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ABSTRACT

Substance P, a member of the tachykinin family, is found primarily in sensory
nerves. In the heart, substance P-containing nerve fibers surround coronary vessels,
making them ideally positioned to sense changes in coronary pressure and/or flow.
Recent studies have identified substance P as being protective acutely following
ischemia-reperfusion due to its ability to induce coronary blood vessel vasodilation. In
addition, studies conducted on non-cardiac tissue have reported substance P to be
protective against cell death through a mechanism involving activation of anti-apoptotic
AKT pathway. However, the possibility of substance P being similarly cardioprotective
has not been reported. Accordingly, the purpose of this study was to test the hypothesis
that substance P attenuates cardiomyocyte cell death following ischemia/reperfusion. A
rat isolated heart preparation was used to study the effect of substance P following global
ischemia/reperfusion, while a rat left ventricular tissue slice culture preparation was used
to study the effect of substance P in ischemia without reperfusion. Coronary flow was
significantly increased during reperfusion and LDH release was less in substance P
pretreated ischemia/reperfusion hearts compared with no-treatment ischemia/reperfusion
hearts. In the cultured slice preparation, substance P was shown to be effective in
decreasing hypoxic-induced LDH release, apoptosis (TUNEL), and necrosis (PAS), as
well as increasing AKT activation (phosphorylation) in a dose dependent manner.

Inhibition of the substance P receptor (NK1) or p-AKT resulted in an increased release of

vil



LDH, apoptosis, and necrosis in hypoxic slices incubated with substance P, thus
abolishing the protective effect of substance P. These findings indicate that, in addition to
its coronary vasodilatory effect, substance P is cardioprotective via a cardiomyocyte anti-

apoptotic mechanism.
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CHAPTER 1

INTRODUCTION

Ischemic heart disease (IHD) is a major health problem in the industrialized
countries. [HD usually evolves as a result of a pathological imbalance between coronary
blood supply and myocardial oxygen demand (Shiny KS et al. 2005). The intrinsic
compensatory reaction to acute myocardial infarction includes neural and neuro-humoral
mechanisms. For example, the massive acute increase in catecholamines (Schomig A,
1990) and specific neuropeptides such as substance P (SP) occur following acute
myocardial ischemia and infarction suggesting the activation of the sympathetic nervous
system and cardiac sensory afferent nerves (Franco-Cereceda A 1988, 1989; Milner P et
al. 1989; Hua F et al. 2004a, 2004b; Zhang and Guo 2006). Specifically, the increase of
specific sensory neuropeptides, including calcitonin gene related peptide (CGRP) and SP
(Franco-Cereceda A et al. 1987; Kallner G et al. 1998; Szallasi and Blumberg 1999)
within the myocardium indicates the involvement of afferent nerves and their
neuropeptides during acute myocardial ischemia and infarction (Skofitsch and
Jacobowitz 1985; Sigrist S et al. 1986; Dipette DJ et al. 1987; Franco-Cereceda A et al.
1987; Lappe RW et al. 1987; Maggi and Meli 1988; Gardiner SM et al. 1988, 1989).

SP is a prominent member of the tachykinin family of neuropeptides and is

widely distributed in sensory afferent neurons that have both afferent and efferent



functions (Bayliss WM 1901; Franco-Cereceda A 1988; Otsuka and Yoshioka 1993;
Regoli D et al. 1994). The cardiac effect of SP is mediated by the NK1 receptor (Franco-
Cereceda A et al. 1989; Milner P et al. 1989), a subtype of neurokinin receptors
possessing a high affinity for SP (Maggi CA et al. 1993), which are present in the heart
(Schoborg RV et al. 2000).

Substance P is known to have negative inotropic and chronotropic effects on the
normal heart (Hoover DB 1990, 2000). The negative effect is due in part to chronic
TAC1 wup-regulation with subsequent myocardial MMP activation, inflammation,
apoptosis, hypertrophy, fibrosis and cardiac dysfunction (Weglicki WB et al. 1994;
D'Souza M et al. 2007; Robinson P et al. 2009; Mak IT et al. 2011; Melendez GC et al.
2011). However, several studies have reported SP to have a protective vasodilatory effect
following short-term ischemia-reperfusion (Ustinova EE et al. 1995; Wang and Wang
2005; Zhong and Wang 2007; Ren JY et al. 2011) In addition, an anti-apoptotic effect of
SP on tenocytes following ischemia via AKT pathway activation has been reported
(Backman LJ and Danielson 2013). This later observation suggests the possibility that SP
might also be cardioprotective via a cardiomyocyte mechanism apart from its coronary
vasodilatory effect. However, this remains to be determined.

Accordingly, the purpose of this study was to test the hypothesis that SP
attenuates cardiomyocyte cell death following ischemia/reperfusion. To this end, the
effect of SP following ischemia/reperfusion was tested in an isolated heart preparation
and in short term hypoxia without reperfusion experiments using a left ventricular tissue

slice culture preparation. Accordingly, this experimental design enabled the comparison



of the protective effect of SP with and without reperfusion in order to distinguish between

the vasodilatory and antimyocyte damage capabilities of SP.



CHAPTER 2
LITERATURE REVIEW

2.1 Substance P overview:

Substance P is a member of the tachykinin family of sensory nerve neuropeptides,
which also includes neurokinin A (NKA), neurokinin B (NKB), neuropeptide K (NPK),
and neuropeptide gamma. Substance P and NKA are found in the central nervous system
and peripheral afferent sensory neurons and encoded by the TAC1 gene, while NKB is
restricted to the central nervous system and encoded by TAC3 gene (Brain SD et al.
2006). The expression of pre-mRNA of TACI gene can produce four mRNA isoforms (a,
B, v, and 0). Substance P can be encoded by all four isoforms, while only the B and y
isoforms give rise to NKA. Accordingly, SP can be expressed without NKA. However,
both SP and NKA are synthesized, stored, and released together due to the fact that the 8

and vy isoforms are the most abundant (Brain SD and Cox 2006).

2.2 Substance P Discovery and Localization:

Substance P was originally discovered in 1931 by Ulf Von Euler and John H.
Gaddum. It was initially isolated as an extract from equine brain and gut, and found to
cause smooth muscle contraction in vitro (Euler and Gaddum 1931). It was named

substance P where P referred to the powder obtained after the extraction procedure by



Gaddum and Schild (1934). Decades later, Lembeck detected high concentrations of SP
in the dorsal root of the spinal cord and proposed that SP was a neuronal sensory
transmitter associated with pain transmission (Lembeck F 1953). Later on, Otsuka and
Konishi found upon electrical stimulation that SP immunoreactivity increased in the
perfusate taken from the isolated spinal cord of newborn rats (Otsuka and Konishi 1976).
Today, it is fully documented that SP is released from both the central and peripheral
endings of primary afferent neurons and acts as a neurotransmitter (Otsuka and Yoshioka

1993).

The origin of SP is very diverse. Dalsgaard noticed a marked reduction in SP in
the right atria of the guinea pig heart upon bilateral removal of the stellate ganglia, and
upon vagus nerve depletion with capsaicin; while neither intervention affected SP in the
left ventricle. This suggests separate origins of ventricular SP containing nerves that lie
outside the stellate ganglia (Dalsgaard CJ et al. 1986). On the other hand, an increase in
SP in the T4 region of the spinal cord was detected upon left anterior descending
coronary artery occlusion in rats using microprobes coated with an antibody to SP (Hua F
et al. 2004). Likewise, studies conducted on spontaneously hypertensive rats (SHR)
(Aline BP et al. 2005), and dog dorsal root ganglia (Hoover DB et al. 2008) indicate that
SP-containing neurons from the ventricles probably connect with the thoracic region of
the spinal cord. Cardiac afferent neurons were traced to the nodose ganglion of the vagal
nerve and nucleus tractus solitarius (NTS) where 17% of nodose ganglia cells were SP
positive and only a small subpopulation of cardiac afferent axons in the NTS were SP

positive (Corbett EK et al. 2005). These studies highlight the diverse origins of SP-



containing nerves from the heart and the intricacy of the neural networks associated with

the heart.

While C-fiber sensory neurons are the predominant source of SP, it is not the only
source since selective degeneration of C-fiber with capsaicin resulted in an incomplete
loss of SP (60%) in the rat heart (Holzer P et al. 1982) thus suggesting other sources. It
was found in the rat heart that only a small population (~5-10%) of coronary artery
endothelial cells contains SP and is surrounded by non-SP-containing endothelial cells
(Milner P et al. 1989). These cells respond rapidly to hypoxic conditions by releasing SP.
In addition to the above-mentioned sources, a few other non-neuronal cells such as
eosinophils, endothelial cells, and macrophages have also been reported to produce SP

(Weinstock JV et al. 1988; Linnik and Moskowitz 1989; Pascual and Bost 1990).

The distribution of SP differs with species. In rats, for example, initial studies
were unable to detect SP containing fibers in the heart (Hougland and Hoover 1983).
However, subsequent studies by Papka and Urban revealed SP containing fibers in both
the atrial and ventricular epicardium and myocardium of the rat heart (Papka and Urban
1987). In the rat the number of SP producing C-fiber sensory neurons were relatively few
compared to the guinea pig heart (0.33 pmol/g of SP in the rat heart versus 2.7 - 4.2
pmol/g in the guinea pig left ventricle) (Wharton J et al. 1981; Holzer P et al. 1982;

Dalsgaard CJ et al. 1986).

In mice, SP-containing nerves were found to be most prevalent in the epicardium
and in ganglia adjacent to the heart hilum, and they were also located in the intrinsic

nerve bundles and interganglionic nerves (Rysevaite et al. 2011). These nerves were



located close to blood vessels and were mainly thin and mixed with choline
acetyltransferase and tyrosine hydroxylase positive neurons. It was reported that SP
content in protein extract from mice with myocarditis is far greater than that of uninfected
mice (2807 pg of SP/mg of protein in myocarditis mice versus 71 pg/mg in uninfected

mice) (D'Souza M et al. 2007; Robinson P et al. 2009).

In guinea pig hearts, the entire coronary arterial system was reported to be
innervated by SP containing nerves in 1980 (Reinecke M et al. 1980). Later on, it was
found that plentiful numbers of SP-containing nerve fibers were also present in the atria
and ventricles (endo-, epi-, and myocardium) as well as the mitral and tricuspid valves
(Hougland and Hoover 1983). Substance P-containing nerves were reported to be more
prevalent in the endocardial regions, chiefly around the trabeculae and papillary muscles
of the ventricles compared to the epicardial regions (Wharton J et al. 1981). More fibers
were noticed to be at the base of the heart than the apex with no significant difference
between right and left ventricles (Wharton J et al. 1981; Hougland and Hoover 1983).
These fibers were found to be associated with branches of the bundle of His in the
ventricular septum (Wharton J et al. 1981), and also associated with the ascending aorta
and pulmonary trunk (Hougland and Hoover 1983). Consistent with Hougland’s study,
Papka and Urban observed SP containing neurons in the epicardium and myocardium of
the atria, the mitral and tricuspid valves, and in pericellular baskets around intrinsic
cardiac ganglia as well as the parietal portion of the pericardium (Papka and Urban
1987). It was reported that SP-containing fibers in the atria were four times as abundant

as those in the ventricles (Dalsgaard CJ et al. 1986).



Substance P was found to be present in the descending coronary and circumflex
coronary arteries of the dog heart (Brum JM et al. 1986). In cats, SP-containing nerves
were found in the atrial and ventricular myocardium as well as the endocardium (Zhu and
Dey 1992). In non-human primates, SP positive areas have been identified in both
varicose and non-varicose nerve fibers, in the interatrial septum, in the cardiac ganglia
and musculature and in perivascular networks around blood vessels (Tay and Wong

1992).

In the normal heart of humans, few SP-containing neurons mainly around neural
cell bodies in intrinsic ganglia and in nerve trunks have been reported (Wharton J et al.
1990). However, in patients with congestive or hypertrophic cardiomyopathy,
endomyocardial biopsies revealed that SP-containing nerve fibers were located close to
arterioles, capillaries and veins (Weihe E et al. 1981). Substance P-containing nerves
were also identified between cardiomyocytes and around blood vessels in atrial biopsies
taken from patients undergoing open-heart surgery (Rechardt L et al. 1986). They have
also been found surrounding the adventitia of coronary vessels in atherosclerotic regions
of human coronary arteries (Laine P et al. 2000). Finally, it has been reported that SP was
present in nerve fibers in the right atrial ganglionated plexus in patients undergoing

coronary artery bypass grafting (Hoover DB et al. 2009).

