP)
is another host factor that may contribute to the lesion of BPP. Substance P is an 11-amino-acid
neuropeptide found mainly in sensory nerves that can also be synthesized by inflammatory cells
(128). Substance P serves mainly as a neurotransmitter of pain, but it can also be released into
the tissue to initiate neurogenic inflammation (29, 46, 56, 75, 94, 95, 128, 148, 156). Substance
P most notably results in serofibrinous effusion by inducing increased permeability of vascular
endothelial cell. It has also been shown to attract and activate several types of leukocytes.
Substance P has been implicated in the pathogenesis of various respiratory conditions of people
and rodents, including allergic rhinitis, asthma, airway hyperresponsiveness, nonproductive
cough, respiratory viral infection, sarcoidosis, idiopathic pulmonary fibrosis, and acute
respiratory distress syndrome (11, 87, 128).

The purpose of this study was to determine if there are differences in the distribution and

amount of SP within normal compared to pneumonic lungs from calves with BPP. This was
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accomplished by investigating the presence and distribution of SP-like immunoreactivity (SP-LI)
in histologic sections of normal lung and in lung with experimentally induced M. haemolytica

pneumonia.

Materials and methods

Lung samples

Pneumonic and normal lung tissues were collected from twenty-one 500-600 pound beef
calves and eight 200-300 pound Holstein calves that were part of independent studies on BPP.
Calves were infected by endoscopically-guided intrabronchial instillation of M. haemolytica at
the entrance of the right cranial lung lobe bifurcation and euthanized 3-5 days post-inoculation.
Experimental lesions most typically occurred in and were collected from the right cranial apical,
right caudal apical and right middle lung lobes. Normal lung tissue was collected from either the
left caudal apical lung lobe of infected calves, or from the right apical or middle lobes of calves

that were sham moculated.

Histopathology and immunohistochemistry

Lung tissue was fixed in 10% buffered neutral formalin, routinely processed and stained
with hematoxylin and eosin (H&E). For immunohistochemical staining, selected sections were
sectioned at 4 um, deparaffinized in xylene, and rehydrated in graded alcohols progressing to
distilled water. Endogenous peroxidases were quenched with 3% H»O; for 5 minutes and
endogenous charged sites were blocked with protein blocking agent (Shandon-Lipshaw,
Pittsburgh, PA) for 2 minutes, both at room temperature. Tissues were then sequentially
incubated with a 1:1000 dilution of monoclonal mouse anti-SP primary antibody (Abcam,
Cambridge, MA) overnight at 4°C, a 1:200 dilution of equine anti-mouse biotinylated secondary
antibody (Vector Laboratories, Burlingame, CA) for 15 minutes at room temperature, avidin-
biotin-enzyme complex (Vector Labs) for 15 minutes, followed by the chromogen 3,3’-
diaminobenzidine (DAB, Vector Labs). The slides were counterstained with Gill’s 1
hematoxylin (Fisher Scientific). Control slides consisted of slides that were prepared where the
primary antibody was replaced with mouse IgG1 isotype antibody (GeneTex, Irvine, CA) or

where neither a primary or isotype antibody were used during incubation.
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Image analysis

Slides that contained both pneumonic and more normal lung (defined as transitional lung
tissue) were selected for evaluation as pneumonic and transitional tissue. Normal lung sections
were confirmed to contain no histological abnormalities before being selected for evaluation.
For each immunohistochemical slide, five tagged image file (TIF) photomicrographs (400x)
were taken using a standard protocol. For pneumonic lung slides, the interface between
pneumonic (defined as parenchyma that consisted of alveoli that were uniformly filled with
either cellular or non-cellular exudates) and transitional (defined as parenchyma that consisted of
alveoli that had predominately clear lumens or lumens with slight amounts or serous fluid) was
identified. On the transitional side of the interface line, the tissue was divided into quadrants,
and one photomicrograph from each quadrant was taken. At least one of these 4
photomicrographs was selected to include an airway larger than or equal to the size of a terminal
bronchus. For normal lung tissue, the tissue was divided into quadrants and one
photomicrograph was taken within each quadrant. At least one of these 4 photomicrographs was
selected to include an airway larger than or equal to the size of a terminal bronchus. The
quantity of immunostaining for each photomicrograph was determined by using morphometric
software (ImageJ, National Institutes of Health). The color of the background counterstaining
was separated from the color of the DAB deposition using a color deconvolution plugin
(provided by G. Landini

http://www.dentistry.bham.ac.uk/landinig/software/cdeconv/cdeconv.html#ruifrok) as previously

described (153). The total mean gray value (MGV) of the 4 images for each calf was averaged.
The final MGV value for each calf was calculated by subtracting the average MGV of lung
stained with an isotype antibody and the null control from the MGV of the pneumonic and
normal lung.

Various structures within the photomicrographs (airway epithelium, macrophages,
alveolar septa, lymphatic/venular endothelium, and peribronchial nerve) were then evaluated for
either the presence or absence of SP-immunostaining. The structure or region of interest (ROI)
was outlined, and the MGV of the immunostaining in the ROI was measured. The MGV was
recorded as MGV/area in pixels for the ROIL. The final MGV for each component of each calf
was calculated by subtracting the average MGV of lung stained with an isotype antibody and the
null control from the MGV of the pneumonic and normal lung. The total MGV reported for each

26



measured structure was calculated as the average of the measured structure in all
photomicrographs. A structure was considered to contain SP-immunostaining when it had a
MGV less than the average of the isotype antibody stained tissue and the null control tissue (a

negative MGV).

Statistics
Statistical analysis for the difference between pneumonic and normal lung was performed
using a Student’s T test. Statistical analysis for the difference between the structures in
pneumonic and normal lung was conducted using a one-way ANOV A followed by Tukey’s
multiple comparison test. The difference in the staining in the pneumonic compared to the
normal bovine lung was considered significant with a p-value < 0.05. Statistical analysis was

performed using SAS 9.1.

Results

The MGV of SP-LI in pneumonic lung (-23.63 + 12.24) was significantly less (p-value <
0.0001) than normal lung (-10.50 £ 9.65). In the pneumonic lung, most SP-LI occurred in the 4
quadrants of the transitional area at the inflammation interface. However, the tissue evaluated on
the more pneumonic side of the interface had similar reactivity (-23.43 & 16.06), consisting of
SP-LI in the infiltrating macrophages.

The average SP-LI (recorded as mean MGYV) for each measured structure within the
photomicrographs is listed in Table 2-1. There was decreased average MGV (increased SP-LI)
in macrophages, airway epithelium and endothelial cells in pneumonic compared to normal lung.
This increased SP-LI was different only for the macrophages (p<0.05). The average SP-LI was
greater in normal compared to pneumonic lung for alveolar walls and peribronchial nerves.

The incidence of SP-LI for individual structures is listed in Table 2-2. SP-LI within
macrophages (Figure 2-1) occurred about twice as often in pneumonic lungs as it did in normal
lungs (macrophages were reactive in 89.7% of pneumonic lungs and 48.1% of normal lungs). In
both pneumonic and normal lungs, there was SP-LI in the airway epithelium from the bronchi to
the terminal bronchioles (Figures 2-2 to 2-4) with a higher incidence of SP-LI in pneumonic
lungs compared to normal lungs (airway epithelium was reactive in 89.7% of pneumonic lungs
and 61.1% of normal lungs). The incidence of SP-LI in the alveolar walls (Figure 2-5) was

similar in both pneumonic and normal lungs. Substance P - like immunoreactivity within
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endothelial cells lining venules and lymphatics (Figure 2-6) was more frequent in the pneumonic
lungs than normal lung. In normal lung, SP-LI within peribronchial nerves (Figure 2-7) occurred
about twice as frequently compared to pneumonic lung (42.55% in normal lungs compared to

22 2% in pneumonic lungs).

Discussion

This study demonstrated a clear difference in SP-LI in normal bovine lungs compared to
pneumonic lungs that were induced by experimental infection with M. haemolytica. In previous
studies of normal bovine lung, SP immunoreactive nerve fibers were found in the airway
epithelium, in the connective tissue beneath the epithelium and around blood vessels, and in the
peribronchial glands (127). We also demonstrated reactivity in these tissues in normal, as well
as pneumonic lung. The difference between normal and pneumonic lung was due predominately
to an increased quantity and incidence of SP-LI in alveolar macrophages within pneumonic
compared to normal lungs. These results are similar to those found in sheep experimentally
infected with M. haemolytica, where there was also a predominance of SP-LI in alveolar
macrophages within pneumonic compared to normal lungs (145). Also in sheep, as in the
current study, there was a decreased incidence of SP-LI in peribronchial nerves of pneumonic
lungs compared to normal lungs (145). This decrease may be a reflection of depletion of SP
from nerve endings in response to noxious stimuli associated with inflammation. The increased
SP-LI associated with alveolar macrophages in pneumonic bovine lungs may represent binding
of the SP released by local nerves, local production by the alveolar macrophages, or both. The
transition in SP distribution from acutely inflamed to less actively inflamed lungs was
demonstrated in sheep inoculated with M. haemolytica (145). The strong SP-LI within alveolar
macrophages present during acute stages of ovine pneumonia waned over time, so that most
immunoreactivity in later stages of pneumonia was present within nerve fibers and nerve cell
bodies within ganglia.

Macrophages from many species have been shown to produce and be activated by SP to
secrete inflammatory cytokines, produce reactive oxygen species, and increase phagocytosis (10,
26, 58, 67,72,101, 102, 120, 128, 132, 154). Bovine alveolar macrophages also become
activated upon exposure to SP (149). Exposure of bovine alveolar macrophages to SP resulted in

pro-inflammatory events, including increased phagocytosis and TNF production compared to
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non-stimulated controls. Because alveolar macrophages are one of the first inflammatory cells
exposed to M. haemolytica and its virulence factors, autocrine signaling of alveolar macrophages
by SP may be involved in the inflammatory response initiated by alveolar macrophages when
they are exposed to M. haemolytica. In addition, paracrine signaling of other leukocytes and
endothelial cells by SP released from macrophages can influence the progression of BPP by
increasing vascular permeability to contribute to the serofibrinous exudate characteristic of the
disease and by attracting and activating resident pulmonary and peripheral blood leukocytes.
These collective findings suggest a role for SP in the pathogenesis of BPP, alongside other
cytokines and virulence factors shown to be involved in the progression of the disease.

SP has been implicated in the pathogenesis of other respiratory conditions including
asthma, respiratory syncytial virus infection, and the acute respiratory distress syndrome (11, 68,
128, 183, 197). In both natural and experimental respiratory conditions that involve SP, there are
usually increased levels of SP, upregulation of NK-1 receptors, or both. Cutaneous burn-induced
acute lung inflammation in mice resulted in increased SP production and SP neurokinin-1 (NK-
1) receptor activity, which was associated with enhanced lung damage (163). Mice with
hydrogen sulfide-induced pneumonia exhibited increased plasma and lung SP levels leading to
pulmonary neutrophilic inflammation and increased lung levels of TNF and IL-1 (12). In a
hepatic ischemia/reperfusion pulmonary inflammation model in mice there were increased SP
levels in bronchoalveolar lavage (BAL) fluid, which corresponded to the time of greatest
neutrophil influx into the lungs (130). SP was also increased in BAL fluids of pigs exposed to
aerosolized citric acid as a model to induce coughing (119). Following immune stimulation in
mice, SP levels within BAL fluids were increased along with increased numbers of inflammatory
cells and cytokines (84). These changes corresponded with an upregulation of NK-1 receptors
on granulocytes and macrophages located perivascularly and peribronchially, and within alveolar
infiltrates within the lung. In humans, elevated concentrations of SP are present in patients with
asthma and chronic obstructive pulmonary disease, and NK-1 is up-regulated during pulmonary
inflammation (84). Also, higher levels of immunoreactivity for SP was found in BAL fluid and
sputum of people with asthma, chronic bronchitis, or after ozone exposure (69, 125, 182).

Studies in various species have demonstrated a relationship between SP and respiratory
syncytial virus (7, 92, 141, 184). Capsaicin-induced SP release from sensory nerves enhanced

respiratory syncytial virus pneumonia in rats (7). RSV infection can induce upregulation of NK-
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1 and enhance SP-induced pulmonary inflammation (92, 141, 183). SP also appears to be
involved in the pathogenesis of bovine respiratory syncytial virus (BRSV) infection, a common
predisposing factor to BRD and BPP (8). A fusion protein of BRSV (virokinin) has biological
properties and immunological reactivity similar to that of SP (201). In experimental infections of
gnotobiotic calves using a wild type and mutant BRSV with defective virokinin production, there
were less severe lesions induced by the mutant virus compared to the wild type virus (185).
These studies suggest an enhancement of pulmonary inflammation in response to SP or SP-like
activity associated with another important bovine respiratory pathogen that often precedes BPP.
This study demonstrates an increased amount of SP in experimental lesions of BPP
compared to normal lungs. Based on these findings, and the role of SP in respiratory conditions
in other species, SP should be regarded as another host factor that contributes to the pathogenesis

of this important cause of BRD.
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Figures and Tables

Figure 2-1 Substance P-like immunoreactivity in macrophages of pneumonic and normal

lung.

A. Moderate to strong substance P-like immunoreactivity in macrophages of pneumonic bovine
lung stained with a monoclonal mouse anti-human substance P antibody. Arrows point to
macrophages. Bar =30 pum. B. Little to no substance P-like immunoreactivity in macrophages
of normal bovine lung stained with a monoclonal mouse anti-human substance P antibody.
Arrows point to macrophages. Bar =30 um. C. Slight immunoreactivity in macrophages of
pneumonic lung stained with a mouse IgG1 isotype antibody. Arrows point to macrophages. Bar

=30 um.
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Figure 2-2 Substance P-like immunoreactivity in a bronchus of pneumonic and normal

lung.