In summary, the SP-containing nerves in the heart differ among species.
Generally, SP-containing nerve fibers seem to be located around coronary vessels and in
the intrinsic ganglia of the heart. In addition to a small number of coronary endothelial
cells, limited numbers of fibers in normal ventricles appear to be SP positive. However,

SP levels do increase significantly in the diseased heart.



2.3 Substance P Biochemistry:

Chemically, partly purified SP was found to be soluble in water and alcohol and
insoluble in ether and chloroform. It was found to tolerate boiling at pH 1 to 7 but was
rapidly destroyed in an alkaline environment (Euler and Gaddum 1931; Euler USv 1936a,
1942). Pernow found during electrophoresis, SP traveled to the cathode at pH < 10 and its
isoelectric point was near 9 (Pernow B 1955). Trypsin and pepsin appeared to destroy the
biological activity of SP (Euler USv 1936b), while carboxypeptidases had no effect
(Franz J et al. 1961). Substance P prepared from brain and intestine seemed to show no

physicochemical or biological differences (Eliasson R et al. 1956).

In 1971, Chang et al. identified the structure of SP from bovine hypothalamus as
being an undecapeptide with a sequence: H-Argl-Pro2-Lys3-Pro4-GIn5-Gln6-Phe7-
Phe8-Gly9-Leul0-Met11-NH2 (M. Wt. 1347.6 g/mole) (Chang MM et al. 1971), which
was subsequently introduced as part of the tachykinin family (Erspamer V 1983).
Substance P is metabolized by several enzymes including: neutral endopeptidase (NEP:
metalloendopeptidase EC.- 3.4.24.11., (Matsas R et al. 1984)); substance-P-degrading
enzyme (SP-DE: EC.3.4.24., (Probert and Hanley 1987)); angiotensin-converting enzyme
(ACE: EC.3.4.15.1, (Skidgel and Erdos 1987)) dipeptidyl aminopeptide IV (DPIV:
EC.3.4.14.5., (Heymann and Mentlein 1978)); postproline endopeptidase (PEP:
EC.3.4.21.26., (Blumberg S et al. 1980)); cathepsin-D (EC.3.4.3.23., (Azaryan and
Galoyan 1988)) and cathepsin-E (EC.3.4.23.34., (Kageyama T 1993)). Despite the fact
that all of these enzymes cleave SP due to their specific cellular localization in in vitro
models, it appears that NEP and/or ACE are mainly involved in the cleavage of SP within

the periphery (Nadel JA 1991). It has been shown that NEP is involved in the metabolism



of SP in the brain (Hooper and Turner 1987), spinal cord (Sakurada T et al. 1990) and in
peripheral tissues (Di Maria GU et al. 1998), while SP is degraded by ACE in plasma
(Wang LH et al. 1991), cerebrospinal fluid, and substantia nigra. ACE participates in
degrading SP fragments released from NEP. Together, NEP and ACE catalyze the
hydrolysis of Phe8-Gly9 or Gly9-LeulO bonds of SP that leave the peptide missing the
carboxyl terminal regions needed to bind to the tachykinin receptors (Skidgel and Erdos

1987).

2.4 Neurokinin (NK) Receptors:

The biological actions of SP are mediated by tachykinin (neurokinin: NK)
receptors. NK receptors belong to rhodopsin-like membrane structure, consisting of seven
hydrophobic transmembrane domains, connected by extra and intracellular loops and
coupled to G-proteins (Nakanishi S 1991; Gerard NP et al. 1993; Maggi and Schwartz
1997). Three types of tachykinin receptors have been described. NK1 receptor exhibits
preference for SP, while NK2 and NK3 receptors exhibit preferences for neurokinin A
and neurokinin B, respectively (Regoli D et al. 1994). Still, cross reactivity between
endogenous tachykinins and NK receptors occur based on receptor availability and/or
peptides’ concentrations. For this reason SP can activate not only NK1 receptors, but also
NK2 and NK3 receptors in different tissues (Regoli D et al. 1994). Also a new designated
receptor NK4 has been proposed (Donaldson LF et al. 1996). The NK1 receptor is found
in both the central and peripheral nervous system. It is also present in vascular
endothelial cells, muscle, gastrointestinal tracts, genitourinary tract, pulmonary tissue,
thyroid gland and different types of immune cells (Saria A 1999; Almeida T et al. 2004;

Datar P et al. 2004; Satake and Kawada 2006).
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Regarding NK receptors in the heart, a pharmacological approach has been taken
to determine the presence of neurokinin receptor subtypes in intrinsic cardiac neurons in
canines (Thompson GW et al. 1998). The response has been shown to be diverse among
species. A selective NK-1 receptor agonist, for example, reduced activity of right atrial
neurons in some animals, while it increased activity in others. It was shown that right
atrial neuron activity was reduced by selective NK-2 receptor agonist, while selective
stimulation of NK-3 receptors increased its activity. Hoover and Hancock were able to
identify SP binding sites in the parasympathetic ganglia located within the epicardial
connective tissue adjacent to the pulmonary trunk, ascending aorta and right atrium, as
well as in coronary arteries in the guinea pig heart, but were unable to detect binding sites
in the atria, ventricles, ascending aorta and pulmonary trunk (Hoover and Hancock 1988).
Later on, radiographic studies conducted in Wistar rats found SP binding sites on clusters
of connective tissue cells within the skeleton of the heart, the cusps of the cardiac valves
and within the adventitia of the great vessels and coronary arteries. While they did not
find any evidence of SP binding sites on cardiomyocytes (Walsh RJ et al. 1996), genes
for the NK-1 and NK-3 receptors (but not NK-2) were shown to be expressed in isolated
neonatal rat cardiomyocytes (Church DJ et al. 1996). Levick’s laboratory was able to
detect the NK-1 receptor on isolated adult cardiac fibroblasts (Dehlin and Levick 2014).
NKI1 receptors showed high degree of sequence homology among species including man,

mouse, rat, guinea pig upon using cloned NK1 receptors (Gerard NP et al. 1993).

2.5 Substance P Actions:
As a member of tachykinin family, SP is involved in many processes including

smooth muscle contraction, vasodilation, nociception, and modulation of

11



inflammatory/immune cell functions (Rameshwar P et al. 1993; Kavelaars A et al. 1994;
Vergnolle N et al. 2001; Azzolina A et al. 2003; Massaad CA et al. 2004). Substance P
induces vasodilatation via activation of NK1 receptors in large arterial vessels and the
subsequent release of nitric oxide (NO) from the endothelium (Fiscus RR et al. 1992).
However, electrical stimulation of sensory nerve endings in rat isolated vessels showed
the vasodilatory response was induced by the release of CGRP rather than SP (Kawasaki
H et al. 1988). The CGRP vasodilatory effect being dominant over that of SP has also

been observed in the mammalian heart.

2.5.1 Substance P Modulatory Actions on Inflammatory/Immune Cell Function:

The substance P modulatory activity has been demonstrated presynaptically via
evoking both inhibitory and excitatory effects on the ganglia upon exogenous SP
administration in different animal species including: cat spinal cord (Randic M et al.
1982), chick sympathetic and ciliary ganglion (Dryer and Chiappinelli 1985). It has also
been demonstrated that peripheral inflammation (Smith GD et al. 1992; Levine JD et al.
1993) and noxious stimulation could cause an increase in the expression of SP in the
spinal cord (Oku R et al. 1987; Duggan AW et al. 1988; Schaible HG et al. 1990) and an
increase in the expression of SP-related genes, preprotachykinin (PPT) mRNA in sensory
neurons in the dorsal root ganglia (Noguchi K et al. 1988). Moreover, SP can be released
from the somata of primary afferent neurons (Neubert JK et al. 2000) with cross-
excitation possible among adjacent neurons (Devor and Wall 1990). It has been reported
that SP can induce its own release with subsequent release of calcium ion from internal

stores induced by inositol-1,4,5-trisphophate (Malcangio and Bowery 1999). This
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autoreceptor role may have been implicated in the pathophysiology of nerve injury,

noxious stimuli, and inflammation.

It was shown that primary and secondary lymphoid organs have a peptidergic
innervation with nerve endings in close vicinity to immune cells, which support the
notion that neuropeptides such as SP act as a link between the nervous and the immune
system (Felten DL et al. 1985; Stead RH et al. 1987; Fink and Weihe 1988; Weihe E et
al. 1989, 1991; Bellinger DL et al. 1990; Kurkowski R et al. 1990; Zentel HJ et al. 1991).
Binding studies have shown that distinct subpopulations of T and B-lymphocytes, as well
as macrophages possess SP receptors (Payan DG et al. 1984a, 1984b; Hartung HP et al.
1986; Payan DG et al. 1986; Stanisz AM et al. 1987; Bost KL 1988); and shown that SP
has been implicated in the modulation of immune responses such as T cell proliferation
(Payan DG et al. 1983; Payan and Goetzl 1985), immunoglobulin synthesis (Stanisz AM
et al. 1986; Laurenzi MA et al. 1989; Eglezos A et al. 1990; Pascual DW et al. 1991; Bost
and Pascual 1992), lymphocyte traffic (Moore TC et al. 1989), macrophage activation
(Bar-Shavit Z et al. 1980; Bost KL 1988; Pascual and Bost 1990), mast cell
degranulation, and release of histamine, in addition to mast cell-dependent granulocyte

infiltration (Fewtrell CM et al. 1982; Lowman MA et al. 1988; Iwamoto I et al. 1992).

It has been shown that tachykinin release upon stimulation of the peripheral
endings of primary sensory neurons induces a major proinflammatory response
represented by neurogenic plasma extravasation (Piedimonte G et al. 1993). This
response occurs due to SP activation of NKI1 receptors located on endothelial cells of
post-capillary venules (Bowden JJ et al. 1994), and subsequent opening of the gaps

between endothelial cells and the flux of plasma proteins from the vascular lumen to the
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interstitial space. Substance P induced plasma extravasation is reported in different cases
such as: cigarette smoking (Lundberg JM et al. 1983), ovalbumin challenge in sensitized
animals (Bertrand C et al. 1993a, 1993b), or baseline plasma extravasation in NEP
knockout animals (Lu B et al. 1997). In human, wheel formation was observed in the
human skin upon intradermal SP injection due to microvascular leakage in postcapillary
venules (Fuller RW et al. 1987). Furthermore, nasal albumin secretion in man is

increased after intranasal SP administration (Braunstein G et al. 1991).

Regarding SP regulation of inflammatory cells in the heart, extensive studies have
demonstrated that SP is a mediator of neurogenic inflammation and up-regulator of pro-
inflammatory cytokines. In mouse viral myocarditis model, deletion of the TAC1 gene
prevented the infiltration of inflammatory cells into the heart (Robinson P et al. 2009).
However, the direct effects of SP on inflammatory cells in the heart have not been
extensively investigated. In a guinea pig ischemia reperfusion model, SP and renin were
demonstrated to be released together with evidence of a SP role in stimulating renin
release from mast cells as determined by the prevention of renin release with NK-1
receptor antagonist or mast cell stabilizer (Morrey C et al. 2010). Furthermore, it was
found that SP (100 uM) caused production of angiotensin II by a mixed population of
isolated rat cardiac inflammatory cells (T cell, mast cells and macrophages) (Levick SP et
al. 2010), and it also can induce TNF-a production by this mixed population of cardiac
inflammatory cells (Melendez GC et al. 2011). Studies conducted using a spontaneous
hypertension (SHR) rat model (Dehlin HM et al. 2013) and an atherosclerosis mouse
model (Bot I et al. 2010) revealed that SP also activates cardiac mast cells in vivo. To be

more specific, Bot et al. demonstrated that SP increased mast cell activation in the
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perivascular region of coronary arteries of mice and the subsequent promotion of
intraplaque hemorrhages. Considering the necessity of mast cell activation for mast cell
density to increase (Li J et al. 2012), Melendez found that mast cell density did not
increase in rats treated with an NK-1 receptor blocker (Melendez GC et al. 2011)

suggesting a role for SP in mast cell activation.

There is a discrepancy regarding the mechanism by which SP activates mast cells.
While Li et al. proposed that SP initiates mast cell activation via the NK-1 receptor in
dermal tissue (L1 WW et al. 2012), Lorenz et al. suggested that SP uptake in mast cells is
rapid and independent of the NK-1 receptor, resulting in exocytosis of inflammatory
compounds (Lorenz D et al. 1998). This may be due to the difference in the animal model
used, and the mode of SP treatment as Li et al. looked at mast cell activation in vivo
while Lorenz et al. treated cultured mast cells with SP in vitro. Obviously, substance P
can initiate calcium signaling in mast cells via the PLC pathway, but the downstream
events resulting in mast cell activation are still unclear in the heart. In macrophages, for
example, SP causes NF-«B transactivation and release of chemokines via activation of
the ERK1/2, P38 MAPK, and PI3K-AKT pathways downstream of PKC (Sun J et al.
2008, 2009). It was also shown that SP causes NF-kB transactivation and subsequent up-
regulation of cytokines via NK-1 receptors in astrocytoma cells (Lieb K et al. 1997). A
study conducted on hearts from magnesium-deficient rats showed that SP activation of
the NK-1 receptor regulated the oxidative stress response and neutrophil production of
neutral endopeptidase (NEP) (Mak IT et al. 2011). Specifically, It was found that NEP
was decreased in neutrophils from magnesium-deficient hearts. Upon NK-1 receptor

blockade, superoxide production by neutrophils was dramatically reduced, while NEP
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activity was partially restored. Considering the role of NEP in degrading SP, substance P
provides a mechanism of regulating its own level by down-regulating NEP. Studies not
related to the heart have shown that murine peritoneal macrophages have the NK-1
receptor, and both IL-4 and IFN-y causes an increase of mRNA and protein for NK-1
receptor (Marriott and Bost 2000). Recently it was reported that both IL-4 and IFN-y are
increased in the hearts of SHR (Levick SP et al. 2009), which suggests that these
cytokines, when increased, would provide an environment for NK-1 receptor density to

increase.

The role of SP in neurogenic inflammation is well documented in animal models.
However, its role in humans is unclear. Several clinical trials have shown that using NK-
1 receptor antagonism in inflammation type pathologies is not effective. In patients with
asthma, for example, dual NK-1/NK-2 receptor antagonist was unable to prevent
allergen-induced airway responses (Boot JD et al. 2007). NK-1 receptor blockade also
failed to lower the incidence of post-endoscopic retrograde cholangiopancreatography

pancreatitis (Shah TU et al. 2012).

2.5.2 Direct Effects on Cardiomyocytes:

Substance P containing DRG can interact with cardiomyocytes. Liu Z et al. found
that in co-cultures of isolated rat DRG and neonatal rat cardiomyocytes, there were
increasing connections between DRG projections and cardiomyocytes, and more SP (and
CGRP)-containing neurons were present than in cultures without cardiomyocytes (Liu Z
et al. 2008). Intriguingly, capsaicin caused more SP (and CGRP) release when

cardiomyocytes were present in co-culture than in their absence. Regarding a direct effect
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on cardiomyocytes, only one study has explored the direct effects of SP on
cardiomyocytes. Church et al. demonstrated that neonatal rat cardiomyocytes express
genes for both the NK-1 and -3 receptors, but not the NK-2 receptor (Church DJ et al.
1996). Along with other pharmacologic studies, it was shown that atrial natriuretic
peptide (ANP) synthesis was induced by both SP (NK-1 receptor) and neurokinin B (NK-
3 receptor). It was shown that SP activates PKC with subsequent prostaglandins release,
which is necessary for ANP release. However, these experiments were conducted on
neonatal cardiomyocytes, which may not completely reflect adult cardiomyocytes
characteristics. Nevertheless, combined with the findings in adult mice in vivo, these

results suggest that SP can induce hypertrophy via direct actions on cardiomyocytes.

2.5.3 Direct Effects on Cardiac Fibroblasts:

It 1s well recognized that SP mediates inflammation. Fibroblasts are capable of
producing chemokines and adhesion molecules, which are associated with inflammation.
It was found that SP was capable of inducing soluble ICAM-1 (sSICAM-1) production via
cleaving ICAM-1 from adult rat cardiac fibroblasts, through a p42/44 MAPK and PKC
mechanism (Sapna and Shivakumar 2007). This implies anti-inflammatory properties of
SP since cleavage of ICAM-1 may affect the amount of membrane bound ICAM-1
available for interaction with ligands (Tsakadze NL et al. 2004). Furthermore, I[CAM-1
shedding blockers were found to increase monocytic cell adhesion to stimulated
endothelial cells (Tsakadze NL et al. 2004). These findings seem to contradict the well-
recognized pro-inflammatory role of SP. However, sSICAM-1 can induce macrophage

inflammatory protein-2 synthesis by astrocytes (Otto VI et al. 2002) and alveolar
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macrophages (Schmal H et al. 1998), as well alveolar macrophage TNF-a synthesis

(Schmal H et al. 1998).

Substance P can also induce cardiac fibroblasts to produce PGE2 (Sapna and
Shivakumar 2007). PGE2 induces rat neonatal fibroblast proliferation (Harding and
LaPointe 2011). PGE2 was found to be elevated following myocardial infarction
(LaPointe MC et al. 2004). Although adult rat cardiac fibroblasts proliferate in a process
involving generation of superoxide in response to SP, these cells reportedly does not
induce collagen synthesis in response to SP (Kumaran and Shivakumar 2002). The
effects of SP on MMP production by cardiac fibroblasts have not been reported.
However, in cultured human lung fibroblasts, SP has been shown to cause reduced
collagen synthesis, increased collagen degradation and increased levels of MMP-1
(Ramos C et al. 2007). It has also been shown that SP increases mRNA and protein
levels for MMP-1, -2, -3, 7 and -11 as well as TIMP-2 in gingival fibroblasts from

healthy humans (Cury PR et al. 2008).

2.6 The Detrimental Effects of Substance P:

The role of SP in the heart appears to be dependent on disease etiology.
Detrimental effects of SP have been seen in long-term non-ischemic myocardial
remodeling and heart failure (figure 2.1.A). Substance P and the NK-1 receptor are
increased in a dilated cardiomyopathy mouse model of myocarditis induced by Taenia
crassiceps parasite injection (D'Souza M et al. 2007). Substance P deficient mice were
protected from adverse remodeling following infection. In the SP-deficient mice,

cardiomyocytes were protected against hypertrophy, while the wild type cells showed a
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27% increase in cross-sectional area. Apoptosis was more evident in the wild type

cardiomyocytes.

Similarly to parasite-infected hearts, encephalomyocarditis virus (EMCV)
infected mice showed dramatic increases in SP, which were correlated with cardiac
hypertrophy, increased cardiomyocyte cross-sectional area and apoptosis (Robinson P et
al. 2009). Substance P-deficient mice hearts were protected against all of these adverse
events. Inflammation and necrosis were evident in EMCV infected hearts with over a
50% mortality rate after 14 days of infection, while no death occurred after 14 days of

infection in SP-deficient mice.

In a model of heart failure secondary to a sustained cardiac volume overload,
Melendez GC et al. found that deletion of TAC1 protected mice from developing left
ventricular hypertrophy and ventricular dilatation (Melendez GC et al. 2011). In contrast
to the wild type, there was no increase in right ventricular mass or lung weight in the
TACI1—/— mice indicating protection from heart failure. In this model of heart failure,
mast cell activation is responsible for collagen degradation via MMP activation (Brower
G et al. 2002; Levick SP et al. 2008). Thus, this cardioprotection was explained by the
prevention of SP-induced mast cell degranulation, which prevented an increase in TNF-a
levels, matrix metalloproteinase (MMP) activation and subsequent collagen degradation.

Cell death was not a significant factor in this model (Melendez GC et al. 2011).

Weglicki and Phillips found in rats with magnesium deficiency that circulating SP
levels were elevated (Weglicki and Phillips 1992). Furthermore, they reported that SP

was increased in the cardiac lesions of magnesium-deficient mice, and upon blockade of
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the NK-1 receptor, TNF-a and IL-1 levels, but not IL-6 were significantly reduced within
the lesions (Weglicki WB et al. 1994). Other studies have shown that blocking NK-1
receptors in hypomagnesemia rats improved systolic and diastolic function as determined

by fractional shortening and the E/A ratio, respectively (Mak IT et al. 2011).

In ischemia reperfusion studies, magnesium deficient hearts seem to respond
differently from the wild type hearts. Upon blocking NK-1 receptors following global
ischemia and reperfusion there was an improvement in the developed pressure and
cardiac work (Kramer JH et al. 1997). Lactate dehydrogenase and lipid hydrogen

peroxide levels were decreased as well.

In case of hypertension/pressure overload, little is known regarding the role of SP
in myocardial remodeling due to hypertension or pressure overload. Dehlin HM et al.
showed that TACI is up-regulated in the SHR heart as blood pressure increases. It was
also shown that SP induced expression of the fetal genes that are related to pathological
hypertrophy in the hypertensive heart via NK-1 receptors. Activation of NK-1 receptors
was shown to be critical for developing cardiac fibrosis. It was suggested that SP
mediates fibrosis via up-regulation of endothelin-1 since there were functional changes in

isolated cardiac fibroblasts incubated with SP (Dehlin HM et al. 2013).

2.7 The Beneficial Effects of Substance P:

In a rat model where neuropeptide was depleted by capsaicin, there were
reductions in heart rate recovery, coronary flow and left ventricular developed pressure
following ischemia reperfusion compared to non-capsaicin pretreated hearts. It is

important to mention that capsaicin causes the depletion of other sensory nerve
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neuropeptides including calcitonin gene-related peptide (CGRP). Substance P
replacement (1 nM—1 pM) caused restoration of contractile function and coronary flow;
while inhibition of NK-1 receptors prevented these beneficial actions (Ustinova et al.
1995). Contrariwise, guinea pig hearts pretreated with NK-1 receptor antagonists or
capsaicin and subjected to global ischemia followed by reperfusion were found to have
significantly improved left ventricular developed pressure and left ventricular end
diastolic pressure (LVEDP) following reperfusion (Chiao and Caldwell 1996). These
contradictory findings might be related to the fact that the studies were conducted using
different species with different ischemia/reperfusion durations (rat model with 20 min
ischemia and 30 min reperfusion versus guinea model with 15 min ischemia and 60 min

reperfusion).

However, in ischemia-reperfusion mice models, SP is consistently shown to be an
important factor in functional recovery of the myocardium during acute reperfusion via
stimulation of the transient receptor potential vanilloid type 1 (TRPV1) present on
sensory nerves. Specifically, 40 min of global ischemia followed by 30 min of
reperfusion in isolated mouse heart preparation using TRPV1 gene deficient mouse hearts
produced less SP in comparison to the wild type (Wang and Wang 2005). Coronary flow
and developed pressure were reduced while LVEDP was increased in TRPV1—/— hearts.
Upon SP (1 pM) treatment prior to ischemia in TRPV1-deficient hearts, the adverse
responses in LVEDP, developed pressure, and coronary flow were all attenuated. The
addition of NK-1 receptor antagonist to wild type mice was shown to produce converse
effects by worsening these functional parameters. Preconditioning of TRPV—/— mice

through subjecting them to three cycles of 5 min of ischemia followed by 5 min of
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reperfusion, before 30 min of global ischemia and 40 min of reperfusion was ineffective
as LVEDP increased associated with reduction in coronary flow, +dP/dt, and developed

pressure (Zhong and Wang 2007).

In diabetic rats, the role of SP in ischemia-reperfusion was investigated using an
isolated heart apparatus and a post-conditioning protocol by which, hearts were exposed
to 30 min of global ischemia, followed by 5 cycles of 10 s of reperfusion and 10 s of
global ischemia, before a final 40 minute period of reperfusion. It was found in non-
diabetic rats that LVEDP, +dP/dt and —dP/dt, coronary flow, and developed pressure
were improved following the post-conditioning protocol while these effects were lost in
diabetic rats. Since SP levels increased following post-conditioning in the normal heart,
cycles of SP infusion (1puM) to mimic the post-conditioning protocol in normal heart
were used in diabetic hearts and were found to be effective in improving cardiac
functional parameters along with decreases in creatine kinase and cardiac troponin I,
which indicates a possible reduction in cell death (Ren JY et al. 2011). This would
suggest that the loss of post-conditioning benefits was because of the decrease in SP in
the diabetic heart. The SP protective effects in ischemia-reperfusion injury were
suggested to be due to its potent vasodilatory actions allowing improved reperfusion

(figure 2.1.B).