A. Moderate to strong substance P-like immunoreactivity in a bronchus of pneumonic bovine
lung stained with a monoclonal mouse anti-human substance P antibody. Bar = 250 um. B.
Moderate substance P-like immunoreactivity in a bronchus of normal bovine lung stained with a
monoclonal mouse anti-human substance P antibody. Bar =250 um. C. Little to no
immunoreactivity in a bronchus of pneumonic lung stained with a mouse IgG1 isotype antibody.

Bar =250 pm.
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Figure 2-3 Substance P-like immunoreactivity in a bronchiole of pneumonic and normal

lung.

A. Moderate to strong substance P-like immunoreactivity in a bronchiole of pneumonic bovine
lung stained with a monoclonal mouse anti-human substance P antibody. Bar = 100 um. B.
Moderate to strong substance P-like immunoreactivity in a bronchiole of normal bovine lung
stained with a monoclonal mouse anti-human substance P antibody. Bar =100 um. C. Little to
no immunoreactivity in a bronchiole of pneumonic lung stained with a mouse IgG1 isotype

antibody. Bar= 100 pm.
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Figure 2-4 Substance P-like immunoreactivity in a respiratory bronchiole of pneumonic

and normal lung.

A. Moderate to strong substance P-like immunoreactivity in a respiratory bronchiole of
pneumonic bovine lung stained with a monoclonal mouse anti-human substance P antibody. Bar
=100 pm. B. Moderate to strong substance P-like immunoreactivity in a respiratory bronchiole
of normal bovine lung stained with a monoclonal mouse anti-human substance P antibody. Bar
=100 pum. C. Little to no immunoreactivity in a respiratory bronchiole of pneumonic lung

stained with a mouse IgG1 isotype antibody. Bar =100 pm.
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Figure 2-5 Substance P-like immunoreactivity in the alveolar walls of pneumonic and

normal lung,

A. Moderate to strong substance P-like immunoreactivity in the alveolar walls of pneumonic
bovine lung stained with a monoclonal mouse anti-human substance P antibody. Bar = 50 pm.
B. Moderate substance P-like immunoreactivity in the alveolar walls of normal bovine lung
stained with a monoclonal mouse anti-human substance P antibody. Bar =50 um. C. Little to
no immunoreactivity in the alveolar walls of pneumonic lung stained with a mouse IgG1 isotype

antibody. Bar= 50 pm.
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Figure 2-6 Substance P-like immunoreactivity in the endothelial cells of venules and
lymphatic vessels of pneumonic and normal lung.

A. Moderate substance P-like immunoreactivity in the endothelial cells of venules of pneumonic
bovine lung stained with a monoclonal mouse anti-human substance P antibody. Bar = 30 pm.
B. Moderate substance P-like immunoreactivity in the endothelial cells of lymphatic vessels of
normal bovine lung stained with a monoclonal mouse anti-human substance P antibody. Bar =
30 um. C. Little to no immunoreactivity in the endothelial cell of venules of pneumonic lung

stained with a mouse IgG1 isotype antibody. Bar =30 pum.
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Figure 2-7 Substance P-like immunoreactivity in the peribronchial nerves of pneumonic
and normal lung.

A. Moderate substance P-like immunoreactivity in a peribronchial nerve of pneumonic bovine
lung stained with a monoclonal mouse anti-human substance P antibody. Bar = 50 um. B. Slight
to moderate substance P-like immunoreactivity in a peribronchial nerve of normal bovine lung
stained with a monoclonal mouse anti-human substance P antibody. Bar =50 um. C. Little to
no immunoreactivity in a peribronchial nerve pneumonic lung stained with a mouse IgG1 isotype

antibody. Bar= 50 pm.
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Table 2-1 Mean + standard deviation substance P — like immunoreactivity of structures of

pneumonic and normal bovine lung

Mean Gray Value
Pneumonic lung Normal Lung
(29 calves) (54 Calves)
Structure
Macrophages -0.010156 £ 0.007582* 0.002100 £ 0.011565*

Airway epithelium

-0.000057 £ 0.000047

-0.000014 + 0.000067

Alveolar wall

-0.000007 £ 0.000151

-0.000071 £ 0.00030

Endothelium

0.000680 + 0.003371

0.001547 £0.00433

Peribronchial nerve

0.000608 +0.001196

0.000350 +0.000860

*p-value <0.05
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Table 2-2 Incidence of substance P — like immunoreactivity per structure in pneumonic and

normal bovine lung

Pneumonic lung Normal lung

Structure
Macrophages 26/29 (89.7%) 26/54 (48.1%)
Airway epithelium 26/29 (89.7%) 33/54 (61.1%)
Alveolar wall 17/29 (58.6%) 29/54 (53.7%)
Endothelium 15/29 (51.7%) 22/54 (40.7%)
Peribronchial nerve 4/18 (22.2%) 12/28 (42.9%)
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CHAPTER 3 - Effect of substance P on the permeability of bovine

endothelial cell monolayers

Introduction

Bovine respiratory disease (BRD) is one of the most common and costly diseases of
feedlot calves in the United States and worldwide (53, 110, 121, 143, 146). A major cause of
severe pneumonia, deaths and economic loss associated with BRD is bovine pneumonic
pasteurellosis (BPP), caused by Mannheimia haemolytica serotype 1 (18, 32, 38, 57, 143). BPP
often occurs in young calves experiencing one or more of several environmental stressors (25,
32, 143). These environmental stressors are believed to cause a switch in the normal
nasopharyngeal flora from M. haemolytica serotype 2 to the more pathogenic M. haemolytica
serotype 1 (2,32, 143, 148, 200). M. haemolytica serotype 1 proliferate in the nasopharynx and
are aerosolized to the lower respiratory tract in numbers that overwhelm pulmonary defenses.

Proliferation of M. haemolytica serotype 1 in the lungs results in release of M.
haemolytica serotype 1 virulence factors, two of which are lipopolysaccharide (LPS) and
leukotoxin (LKT) (2, 32, 38, 143, 148, 200). M. haemolytica serotype 1 LPS increases vascular
permeability and cause injury to and death of bovine endothelial cells (22, 32, 114, 143).
Alveolar macrophages exposed to M. haemolytica LPS and LKT release inflammatory cytokines,
such as tumor necrosis factor — o (TNF) and interleukin — 1 (IL-1), and chemokines such as
interleukin — 8 (IL-8) (2, 32, 76, 111, 118, 198). Both TNF and IL-1 can increase the
permeability of bovine endothelial monolayers (23, 59, 112, 152). Interleukin — 8 primarily
attracts neutrophils, which can result in endothelial damage when neutrophils degranulate. The
interaction between LPS and LKT with host endothelial cells and inflammatory cells is believed
to result in the exudation of fluid and fibrin into alveolar lumens that is characteristic of the
initial stages of BPP (2, 18, 32, 57, 143). This serofibrinous effusion may be due to the direct
effects of M. haemolytica serotype 1 LPS or LKT on endothelial cells or it may occur indirectly
through inflammatory cytokine release from alveolar macrophages.

In peracute stages of BPP there are relatively few M. haemolytica serotype 1 bacteria
present in the lung relative to the severity of the vascular leakage. The overall cellular

inflammatory response at this stage of pneumonia is also minimal. Therefore, the pathology
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associated with peracute BPP may not entirely be the result of M. haemolytica serotype 1 and its
virulence factors. Another mediator of vascular permeability in acute inflammation that is
capable of inducing serofibrinous effusion is substance P (SP). Substance P is an 11-amino-acid
neuropeptide found mainly in sensory nerves that can be synthesized by inflammatory cells
(128). SP is a neurotransmitter of pain that can also be released into tissue to cause neurogenic
inflammation, which is characterized by serofibrinous effusion (29, 30, 46, 56, 75, 94, 95, 98,
128, 148, 156). Substance P has been implicated in the pathogenesis of various respiratory
conditions of people and rodents, including asthma, respiratory viral infection, allergic rhinitis,
airway hyperresponsiveness, nonproductive cough, sarcoidosis, idiopathic pulmonary fibrosis,
and acute respiratory distress syndrome (11, 87, 128).

In this study we investigated the role of SP in inducing increased permeability in bovine
endothelial cells. We evaluated the effect of SP alone, as well as in combination with other

vasoactive cytokines on the permeability of bovine endothelial cell monolayers in vitro.
Materials and methods

Cells and reagents

A pulmonary macrovascular cell line (bovine pulmonary arterial endothelial cells; CPAE
cells), and a microvascular cell line (bovine adrenal gland capillary endothelial cells; EJG cells)
were purchased from the American Type Culture Collection (ATCC, Manassas, VA). The
endothelial cells were cultured according to ATCC instructions using Eagle’s Minimum
Essential Medium (ATCC, Manassas, VA) with 20% fetal bovine serum (Hyclone, Logan, UT)
for the CPAE cells and Eagle’s MEM with 10% fetal bovine serum for the EJG cells. Cells were
used for experimentation between the 5™ and 15™ passage (CPAE cells), and the 8" and 14™
passages (EJG cells). Cell lines were tested every 1-2 months for maintenance of endothelial cell
properties based on their cobblestone morphology, formation of capillary tubes on the basement
membrane material Matrigel™ (BD Biosciences, Bedford, MA), expression of CD31 (AbD
Serotec anti-ovine CD31 antibody, Raleigh, NC) after culture on Matrige]™ (BD Biosciences,
San Jose, CA), and the presence of the coagulant protein Factor VIII in the supernatant detected
by a colorimetric assay (Chromogenix, Lexington, MA).

Bovine recombinant TNF-o (TNF) was purchased from Endogen (Rockford, IL).
Escherichia coli O111:B4 lipopolysaccharide (LPS), substance P (SP), and histamine were
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purchased from Sigma-Aldrich (St. Louis, MO). The concentrations of the reagents used were
10 ng/ml TNF, 100 ng/ml £. coli O111:B4 LPS, 1 nM SP, and 10 micromolar histamine. These
same concentrations were used for the combinations of SP with TNF, SP with LPS and SP with
histamine. The TNF, LPS, and histamine were suspended in Eagle’s MEM with 10% FBS,
aliquoted and frozen at -80° C (TNF) and -20° C (LPS and histamine). The SP was suspended in
0.1 M acetic acid with 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO), aliquoted, and
frozen at -20° C. The SP aliquots were diluted in Eagle’s MEM with 10% FBS and used fresh

for each experiment.

Monolayer permeability

Endothelial cells were grown to confluent monolayers (3-4 days for CPAE cells and 3-7
days for EJG cells) in 12-well Transwell® culture system plates (Corning Life Sciences,
Corning, NY) at 37° C in CO,. The culture medium in the upper and lower chambers was
replaced by fresh Eagle’s MEM with 10% FBS 24 hours prior to each experiment. An
experiment consisted of adding 250-pul of each of the 7 treatments (TNF, LPS, histamine, SP, SP
+ TNF, SP + LPS, or SP + histamine), a cell control (Eagle’s MEM with 10% FBS), and a
diffusion control (Eagle’s MEM with 10% FBS in a well without cells) to the upper chamber of
wells for 1 hour at 37° C in 5% CO,. Then, 250-ul of Eagle’s MEM with 4% bovine serum
albumin containing 1 mg/ml of Evans blue dye (Sigma-Aldrich, St. Louis, MO) was added to the
upper chamber of these same wells for 1 hour. Optical densities (OD) of triplicate samples from
the lower chamber of each well were then determined at 630 nm absorption, averaged and
compared against a standard curve to estimate albumin concentration. The albumin

diffusion/cm*/hour (diffusion) for each well was calculated by the formula:

Diffusion = [albumin]/growth area (1.12 cm?)/ 1 hour.

The percent increase in diffusion induced by the treatments (% diffusion) was calculated by the

formula:

% diffusion = {( diffusiontreatmem— difﬁ,lsionceu control)/ difﬁ,lsiondiffusion control }X 100
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where diffusionee control represented zero permeability and diffusiongisusion control represented 100%
permeability.
Experiments were repeated until significance for the positive controls was attained

(significance of 0.05 and a power of 0.90).

Scanning electron microscopy (SEM)

Three- hundred thousand CPAE and EJG cells were grown to confluence on separate 22
mm diameter collagen coated glass coverslips (BD Biosciences, San Jose, CA). The monolayers
were incubated as before with either TNF, LPS, histamine, SP, SP + TNF, SP + LPS, or SP +
histamine, or Eagle’s MEM with 10% FBS alone for 2 hours, washed, and then fixed in 2.5%
gluteradehyde/2% paraformaldehyde. Monolayers were then washed, fixed with osmium,
dehydrated, mounted on silver stubs, and sputter coated with gold. Samples were examined
using a Hitachi H300 scanning electron microscope. The samples were examined for the
presence or absence of endothelial cell shape change and the difference in intercellular gap size

and morphology between treatment and control samples.