Accordingly, one would expect a reduction in the infarct size in situations where
the left anterior descending coronary artery is ligated for a short duration and then
released to allow reperfusion. Still, studies on the effect of SP in ischemia/reperfusion
model utilizing left anterior descending coronary artery ligation are lacking. Furthermore,

it is unknown whether reperfusion is required for SP to show its protective effects. If so,
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SP would be of limited benefit in case of myocardial infarction where there is no
reperfusion. It is not known what happens to SP levels following permanent myocardial
infarction. It was reported that following permanent ligation of the left anterior
descending coronary artery in the rat heart, SP levels progressively increase over the first
hour (Wang LL et al. 2011). It was also shown in the rat hearts that SP was elevated at 3
h post-occlusion, and had returned to normal by 6 h (Zhang RL et al. 2012). The use of
NK-1 inhibitor did not affect the infarct size suggesting that reperfusion is required for
SP to be protective. However, this study did not measure any functional parameters and
was conducted after only 3 hrs. of infarction, which leaves many unanswered questions
regarding the acute effects of SP on cardiac function and the long-term effects on both

structure and function.

On the other hand, it was found that SP levels were elevated 24 h after ligation of
the left anterior descending coronary artery (Amadesi S et al. 2012). This discrepancy of
SP levels may be due to differences between species or may suggest the existence of a
biphasic response where SP increases immediately upon alteration of coronary blood
flow and there is a latent increase of SP upon sustained up-regulation of the TACI gene

(Dehlin and Levick 2014).

Summary:

Substance P is a member of tachykinin family of sensory neuropeptide. It is found
in the central nervous system and peripheral afferent sensory neurons and encoded by the
TACI gene. C-fiber sensory neurons are the predominant source of SP. However, a few

other non-neuronal cells such as eosinophils, endothelial cells, and macrophages have
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also been reported to produce SP. In the heart, though, it is shown to be also produced by
small population of coronary endothelial cells. The distribution of SP in the heart differs
with different species. It is degraded by various enzymes (predominantly ACE and NEP).
It induces its effects through neurokinin receptors (preferably NK-1 receptors). It acts as
a neurotransmitter and is involved in pain transmission, smooth muscle contraction,
vasodilation, nociception, and modulation of inflammatory/immune cell functions.
Substance P has detrimental effects on the heart in long-term non-ischemic myocardial
remodeling and heart failure. It also has beneficial effects in short-term ischemia-
reperfusion. Most studies investigating the effect of SP following ischemia and short-
term reperfusion have indicated that the protective effect of SP is due to its vasodilator
properties upon reperfusion. However, other reports were not able to demonstrate this
mechanism, which opens the possibility of SP having other protective mechanisms. For
example, SP was shown to reduce Anti-Fas-induced apoptosis in human tenocytes in
vivo. This study demonstrated that the anti-apoptotic effect of SP is mediated through
NK-1 receptors and AKT-specific pathways (Backman and Danielson 2013). The
possible cardiac cell protective effect of SP in short-term hypoxia without reperfusion has

not been investigated which is the subject of our hypothesis.
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(B) Short-Term Ischemia-Reperfusion (SP beneficial effects)

*SP |:> NK-1 receptors on Improved
C-fiber oo coronary endothelial Vasodilatation I:>

cardiac
cells function
,ﬁ:\ sp NK . Improved
N o -1 receptors on L cardiac
¢ I|’"l.. |:> colrlonary endothelial :> Vasodilatation |:> function
4. cells

Small po;;ul—ations of
coronary endothelial cells

Figure 2.1. Schematic indicating the long-term and short-term substance P effects in
response to altered coronary flow.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Animals:

The study protocol was approved by the Institution of Animal Care and Use
Committee and conformed to the principles of the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Seven-week old male Sprague—Dawley rats
were purchased from Harlan Laboratories. The animals were housed under standard
environmental conditions and were maintained on a normal rodent diet and tap water ad

libitum.

3.2 Isolated Heart Experiments:

For the whole heart ischemia reperfusion experiments, a non-recirculating
Langendorff Heart preparation was used. Rats were anesthetized with intraperitoneal
sodium pentobarbital injection (100 mg/kg). The right femoral vein was then exposed and
heparin (1000 IU) was administered intravenously. After allowing the heparin to
circulate, the heart was then rapidly excised and placed in an ice-cold Krebs-Henseleit
buffer where the aorta was isolated for subsequent cannulation. After cannulation, a
retrograde perfusion was started at a constant perfusion pressure of 60 mmHg with
Krebs-Henseleit buffer that contains: NaCl (107 g/L), KCI (5.96 g/L), NaHCO3 (32.26

g/L), MgCI2.6H20 (3.25 g/L), CaC12.2H20 (5.17 g/L), 10 mM HEPES. The buffer was
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filtered, maintained at 37°C, and bubbled with 95% O2 and 5% CO?2 in advance. Hearts
were allowed an acclimatization period a 20 min after being un-paced and then, global
ischemia was induced by turning off the flow of buffer to the heart. Following 30 min of
ischemia, flow was restored at a perfusion pressure of 60 mmHg for a period of 30 min.
Coronary flow was recorded throughout the experiment with coronary perfusate collected
at: baseline (immediately before ischemia), immediately following the initiation of
reperfusion, 10 min of reperfusion, 20 min of reperfusion, and 30 min of reperfusion.
Non-ischemic control hearts were continuously perfused for 60 min. Hearts treated with
SP were given a 1 mL bolus of SP (1uM) 10 min prior to the initiation of ischemia. After
finishing the experiment, the hearts were taken down from the Langendorff apparatus, the
atria and right ventricle were removed, and a transverse section of the left ventricle and
septum were fixed in zinc formalin for histological analysis. The apex of the left ventricle

was frozen at -80°C for subsequent western blot analysis.

3.3 Rat Left Ventricular Tissue Slice Culture and Hypoxia:

The rats were deeply anesthetized with an intra-peritoneal injection of
pentobarbital sodium (70 mg/kg) and the hearts removed, washed in cold sterile saline,
and transferred to Joklik media, Sigma-Aldrich, St. Louis, USA (Joklik+10% FBS, PS,
AmphoB, gent.). The LV and septum were separated from the rest of the heart, the LV
chamber filled with 2.5% agarose (Cat. No.: BP1356-100, Fisher BioReagents, CA,
USA) that was heated to 40°C in order to keep it liquefied, and inserted within a metal
cylinder containing agarose. Once the agarose was solidified, a Brendel/Vitron Tissue
Slicer (Vitron Organ Slicing Tech., Tucson, AZ) was used to obtain 15 to 20 slices that

were 250 to 300um in thickness.
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The slices were incubated in calcium-free Joklik media at room temperature for
30 min and then transferred to fresh Joklik media containing 0.2 uM of calcium chloride
and incubated for 30 min in a culture incubator (37 °C, 95% O2 and 5% CO2). Next,
additional calcium chloride was added to obtain a final concentration of 0.4 uM and the
slices were further incubated for 30 min. There were two major groups with the slices in
one group being incubated with three concentrations (30, 100, and 300 nM) of SP (Cat.
No.: 1156, Tocris Bioscience, Minneapolis, MN, USA) and in the other group the slices
were incubated with either 100nM SP, 100nM SP with 10uM NK-1 inhibitor, L-732, 138
(Cat. No.: 0868, Tocris Bioscience, Minneapolis, MN, USA), or 100nM SP with 50uM
AKT inhibitor, LY294002 (Cat. No.: 9901, Cell Signaling Technology, Danvers, MA,
USA). In both groups, the slices were divided randomly and placed into five wells (i.e.,
representing groups: normoxia, hypoxia, and hypoxia with different doses of SP (30, 100,
and 300nM) in the first group; while normoxia, hypoxia, hypoxia with SP, and hypoxia
with SP and either NK-1 inhibitor or AKT inhibitor in the second group) with at least 3

slices per well.

Tissue hypoxia was induced by placing the slices into pre-deoxygenated, serum
free Waymouth medium, Sigma-Aldrich, St. Louis, USA (Waymouth+PS, AmphoB,
gent.) and incubated in 1% Og, 94% N, and 5% COgz at 37 °C, for 45 min. Tissue
normoxia culture was conducted in Waymouth medium with serum, Sigma-Aldrich, St.
Louis, USA (Waymouth+10%FBS, PS, AmphoB, gent.) and 95% Oz, 5% COg at 37 °C
for 45 min. Afterwards, media from each well was collected and analyzed for lactate
dehydrogenase (LDH) and the slices weighed. Some of the slices from each well were

snap frozen and stored at -80°C for subsequent biochemical analysis and the remaining
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slices were fixed in 10% buffered formalin for 24 hr. at room temperature and embedded

in paraffin and sectioned to a 5 pm thickness for subsequent staining.
3.4 LDH assay:

Lactate Dehydrogenase (LDH) is a cytosolic enzyme that is usually released to
the surrounding media as a result of sarcolemmal membrane rupture. To determine the
amount of tissue injury induced by hypoxia, the culture media was collected and LDH
activity in the media was immediately assayed by using LDH cytotoxicity detection kit
(Cat. No.: 630117, Clontech, Mountain View, CA). The manufacturer’s instructions state
that the optimal cell concentration should be between 5x10°-2x10* cells/well. Therefore,
we diluted our media 500 times. Three controls were run: 1) Background control (media
without reaction mixture), 2) Low control (Normoxia), 3) High control (100% dead cells
using 2% Triton X-100 with the media). Reaction Mixture was made immediately before
the experiment by adding 250ul catalyst to 11.25ml dye thoroughly mixed in a dark
room. Diluted media and controls were run in triplicate using 100ul media plus 100ul
reaction mixture per well. The plate was covered and incubated at room temperature for
30 min. The plate was read with a micro-plate reader (VersaMax) at 490 nm wavelength
and the data collected using Software-Max. The relative LDH activity in the culture

media was normalized by the tissue weight.
3.5 Protein extraction and measurement:

The tissue slices that were snap frozen at -80C were put on ice to melt. The slices
were added to T-PER buffer (Cat. No.: 78510, Thermo-Scientific, Rockford, IL, USA) to

which protease-phosphatase inhibitor cocktail and EDTA (Cat. No.: 78440, Thermo-
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Scientific, Rockford, IL, USA) were added. They were then minced in the buffer with
scissors, vortexed and homogenized (Ultra-Turrax T8, IKA LABORTECHNIK,
Wilmington, NC, USA). The vortexing and homogenization procedure was repeated and
the homogenate centrifuged at 10,000g for 5 min at 4° C. Some of the supernatant was
used for protein measurement and Western blotting with the remainder was snap-frozen

in liquid nitrogen.

For protein measurement, a BCA protein assay kit (Cat. No.: 23227, Thermo-
Scientific, Rockford, IL, USA) was used. Standard solutions and working reagents were
prepared according to the manufacturer’s instructions. The tissue slice protein had to be
diluted ten times to fall within the standards range. All standards, unknowns, and blank
were run in duplicate via the micro-plate method using 25ul samples per well to which
200ul of working reagent was added (working reagent was prepared by adding the kit’s
reagent A to reagent B in a ratio 50:1). The micro-plate was incubated for 30 min at
37°C, read using a micro-plate reader at 562 nm wavelength and the data were collected

using Software-Max.

3.6 Western Blots:

The gels for Polyacrylamide Gel Electrophoresis (PAGE) were made in the lab
using a discontinuous buffer system method with the gel separated into two sections (a
large —pore stacking gel on top of a small-pore resolving gel). The resolving gel (12%)
was made for 2 gels of 1mm thickness as follows: [4.42ml H20O, 5.2ml 30%
Acrylamide/Bis (Cat. No.: 161-0156, Bio-Rad, Hercules, CA, USA), 3.25ml 1.5M Tris-

HCI buffer PH=8.8 (Cat. No.: 161-0798, Bio-Rad, Hercules, CA, USA), 0.13ml 10%
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SDS (Cat. No.: 161-0416, Bio-Rad, Hercules, CA, USA), 65ul 10% APS (Cat. No.:
17874, Thermo-Scientific, Rockford, IL, USA), 6.5ul TEMED (Cat. No.: 161-0801, Bio-
Rad, Hercules, CA, USA)]. The stacking gel (4%) was made for two gels of 1mm
thickness as follows: (3.05ml 30% acrylamide/Bis, 1.25ml 0.5M Tris-HCI buffer PH=6.8
(Cat. No.: 161-0799, Bio-Rad, Hercules, CA, USA), 0.05ml 10% SDS, 25ul 10% APS,

5ul TEMED).

Protein samples were thawed and mixed with an equal volume of sample buffer
[mix 2-Mercaptoethanol (Cat. No.: 161-0710, Bio-Rad, Hercules, CA, USA) to Laemmli
buffer (Cat. No.: 161-0737, Bio-Rad, Hercules, CA, USA) in a ratio 1:19] and then
heated to 95°C before loading onto the gel. The running buffer [adding 50ml 10x TGS
(Cat. No.: 161-0772, Bio-Rad, Hercules, CA, USA) to 450ml of DI H,O] was then added
to the electrophoresis module. A protein marker (Precision Plus Kaleidoscope, Cat. No.:
161-0375, Bio-Rad, Hercules, CA, USA), positive control for p-AKT (Cat. No.: 9273,
Cell Signaling Technology, Danvers, MA, USA) were also loaded on the gel. The gels
were run at 100V for 1.5 hr. and then transferred to nitrocellulose membrane using
transfer buffer [adding 85ml 10x TG (Cat. No.: 161-0771, Bio-Rad, Hercules, CA, USA)
to 595ml DI H,O to 170ml methanol] at 100V for 1 hr. Next, the membranes were
washed for 5 min with TBS-T and blocked with 5% non-fat milk in TBS-T for 1 hr at
room temperature. The membranes were then incubated with primary antibody (Cat. No.:
4060, Cell Signaling Technology, Danvers, MA, USA) overnight at 4°C on a shaker (p-
AKT antibody 1:2000 5% BSA in TBS-T). The membranes were washed with TBS-T 3
times for 5 min with TBS-T before incubating it with anti-rabbit secondary antibody (Cat.

No.: 7074, Cell Signaling Technology, Danvers, MA, USA) for 1 hr at room temperature
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(1:2000 in 5% non-fat milk in TBS-T). The membranes were washed again 3 times for 5
min in TBS-T before incubation with ECL (SuperSignal West Pico Chemiluminescent
Substrate, Cat. No.: 34080, Thermo-Scientific, Rockford, IL, USA) solution for 10 min.

The membranes were wrapped with lab wrap and exposed to film.

The membranes were re-probed by washing with 1x TBS for 5 min, stripped with
Restore Plus Western Blot Stripping Buffer (Cat. No.: 47430, Thermo-Scientific,
Rockford, IL, USA) for 5 min, and then twice washed for 5 min with 1x TBS. The
membranes were blocked with 5% non-fat milk in TBS-T for 1 hr and incubated with the
primary antibody for housekeeping genes e.g. GAPDH (Cat. No.: SC-20357, Santa Cruz
Biotechnology, Dallas, Texas, USA) in a dilution 1:1000 in 5% non-fat milk in TBS-T
overnight at 4° C. They were then washed with TBS-T for 10 min 3 times before
incubation with a secondary antibody (Donkey Anti-Goat IgG, Cat. No.: SC-2020, Santa
Cruz Biotechnology, Dallas, Texas, USA) in a dilution 1:2000 in 5% non-fat milk in
TBS-T for 1 hr at room temperature. Finally, the membranes were washed 3 times with
TBS-T allowing 10 min for each wash, incubated with ECL solution for 10 min at room

temperature, wrapped with lab wrap and exposed to film.

3.7 TUNEL:

TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining was used to
determine programmed cell death, i.e., apoptosis. Tissue slices from each group were
deparafinized and rehydrated. TUNEL staining was accomplished by using an In Situ
Cell Death Detection Kit (Cat. No.: 11684809910 Roche, Mannheim, Germany)

according to the manufacture’s instruction. Negative control was established by
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incubating the fixed and permeabilized tissue in Label solution only (without terminal
transferase) instead of TUNEL reaction mixture while a positive control was established
by incubating the fixed and permeabilized tissue with DNase I recombinant for 10 min at
room temperature to induce DNA strand breaks, prior to the labeling procedure. From
each slice, all of the apoptotic cells in a field were counted using a fluorescent
microscope (Zeiss Axiovert 200). The section area was measured using a scanner GS-
800. The number of apoptotic cells was divided by the section area to obtain the number

of apoptotic cells per mm”.
3.8 Periodic Acid-Schiff (PAS) Staining:

Periodic acid acts upon the 1, 2 glycol linkage of carbohydrates in tissue sections
to produce aldehyde, which can be highlighted with Schiff’s reagent. Periodic acid-
Schiff (PAS) reagent is used to depict areas of abnormal sarcolemmal permeability that
occurs early during myocardial ischemia. Accordingly, the PAS positive areas are
indicative of early necrotic damage. PAS staining was performed with the PAS Staining
System (Cat. No.: 395B, Sigma-Aldrich, St. Louis, USA), according to the
manufacturer’s instructions. The tissue sections in each group were deparafinized,
rehydrated, and oxidized in 0.5% Periodic acid solution for 5 min at room temperature.
Then the slides were rinsed using several changes of distilled water before immersing
them in Schiff reagent for 15 min at room temperature. Next the slides were washed in
running tap water and counterstained in Gill 3 hematoxylin for 90 sec. They were washed
with running tap water again and dehydrated, cleared, mounted and covered with cover
slip. In each section, ten fields (200x magnification) were randomly selected and

photographed. The PAS positive areas were quantified using the software Image-Pro Plus
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4.5 and divided by the field area. The average percent PAS positive area of 10 fields was

obtained for each experimental group.

3.9 Statistical Analysis:

Results are presented as mean £ SEM. For comparison between groups, one-way
analysis of variance (ANOVA) was performed, followed by the Tukey post-hoc test.

Statistical significance was set at a P value < 0.05.
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CHAPTER 4
RESULTS

In the isolated heart global ischemia-reperfusion (I/R) experiments, there was a
marked increase in coronary flow after reperfusion following global ischemia in the
group pre-treated with SP (SP I/R) as compared to the I/R group not pre-treated with SP.
Figure 4.1A shows the coronary flow to be zero during the 20 min global ischemic period
for the I/R and SP I/R groups. Upon reperfusion, coronary flow was rapidly increased to
a value that was 50 % greater than its baseline value in the SP I/R group (figure 4.1B)
while that in the untreated I/R group was 20% below its baseline value (figure 4.1B).
Furthermore, coronary flow remained above its baseline value in the SP I/R group during
the subsequent 40 min reperfusion period while it significantly declined in the untreated

I/R group to a value that was 50% below its baseline value (figure 4.1B).

Lactate dehydrogenase (LDH) is a cytosolic enzyme that is released from injured
cells and is used as a marker of cell death. LDH levels in the coronary efflux were
measured during the time course of global ischemia and subsequent reperfusion. Results
regarding the percent change in LDH activity during the ischemia-reperfusion period are
provided in figure 4.2. At the end of occlusion and onset of reperfusion, LDH levels were
increased in the I/R group to 240% above its basal level, while in the SP I/R group, LDH
levels were increased only 97% above its basal level; the difference between the two

groups was significant. Following the washout period, the LDH level in the SP I/R group
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decreased to the same amount as in the Control group while it progressively increased in

the I/R group indicating a continuing cell death in this latter group.

The above results for the onset of reperfusion of a significantly lower LDH in the
SP I/R group indicate that, in addition to its effect on coronary flow, SP also attenuated
the degree of myocardial damage that occurred during the no flow ischemic period. To
further study this protective aspect of SP separate from its effect on the coronary
circulation, we made use of the cultured LV tissue slice preparation. This preparation
allows for the determination of the direct effect of SP on cardiac tissue without the
interference of other parameters such as coronary flow, loading conditions, and neuro-
hormonal influences. Accordingly, left ventricular slices were divided into five groups as
follows: normoxia, hypoxia, hypoxia incubated with 30nM SP, hypoxia incubated with
100nM SP, and hypoxia incubated with 300nM SP. The tissue slice LDH assay results
are shown in figure 4.3. As can be seen, LDH activity was significantly increased in the
hypoxia group (H) (0.00444 £+ 0.00016) compared to normoxia group (N) (0.00303 +
0.00017). Incubation with SP significantly reduced hypoxia-induced LDH release in a
dose dependent manner [(0.00321 £+ 0.00019 in H30), (0.00308 £+ 0.00023 in H100), or

(0.00291 £ 0.00034 in H300)] indicating its cardiomyocyte protective properties.

AKT is known to promote cell survival when activated (phosphorylated) via
inhibiting apoptotic pathways. Incubation with SP in a dose dependent manner increased
p-AKT in the hypoxic LV tissue slices, as shown in figure 4.4A, indicating that SP
enhanced cell survival by its ability to activate the downstream AKT pathway. In figure
4.4B, p-AKT values are normalized to GAPDH and the fold changes relative to hypoxia

are calculated. p-AKT progressively increased with SP in a dose dependent manner
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compared to the untreated hypoxia group [(1.000 £ 0.000 in H) vs. (1.351 + 0.086 in

H30), (1.903 + 0.102 in H100), and (2.170 + 0.472 in H300)].

The TUNEL staining results are summarized in figure 4.5. As can be seen,
incubation with SP resulted in a progressive decrease in the number of TUNEL positive
apoptotic cells (figure 4.5A). In figure 4.5B, the number of apoptotic cells per unit area is
expressed relative to that of normoxia group. There was a significant increase in
apoptotic cells in the hypoxia group compared to the N and H300 groups [(1.686 £ 0.202
in H) vs. (1.000 = 0.000 in N), or (0.888 £+ 0.124 in H300)]. These results indicate the
capability of SP to directly decrease the number of apoptotic cells in a dose dependent

manner.

Periodic Acid-Schiff (PAS) staining was used to determine areas of increased
sarcolemmal permeability depicting necrotic cell death. In figure 4.6, the hypoxia group
is seen to have a significant increase in PAS stained areas as compared to normoxia, and
the SP treated groups [(0.0810 =+ 0.0074 in H) vs. (0.0250 + 0.0020 in N), (0.0394 +
0.0034 in H100), and (0.0464 =+ 0.0161 in H300)]. Accordingly, part of SP’s
cardioprotective properties is its ability to attenuate necrotic cell death induced by

hypoxia.

From the above results, SP was shown to be effective in decreasing cardiac cell
death via decreasing cell injury (LDH assay), the number of apoptotic cells (TUNEL),
necrotic cells (PAS staining), and possibly by activating the cell survival pathway (p-
AKT). To investigate whether SP activates AKT through the NK-1 receptor and whether

SP induces cell survival through the AKT pathway, five groups of tissue slices were
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studied as follows: normoxia, hypoxia, hypoxia with 100nM SP, hypoxia with 100nM SP

and 50uM AKT inhibitor, or hypoxia with 100nM SP and 10uM NKI1 inhibitor.

As shown in Figure 4.7, LDH was significantly less in the hypoxia group
incubated with 100nM SP (H100) as compared to the hypoxia group [(0.00213 + 0.00037
in H100) vs. (0.00432 + 0.00051 in H)]. While LDH levels in the hypoxia groups treated
with 100nM SP and 50uM AKT inhibitor or 10uM NKI inhibitor were less than that in
the hypoxia group, the reductions did not reach the level of significance [(0.00283 =+
0.00056 in H100+AKT INH) and (0.00361 + 0.00051 in H100+NK1 INH) vs. (0.00213 +
0.00037 in H100)]. Western blot results of myocardial phosphorylated AKT levels are
presented in figure 4.8A. The p-AKT level is seen to be more prominent in H100 group
compared to other hypoxia groups. In figure 4.8B, p-AKT values were normalized to
GAPDH and expressed relative to the hypoxia value. The H100 group showed a 4-fold
increase in AKT activation as compared to the H group (4.104 = 1.539 in HI100).
Inhibiting AKT or NK1 receptors in SP pretreated hypoxia groups prevented this SP-
induced increase [(0.8662 = 0.3349 in H100+AKT INH) and (1.284 + 0.4611 in
H100+NKT1 INH)]. These results indicate that the AKT pathway has been activated by SP

via the NK1 receptor.