Cytotoxicity

Endothelial cell monolayers in 24-well plates were incubated with treatments as
described above, or with Eagle’s MEM with 10% FBS (control) for 2 hours in a humidified
incubator at 37° C with 5% CO,. Supematants from each well were collected and evaluated for
lactate dehydrogenase (LDH) enzyme activity using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, Madison, WI) following the manufacturers instructions. Briefly,
50-ul of supematant from 7 treatment wells, 50-ul of supematant from completely lysed cells,
and 50-pl of supernatant from a cell control were placed in triplicate onto 96-well plates.
Background controls on the plate included 50-ul of each reagent, 50-ul of Eagle’s MEM plus
10% FBS, and 50-ul of Eagle’s MEM plus 10% FBS containing cell lysing reagent. Fifty-ul of
the kit’s reconstituted Substrate Mix was added to each well and the plate was covered, protected
from light, and incubated at room temperature for 30 minutes. After incubation, 50-ul of stop
solution was added to each well and OD at 490 nm was determined. The mean OD of each
treatment triplicate, control triplicate, and background OD for each reagent and Eagle’s MEM
plus 10% FBS was calculated. The OD for the treatment and control wells was calculated by
subtracting the background reagent and Eagle’s MEM + 10% FBS OD from the treatment and

43



control well OD. The OD of the treatments and control were compared to the OD of the
completely lysed cells to calculate the percentage total LDH release from the treatment and
control cells to estimate endothelial cell membrane damage. The percent of the total LDH

release was calculated by the formula:

% total LDH release = (ODTreatment or Spontancous cell release/ ODLysed cells) X 100.

Statistics
Statistical analysis was performed using a one-way ANOV A followed by a Dunett’s
multiple comparison test. Treatments were determined to be significant with a p-value < 0.05.

Statistical analysis was performed using SAS 9.1.

Results

Monolayer permeability

There was an increase in endothelial cell monolayer permeability due to the addition of
SP alone or in combination with other mediators. Figure 3-1 shows the mean percentage
increases in BSAE diffusion across CPAE cell monolayers for SP, TNF, LPS, histamine, and the
combination treatments. The combination treatment of SP + LPS induced the greatest increase
in CPAE cell monolayer permeability (mean 22.03% above control). Increases in CPAE cell
monolayer permeability in response to SP, SP + histamine, TNF and LPS were similar (means
12.34%, 13.57%, 12.67% and 13.13%, respectively above control). Histamine decreased the
monolayer permeability of this cell line (mean -6.51% less than control). In addition, the
combination treatment of SP + TNF had a very small increase in monolayer permeability (mean
2.99% above control) that was less than either TNF or SP alone.

The mean percentage increases in BSAE diffusion across EJG cell monolayers for SP,
TNF, LPS, histamine, and the combination treatments are presented in Figure 3-2. The
combination treatment of SP + histamine had the greatest percentage increase of BSAE diffusion
compared to the cell control (mean 16.69% above control). SP and histamine alone increased the
percentage of BSAE diffusion by approximately half this amount (mean 8.27% and 8.10%,
respectively above control). The combinations of SP + LPS and SP + TNF, and LPS and TNF
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alone induced slight increases in the percentage of BSAE diffusion across the endothelial cell

monolayer.

Scanning electron microscopy (SEM)

The CPAE cell monolayers exposed to LPS, TNF, SP, SP + LPS, and SP + histamine had
endothelial shape change. Additionally, there was formation of intercellular gaps in CPAE cell
monolayers (Figure 3-3). Substance P, histamine, and SP + histamine caused endothelial shape
change and the formation of intercellular gaps in EJG cell monolayers (Figure 3-4). Results are

shown only for the treatments that increased monolayer permeability and caused intercellular

gaps.

Cytotoxicity

The percentage of total LDH release from CPAE endothelial cells induced by the
treatments 1s shown in Figure 3-5. LPS was the only reagent that significantly increased the
percentage of total LDH release (mean 14.30%) when compared to spontaneous LDH release
from control cells (mean 9.55%). TNF alone (mean 10.43%) and SP + LPS (mean 11.24%)
slightly increased LDH release compared to controls. SP (mean 8.06%), histamine (mean
6.52%), SP + TNF (mean 6.95%), and SP + histamine (mean 6.96%) induced less LDH release
compared to controls. The percentage of total LDH release from EJG endothelial cells
spontaneously released from a cell control or that was induced by the reagents is shown in Figure
3-6. For EJG cells, LPS significantly increased the percentage total LDH release (mean 21.12%)
compared to spontaneous LDH release from controls (mean 9.74%). In addition, SP + LPS
(mean 17.98%) and SP + TNF (mean 18.00%) induced increased LDH release compared to
spontaneous LDH release. Histamine (mean 2.91%), SP (mean 1.01%), TNF (mean 4.31%), and
SP + histamine (2.71%) had less LDH release compared to LDH release from control cells.

Discussion
These experiments showed that SP enhanced bovine endothelial cell monolayer
permeability either alone or in combination with other permeability increasing cytokines in two
bovine endothelial cell lines. The increase in endothelial cell monolayer permeability was due to
endothelial cell shape change and the formation of intercellular gaps, and was not caused by

increased endothelial cell cytotoxicity. These results are similar to results in other species in
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which SP-associated also increased vascular permeability. In rats and guinea pigs SP
administration resulted in edema in multiple organs, including the skin and airways (46, 75, 97,
156). In humans and mice, SP induced edema in the skin (29, 30, 46, 56).

Increased vascular permeability induced by SP can be a result of the direct action of SP
on endothelial cells through NK-1 or indirectly through mast cell degranulation, induction of
arachidonic acid metabolite synthesis by monocytes/macrophages, or by secretion of
inflammatory cytokines by monocytes/macrophages (11, 20, 11, 128). The vascular
permeability induced by SP is often enhanced by the presence of other vascular permeability
increasing molecules such as histamine and LPS (86, 97). In guinea pig airways, LPS enhanced
neurogenic plasma exudation (97). Histamine and SP also caused a synergistic increase in
capillary permeability measured by plasma exudation in rat skin (86). In this study, histamine
and SP in combination doubled the percentage of BSAE diffusion compared to histamine or SP
treatments alone. In contrast, the SP and TNF combination reduced BSAE diffusion to less than
the diffusion induced by either agent alone. This result is similar to that reported in a study of
vasodilation in rat skin where TNF did not enhance the effects of SP and prevented the
synergistic effects of SP and IL-1 (70). Decreased permeability of arterial endothelial cells
exposed to histamine has also been previously observed (77, 176).

Agents that increase vascular permeability allow fluid to escape the vasculature between
endothelial cells by inducing conformational changes in the actin cytoskeleton initiated by
increased cytosolic Ca®" concentrations (117, 179, 180, 186). Certain intracellular signaling
molecules, such as cyclic adenosine monophosphate (cAMP), are associated with stabilization of
the endothelial barrier resulting in a reversal of or decrease in vascular permeability (117, 186).
In fact, decreased permeability of arterial endothelial cell monolayers treated with histamine are
associated with increased intracellular cAMP concentrations (77, 176). Based on the
morphologic changes observed in bovine endothelial monolayers in response to SP, it is possible
that SP increased bovine endothelial cell monolayer permeability to BSAE by increasing
cytosolic Ca*" either alone or synergistically with LPS and histamine. The decrease in vascular
permeability seen with the combination of SP+TNF versus either agent alone in CPAE cells
could be due to decreased cytosolic Ca*’, increased cytosolic cAMP, or both. Another

possibility is that the two agents chemically inhibit one another in the supernatant.
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Psychological or local pulmonary stressors are important components of BPP and other
respiratory conditions (11, 14, 25, 32, 143, 147, 199). These stressors may increase the amounts
of SP in the lung, which can enhance pulmonary inflammation. In mice, stress increased the
amount of SP in sensory neurons innervating the lung as well as increasing the severity of
allergen-induced airway inflammation (83). Stress-exacerbated allergic airway inflammation in
mice was mediated by NK-1 (82). Respiratory syncytial virus exposure in rats and mice results
in increased expression of NK-1 as well as increased levels of SP compared to levels in non-
infected lungs (68, 92). In guinea pigs, SP was significantly increased in plasma and
bronchoalveolar lavage (BAL) fluids following electric shock stress (181). These changes in
pulmonary SP and NK-1 may be due to activation of intrapulmonary afferent nerves containing
SP by inhaled irritants or other noxious stimuli, production by inflammatory cells, or both.

There have been several studies on the changes in pulmonary SP associated with acute
lung inflammation in ruminants. Increased levels of SP and NK-1 were present in experimental
M. haemolytica pneumonia in sheep (63, 145). We have extended these studies to cattle and
found that SP-like immunoreactivity is more intense in M. haemolytica-infected pneumonic lung
compared to normal bovine lung (see chapter 2). In pneumonic lung this SP-reactivity was
localized to airway epithelium, and was also present in macrophages, alveolar septa, and
occasionally lymphatic and venular endothelial cells.

If SP has the same vascular permeability effect in vivo as it does in vitro, then SP could
play a role in initiating or enhancing the serofibrinous effusion present in the initial stages of
BPP. This effusion into pulmonary alveoli could lead to decreased bacterial clearance, increased
M. haemolytica serotype 1 proliferation, and the severe inflammatory response typical of

advanced cases of BPP.
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Figure 3-1 The percent change in albumin diffusion through CPAE endothelial cell monolayers.
The monolayers were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, 10 uM histamine
and combinations of SP+TNF, SP+LPS, and SP+histamine. Data are reported as mean +/-
standard error of the mean of the percent change in albumin concentration in the lower chamber
of a Transwell® insert of treated monolayers versus a cell control monolayer. The cell control
monolayer was set as zero percent. Random diffusion in a blank well was set as one hundred
percent. n=13. * p-value <0.05. TNF = bovine recombinant Tumor Necrosis Factor — a. LPS =

Escherichia coli O111:B4 lipopolysaccharide. SP = substance P.
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Figure 3-2 The percent change in albumin diffusion through EJG endothelial cell monolayers.
The monolayers were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, 10 uM histamine
and combinations of SP+TNF, SP+LPS, and SP+histamine. Data are reported as mean +/-
standard error of the mean of the percent change in albumin concentration in the lower chamber
of a Transwell® insert of treated monolayers versus a cell control monolayer. The cell control
monolayer was set as zero percent. Random diffusion in a blank well was set as one hundred
percent. n=15. * p-value <0.05. TNF = bovine recombinant Tumor Necrosis Factor — a. LPS =

Escherichia coli O111:B4 lipopolysaccharide. SP = substance P.
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Figure 3-3 Scanning electron photomicrographs of CPAE cell monolayers.

A. Intercellular junction between CPAE cells in the control sample. Arrows indicate the
intercellular junction. Bar = 10u. B. Intercellular junction and gaps between CPAE cells after
treatment with TNF. Bar = 10p. C. Intercellular junction and gaps between CPAE cells after
treatment with LPS. Bar=10u. D. Intercellular junction and gaps between CPAE cells after
treatment with SP. Bar=10u. E. Intercellular junction and gaps between CPAE cells after
treatment with SP + LPS. Bar=10u. F. Intercellular junction and gaps between CPAE cells
after treatment with SP + histamine. Bar = 10u. TNF = bovine recombinant Tumor Necrosis

Factor — a. LPS = Escherichia coli O111:B4 lipopolysaccharide. SP = substance P.
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Figure 3-4 Scanning electron photomicrographs of EJG cell monolayers.

A. Intercellular junction between EJG cells in the control sample. Arrows indicate the
intercellular junction. Bar = 10pu. B. Intercellular junction and gaps between EJG cells after
treatment with SP. Bar = 10u. C. Intercellular junction and gaps between EJG cells after
treatment with histamine. Bar =10u. D. Intercellular junction and gaps between EJG cells after

treatment with SP + histamine. Bar = 10u. SP = substance P.
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Figure 3-5 The percent of total LDH release from CPAE endothelial cell monolayers.

The monolayers were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, 10 uM histamine
and combinations of SP+TNF, SP+LPS, and SP+histamine. Data are reported as mean +/-
standard error of the mean of the percent total LDH release. LDH release from completely lysed
cells was set as total LDH released. Treatments were compared to LDH spontaneously released
from a cell control. n=4. * p-value < 0.05. TNF = bovine recombinant Tumor Necrosis Factor —

a. LPS = Escherichia coli O111:B4 lipopolysaccharide. SP = substance P.
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Figure 3-6 The percent of total LDH release from EJG endothelial cell monolayers.

The monolayers were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, 10 uM histamine
and combinations of SP+TNF, SP+LPS, and SP+histamine. Data are reported as mean +/-
standard error of the mean of the percent total LDH release. LDH release from completely lysed
cells was set as total LDH released. Treatments were compared to LDH spontaneously released
from a cell control. n=4. * p-value < 0.05. TNF = bovine recombinant Tumor Necrosis Factor —

a. LPS = Escherichia coli O111:B4 lipopolysaccharide. SP = substance P.

53



CHAPTER 4 - The role of substance P on surface expression of
CD18 on bovine neutrophils and Mannheimia haemolytica

leukocytotoxicity

Introduction

Bovine respiratory disease (BRD) is one of the most common and costly diseases of
feedlot calves in the United States and worldwide (2, 18,32, 57, 110, 143, 147). A major cause
of severe pneumonia, deaths and economic loss associated with BRD is bovine pneumonic
pasteurellosis (BPP), caused by Mannheimia haemolytica serotype 1 (2, 18,32, 57, 143, 147).
Proliferation of M. haemolytica in the lungs results in release of M. haemolytica virulence
factors, two major ones of which are lipopolysaccharide (LPS) and leukotoxin (LKT) (2, 32, 143,
147). M. haemolytica LKT binds to its receptor the 3 subunit (CD18) of the 3, integrins on
ruminant leukocytes to cause specific leukocyte oncosis and apoptosis (4, 6, 35, 41, 45, 49, 60,
81, 109, 173, 200). These changes are due to the creation of a channel within the leukocyte
membrane leading to an efflux of potassium and influx of sodium and calcium that causes cell
swelling and osmotic lysis, similar to the mechanism of complement-mediated cell lysis (177,
200). M. haemolytica LKT and LPS also interact with intravascular and alveolar macrophages
to cause the release of proinflammatory molecules, such as tumor necrosis factor — a (TNF),
interleukin — 1 (IL-1), interleukin — 8 (IL-8), and leukotriene B4 (LTB,) (2, 147, 200). The
proinflammatory molecules as well as M. haemolytica LPS and LKT can prime neutrophils and
recruit them into the lung, which involves increased surface expression of CD18 on the
neutrophil membranes (64, 99, 105, 106). This often results in increased leukocytoxicity caused
by M. haemolytica LKT.