TUNEL staining results from the normoxia, hypoxia and hypoxia with 100nM SP
and either 50uM AKT inhibitor or 10uM NKI inhibitor groups are shown in figure 4.9A.
The normoxia and hypoxia with 100nM SP groups have a similar number of apoptotic
cells, which is much less than that in the other groups. In figure 4.9B, the number of
apoptotic cells per unit area relative to that of normoxia group is shown. Hypoxia or

hypoxia with 100nM SP and 50uM AKT inhibitor groups show a significant 2-fold
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increase in apoptotic cell density compared to normoxia, or hypoxia with 100nM SP
groups [(2.333 £ 0.498 in H), (2.187 = 0.153 in H100+AKT INH), vs. (1.000 + 0.000 in
N), (1.044 = 0.177 in H100)] indicating that blocking AKT which is a major survival
pathway abolishes the protective effect of SP. While the difference between the hypoxia
group (H) and hypoxia with 100nM SP and 10uM NKI1 inhibitor group was not
statistically significant [(2.333 £ 0.498 in H) vs. (1.930 + 0.213 in H100+NK1 INH)]. It

does suggest that blocking SP receptors abolishes its protective effect.

PAS staining results are shown in figure 4.10. Panel A displays representative
PAS stained images in which the hypoxia, hypoxia with 100nM SP and 50uM AKT
inhibitor, or hypoxia with 100nM SP and 10uM NKI1 inhibitor groups show much greater
PAS stained areas compared to the normoxia or hypoxia with 100nM SP groups
indicating increased necrosis. The percent PAS positive areas for the groups are shown in
panel B where the H, H1I00+AKT INH, or HI00+NK1 INH groups are seen to have a
significant increase in PAS positive area percentage compared to N or H100 groups
[(0.0812 £ 0.0081 in H), (0.0864 + 0.0135 in HI00+AKT INH), (0.0774 £+ 0.0069 in
H100+NKT1 INH) vs. (0.0301 £+ 0.0035 in N), (0.0379 £ 0.0045 in H100)]. These results
indicate that SP reduces hypoxia-induced cell necrosis via the NKI receptor and

activation of downstream AKT pathways.
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Figure 4.1. Coronary flow response to ischemia-reperfusion (I/R) in 3 groups of rat
isolated hearts as follows: non-ischemic control, I/R, and SP pretreated I/R (SP I/R).
Thirty min of global ischemia was followed by 30 min of reperfusion. Coronary flow
was recorded every 10 min and the coronary perfusate collected at: baseline, immediately
following the initiation of reperfusion, and 10, 20 and 30 min of reperfusion. Non-
ischemic control hearts were continuously perfused for 60 min. Panel A - coronary flow
during the time course of the experiment. Panel B - % change in coronary flow relative to
baseline values. All values are mean £SEM. * p-value < 0.05, n=8-9.
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Figure 4.2. Percent change from baseline of lactate dehydrogenase activity (LDH) in the
coronary perfusate during ischemia-reperfusion (I/R) in 3 groups of rat isolated hearts:
non-ischemic control, I/R, and SP pretreated I/R (SP I/R). All values are mean +SEM,
n=8-9. *p<0.05 vs. control at same time-point, \ p<0.05 vs. I/R at same time-point.
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Figure 4.3. Lactate dehydrogenase activity (LDH) in the media of normoxic and hypoxic
cultured left ventricular (LV) slices treated with different doses of SP. LV slices of the
normoxia group (N) were incubated in Waymouth media with 10% FBS in culture
incubator (37 °C, 95% 02 and 5% CO2) at 37 °C for 45 min., while the LV slices of all
hypoxia groups: hypoxia alone (H), hypoxia with 30nM SP (H30), hypoxia with 100nM
SP (H100), or hypoxia with 300nM SP (H300) were incubated in serum-free Waymouth
media in a culture incubator (1% O,, 94% N, and 5% CO,) at 37 °C for 45 min. All
values are mean =SEM, N=4, *p<0.05 vs. N, H30, H100, or H300.
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Figure 4.4. Panel A - Western blot of activated AKT (Ser473 phospho-AKT) in hypoxic
LV sections incubated with and without SP in a deoxygenated culture incubator at 37 °C.
(H) 45min hypoxia, (H30) 45min hypoxia with 30nM SP, (H100) 45min hypoxia with
100nM SP, (H300) 45min hypoxia with 300nM SP. Panel B - Values were normalized to
GAPDH and then expressed relative to hypoxia values. All values are mean +SEM, n=4,
*p<0.05 vs. H.
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Figure 4.5. Panel A. TUNEL assay photomicrograph results of cultured left ventricular
slices incubated with SP: (I) normoxia (N), (II) 45 min hypoxia (H), (IIT) 45min hypoxia
with 30nM SP (H30), (IV) 45min hypoxia with 100nM SP (H100), (V) 45min hypoxia
with 300nM SP (H300). Images were taken at 200x magnification. Panel B shows the
number of apoptotic cells per unit area of LV sections normalized to the number of
apoptotic cells per unit area in the normoxia group. All values are mean £SEM, n=5,

*p<0.05 vs. N and H300.
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Figure 4.6. Panel A. Periodic Acid-Schiff (PAS) staining of LV sections subjected to
hypoxia and incubated with different doses of SP. The pink areas (arrows) represent
necrotic cell death. (I) normoxia (N), (II) 45min hypoxia (H), (IIT) 45min hypoxia with
30nM SP H30 (IV) 45min hypoxia with 100nM SP (H100), (V) 45min hypoxia with
300nM SP (H300). Images were taken at 200x magnification. Panel B shows the percent
of PAS positive area in the LV sections. All values are mean £SEM, n=4, *p<0.05 vs. N,
H100 and H300.
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Figure 4.7. LDH activity in the media of cultured left ventricular (LV) slices incubated
prior to hypoxia with SP and inhibitors of AKT and the NK1 receptor. LV slices in the
normoxia group (N) were incubated in Waymouth media with 10% FBS in a culture
incubator (37 °C, 95% 02 and 5% CO2) at 37 °C for 45 min. While the LV slices of all
hypoxia groups [hypoxia alone (H), hypoxia with 100nM SP (H100), hypoxia with
100nM SP and 50uM AKT inhibitor (H100+AKT INH), and hypoxia with 100nM SP
and 10uM NKI1 antagonist (HI00+NK1 INH)] were incubated in serum-free Waymouth
media in a culture incubator (1% O,, 94% N, and 5% CO,) at 37 °C for 45 min. All
values are mean =SEM, N=4, *p<0.05 vs. H100.

46



(A)

P-AKT |

GAPDH

Positive conrol | + - - - - -
Normoxia - + - - - -
45min Hypoxia | - - + + + +
100nM SP - - - + + +
50uM AKT inh | - - - - + -
10uM NK1inh | - - - - - +

T <
(B)

ZX

e

o<

o ©

3%

ES

t =

a8

& \\‘&.
&

GROUPS

Figure 4.8. Western blot of activated AKT (Ser473 phospho-AKT) in left ventricular
(LV) sections incubated with 100nM SP and inhibitors of AKT and the NK1 receptor
before subjecting them to hypoxia (H) in a deoxygenated culture incubator at 37 °C for
45 min as follows: hypoxia + 100mM SP (H100), hypoxia with 100nM SP and 50uM
AKT inhibitor (H100 + AKT INH), and hypoxia with 100nM SP and 10uM NKI1 R
antagonist (H100 + NK1 INH). Values were normalized to GAPDH and then normalized
to that of hypoxia. All values are mean =SEM, n=4, p-value < 0.05.
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Figure 4.9. TUNEL assay of cultured left ventricular (LV) sections incubated with
100nM SP and inhibitors of AKT and the NKI1 receptor before subjecting them to
hypoxia (H) in a deoxygenated culture incubator at 37 °C for 45 min as follows: hypoxia
+ 100mM SP (H100), hypoxia with 100nM SP and 50uM AKT inhibitor (H100+ AKT
INH), and hypoxia with 100nM SP and 10uM NK1 R antagonist (H100+NK1 INH). In
panel A, (I) - normoxia (N), (II) - H, (IIT) - H100, (IV) - H100+ AKT INH and 50uM
AKT inhibitor, (V) - HI00+NK1 INH. Images were taken at 200x magnification. Panel B
shows the number of apoptotic cells per unit area for the study groups normalized to the
number of apoptotic cells per unit area in N. All values are mean +SEM, n=4, *p<0.05
vs. N., and H100.
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Figure 4.10. Periodic Acid-Schiff (PAS) staining of cultured rat LV sections incubated
with 100nM SP and inhibitors of AKT and the NK1 receptor before subjecting them to
hypoxia (H) in a deoxygenated culture incubator at 37 °C for 45 min as follows: hypoxia
+ 100mM SP (H100), hypoxia with 100nM SP and 50uM AKT inhibitor (H100+ AKT
INH), and hypoxia with 100nM SP and 10uM NK1 R antagonist (H100+NK1 INH). The
PAS pink areas (arrows) in panel A represent necrotic cell death where (I) - normoxia
(N), (Il) - H, (IIT) - H100, (IV) - H100+ AKT INH and 50uM AKT inhibitor, (V) -
H100+NK1 INH. Images were taken at 200x magnification. Panel B shows the percent
of PAS positive area in the LV sections of the groups. All values are mean
+SEM, n=4, *p<0.05 vs. N., and H100.
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CHAPTER 5
DISCUSSION

Current evidence has shown SP to have beneficial and adverse cardiac effects
depending on the pathological setting. In general, it has been reported to be detrimental in
chronic non-ischemic remodeling such as myocarditis (D'Souza M et al. 2007; Robinson
P et al. 2009), magnesium deficiency (Weglicki and Phillips 1992), volume overload
(Melendez GC et al. 2011), and spontaneous hypertension (Dehlin HM et al. 2013), while
it has been shown to be beneficial in short-term ischemia-reperfusion (Ustinova et al.
1995). Its beneficial effect is due in part to the ability of SP to produce coronary
vasodilation. A reduction in coronary blood flow induces acute SP release with
subsequent vasodilation and short-term improvement of cardiac function (Dehlin HM et
al. 2013). Substance P is released from sensory nerves that are distributed throughout the
heart, including the ventricles, atria, valves, and connective linings (Furness JB et al.
1984). It is released from some coronary endothelial cells as well. Substance P acts via
the NK-1 receptor, which is located on intrinsic cardiac ganglia, cardiac fibroblasts, and
coronary endothelial cells. There is little evidence to support the existence of NK-1
receptors on cardiomyocytes and there are no reports indicating a direct effect of SP on
cardiomyocytes; however, one study has indicated that genes for NK-1 receptors are

expressed on isolated neonatal cardiomyocytes (Church DJ et al. 1996).
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In the current study, we hypothesized that SP participates in cardioprotection
through protective cellular mechanisms as well as through its capability to cause
vasodilation. To investigate this hypothesis, a global ischemia-reperfusion rat isolated
heart preparation protocol and a hypoxic rat left ventricular slices culture protocol were
utilized and LDH, p-AKT, apoptosis, and ischemic areas were determined. The
significant findings clearly demonstrate that SP induces its cardioprotection via coronary
vasodilation and a direct effect on cardiomyocytes. Coronary flow was significantly
increased in rat hearts pretreated with SP and subjected to global ischemia-reperfusion
compared to rats subjected to ischemia-reperfusion without SP pretreatment. This is
consistent with the already described vasodilatory effect of SP on the coronary circulation

(Ustinova et al. 1995; Wang and Wang 2005; Ren JY et al. 2011).

LDH activity was significantly decreased in the Sub P I/R group compared to I/R
group at the onset of reperfusion. Ren JY et al showed that diabetic hearts displayed a
significant increase in other cell injury markers such as cardiac troponin I and creatine
kinase due to the decrease in CGRP and SP release in diabetic hearts (Ren JY et al.
2011). However, in our study, LDH did not show a significant difference between with
and without SP during the mid and late stages of reperfusion. This may be due to the fact
that SP causes a vasodilation-induced increase in coronary flow, which increases the
susceptibility to reactive oxygen species and consequent more release of LDH compared
to I/R without SP. Also, sudden reperfusion could be a double-edged sword in that it
could induce cell death per se (Braunwald and Kloner 1985; Piper HM et al. 1998;
Yellon and Hausenloy 2007). Previous studies have showed that reperfusion of ischemic

tissues is often associated with microvascular injury, mainly due to increased
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permeability of capillaries and arterioles with subsequent increased diffusion and
filtration of fluid across the tissues. Following reperfusion, more reactive oxygen species
but less nitric oxide are produced by the activated endothelial cells, and the imbalance

results in consequent inflammatory response (Carden and Granger 2000).

To avoid the influence of coronary flow on the cardiac tissue, we used a cultured
LV tissue slice protocol, which has several advantages as follows: 1) myocardial cells
retain their 3-D structural integrity, intercellular interactions and extracellular
attachments; 2) ability to perform multiple perturbations on tissue from an individual
heart thereby minimizing biological variability; 3) relatively long-term effects of a
perturbation can be investigated under highly controlled conditions; and 4) the
myocardial response to perturbations is solely intrinsic in that it is void of factors, such as
circulating inflammatory cells, cytokines, variations in the neuro-hormonal background,

and variations in preload, afterload and contractility.

In the cultured tissue slices, LDH significantly increased in the untreated hypoxia
group compared to the other groups; incubation with SP significantly decreased the LDH
levels in a dose dependent manner. The relative reduction in LDH release upon SP
treatment is less evident in the cultured slices (H30, H100, or H300: H) compared to that
of the isolated heart (SP I/R: I/R) which may indicate that SP’s protective effect is more
obvious when there is reperfusion due to its vasodilative properties. Nevertheless, the
abovementioned slice results clearly indicate that SP has a protective effect independent

of its effect on coronary flow.
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AKT, also referred to as protein kinase B, is phosphorylated into its active form
after stimulation with SP (Koon HW et al. 2004) and plays an important role in
controlling the balance between cell survival and apoptosis (New DC et al. 2007).
Activated/phosphorylated AKT (P-AKT) promotes cell survival and inhibits apoptosis by
inactivating pro-apoptotic members of the Bcl-2 family (preventing cytochrome C
leakage from the mitochondria), by decreasing expression of caspases and by increasing
the expression of anti-apoptotic Bcl-2 family members (Yang ZZ et al. 2004; New DC et

al. 2007).

Since the media of normoxia group contains 10% FBS which is known to induce
AKT activation (Tari and Lopez-Berestein 2000), we omitted the normoxia group from
our statistical analysis. P-AKT was progressively increased over two folds in the H300
compared to the hypoxia without SP group. This clearly indicates that with SP
incubation, AKT is activated and improves cell survival by preventing apoptosis.
Backman and Danielson demonstrated in their study of apoptosis in tenocytes that the
anti-apoptotic effect of SP is mediated through NK-1 receptors and AKT-specific
pathways (Backman and Danielson 2013). Substance P was also shown to activate AKT

in human colonocytes mediating anti-apoptotic responses (Koon HW et al. 2007).

To study apoptotic cell death, the Terminal deoxynucleotidyl transferase dUTP
nick end-labeling (TUNEL) assay was used. It detects DNA fragmentation due to the
apoptotic signaling cascade. There was a significant increase in apoptotic cell density in
the hypoxia group compared to normoxia and hypoxia group incubated with 300nM SP.
The number of apoptotic cells increased in the hypoxia group by more than 150% than

that in the normoxia group. Incubation with increasing concentrations of SP resulted in a
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progressive decrease in apoptotic cells compared to hypoxia group. This clearly indicates
that SP decreases apoptotic cardiac cell death. These findings are consistent with
previous reports of the anti-apoptotic effect of SP in hyperoxic-induced lung injury
(Huang B et al. 2014), retinal cells in diabetic rats (Yang JH et al. 2013), spinal cord
injury (Jiang MH et al. 2013), human tenocytes (Backman LJ and Danielson 2013), bone
marrow recovery after irradiation (An YS et al. 2011), and intestinal tissue regeneration
post irradiation injury (Kang MH et al. 2009). Consistent with our findings are those
reported by Melendez GC et al who used TAC1 knockout mice to study the effect of SP
in mice with a sustained cardiac volume overload. While they found SP to induce
adverse myocardial remodeling via mast cell activation, the number of apoptotic cells

was less in wild type compared to TAC1 knockout mice (Melendez GC et al. 2011).

Periodic Acid-Schiff staining was used to delineate areas of necrotic death. The
results clearly show that in the hypoxia group, the PAS stained area was significantly
larger than that in the normoxia and hypoxia incubated with SP groups. Thus, SP reduces
cardiac necrotic cell death during short-term hypoxia. To investigate whether it induces
its effect through NK-1 receptors and whether activating AKT is the proposed
mechanism beyond its cellular actions, we used NK-1 and p-AKT inhibitors. While there
was a strong trend for both inhibitors to negate the beneficial effects of SP, the
differences did not reach the level of statistical significance. This may be due to the
doses used for both NK1 and p-AKT inhibitors not being sufficient to block all binding
sites of SP and p-AKT inhibition respectively or the sample size was too small.
According to our data, sample size needs to be increased to 6 rats per group to get

statistically significant values with a power over 0.8.

54



Inhibition of AKT or NK1 receptors in SP incubated hypoxia slices resulted in a
marked reduction in AKT compared to the hypoxic group incubated with SP alone. In
fact, the levels of AKT activation in the slices incubated with the inhibitors were similar
to that in the untreated hypoxic group. The overall p-value is significant; however, it was
insignificant between head-to-head comparisons between any two groups. Again, many
factors affect the significance level such as: sample size, SP dose, NK1 inhibitor dose, or
p-AKT inhibitor dose. The results of Yang L et al lend additional support to the
hypothesis. They demonstrated that SP promotes diabetic epithelial wound healing via
AKT activation. Upon using NK-1 receptor inhibitor, all the healing effects of SP were

abolished (Yang L et al. 2014).

Hypoxia, hypoxia with 100nM SP and 50uM AKT inhibitor, or hypoxia with
100nM SP and 10uM NKI1 inhibitor groups showed a significant increase in apoptotic
cells compared to normoxia or hypoxia with 100nM SP groups. This clearly supports our
hypothesis that SP reduces cell death through activation of the AKT pathway. Consistent
with our findings is a study by Koon HW et al. They found human colonocytes
pretreated with AKT inhibitor followed by SP treatment showed a significant increase in
apoptotic cells compared to colonocytes pretreated with SP alone [Koon HW et al.,
2007]. Also the hypoxia, hypoxia with 100nM SP and 50uM AKT inhibitor, or hypoxia
with 100nM SP and 10uM NKI1 inhibitor groups showed significantly larger PAS stained
areas compared to normoxia or hypoxia with 100nM SP treatment groups. These
combined results indicate that SP treatment reduces cell necrosis induced by hypoxia
while blocking the SP receptor or its downstream AKT pathway resulted in increased cell

NeCrosis.
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In summary, the findings of this study demonstrate for the first time that SP
exhibits cardioprotective effects independent on its effects on coronary flow. Apoptotic
and necrotic cardiac cells were significantly decreased in hypoxic LV sections upon
incubation with SP in a dose dependent manner. It is also the first time that SP, via NK-1
receptors, activates the AKT pathway in cardiac tissue has been reported and that the
cardioprotective effect of SP is due to its ability to induce AKT activation. While, the
results of this study indicate a potential clinical application for SP administration in
patients with angina pectoris or acute myocardial infarction, additional studies are
required to further investigate its molecular mechanisms. For example, does SP induce
activation of AKT via phosphorylating the second activation site (Threonine 308) on the
AKT molecule, does SP have an effect on the other anti-apoptotic pathways such as the

Ras-Raf-Erk pathway, and is Foxol, a downstream molecule of AKT, involved?

Perspective: The results herein that SP activates AKT via NK-1 receptors to enhance
cardiac cell survival are schematically summarized in Figure 5.1. These findings indicate
the potential of SP to protect the heart in early stages of ischemic heart diseases and in

particular during the surgical procedure to restore blood flow to an ischemic area.
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Figure 5.1. A schematic of the pathway by which substance P induces its cardio-
protective effect. Substance P acts through NK-1 receptors to activate downstream AKT
pathway with subsequent inhibition of cell death. The NK-1 inhibitor and AKT inhibitor
acting on NK-1 receptors and AKT, respectively, prevent AKT activation
resulting in reduced cell survival.

57



REFERENCES

Aline BP, Ueno M, Sant'ana JS, Saad MJ, Gontijo JA. 2005. Expression and localization
of NK(1)R, substance P and CGRP are altered in dorsal root ganglia neurons of
spontaneously hypertensive rats (SHR). Brain Res Mol Brain Res 138(1):35-44.

Almeida TA, Rojo J, Nieto PM, Pinto FM, Hernandez M, Martin JD, Candenas ML.
2004. Tachykinins and tachykinin receptors: structure and activity relationships.
Curr Med Chem 11(15):2045-81.

Amadesi S, Reni C, Katare R, Meloni M, Oikawa A, Beltrami AP, Avolio E, Cesselli D,
Fortunato O, Spinetti G, Ascione R, Cangiano E, Valgimigli M, Hunt SP,
Emanueli C, Madeddu P. 2012. Role for substance p-based nociceptive signaling
in progenitor cell activation and angiogenesis during ischemia in mice and in
human subjects. Circulation 125(14):1774-19.

An YS, Lee E, Kang MH, Hong HS, Kim MR, Jang WS, Son Y, YiJY. 2011. Substance
P stimulates the recovery of bone marrow after the irradiation. J Cell Physiol
226(5):1204-13.

Azaryan AV, Galoyan AA. 1988. Substrate specificity of cerebral cathepsin D and high-
Mr aspartic endopeptidase. J Neurosci Res 19(2):268-71.

Azzolina A, Bongiovanni A, Lampiasi N. 2003. Substance P induces TNF-alpha and IL-6
production through NF kappa B in peritoneal mast cells. Biochim Biophys Acta
1643(1-3):75-83.

Backman LJ, Danielson P. 2013. Akt-mediated anti-apoptotic effects of substance P in
Anti-Fas-induced apoptosis of human tenocytes. J Cell Mol Med 17(6):723-33.

Bar-Shavit Z, Goldman R, Stabinsky Y, Gottlieb P, Fridkin M, Teichberg VI, Blumberg
S. 1980. Enhancement of phagocytosis - a newly found activity of substance P

residing in its N-terminal tetrapeptide sequence. Biochem Biophys Res Commun
94(4):1445-51.

Bayliss WM. 1901. On the origin from the spinal cord of the vaso-dilator fibres of the
hind-limb, and on the nature of these fibres. J Physiol 26(3-4):173-209.

Bellinger DL, Lorton D, Romano TD, Olschowka JA, Felten SY, Felten DL. 1990.
Neuropeptide innervation of lymphoid organs. Ann N Y Acad Sci 594:17-33.

58



Bertrand C, Geppetti P, Baker J, Yamawaki I, Nadel JA. 1993a. Role of neurogenic
inflammation in antigen-induced vascular extravasation in guinea pig trachea. J
Immunol 150(4):1479-85.

Bertrand C, Geppetti P, Baker J, Yamawaki I, Nadel JA. 1993b. Tachykinins, via NK1
receptor activation, play a relevant role in plasma protein extravasation evoked by
allergen challenge in the airways of sensitized guinea-pigs. Regul Pept 46(1-
2):214-6.

Blumberg S, Teichberg VI, Charli JL, Hersh LB, McKelvy JF. 1980. Cleavage of
substance P to an N-terminal tetrapeptide and a C-terminal heptapeptide by a
post-proline Cleaving enzyme from bovine brain. Brain Res 192(2):477-86.

Boot JD, de HS, Tarasevych S, Roy C, Wang L, Amin D, Cohen J, Sterk PJ, Miller B,
Paccaly A, Burggraaf J, Cohen AF, Diamant Z. 2007. Effect of an NK1/NK2
receptor antagonist on airway responses and inflammation to allergen in asthma.
Am J Respir Crit Care Med 175(5):450-7.

Bost KL. 1988. Hormone and neuropeptide receptors on mononuclear leukocytes. Prog
Allergy 43:68-83.

Bost KL, Pascual DW. 1992. Substance P: a late-acting B lymphocyte differentiation
cofactor. Am J Physiol 262(3 Pt 1):C537-C545.

Bot I, de Jager SC, Bot M, van Heiningen SH, de GP, Veldhuizen RW, van Berkel TJ,
von der Thusen JH, Biessen EA. 2010. The neuropeptide substance P mediates

adventitial mast cell activation and induces intraplaque hemorrhage in advanced
atherosclerosis. Circ Res 106(1):89-92.