Another mediator of acute inflammation that can influence expression of CD18 is
substance P (SP). Substance P is an 11-amino-acid neuropeptide found mainly in sensory nerves
that can be synthesized by inflammatory cells (128). SP is a neurotransmitter of pain that also
can be released into the tissue to enhance the inflammatory response (128). It has been shown to
prime neutrophils for the respiratory burst, induce neutrophil chemotaxis, cause neutrophil

degranulation, increase neutrophil migration through a fibroblast barrier, and increase neutrophil
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adherence to endothelial cells and bovine bronchial epithelial cells (37, 44, 47, 65, 85, 113, 128,
138, 140, 159). The adhesive properties with endothelium and bronchial epithelium are
mediated by B, integrins. In addition, the combination of SP and LPS increased neutrophil
adhesion to alveolar epithelial cells mediated by the 3, integrins (98). It is unclear whether
substance P alone can increase P2 integrins, particularly CD11b/CD18, on neutrophils (98, 162).
However, it has been shown that SP in combination with LPS can increase expression of
CD11b/CD18 on human neutrophils (98, 162). This is particularly evident after inhibition of
CD10, the peptidase that degrades SP.

In this study we evaluated the effect of SP alone and in combination with other
proinflammatory agents on the expression of CD18 on the surface of bovine leukocytes and the

subsequent effect of M. haemolytica LKT on the stimulated leukocytes.

Materials and methods

Isolation of peripheral blood leukocytes

Approximately 25-ml of blood was collected via jugular venipuncture in acid citrate
dextrose (ACD) blood collection tubes (BD, Franklin Lakes, NJ) from clinically healthy feedlot
calves ranging from weaning to slaughter weight. Blood was centrifuged at 300 g at 4°C for 30
minutes, plasma was aspirated, and erythrocytes were lysed with sterile double distilled water
and returned to isotonicity with 2x PBS containing 1% bovine serum albumin (BSA) similar to a
previously described procedure (31). After centrifugation and decanting of the supernatant, the
lysis procedure was repeated. The isolated peripheral blood leukocytes were washed 3 times
with PBS containing 1% BSA. The leukocytes were suspended in Eagle’s minimum essential

medium (ATCC, Manassas, VA) containing 10% fetal bovine serum (Hyclone, Logan, UT).

Flow cytometry
Five- hundred thousand leukocytes in 100-ul were placed into 14 wells of a V-bottom 96
well plate. The leukocytes were treated with either 10 ng/ml bovine recombinant tumor necrosis
factor — a (TNF) (Endogen, Rockford, IL), 100 ng/ml Escherichia coli O111:B4
lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO), SP (Sigma-Aldrich, St. Louis, MO)
or SP in combination with TNF and LPS. Leukocytes were incubated for 1 hour at 37°C in 5%

CO,. The leukocytes were washed 3 times with PBS containing 2% horse serum and 0.1%
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sodium azide. The leukocytes were then incubated with 50-ul of a 1:50 dilution of a monoclonal
mouse anti-bovine CD18 primary antibody (Abcam, Cambridge, MA) on ice for 45 minutes.

The leukocytes were washed 3 times with the previous buffer then incubated with 50-ul of a 1:50
dilution of a goat anti-mouse FITC- labeled secondary antibody (AbD Serotec, Raleigh, NC) on
ice in the dark for 45 minutes. Leukocytes were washed 2 times with PBS containing 0.1%
sodium azide, suspended in 2% formaldehyde, and stored overnight at 4°C. The leukocytes were
analyzed for 10,000 events with a Becton Dickinson FACSCalibur (BD Biosciences, etc).
Control samples included using either a mouse IgGl isotype antibody (GeneTex, Irvine, CA) as
the primary antibody or samples incubated without exposure to either a primary or isotype
antibody. The region containing neutrophils in a control leukocyte sample was gated based on
cell size (forward scatter) and cell granularity (side scatter) using the dot plots of the leukocytes.
The mean fluorescent intensity (MFI) of the gated neutrophils for each treatment was determined
using histograms. The percentage increase in MFI for each treatment compared to basal CD18
expression on neutrophils was calculated by

MFItreatment/MF Icontlrol X 100

where basal MFI of CD18 expression on neutrophils was set as 100%.

Preparation of Mannheimia haemolytica leukotoxin

Mannheimia haemolytica serotype 1 was cultured on blood agar plates (Remel, Lenexa,
KS) and incubated overnight at 37°C in 5% CO,. Two- hundred and fifty- ml of brain heart
infusion (BHI) broth (BD Biosciences, San Jose, CA) was inoculated with M. haemolytica and
incubated at 37°C with 100 oscillations/minute for 5 hours. The BHI broth was centrifuged and
the supernatant was decanted and mixed with ammonium sulfate (AmSQy, Sigma Aldrich, St.
Louis, MO; 313 grams/liter). The supernatant with AmSQO, was stirred overnight at 4°C,
centrifuged, and the pellet was suspended in Eagle’s MEM with 10% FBS (M. haemolytica
leukotoxin (LKT) preparation).

Leukocytotoxicity Assay
Isolated leukocytes were suspended in 5 ml of Eagle’s MEM containing 10% FBS and
100-ul was placed in the wells of a V-bottom 96 well plate. The plate was centrifuged and the

media was replaced with either 10 ng/ml bovine recombinant tumor necrosis factor — a. (TNF)
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(Endogen, Rockford, IL), 100 ng/ml O111:B4 Escherichia coli lipopolysaccharide (LPS)
(Sigma-Aldrich, St. Louis, MO), SP (Sigma-Aldrich, St. Louis, MO) or SP in combination with
TNF and LPS. The leukocytes were incubated for 1 hour at 37°C in 5% CO, followed by the
addition 100-pul of a 1:10 dilution of LKT incubated at 37°C in 5% CO; for 45 minutes. After
centrifugation, 50-ul of the supematants from each well were collected and evaluated for lactate
dehydrogenase (LDH) enzyme activity using the CytoTox 96® Non-Radioactive Cytotoxicity
Assay (Promega, Madison, WI) following the manufacturers instructions. Briefly, 50-ul of
supematant from 5 treatment wells, 50-ul of supernatant from a LKT alone well, 50-ul of
supernatant from a heat-inactivated LKT well, 50-ul of supernatant from completely lysed cells,
and 50-pl of supernatant from a cell control were placed in triplicate onto 96-well plates.
Background controls on the plate included 50-ul of each reagent, 50-ul of Eagle’s MEM
containing 10% FBS, and 50-ul of Eagle’s MEM containing 10% FBS and cell lysing reagent.
Fifty-pl of the kit’s reconstituted Substrate Mix was added to each well and the plate was
covered, protected from light, and incubated at room temperature for 30 minutes. After
incubation, 50-ul of stop solution was added to each well and the optical density (OD) at 490 nm
was determined. The mean of the OD of each treatment triplicate, control triplicate, and
background OD of each reagent and Eagle’s MEM containing 10% FBS was calculated. The
OD for the treatment and control wells was calculated by subtracting the background reagent and
Eagle’s MEM containing 10% FBS OD from the treatment and control well OD. The ODs of
the treatments were compared to the ODs of the LKT to calculate a ratio of increased LKT-
induced cytotoxicity from the treatment leukocytes and the leukocytes exposed to LKT alone.

The ratio of increased LKT cytotoxicity was calculated by the formula:

Optical densityireatments /Optical densityicukotoxin

where optical densityjeykotoxin Was set as the baseline with a ratio of 1.

Statistics
Statistical analysis was performed using a one-way ANOV A followed by a Dunett’s
multiple comparison test. Treatments were determined to be significant with a p-value < 0.05.

Analysis was performed using SAS 9.1.
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Results

Bovine neutrophil CD18 surface expression

The flow cytometry dot plot for bovine leukocytes and the area gated as bovine
neutrophils is shown in Figure 4.1. Representative fluorescent intensity for surface CD18
expression on neutrophils after TNF, LPS, SP, SP + LPS, and SP + TNF treatments are shown in
Figures 4.2-4.6. Figure 4.7 shows the mean neutrophil CD18 MFI for TNF, LPS, SP and the
combinations of SP with TNF and LPS.

TNF increased the MFI the greatest over baseline (mean 114%; p<0.05). The MFI for
the combination of SP + TNF (mean 110%; p< 0.05) and for LPS alone (mean 108%; p<0.05)
were also different than the background MFIL.  SP alone (mean 99%) and SP + LPS (mean

107%) did not increase MFI for CD18 surface expression on neutrophils.

Mannheimia haemolytica — induced leukocytotoxicity of bovine peripheral blood
leukocytes
Figure 4.8 shows the mean increase in leukocytotoxicity of peripheral blood leukocyte in
response to M. haemolytica LKT s following treatment with TNF, LPS, SP, SP + TNF, and SP +
LPS. TNF was the only reagent that increased LKT-induced leukocytotoxicity (mean 1.37 times
LKT alone). Neither SP nor the combinations of SP with TNF or LPS increased LKT-induced

leukocytotoxicity.

Discussion

The study shows that SP alone does not increase bovine neutrophil CD18 surface
expression and does not enhance M. haemolytica LKT-induced cytotoxicity of leukocytes. SP in
combination with TNF, but not LPS did enhance neutrophil CD18 expression, but not M.
haemolytica LKT-induced leukocytotoxicity. However, this increase was less than that with
TNF alone.

Other studies on the ability of SP to directly increase expression of the 3, integrins have
yielded mixed results. In a previous report, SP alone did not increase the expression of the
integrin CD11b/CD18 on human neutrophils, but SP plus LPS did increase the expression of this

integrin on neutrophils (98). However, other authors have reported that SP alone increased the
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expression of CD11b/CD18 on human neutrophils, particularly following inhibition of CD10
(the peptidase that degrades SP) (162).

Although SP alone did not increase CD18 expression on bovine neutrophils and
subsequent M. haemolytica LKT leukocytotoxicity, this does not eliminate a role for SP as a
participant with other cytokines in interacting with bovine neutrophils. The combination of SP
with TNF and to a lesser extent LPS did result in increases in CD18 expression, but these were
less than the increases with TNF or LPS alone. Cytokine interactions are complex often with
confounding results when mixed experimentally. For example, SP treatment primed human
neutrophils for superoxide anion production following formyl-methionyl-leucyl-phenylalanine
(FMLP) exposure (160). However, superoxide anion production induced by TNF was strongly
inhibited when the neutrophils were pretreated with SP (160). In the same study, human
neutrophils pretreated with SP increased neutrophil interleukin — 8 production induced by both
FMLP and TNF. Another study showed that neutrophils primed with granulocyte-macrophage
colony stimulating factor (GM-CSF) plus TNF and granulocyte colony stimulating factor (G-
CSF) plus TNF followed by FMLP application produced a greater respiratory burst in human
neutrophils compared with any agent alone (90). However, priming human neutrophils with the
combination of GM-CSF and G-CSF followed by FMLP application did not increase the
respiratory burst above priming with GM-CSF alone (90).

SP might play a role in the innate immune response of the bovine lung to M. haemolytica
in ways unrelated to enhancement of LKT leukocytotoxicity. There was increased SP in
macrophages in pneumonic bovine lung versus normal bovine lung (see chapter 2). SP has been
shown to increase the phagocytic ability of bovine alveolar macrophages as well as increase their
TNF production (149). Substance P has also been shown to increase production of the
inflammatory cytokines TNF, interleukin—6 and interleukin-8 by human bronchial epithelial cells
(188). Also, mRNA for interleukins-Ip, -3, -5, -6, TNF, and interferon-y was increased in human
nasal mucosa samples following exposure to SP (129). The inflammatory cytokines TNF,
interleukin -1, interleukin-2, and interleukin-6 can be produced by rat T-lymphocytes,
macrophages, and neutrophils when exposed to SP (43). Pretreatment of mice with leukotriene
and TNF antagonists prior to SP injection into the skin inhibited SP-induced neutrophil
migration into the skin indicating that SP can cause local production or release of leukotrienes

and TNF (155). Substance P alone or in combination with LPS increases neutrophil attachment
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to endothelial cells, bovine bronchial epithelial cells, and alveolar epithelial cells (44, 47, 98).
Substance P is also chemoattractant for neutrophils, enhances neutrophil migration through a
fibroblast barrier, and primes neutrophils for the respiratory burst (37, 85, 113, 128, 138, 140,
159).

In this study we were unable to detect any direct relationship between SP, increased
CD18 expression by neutrophils, or LKT-induced leukocytotoxicity. Any interaction between
SP and bovine neutrophils during the onset and progression of BPP most likely involves the
participation of other cytokines or proinflammatory molecules. The effects of these interactions
may include attracting and priming neutrophils, inducing inflammatory cytokine production from
alveolar macrophages and bronchial epithelial cells, and increasing the phagocytic capability of

alveolar macrophages.
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Figures and Tables
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Figure 4-1 Bovine peripheral leukocytes dot plot with gated neutrophils.
The neutrophils in blood are highlighted in red in the flow cytometry dot plot. Analysis of

10,000 events.
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Figure 4-2 Neutrophil CD18 median fluorescent intensity when neutrophils are treated
with 10 ng/ml bovine recombinant tumor necrosis factor -a (TNF) versus control
neutrophils.

Analysis of 10,000 events gated on region of neutrophils. TNF-a treated neutrophils in green,
control neutrophils in red, primary anti-CD18 antibody replaced with an isotype antibody in
blue.
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Figure 4-3 Neutrophil CD18 median fluorescent intensity when neutrophils are treated
with 100 ng/ml Escherichia coli O111:B4 lipopolysaccharide (LPS) versus control
neutrophils.

Analysis of 10,000 events gated on region of neutrophils. LPS treated neutrophils in green,
control neutrophils in red, primary anti-CD18 antibody replaced with an isotype antibody in
blue.
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Figure 4-4 Neutrophil CD18 median fluorescent intensity when neutrophils are treated

with 1 nM substance P (SP) versus control neutrophils.

Analysis of 10,000 events gated on region of neutrophils. SP treated neutrophils in green,

control neutrophils in red, primary anti-CD18 antibody replaced with an isotype antibody in

blue.
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Figure 4-5 Neutrophil CD18 median fluorescent intensity when neutrophils are treated
with 1nM substance P (SP) + 100 ng/ml Escherichia coli O111:B4 lipopolysaccharide (LPS)
versus control neutrophils.
Analysis of 10,000 events gated on region of neutrophils. SP + LPS treated neutrophils in green,
control neutrophils in red, primary anti-CD18 antibody replaced with an isotype antibody in

blue.
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Figure 4-6 Neutrophil CD18 median fluorescent intensity when neutrophils are treated
with 1 nM substance P (SP) + 10 ng/ml bovine recombinant tumor necrosis factor -a (TNF)
versus control neutrophils.

Analysis of 10,000 events gated on region of neutrophils. SP + TNF-a treated neutrophils in
green, control neutrophils in red, primary anti-CD18 antibody replaced with an isotype antibody

in blue.
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Figure 4-7 Mean fluorescent intensity of CD18 on bovine neutrophils.
The neutrophils were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, and combinations of
SP+LPS, and SP+TNF. Data are reported as mean +/- standard error of the mean relative to

control neutrophils, which were set as 100% expression of CD18. N=13. * = p-value <0.05.
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Figure 4-8 Mannheimia haemolytica leukotoxin (LKT) - induced cytotoxicity of bovine
peripheral blood leukocytes relative to LKT alone.

The leukocytes were treated with 10 ng/ml TNF, 100 ng/ml LPS, 1 nM SP, and combinations of
SP+LPS, and SP+TNF. Data are reported as mean +/- standard error of the mean relative to
LKT alone. N=10. * = p-value <0.05.
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CHAPTER 5 - Conclusions

The question these studies investigated was whether or not SP plays a role in the
pathogenesis of BPP. Three hypotheses were established to study the relationship between BPP
and SP:

1. The quantity of SP is increased in M. haemolytica-induced pneumonia compared to

normal bovine lungs.

2. Substance P is capable of inducing increased vascular permeability and vascular

leakage in bovine vascular endothelial cells.

3. Substance P increases CD18 expression on bovine neutrophils and subsequent

increased leukocytotoxicity upon exposure to M. haemolytica LKT.

The results of the studies showed two of these hypotheses to be correct. There was
increased substance P-like immunoreactivity (SP-LI) in pneumonic lesions induced by M.
haemolytica compared to normal bovine lung. Additionally, it was shown that SP alone or in
combination with LPS and histamine can increase bovine endothelial cell monolayer
permeability to albumin. However, under the conditions of the experiments that were conducted
SP did not activate bovine neutrophils to increase CD18 surface expression. Neither did SP
increase the leukocytotoxicity of M. haemolytica leukotoxin after treatment of bovine peripheral
blood leukocytes with SP.

The difference in SP-LI in pneumonic lesions induced by M. haemolytica and normal
bovine lung was due to increased SP-LI within macrophages in the pneumonic lung. This 1s
similar to sheep where SP-LI was found mainly in macrophages in acute pneumonia caused by
M. haemolytica (145). In addition, macrophages within human sputum have been found to
contain SP (58). This evidence suggests that macrophages may be an important source of SP in
pneumonia. In addition, there was increased SP-LI and increased incidence of SP-LI in
peribronchial nerves in normal bovine lung compared to pneumonic lung. It is possible that the
SP in the peribronchial nerves was released into the tissues to enhance inflammation in the

pneumonic lung. The role of SP in the inflammatory process of M. haemolytica pneumonia may

69



be most pertinent in the peracute stages. The characteristic lesion of peracute M. haemolytica
pneumonia is a serofibrinous effusion into the alveoli in the absence of many inflammatory cells
or M. haemolytica bacteria (2, 32). In the absence of other common mediators of these changes,
SP is a strong candidate for inducing and/or participating in the production of the hallmark
serofibrinous effusion of peracute BPP (95).

The secretion of SP by alveolar macrophages could contribute to the changes in vascular
permeability and the subsequent serofibrinous effusion. Local release of SP from nerve endings
in the lung is another potential source of SP in the early stages of BPP. Human and rat
endothelial cells express NK-1 indicating that SP can act directly on endothelial cells. Substance
P has been shown to be capable of inducing increased vascular permeability and edema
formation in multiple species including humans, rats, guinea pigs and mice (29, 30, 46, 56, 75,
94,95,97, 128, 148, 156). The SP-induced increased vascular permeability can be enhanced
when other permeability increasing agents, such as LPS and histamine, are combined with SP
(86, 97). The data in Chapter 3 show that SP alone or in combination with LPS and histamine
increases the permeability of bovine endothelial cell monolayers to albumin in an in vitro model
of increased vascular permeability. Substance P increased the endothelial cell monolayer
permeability through endothelial cell shape change and the creation of intercellular gaps rather
than increasing endothelial cytotoxicity. If SP acts on bovine endothelial cells in vivo as it does
in vitro, macrophages or local nerve endings present in the lung during M. haemolytica might
secrete SP that induces increased vascular permeability due its effects on endothelial cells.

Treating bovine neutrophils with SP did not increase CD18 surface expression on the
cells or increase M. haemolytica LKT killing of bovine leukocytes. Though these data disproved
our 3™ hypothesis, the interactions between leukocytes, SP, and other cytokines are complex and
may require more elaborate studies to clearly define the roles of each. Bovine alveolar
macrophages exposed to SP have increased phagocytic ability and produce TNF (149).
Substance P has also been shown to increase production of the inflammatory cytokines TNF, IL—
6 and IL-8 by human bronchial epithelial cells (188). The inflammatory cytokines TNF, IL -1,
and IL-6 can be produced by rat T-lymphocytes, macrophages, and neutrophils when exposed to
SP (43). The production of these inflammatory cytokines by other cell types could play an
important role in the subsequent activation of neutrophils. Substance P has been shown to have

direct effects on neutrophils in other species, resulting in increased adherence of human
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neutrophils to endothelial cells and bovine bronchial epithelial cells (44, 47).
Lipopolysaccharide in combination with SP increased human neutrophil adherence to alveolar
epithelial cells and induced the release of I1-13 and TNF (98). Substance P induced chemotaxis
of and hydrogen peroxide production by human neutrophils (85, 128, 140, 159). In addition, SP
primed human neutrophils for the respiratory burst (37,113, 128, 138, 160).

The data obtained in this study provide indirect evidence using immunohistochemistry
and in vitro endothelial experiments of potential links between SP and the pathogenesis of BPP.
Specific findings of the study were that SP is more prevalent in macrophages in pneumonic
bovine lung compared to normal bovine lung and that bovine endothelial cells respond to SP by
changing shape, forming intercellular gaps and increasing permeability through an endothelial
monolayer. The release of SP from macrophages in the lung and pulmonary nerves could cause
in situ increased vascular permeability in the lung resulting in protein-rich edema fluid diffusing
from the vasculature causing a serofibrinous effusion. This effusion could be a key event in the
reduced pulmonary clearance of the bacteria in the critical early stages of BPP, and the
subsequent progression of infection and inflammation. In addition, SP may be part of the
inflammatory cytokine cascade that activates and recruits neutrophils and other leukocytes into

the lung parenchyma in the early stages of BPP.

71



References

Ackermann MR, Brogden KA, Florance AF, Kehrli ME: Induction of CD18-
mediated passage of neutrophils by Pasteurella haemolytica in pulmonary bronchi

and bronchioles. Infect Immun 67: 659-663, 1999

Ackerman MR, Brogden KA: Response of the ruminant respiratory tract to
Mannheimia (Pasteurella) haemolytica. Microbes Infect 2: 1079-1088, 2000

Aggarwal BB: Signalling pathways of the TNF superfamily: a double — edged
sword. Nat Rev Immunol 3: 745-756

Ambagala TC, Ambagala APN, Srikumaran S: The leukotoxin of Pasteurella
haemolytica binds to B, integrins on bovine leukocytes. FEMS Microbiol Lett 179:
161-167, 1999

Annunziata P, Cioni C, Santonini R, Paccagnini E: Substance P antagonist blocks
leakage and reduces activation of cytokine-stimulated rat brain endothelium. J

Neuroimmunol 131: 41-49, 2002

Atapattu DN, Czuprynski CJ: Mannheimia haemolytica leukotoxin induces
apoptosis of bovine lymphoblastoid cells (BL-3) via a caspase-9-dependent
mitochondrial pathway. Infect Inmun 73: 5504-5513, 2005

Auais A, Adkins B, Napchan G, Piedimonte G: Immunomodulatory effects of
sensory nerves during respiratory syncytial virus infection in rats. Am J Physiol

Lung Cell Mol Physiol 285: L105-L113, 2003

Baker JC, Ellis JA, Clark EG: Bovine respiratory syncytial virus. Vet Clin N Am:
Food Anim Pract 123: 425-454, 1997

72



10.

11

12.

13.

14.

15.

Baluk P, Hirata A, Thurston G, Fujiwara T, Neal CR, Michel CC, McDonald DM:
Endothelial gaps: time course of formation and closure in inflamed venules of rats.

Am J Physiol Lung Cell Mol Physiol 272: L155-L170, 1997

Bar-Shavit Z, Goldman R, Stabinsky Y, Gottlieb P, Fridkin M, Teichberg VI,
Blumberg S: Enhancement of phagocytosis — a newly found activity of substance P

residing in its N-terminal tetrapeptide sequence. Biochem Biophys Res Commun

94:1445-1451, 1980

. Barnes PJ: Neuropeptides and asthma. In: Neuropeptides in Respiratory Medicine,

eds. Kaliner MA, Barnes PJ, Kunkel GHH, Baraniuk JN, 1* ed., pp. 501-541.
Marcel Dekker, New York, NY, 1994

Bhatia M, Zhi L, Zhang H, Siaw-Wei N, Moore PK: Role of substance P in
hydrogen sulfide-induced pulmonary inflammation in mice. Am J Physiol Lung

Cell Mol Physiol 291: L.896-L.904, 2006

Billington CK, Penn RB: Signaling and regulation of G protein — coupled receptors
in airway smooth muscle. Resp Res 4.2, Epub Mar 14, 2003

Biondi M: Effects of stress on immune functions: an overview. In:
Psychoneuroimmunology, eds. Ader R, Felten DL, Cohen N, 3ed, vol. 2., pp
189-226. Academic Press, San Diego, CA, 2001

Blum AM, Metwali A, Kim-Miller M, Li J, Qadir K, Elliott DE, Lu B, Fabry Z,
Gerard N, Weinstock JV: The substance P receptor is necessary for a normal

granulomatous response in murine schistosomiasis mansoni. J Immunol 162: 6080-

6085, 1999

73



16.

17.

18.

19.

20.

21

22.

23

Blum AM, Metwali A, Crawford C, LiJ, Qadir K, Elliott DE, Weinstock JV:
Interleukin 12 and antigen independently induce substance P receptor expression in

T cells in murine schistosomiasis mansoni. FASEB J 15: 950-957, 2001

Blum AM, Metwali A, Elliott DE, Weinstock JV: T cell substance P receptor
governs antigen-elicited IFN-y production. Am J Physiol Gastrointest Liver Physiol
284: G197-G204, 2003

Booker CW, Abutarbush SM, Morley PS, Jim GK, Pittman TJ, Schunicht OC,
Perrett T, Wildman BK, Fenton RK, Guichon PT, Janzen ED: Microbiological and
histopathological findings in cases of fatal bovine respiratory disease in feedlot

cattle in western Canada. Can Vet J 49: 473-481, 2008

Bost KL, Pascual DW: Substance P: a late-acting B lymphocyte differentiation
cofactor. Am J Physiol Cell Physiol 31: C537-545, 1992

Bowden JJ, Baluk P, Lefevre PM, Vigna SR, McDonald DM: Substance P (NK;)
receptor immunoreactivity on endothelial cells of the rat tracheal mucosa. AmJ

Physiol Lung Cell Mol Physiol 270: L404-L413, 1996

.Bozic CR, Lu B, Hopken UE, Gerard C, and Gerard NP: Neurogenic amplification

of immune complex inflammation. Science 273: 1722-1725, 1996

Breider MA, Kumar S, Corstvet RE: Bovine pulmonary endothelial cell damage
mediated by Pasteurella haemolytica pathogenic factors. Infect Immun 58: 1671-
1677, 1990

. Brett J, Gerlach H, Nawroth P, Steinberg S, Godman G, Stern D: Tumor necrosis

factor/cachectin increases permeability of endothelial cell monolayers by a

mechanism involving regulatory G proteins. J Exp Med 169: 1977-1991, 1989

74



24.

25.

26.

27.

28.

29.

30.

31.

32.

Brogden KA, Guthmiller JM, Salzer M, Zasloff: The nervous system and innate
immunity: the neuropeptide connection. Nat Immunol 6: 558-564, 2005

Broom DM, Kirkden RD: Welfare, stress, behavior, and pathophysiology. In:
Veterinary Pathophysiology, eds. Dunlop RH, Malbert CH, 1* ed., pp. 337-369

Brunelleschi S, Vanni L, Ledda F, Giotti A, Maggi CA, Fantozzi R: Tachykinins
activate guinea-pig alveolar macrophages: involvement of NK; and NK; receptors.

Br J Pharmacol 100: 417-420, 1990

Caldwell PRB, Seegal BC, Hsu KC, Das M, Soffer RL: Angiotensin-converting

enzyme: vascular endothelial localization. Science 191: 1050-1051, 1976

Cantalupo L, Cioni C, Annunziata P: Expression of preprotachykinin-A-mRNA
isoforms and substance P production in T lymphocytes of human healthy subjects.

Neurosci Lett 434: 191-194, 2008

Cao T, Gerard NP, Brain SD: Use of NK; knockout mice to analyze substance P —
induced edema formation. Am J Physiol Regul Integr Comp Physiol 277: 476-481,
1999

Cappugi P, Tsampua D, Lotti T: Substance P provokes cutaneous erythema and
edema through a histamine — independent pathway. Int J Dermatol 31: 206-209,

1992

Carlson GR, Kaneko JJ: Isolation of leukocytes from bovine peripheral blood. Proc

Soc Exp Biol Med 142: 853-856, 1973

Caswell JL, Williams KJ: Respiratory system. In: Pathology of Domestic Animals,
ed. Maxie MG, 5™ ed., vol. 2., pp. 523-653. Saunders, Philadelphia, PA, 2007

75



33.

34.

35.

36.

37.

38.

39.

40.

Carter GR, Wise DJ: Pasteurella and Mannheimia. In: Essentials of Veterinary
Bacteriology and Mycology, eds. Carter GR, Wise DJ, 6™ ed., pp. 149-153. lowa
State Press, Ames, 1A, 2004

Chancellor-Freeland C, Zhu GF, Kage R, Beller D1, Leeman SE, Black PH:
Substance P and stress-induced changes in macrophages. Ann N'Y Acad Sci 771:
472-484, 1995

Clinkenbeard KD, Mosier DA, Timko AL, Confer AW: Effects of Pasteurella
haemolytica leukotoxin on cultured bovine lymphoma cells. Am J Vet Res 50: 271-
275, 1989

Coetzee JF, Lubbers BV, Toerber SE, Gehring R, Thomson DU, White BJ, Apley
MD: Plasma concentrations of substance P and cortisol in beef calves after

castration or simulated castration. Am J Vet Res 69: 751-762, 2008

Condliffe AM, Kitchen E, Chilvers ER: Neutrophil priming: pathophysiological

consequences and underlying mechanisms. Clin Sci 94: 461-471, 1998

Confer AW, Panciera RJ, Clinkenbeard KD, Mosier DA: Molecular aspects of
virulence of Pasteurella haemolytica. CanJ Vet Res 54: S48-S52, 1990

Corson MA, Sellers JR, Adelstein RS, Schoenberg M: Substance P contracts bovine
tracheal smooth muscle via activation of myosin light chain kinase. Am J Physiol

Cell Physiol 259: C258-C265, 1990
Croitoru K, Emst PB, Bienenstock J, Padol I, Stanisz AM: Selective modulation of

the natural killer activity of murine intestinal intraepithelial leucocytes by the

neuropeptide substance P. Immunology 71: 196-201, 1990

76



41.

42.

43.

44.

45.

46.

47.

48.

Cudd LA, Ownby CL, Clarke CR, Sun Y, Clinkenbeard KD: Effects of
Mannheimia haemolytica leukotoxin on apoptosis and oncosis of bovine

neutrophils. Am J Vet Res 62: 136-141, 2001

Curry FE: Modulation of venular microvessel permeability by calcium influx into

endothelial cells. FASEB J 6: 2456-2466, 1992

Delgado AV, McManus AT, Chambers JP: Production of tumor necrosis factor-
alpha, interleukin 1-beta, interleukin 2, and interleukin 6 by rat leukocyte

subpopulations after exposure to substance P. Neuropeptides 37: 355-361, 2003

DeRose V, Robbins RA, Spurzem JR, Thiele GM, Rennard SI, Rubinstein I:
Substance P increases neutrophil adhesion to bronchial epithelial cells. J Immunol

152: 1339-1346, 1994

Deshpande MS, Ambagala TC, Ambagala APN, Kehrli ME, Srikumaran S: Bovine
CD18 is necessary and sufficient to mediate Mannheimia (Pasteurella) haemolytica

leukotoxin-induced cytolysis. Infect Immun 70: 5058-5064, 2002

Devillier P, Regoli D, Asseraf A, Descours B, Marsac J, Renoux M: Histamine
release and local responses of rat and human skin to substance P and other

mammalian tachykinins. Pharmacology 32: 340-347, 1986

Dianzani C, Collino M, Lombardi G, Garbarion G, Fantozzi R: Substance P
increases neutrophils adhesion to human umbilical vein endothelial cells. BrJ

Pharmacol 139: 1103-1110, 2003
Dileepan T, Kannan MS, Walcheck B, Thumbikat P, Maheswaran SK: Mapping of

the binding site for Mannheimia haemolytica leukotoxin within bovine CD18.

Infect Immun 73: 5233-5237, 2005

77



49.

50.

51.

52.

53

54.

55.

56.

57.

Dileepan T, Thumbikat P, Walcheck B, Kannan MS, Maheswaran SK:
Recombinant expression of bovine LFA-1 and characterization of its role as a

receptor for Mannheimia haemolytica leukotoxin. Microb Pathog 38: 249-257, 2005

Ebner K, Singewald N: The role of substance P in stress and anxiety response.

Amino Acids 31: 251-272, 2006

El Karim IA, Linden GJ, Orr DF, Lundy FT: Antimicrobial activity of
neuropeptides against a range of micro-organisms from skin, oral, respiratory and

gastrointestinal tract sites. J] Neuroimmunol 200: 11-16, 2008

Elsawa SF, Taylor W, Petty CC, Marriott I, Weinstock JV, Bost KL: Reduced CTL
response and increased viral burden in substance P receptor-deficient mice infected

with murine y-herpesvirus 68. J Immunol 170: 2605-2612, 170

. Frank GH, Smith PC: Prevalence of Pasteurella haemolytica in transported calves.

Am J Vet Res 44: 981-985, 1983

Frey EA, Finlay BB: Lipopolysaccharide induces apoptosis in a bovine endothelial
cell line via a soluble CD14 dependent pathway. Microb Pathog 24: 101-109, 1998

Frossard N, and Advenier C: Tachykinin receptors and the airways. Life Sci 49:
1941-1953, 1991

Fuller RW, Conradson TB, Dixson CMS, Crossman DC, Barnes PJ: Sensory
neuropeptide effects in human skin. Br J Pharmacol 92: 781-788, 1987

Fulton RW, Blood KS, Panciera RJ, Payton ME, Ridpath JF, Confer AW, Saliki JT,
Burge LT, Welsh RD, Johnson BJ, Reck A: Lung pathology and infectious agents
in fatal feedlot pneumonias and relationship with mortality, disease onset, and

treatments. J Vet Diagn Invest 21: 464-477, 2009

78



58.

59.

60.

61.

62.

63.

64.

Germonpre PR, Bullock GR, Lambrecht BN, Van De Velde V, Luyten WHML,
Joos GF, Pauwels RA: Presence of substance P and neurokinin 1 receptors in

human sputum macrophages and U-937 cells. Eur Respir J 14: 776-782, 1999

Goldblum SE, Ding X, Campbell-Washington J: TNF-a induces endothelial cell F-
actin depolymerization, new actin synthesis, and barrier dysfunction. Am J Physiol

Cell Physiol 264: C894-C905, 1993

Gopinath RS, Ambagala TC, Deshpande MS, Donis RO, Srikumaran S:
Mannheimia (Pasteurella) haemolytica leukotoxin binding domain lies within

amino acids 1 to 291 of bovine CD18. Infect Immun 73, 6179-6182, 2005

Greeno EW, Mantyh P, Vercellotti GM, Moldow CF: Functional neurokinin 1
receptors for substance P are expressed by human vascular endothelium. J Exp Med

177:1269-1276, 1993

Griffin D: Economic impact associated with respiratory disease in beef cattle. Vet

Clin North Am Food Anim Pract 13: 367-377, 1997

Grubor B, Rameriz-Romero R, Gallup JM, Bailey TB, Ackermann MR:
Distribution of substance P receptor (neurokinin-1 receptor) in normal ovine lung
and during the progress of bronchopneumonia in sheep. J Histochem Cytochem 52:

123-130, 2004

Gyles LF, Atapattu D, Maheswaran SK, Czuprynski CJ: Prior exposure to
Mannheimia haemolytica leukotoxin or LPS enhances beta(2)-integrin expression
by bovine neutrophils and augments LKT cytotoxicity. Microb Pathog 34: 267-275,
2003

79



65.

66.

67.

68.

69.

70.

71.

Haines KA, Kolasinski SL, Crostein BN, Reibman J, Gold LI, Weissman G:
Chemoattraction of neutrophils by substance P and transforming growth factor-beta
1 1s inadequately explained by current models of lipid remodeling. J Immunol 151:

1491-1499, 1993

Hansen CJ, Burnell KK, Brogden KA: Antimicrobial activity of substance P and
neuropeptide Y against laboratory strains of bacteria and oral microorganisms. J

Neuroimmunol 177: 215-218, 2006

Hartung HP, Toyka KV: Activation of macrophages by substance P: induction of
oxidative burst and thromboxane release. Eur J Pharmacol 89: 301-305, 1983

Haynes LM, Tonkin J, Anderson LJ, Tripp RA: Neutralizing anti-F glycoprotein
and anti-substance P antibody treatment effectively reduces infection and
inflammation associated with respiratory syncytial virus infection. J Virol 76: 6873-

6881, 2002

Hazbun ME, Hamilton R, Holian A, Eschenbacher WL: Ozone-induced increases in
substance P and 8-epi-prostaglandin F2 alpha in the airways of human subjects. Am
J Respir Cell Mol Biol 9: 568-572, 1993

Herbert MK, Hering S: Tumor necrosis factor — o prevents interleukin - 1 from
augmenting capsaicin — induced vasodilatation in the rat skin. Eur J Pharmacol 24:

273-279, 1995
Hirsh DC, Biberstein EL: Pasteurellaceae: Pasteurella, Mannheimia. In:

Veterinary Microbiology, eds. Hirsh DC, MacLachlan NJ, Walker, 2ns ed., pp. 84-
90. Blackwell Professional Publishing, Ames, IA, 2004

80



72.

73.

74.

75.

76.

77.

78.

79.

Ho WZ, Lai JP, Zhu XH, Uvaydova M, Douglas SD: Human monocytes and
macrophages express substance P and neurokinin-1 receptor: J Immunol 159: 5654-

5660, 1997

Hokfelt T, Kellerth JO, Nilsson G, Pernow B: Substance P: localization in the
central nervous system and in some primary sensory neurons. Science: 190: 889-

890, 1975

Hokfelt T, Pemow B, Wahren J: Substance P: a pioneer amongst neuropeptides. J
Intern Med 249: 27-40, 2001

Holzer P: Neurogenic vasodilatation and plasma leakage in the skin. Gen

Pharmacol 30: 5-11, 1998

Hsuan SL, Kannan MS, Jeyaseelan S, Prakash YS, Malazdrewich C, Abrahamsen
MS, Sieck GC, Maheswara SK. Pasteurella haemolytica leukotoxin and endotoxin
induced cytokine gene expression in bovine alveolar macrophages requires NF-kB

activation and calcium elevation. Microb Pathog 26: 263-273, 1999

Ikeda K, Utoguchi N, Makimoto H, Mizuguchi H, Nakagawa S, Mayumi T:
Different reactions of aortic and venular endothelial cell monolayers to histamine
on macromolecular permeability: role of cAMP, cytosolic CA*" and F-actin.

Inflammation 23: 87-98, 1999

Ishi1 Y, Shuyi W, Kitamura S: Soluble CD14 in serum mediates LPS — induced
increase in permeability of bovine pulmonary arterial endothelial cell monolayers in
vitro. Life Sci1 56: 2263-2272, 1995

James DE, Nijkamp FP: Neuroendocrine and immune interactions with airway

macrophages. Inflamm Res 49: 254-265, 2000

81



80.

31.

82.

33

84.

85.

86.

Janecka A, Poels J, Fichna J, Studzian K, Vanden Broeck J: Comparison of
antagonist activity of spantide family at human neurokinin receptors measured by
aequorin luminescence-based functional calcium assay. Regul Pept 131: 23-28,

2005

Jeyaseelan S, Hsuan SL, Kannan MS, Walcheck B, Wang JF, Kehrli ME, Lally ET,
Sieck GC, Maheswaran SK: Lymphocyte function-associated antigen 1 is a receptor
for Pasteurella haemolytica leukotoxin in bovine leukocytes. Infect Immun 68: 72-

79, 2000

Joachim RA, Sagach V, Quarcoo D, Dinh QT, Arck PC, Klapp BF: Neurokinin-1
receptor mediates stress-exacerbated allergic airway inflammation and airway

hyperresponsiveness in mice. Psychosom Med 66: 564-571, 2004

. Joachim RA, Cifuentes LB, Sagach V, Quardoo D. Hagen E, Arck PC, Fischer A,

Klapp BF, Ding QT: Stress induces substance P in vagal sensory neurons

innervating the mouse airways. Clin Exp Allergy 36: 1001-1010, 2006

Joos GR, DeSwert KO, Pauwels RA: Airway inflammation and tachykinins:
prospects for the development of tachykinin receptor antagonists. Eur J Pharmacol

429: 239-250, 2001

Kéhler CM, Pischel A, Kaufmann G, Wiedermann CJ: Influence of neuropeptides
on neutrophil adhesion and transmigration through a lung fibroblast barrier in vitro.

Exp Lung Res 27: 25-46, 2001

Kakizoe E, Kobayashi Y, Gonda T, Shimoura K, Hattori K, Okunishi H:
Synergistic interactions between neuropeptide and histamine on the capillary
permeability in rat skin: evaluation by reflectance spectrophotometry. Microvasc

Res 54: 27-34, 1997

82



87.

88.

89.

90.

91.

92.

93.

94

Kaliner MA: Allergic rhinitis. In: Neuropeptides in Respiratory Medicine, eds.
Kaliner MA, Barnes PJ, Kunkel GHH, Baraniuk JN, 1* ed., pp. 577-587. Marcel
Dekker, New York, NY, 1994

Kaltrieder HB, Ichikawa S, Byrd PK, Ingram DA, Kishiyama JL, Sreedharan SP,
Warnock ML, Beck JM, Goetzl EJ: Upregulation of neuropeptides and
neuropeptide receptors in a murine model of immune inflammation in lung

parenchyma. Am J Respir Cell Mol Biol 16: 133-144, 1997

Karabucak B, Walsch H, Jou YT, Simchon S, Kim S: The role of endothelial nitric
oxide in the substance P induced vasodilation in bovine dental pulp. J Endod 31:

733-736, 2005

Khwaja A, Carver JE, Linch DC: Interactions of granulocyte-macrophage colony-
stimulation factor (CSF), granulocyte CSF, and tumor necrosis factor o in the

priming of the neutrophil respiratory burst. Blood 79: 745-753, 1992

Kincy-Cain T, Bost KL: Substance P-induced IL-12 production by murine
macrophages. J Immunol 158: 2334-2339, 1997

King KA, Hu C, Rodriguez MM, Romaguera R, Jiang X, and Piedimonte G:
Exaggerated neurogenic inflammation and substance P receptor upregulation in

RSV-infected weanling rats. Am J Respir Cell Mol Biol 24: 101-107, 2001

Kowalsak K, Carr DB, Lipkowski AW: Direct antimicrobial properties of substance
P. Life Sci1 71: 747-750, 2002

. Kowalski ML, Sliwinska-Kowalska M, Kaliner MA: Neurogenic inflammation,

vascular permeability, and mast cells II. additional evidence indicating that mast
cells are not involved in neurogenic inflammation. J Immunol 145: 1214-1221,

1990

33



95.

96.

97.

98

99.

Kowalski, ML, Sliwinska-Kowalska M, Baraniuk JN, Kaliner MA. Morphology of
Neurogenic Inflammation in the Airways: Plasma Protein Movement Across the
Airway Mucosa and Epithelium. In: Neuropeptides in Respiratory Medicine, eds.
Kaliner MA, Barnes PJ, Kunkel GHH, Baraniuk JN, 1* ed., pp. 661-677. Marcel
Dekker, New York, NY, 1994

Koyama S, Sato E, Noura H, Kubo K, Nagai S, and Izumi T: Acetylcholine and
substance P stimulate bronchial epithelial cells to release eosinophil chemotactic

activity. J Appl Physiol 84: 1528-1534, 1998

Kuo HP, Lin HC, Hwang KH, Wan CH, Lu LC: Lipopolysaccharide enhances
neurogenic plasma exudation in guinea-pig airways. Br J Pharmacol 125: 711-716,

1998

. Kuo HP, Lin HC, Hwang KH, Wan CH, Lu LC: Lipopolysaccharide enhances

substance P-mediated neutrophil adherence to epithelial cells and cytokine release.

Am J Respir Crit Care Med 162: 1891-1897, 2000

Lafleur RL, Malazdrewich C, Jeyaseelan S, Bleifield E, Abrahamsen MS,
Maheswara SK: Lipopolysaccharide enhances cytolysis and inflammatory cytokine
induction in bovine alveolar macrophages exposed to Pasteurella (Mannheimia)

haemolytica leukotoxin. Microb Pathog 30: 347-357, 2001

100. Lambrecht BN, Germonpré PR, Everaert EG, Carro-Muino I, De Veerman M, de

Felipe C, Hunt SP, Thielemans K, Joos GF, Pauwels RA: Endogenously produced
substance P contributes to lymphocyte proliferation induced by dendritic cells and

direct TCR ligation. Eur J Immunol 29: 3815-3825, 1999

101. Laurenzi MA, Persson MAA, Dalsgaard CJ, Heegerstrand A: The neuropeptide

substance P stimulates production of interleukin 1 in human blood monocytes:

84



activated cells are preferentially influenced by the neuropeptide. Scand J Immunol

31:529-533, 1990

102. Lee HR, Ho WZ, Douglas SD: Substance P augments tumor necrosis factor
release in human monocyte-derived macrophages. Clin Diagn Lab Immunol 1: 419-

423,1994

103. Leeman SE: Substance P and neurotensin: discovery, isolation, chemical

characterization and physiological studies. J Exp Biol 89: 193-200, 1980

104. Leite F, Brown JF, Sylte MJ, Briggs RE, Czuprynski CJ: Recombinant bovine
interleukin-1f amplifies the effects of partially purified Pasteurella haemolytica
leukotoxin on bovine neutrophils in a ,-integrin dependent manner. Infect Immun

68: 5581-5586, 2000

105. Leite F, O’Brien S, Sylte MJ, Page T, Atapattu D, Czuprynski CJ: Inflammatory
cytokines enhance the interaction of Mannheimia haemolytica leukotoxin with

bovine peripheral blood neutrophils in vitro. Infect Immun 70, 4336-4343, 2002

106. Leite F, Gyles S, Atapattu D, Maheswaran SK, Czuprynski CJ: Prior exposure to
Mannheimia haemolytica leukotoxin or LPS enhances [,-integrin expression by
bovine neutrophils and augments LKT cytotoxicity. Microb Pathog 34: 267-275,
2003

107. Lembeck F, Holzer P: Substance P and neurogenic mediator of antidromic
vasodilation and neurogenic plasma extravasation. Naunyn Schmiedebergs Arch
Pharmacol 310: 175-183, 1979

108. LiJ, Clinkenbeard KD: Lipopolysaccharide complexes with Pasteurella

haemolytica leukotoxin. Infect Immun 67: 2920-2927, 1999

85



109. LiJ, Clinkenbeard KD, Ritchey JW: Bovine CD18 identified as a species specific
receptor for Pasteurella haemolytica leukotoxin. Vet Microbiol 67: 91-97, 1999

110. Loneragan GH, Dargatz DA, Morley PS, Smith MA: Trends in mortality ratios
among cattle in US feedlots. ] Am Vet Med Assoc 219: 1122- 1127, 2001

111. Malazdrewich C, Ames TR, Abrahamsen MS, Maheswaran SK: Pulmonary
expression of tumor necrosis factor alpha, interleukin -1 beta, and interleukin — 8 in

the acute phase of bovine pneumonic pasteurellosis. Vet Pathol 38: 297-310, 2001

112. Martin S, Maruta K, Burkart V, Gillis S, Kolb H: IL-1 and IFN-y increase
vascular permeability. Immunology 64: 301-305, 1988

113. Mathison, R, Davison JS, Befus AD: Neural regulation of neutrophil involvement
in pulmonary inflammation. Comp Biochem Physiol 106C, 39-48, 1993

114. McClenahan D, Hellenbrand K, Atapattu D, Aulik N, Carlton D, Kapur A,
Czuprynski C: Effects of Lipopolysaccharide and Mannheimia haemolytica
leukotoxin on bovine lung microvascular endothelial cells and alveolar epithelial

cells. Clin Vaccine Immunol 15: 338-347, 2008

115. McGillis JP, Mitsuhashi M, Payan DG: Immunomodulation by tachykinin
neuropeptides. Ann N'Y Acad Sci 594: 85-94, 1990

116. Mitchell GB, Al-Haddawi MH, Clark ME, Beveridge JD, Caswell JL: Effect of
corticosteroids and neuropeptides on the expression of defensins in bovine tracheal

epithelial cells. Infect Immun 75: 1325-1334, 2007
117. Moore TM, Chetham PM, Kelly JJ, Stevens T: Signal transduction and regulation
of lung endothelial cell permeability. Interaction between calcium and cAMP. Am

J Physiol Lung Cell Mol Physiol 275: 203-222, 1998

86



118. Morsey MA, Van-Kessel AG, Mori Y, Popowych Y, Godson D, Campos M,
Babiuk LA: Cytokine profiles following interaction between bovine alveolar

macrophages and Pasteurella haemolytica. Microb Pathog 26: 325-331, 1999

119. Moreaux B, Nemmar A, Vincke G, Halloy D, Beerens D, Advenier C, Gustin P:
Role of substance P and tachykinin receptor antagonists in citric acid-induced

cough in pigs. Eur J Pharmacol 408: 305-312, 2000

120. Muris-Espin M, Pinelli E, Pipy B, Leophonte P, Didier A: Substance P and
alveolar macrophages: effects on oxidative metabolism and eicosanoid production.

Allergy 50: 334-339, 1995

121. NAHMS. 2000a. Feedlot *99 Part II: Baseline Reference of Feedlot Health and
Health Management. USDA, APHIS, National Animal Health Monitoring System
(http://www.aphis.usda.gov/vs/ceah/ncahs/nahms/feedlot/#feedlot99), 1999

122. Nakanishi S: Mammalian tachykinin receptors. Annu Rev Neurosci 14: 123-136,
1991

123. Nathan JD, Patel AA, McVey DC, Thomas JE, Prpic V, Vigna SR, Liddle RA:
Capsaicin vanilloid receptor-1 mediates substance P release in experimental

pancreatitis. Am J Physiol Gastrointest Liver Physiol 281: 1322-1328, 2001

124. Nicoll RA, Schenker C, Leeman SE: Substance P as a transmitter candidate. Ann
Rev Neurosci 3: 227-268, 1980

125. Nieber K, Baumgarten CR, Ragna R, Furkert J, Oehme P, Kunkel G: Substance P

and B-endorphin-like immunoreactivity in lavage fluids of subjects with and

without allergic asthma. J Allergy Clin Immunol 90: 646-652, 1992

87



126. Nilius B, Viana F, Droogmans G: Ion channels in vascular endothelium. Annu

Rev Physiol 59: 145-170, 1997

127. Nishi Y, Kitamura N, Otani M, Hondo E, Taguchi K, Yamada J: Distribution of
capsaicin-sensitive substance P — and calcitonin gene-related peptide-

immunoreactive nerves in bovine respiratory tract. Ann Anat 182: 319-326, 2000

128. O’Connor TM, O’Connell J, O’Brien DI, Goode T, Bredin CP, Shanahan F: The
role of substance P in inflammatory disease. J Cell Physiol 201: 167-180, 2004

129. Okamoto Y, Shirotori K, Kudo K, Ishikawa K, Ito E, Togawa K, Saito I: Cytokine
expression after the topical administration of substance P to human nasal mucosa.

The role of substance P in nasal allergy. J Immunol 151: 4391-4398, 1993

130. Okaya T, Holthaus R, Kato A, Lentsch AB: Involvement of the neuropeptide
substance P in lung inflammation induced by hepatic ischemia/reperfusion.

Inflamm Res 53: 257-261, 2004

131. Otsuka M, Yoshioka K: Neurotransmitter functions of mammalian tachykinins.

Physiol Rev 73: 229-308, 1993

132. Pascual DW, Bost KL: Substance P production by P388D1 macrophages: a

possible autocrine function for this neuropeptide. Immunology 71: 52-56, 1990

133. Pascual DW, Xu-Amano J, Kiyono H, McGhee J, Bost KL: Substance P acts
directly upon cloned B lymphoma cells to enhance IgA and IgM production. J
Immunol 146: 2130-2136, 1991

134. Paulsen DB, Confer AW, Clinkenbeard KD, Mosier DA: Pasteurella haemolytica
lipopolysaccharide-induced cytotoxicity in bovine pulmonary artery endothelial

monolayers: Inhibition by indomethacin. Vet Pathol 32: 173-183, 1995

88



135. Pavlovic J, Daniltchenko M, Tobin DJ, Hagen E, Hunt SP, Klapp BF, Arck PC,
Peters EMJ: Further exploring the brain-skin connection: Stress worsens dermatitis
via substance P-dependent neurogenic inflammation in mice. J Invest Dermatol

128: 434-446, 2008

136. Payan DG, Brewster DR, Goetzl EJ: Specific stimulation of human T
lymphocytes by substance P. J Immunol 131: 1613-1615, 1983

137. Payan DG: Neuropeptides and inflammation: The role of substance P. Annu Rev
Med 40: 341, 352, 1989

138. Perianin A, Snyderman R, Malfroy B: Substance P primes human neutrophil
activation: a mechanism for neurological regulation of inflammation. Biochem

Biophys Res Commun 161: 520-524, 1989

139. Pernow B: Substance P. Pharmacol Rev35: 85-141, 1983

140. Perretti M, Ahluwalia A, Flower RJ, Manzini S: Endogenous tachykinins play a
role in IL-1-induced neutrophil accumulation: involvement of NK-1 receptors.

Immunology 80: 73-77, 1993

141. Piedimonte G, Rodriguez MM, King KA, McLean S, Jiang X: Respiratory
syncytial virus upregulates expression of the substance P receptor in rat lungs. Am J

Physiol 277: L831-840, 1999
142. Qian BF, Zhou GQ, Hammarstrom ML, Danielsson A: Both substance P and its

receptor are expressed in mouse intestinal T lymphocytes. Neuroendocrinology 73:

358-368, 2001

89



143. Radostits OM, Bildfell R: Diseases caused bacteria— III. In: Veterinary Medicine,
eds. Radostits OM, Gay CC, Blood DC, Hinchcliff KW, 9™ ed., pp. 779-908.
Saunders, Philadelphia, PA, 2000

144. Ramirez-Romero R, Gallup JM, Sonea IM, Ackermann MR: Dihydrocapsaicin
treatment depletes peptidergic nerve fibers of substance P and alters mast cell

density in the respiratory tract of neonatal sheep. Regul Pept 91: 97-106, 2000

145. Ramirez-Romero R, Brogden KA, Gallup JM, Sonea IM, Ackermann MR: Mast
cell density and substance P-like immunoreactivity during the initiation and
progression of lung lesions in ovine Mannheimia (Pasteurella) haemolytica

pneumonia. Microb Pathog 30: 325-335, 2001

146. Ratafia M: The biotech revolution. DVM, Feb 22-28, 1988

147. Rice JA, Carrasco-Medina L, Hodgins DC, Shewen PE: Mannheimia haemolytica
and bovine respiratory disease. Anim Health Res Rev 8: 117-128, 2008

148. Rogers DF, Belvisi MG, Aurudkij B, Evans TW, Barnes PJ: Effects and
interactions of sensory neuropeptides on airway microvascular leakage in guinea —

pigs. BrJ Pharmacol 95: 1109-1116, 1988

149. Rogers DP, Wyatt CR, Walz PH, Drouillard JS, Mosier DA: Bovine alveolar
macrophage neurokinin-1 and response to substance P. Vet Immunol Immunopathol
112: 290-295, 2006

150. Roques BP, Noble F, Daugé V, Fournié-Zaluski MC, Beaumont A: Neutral
endopeptidase 24.11: structure, inhibition, and experimental and clinical
pharmacology. Pharmacol Rev 45: 87-146, 1993

151. Ross RA: Anandamide and TRPV1 receptors. Br J Pharmacol 140: 790-901, 2003

90



152. Royall JA, Berkow RL, Beckman JS, Cunningham MK, Matalon S, Freeman BA:
Tumor necrosis factor and interleukin 1a increase vascular endothelial permeability.

Am J Physiol Lung Cell Mol Physiol 257: L399-L410, 1989

153. Ruifrok AC, Johnston DA: Quantification of histochemical staining by color
deconvolution. Anal Quant Cytol Histol 23: 291-299, 2001

154. Ryu SY, Jeong KS, Yoon WK, Park, SJ, Kang BN, Kim SH, Park BK, Cho SW:
Somatostatin and substance P induced in vivo by lipopolysaccharide and in
peritoneal macrophages stimulated with lipopolysaccharide or interferon-gamma
have differential effects on murine cytokine production. Neuroimmunomodulation

8: 25-30, 2000

155. Saban MR, Saban R, Bjorling D, Haak-Frendscho M: Involvement of
leukotrienes, TNF-a, and the LFA-1/ICAM-1 interaction in the substance P-induced
granulocyte infiltration. J Leukoc Biol 61: 445-451, 1997

156. Saria A, Lundberg JM, Skofitsch G, Lembeck F: Vascular protein leakage in
various tissues induced by substance P, capsaicin, bradykinin, serotonin, histamine,
and by antigen challenge. Naunyn Schmiedebergs Arch Pharmacol 324: 212-218,
1983

157. Schiefer B, Ward GE, Moffatt RE: Correlation of microbiological and histological
findings in bovine fibrinous pneumonia. Vet Pathol 15: 313-321, 1978

158. Scicchitano R, Biennenstock J, Stanisz AM: In vivo Immunomodulation by the

neuropeptide substance P. Immunology 63: 733-735, 1988

159. Serra MC, Bazzoni F, Della Bianca V, Greskowiak M, Rossi F: Activation of

human neutrophils by substance P. Effect on oxidative metabolism, exocytosis,

91



cytosolic Ca®" concentration, and inositol phosphate formation. J Immunol 141

2118-2124, 1988

160. Serra MC, Calzetti F, Ceska M, Cassatella MA: Effect of substance P on
superoxide anion and IL-8 production by human PMNL. Immunology 82: 63-69,
1994

161. Severini C, Improta G, Falconieri-Erspamer G, Salvadori S, Erspamer V: The
tachykinin peptide family. Pharmacol Rev 54: 285-322, 2002

162. Shipp MA, Stefano GB, Switzer SN, Griffin JD, Reinherz EL: CD10
(CALLA)/Neutral endopeptidase 24.11 modulates inflammatory peptide-induced
changes in neutrophil morphology, migration, and adhesion proteins and is itself

regulated by neutrophil activation. Blood 78: 1834-1841, 1991

163. Sio SW, Puthia MK, Lu J, Moochhala S, Bhatia M: The neuropeptide substance
P is a critical mediator of burn-induced acute lung injury. J Immunol 180: 8333-

8341, 2008

164. Skidgel RA, Engelbrecht S, Johnson AR, Erdés EG: Hydrolysis of substance P
and neurotensin by converting enzyme and neutral endopeptidase. Peptides 5: 769-

776, 1984
165. Slocombe RF, Malark J, Ingersoll R, Derksen RJ, Robinson NE: Importance of
neutrophils in the pathogenesis of acute pneumonic pasteurellosis in calves. Am J

Vet Res 46: 2253-2258, 1985

166. Smith JA: Neutrophils, host defense, and inflammation: a double-edged sword. J
Leukoc Biol 56: 672-686, 1994

92



167. Snowder GD, Van Vleck LD, Cundiff LV, Bennett GL: Bovine respiratory
disease in feedlot cattle: Environmental, genetic and economic factors. J Anim Sci

84:1999-2008, 2006

168. Springer J, Groneberg DA, Dinh QT, Quardoo D, Hamelmann E, Brau-Dullaeus
RC, Geppetti P, Ander SD, Fischer A: Neurokinin-1 receptor activation induces
reactive oxygen species and epithelial damage in allergic airway inflammation. Clin

Exp Allergy 37: 1788-1797, 2007

169. Stanisz AM, Befus D, Bienenstock J: Differential effects of vasoactive intestinal
peptide, substance P, and somatostatin on immunoglobulin synthesis and

proliferations by lymphocytes from Peyer’s patches, mesenteric lymph nodes, and

spleen. J Immunol 136: 152-156, 1986

170. Stanisz AM, Scicchitano R, Dazin P, Bienenstock J, Payan DG: Distribution of
substance P receptors on murine spleen and Peyer’s patch T and B cells. J Immunol

139: 749-754, 1987

171. Sternberg EM: Neural regulation of innate immunity: a coordinated nonspecific

host response to pathogens. Nat Rev Immunol 6: 318-328, 2006

172. Stevens P, Czuprynski C: Dissociation of cytolysis and monokine release by
bovine mononuclear phagocytes incubated with Pasteurella haemolytica partially

purified leukotoxin and lipopolysaccharide. Can J Vet Res 59: 110-117, 1995
173. Sun Y, Clinkenbeard KD, Cudd LA, Clarke CR, Clinkenbeard PA: Correlation of
Pasteurella haemolytica leukotoxin binding with susceptibility to intoxication of

lymphoid cells from various species. Infect Immun 67: 6264-6269, 1999

174. Szallasi A, Blumberg PM: Vanilloid (capsaicin) receptors and mechanisms.

Pharmacol Rev 51: 159-211, 1999

93



175. Szallasi A, Cortright DN, Blum CA, Eid SP: The vanilloid receptor TRPV1: 10
years from channel cloning to antagonist proof-of-concept. Nat Rev Drug Discov 6:

357-372, 2007

176. Takeda T, Yamashita Y, Shimazaki S, Mitsui Y: Histamine decreases the
permeability of an endothelial cell monolayer by stimulation cyclic AMP

production through the H,-receptor. J Cell Sci 101: 745-750, 1992

177. Thumbikat P, Dileepan T, Kannan MS, Maheswaran SK: Mechanisms underlying
Mannheimia haemolytica leukotoxin-induced oncosis and apoptosis of bovine

alveolar macrophages. Microb Pathog 38:161-172, 2005

178. Thumbikat P, Dileepan T, Kannan MS, Maheswaran SK: Characterization of
Mannheimia (Pasteurella) haemolytica leukotoxin interaction with bovine alveolar

macrophages 3, integrins. Vet Res 36: 771-786, 2005

179. Tiruppathi C, Minshall RD, Paria BC, Vogel SM, Malik AB: Role of Ca*
signaling in the regulation of endothelial permeability. Vascul Pharmacol 39: 173-

185, 2002

180. Tiruppathi C, Ahmed GU, Vogel SM, Malik AB: Ca*" signaling, TRP channels,
and endothelial permeability. Microcirculation 13: 693-708, 2006

181. Tohda Y, Nanbu Y, Tanaka A, Kubo H, Fukuoka M, Nakajima S. Role of
substance P in increased airway hypersensitivity following induced stress in a

guinea pig asthma model. J Investig Allergol Clin Immunol 8: 340-345, 1998

182. Tomaki M, Ichinose M, Miura M, Hirayama Y, Yamauchi H, Nakajima N,
Shirato K: Elevated substance P content in induced sputum from patients with
asthma and patients with chronic bronchitis. Am J Respir Crit Care Med 151: 613-
617,1995

94



183. Tripp RA, Moore D, Winter J, Anderson LJ: Respiratory syncytial virus infection
and G and/or SH protein expression contribute to substance P, which mediates
inflammation and enhanced pulmonary disease in BALB/c mice. J Virol 74: 1614-

1622, 2000

184. Tripp RA, Barskey A, Goss L, Anderson JL: Substance P receptor expression on
lymphocytes i1s associated with the immune response to respiratory syncytial virus

infection. J Neuroimmunol 129: 141-153, 2002

185. Valarcher JF, Furze J, Wyld SG, Cook R, Zimmer G, Herrler G, Taylor G. Bovine
respiratory syncytial virus lacking the virokinin or with a mutation in furin cleavage
site RA(R/K)R'® induced less pulmonary inflammation without impeding the
induction of protective immunity in calves. J Gen Virol 87:1659-1667, 2006

186. Vandenbroucke E, Mehta D, Minshall R, Malik AB: Regulation of endothelial
junctional permeability. Ann N Y Acad Sci 1123: 134-145, 2008

187. Verastegui C, Fernandez-Vivero J, Prada A, Rodriquez F, Romero A, Gonzalez-
Moreno M, de Castro JM: Presence and distribution of SHT-, VIP-, NPY- and SP-
immunoreactive structures in adult mouse lung. Histol Histopathol 12: 909-918,

1997
188. Veronesi B, Carter JD, Devlin RB, Simon SA, Oortgiesen M: Neuropeptides and
capsaicin stimulate the release of inflammatory cytokines in a human bronchial

epithelial cell line. Neuropeptides 33: 447-456, 1999

189. Veronesi B, Oortgiesen M: The TRPV1 receptor: Target of toxicants and
therapeutics. Toxicol Sci 89: 1-3, 2006

95



190. Vishwanath R, Mukherjee R: Substance P promotes lymphocyte-endothelial cell
adhesion preferentially via LFA-1/ICAM-1 interactions. J Neuroimmunol 71: 163-
171, 1996

191. Wajant H, Pfizenmaier K, Scheurich P: Tumor necrosis factor signaling. Cell

Death Differ 10: 45-65, 2003

192. Wang Z, Clarke C, Clinkenbeard K: Pasteurella haemolytica leukotoxin-induced
increase in phospholipase A; activity in bovine neutrophils. Infect Immun 66:

1885-1890, 1998

193. Weinstock JV, Blum A, Walder J, Walder R. Eosinophils from granulomas in
murine schistosomiasis mansoni produce substance P. J Immunol 141: 961-966,

1988

194. Weinstock JV: The role of substance P, hemokinin and their receptor in governing
mucosal inflammation and granulomatous responses. Front Biosci 9: 1936-1943,

2004

195. Whiteley LO, Maheswaran DK, Weiss DJ, Ames TR, Kannan MS: Pasteurella
haemolytica A1 and bovine respiratory disease: pathogenesis. J Vet Intern Med 6:
11-22,1992.

196. Wong SS, Sun NN, Keith I, Kweon CB, Foster DE, Schauer JJ, Witten ML:
Tachykinin substance P signaling involved in diesel exhaust-induced
bronchopulmonary neurogenic inflammation in rats. Arch Toxicol 77: 638-650,
2003

197. Wong SS, Sun NN, Lantz RC, Witten ML: Substance P and neutral endopeptidase
in development of acute respiratory distress syndrome following fire smoke

inhalation. Am J Physiol Lung Cell Mol Physiol 287: L859-L.866, 2004

96



198. Yoo HS, Maheswaran SK, Lin G, Townsend EL, Ames TR: Induction of
inflammatory cytokines in bovine alveolar macrophages following stimulation with

Pasteurella haemolytica lipopolysaccharide. Infect Immun 63: 381-388, 1995

199. Zachariae R: Hypnosis and immunity. In: Psychoneuroimmunology, eds. Ader R,
Felten DL, Cohen N, 3™ ed., vol. 2., pp 133-160. Academic Press, San Diego, CA,
2001

200. Zecchinon L, Fett T, Desmecht D: How Mannheimia haemolytica defeats host
defence through a kiss of death mechanism. Vet Res 36: 133-156, 2005

201. Zimmer G, Rohn M, BcGregor GP, Schemann M, Conzelmann KK, Herrler G:

Virokinin, a bioactive peptide of the tachykinin family, is released from the fusion

protein of bovine respiratory syncytial virus. J Biol Chem 278: 46854-46861, 2003

97