Bowden JJ, Garland AM, Baluk P, Lefevre P, Grady EF, Vigna SR, Bunnett NW,
McDonald DM. 1994. Direct observation of substance P-induced internalization

of neurokinin 1 (NK1) receptors at sites of inflammation. Proc Natl Acad Sci U S
A 91(19):8964-8.

Brain SD, Cox HM. 2006. Neuropeptides and their receptors: innovative science
providing novel therapeutic targets. Br J Pharmacol 147 Suppl 1:S202-S211.

Braunstein G, Fajac I, Lacronique J, Frossard N. 1991. Clinical and inflammatory
responses to exogenous tachykinins in allergic rhinitis. Am Rev Respir Dis 144(3
Pt 1):630-5.

Braunwald E, Kloner RA. 1985. Myocardial reperfusion: a double-edged sword? J Clin
Invest 76(5):1713-9.

Brower GL, Chancey AL, Thanigaraj S, Matsubara BB, Janicki JS. 2002. Cause and
effect relationship between myocardial mast cell number and matrix
metalloproteinase activity. Am J Physiol Heart Circ Physiol 283(2):H518-H525.

59



Brum JM, Go VL, Sufan Q, Lane G, Reilly W, Bove AA. 1986. Substance P distribution
and effects in the canine epicardial coronary arteries. Regul Pept 14(1):41-55.

Carden DL, Granger DN. 2000. Pathophysiology of ischaemia-reperfusion injury. J
Pathol 190(3):255-66.

Chang MM, Leeman SE, Niall HD. 1971. Amino-acid sequence of substance P. Nat New
Biol 232(29):86-7.

Chiao H, Caldwell RW. 1996. The role of substance P in myocardial dysfunction during
ischemia and reperfusion. Naunyn Schmiedebergs Arch Pharmacol 353(4):400-7.

Church DJ, Arkinstall SJ, Vallotton MB, Chollet A, Kawashima E, Lang U. 1996.
Stimulation of atrial natriuretic peptide release by neurokinins in neonatal rat
ventricular cardiomyocytes. Am J Physiol 270(3 Pt 2):H935-H944.

Corbett EK, Sinfield JK, McWilliam PN, Deuchars J, Batten TF. 2005. Differential
expression of vesicular glutamate transporters by vagal afferent terminals in rat
nucleus of the solitary tract: projections from the heart preferentially express
vesicular glutamate transporter 1. Neuroscience 135(1):133-45.

Cury PR, Canavez F, de A, V, Furuse C, de Araujo NS. 2008. Substance P regulates the
expression of matrix metalloproteinases and tissue inhibitors of metalloproteinase
in cultured human gingival fibroblasts. J Periodontal Res 43(3):255-60.

D'Souza M, Garza MA, Xie M, Weinstock J, Xiang Q, Robinson P. 2007. Substance P is
associated with heart enlargement and apoptosis in murine dilated
cardiomyopathy induced by Taenia crassiceps infection. J Parasitol 93(5):1121-7.

Dalsgaard CJ, Franco-Cereceda A, Saria A, Lundberg JM, Theodorsson-Norheim E,
Hokfelt T. 1986. Distribution and origin of substance P- and neuropeptide Y-
immunoreactive nerves in the guinea-pig heart. Cell Tissue Res 243(3):477-85.

Datar P, Srivastava S, Coutinho E, Govil G. 2004. Substance P: structure, function, and
therapeutics. Curr Top Med Chem 4(1):75-103.

Dehlin HM, Manteufel EJ, Monroe AL, Reimer MH, Jr., Levick SP. 2013. Substance P
acting via the neurokinin-1 receptor regulates adverse myocardial remodeling in a
rat model of hypertension. Int J Cardiol 168(5):4643-51.

Dehlin HM, Levick SP. 2014. Substance P in heart failure: the good and the bad. Int J
Cardiol 170(3):270-7.

Devor M, Wall PD. 1990. Cross-excitation in dorsal root ganglia of nerve-injured and
intact rats. J Neurophysiol 64(6):1733-46.

Di Maria GU, Bellofiore S, Geppetti P. 1998. Regulation of airway neurogenic
inflammation by neutral endopeptidase. Eur Respir J 12(6):1454-62.

60



DiPette DJ, Schwarzenberger K, Kerr N, Holland OB. 1987. Systemic and regional
hemodynamic effects of calcitonin gene-related peptide. Hypertension 9(6 Pt
2):111142-111146.

Donaldson LF, Haskell CA, Hanley MR. 1996. Functional characterization by
heterologous expression of a novel cloned tachykinin peptide receptor. Biochem J
320 (Pt 1):1-5.

Dryer SE, Chiappinelli VA. 1985. Properties of choroid and ciliary neurons in the avian
ciliary ganglion and evidence for substance P as a neurotransmitter. J Neurosci
5(10):2654-61.

Duggan AW, Hendry 1A, Morton CR, Hutchison WD, Zhao ZQ. 1988. Cutaneous stimuli
releasing immunoreactive substance P in the dorsal horn of the cat. Brain Res
451(1-2):261-73.

Eglezos A, Andrews PV, Boyd RL, Helme RD. 1990. Effects of capsaicin treatment on
immunoglobulin secretion in the rat: further evidence for involvement of
tachykinin-containing afferent nerves. J] Neuroimmunol 26(2):131-8.

Eliasson R, LIE L, PERNOW B. 1956. A comparative study of substance P from
intestine and brain. Br J Pharmacol Chemother 11(2):137-40.

Erspamer V. 1983. Amphibian skin peptides in mammals- looking ahead. Trends in
Neurosciences 6(0):200-1.

Euler USv, Gaddum JH. 1931. An unidentified depressor substance in certain tissue
extracts. J Physiol 72(1):74-87.

Euler USv. 1936a. Preparation of substance P. Skand.Arch.Physiol 73, 142-144.

Euler USv. 1936b. Untersuchungen iiber Substanz P, die atropin feste, darmanregende
und gefaBerweiternde Substanz aus Darm und Gehirn. Naunyn-Schmiedeberg's
Arch.Exp.Pathol.Pharmakol 181, 181-197.

Euler USv. 1942. Herstellung und Eigenschaften von Substanz P. Acta Physiol.Scand 4,
373-375.

Felten DL, Felten SY, Carlson SL, Olschowka JA, Livnat S. 1985. Noradrenergic and
peptidergic innervation of lymphoid tissue. J Immunol 135(2 Suppl):755s-65s.

Fewtrell CM, Foreman JC, Jordan CC, Ochme P, Renner H, Stewart JM. 1982. The
effects of substance P on histamine and 5-hydroxytryptamine release in the rat. J
Physiol 330:393-411.

Fink T, Weihe E. 1988. Multiple neuropeptides in nerves supplying mammalian lymph

nodes: messenger candidates for sensory and autonomic
neuroimmunomodulation. Neurosci Lett 90(1-2):39-44.

61



Fiscus RR, Gross DR, Hao H, Wang X, Arden WA, Maley RH, Salley RK. 1992. N
omega-nitro-L-arginine blocks the second phase but not the first phase of the
endothelium-dependent relaxations induced by substance P in isolated rings of pig
carotid artery. J Cardiovasc Pharmacol 20 Suppl 12:S105-S108.

Franco-Cereceda A, Henke H, Lundberg JM, Petermann JB, Hokfelt T, Fischer JA. 1987.
Calcitonin gene-related peptide (CGRP) in capsaicin-sensitive substance P-
immunoreactive sensory neurons in animals and man: distribution and release by
capsaicin. Peptides 8(2):399-410.

Franco-Cereceda A. 1988. Calcitonin gene-related peptide and tachykinins in relation to
local sensory control of cardiac contractility and coronary vascular tone. Acta
Physiol Scand Suppl 569:1-63.

Franco-Cereceda A, Saria A, Lundberg JM. 1989. Differential release of calcitonin gene-
related peptide and neuropeptide Y from the isolated heart by capsaicin,
ischaemia, nicotine, bradykinin and ouabain. Acta Physiol Scand 135(2):173-87.

Franz J, Boissonnas RA, Sturmer E. 1961. Isolierung von Substanz P aus Pferdedarm und
thre biologische und chemische Abgrenzung gegenuber Bradykinin. HCA
44(3):881-3.

Fuller RW, Conradson TB, Dixon CM, Crossman DC, Barnes PJ. 1987. Sensory
neuropeptide effects in human skin. Br J Pharmacol 92(4):781-8.

Furness JB, Costa M, Papka RE, Della NG, Murphy R. 1984. Neuropeptides contained in
peripheral cardiovascular nerves. Clin Exp Hypertens A 6(1-2):91-106.

Gaddum JH, Schild H. 1934. Depressor substances in extracts of intestine. J Physiol
83(1):1-14.

Gardiner SM, Compton AM, Bennett T. 1988. Regional haemodynamic effects of
depressor neuropeptides in conscious, unrestrained, Long Evans and Brattleboro
rats. Br J Pharmacol 95(1):197-208.

Gardiner SM, Compton AM, Bennett T. 1989. Regional hemodynamic effects of
calcitonin gene-related peptide. Am J Physiol 256(2 Pt 2):R332-R338.

Gerard NP, Bao L, Xiao-Ping H, Gerard C. 1993. Molecular aspects of the tachykinin
receptors. Regul Pept 43(1-2):21-35.

Harding P, LaPointe MC. 2011. Prostaglandin E2 increases cardiac fibroblast
proliferation and increases cyclin D expression via EP1 receptor. Prostaglandins
Leukot Essent Fatty Acids 84(5-6):147-52.

Hartung HP, Wolters K, Toyka KV. 1986. Substance P: binding properties and studies on
cellular responses in guinea pig macrophages. J Immunol 136(10):3856-63.

62



Heymann E, Mentlein R. 1978. Liver dipeptidyl aminopeptidase IV hydrolyzes substance
P. FEBS Lett 91(2):360-4.

Holzer P, Bucsics A, Lembeck F. 1982. Distribution of capsaicin-sensitive nerve fibres
containing immunoreactive substance P in cutaneous and visceral tissues of the
rat. Neurosci Lett 31(3):253-7.

Hooper NM, Turner AJ. 1987. Isolation of two differentially glycosylated forms of
peptidyl-dipeptidase A (angiotensin converting enzyme) from pig brain: a re-
evaluation of their role in neuropeptide metabolism. Biochem J 241(3):625-33.

Hoover DB, Hancock JC. 1988. Distribution of substance P binding sites in guinea-pig
heart and pharmacological effects of substance P. J Auton Nerv Syst 23(3):189-
97.

Hoover DB. 1990. Effects of substance P on rate and perfusion pressure in the isolated
guinea pig heart. J Pharmacol Exp Ther 252(1):179-84.

Hoover DB, Chang Y, Hancock JC, Zhang L. 2000. Actions of tachykinins within the
heart and their relevance to cardiovascular disease. Jpn J Pharmacol 84(4):367-73.

Hoover DB, Shepherd AV, Southerland EM, Armour JA, Ardell JL. 2008.
Neurochemical diversity of afferent neurons that transduce sensory signals from
dog ventricular myocardium. Auton Neurosci 141(1-2):38-45.

Hoover DB, Isaacs ER, Jacques F, Hoard JL, Page P, Armour JA. 2009. Localization of
multiple neurotransmitters in surgically derived specimens of human atrial
ganglia. Neuroscience 164(3):1170-9.

Hougland MW, Hoover DB. 1983. Detection of substance P-like immunoreactivity in
nerve fibers in the heart of guinea-pigs but not rats. J Auton Nerv Syst 8(3):295-
301.

Hua F, Ricketts BA, Reifsteck A, Ardell JL, Williams CA. 2004a. Myocardial ischemia
induces the release of substance P from cardiac afferent neurons in rat thoracic
spinal cord. Am J Physiol Heart Circ Physiol 286(5):H1654-H1664.

Hua F, Ardell JL, Williams CA. 2004b. Left vagal stimulation induces dynorphin release
and suppresses substance P release from the rat thoracic spinal cord during
cardiac ischemia. Am J Physiol Regul Integr Comp Physiol 287(6):R1468-R1477.

Huang B, Li Q, Xu S, Tian M, Zhen X, Bi Y, Xu F. 2014. Substance P protects against
hyperoxic-induced lung injury in neonatal rats. Exp Lung Res.

Iwamoto I, Tomoe S, Tomioka H, Yoshida S. 1992. Substance P-induced granulocyte
infiltration in mouse skin: the mast cell-dependent granulocyte infiltration by the
N-terminal peptide is enhanced by the activation of vascular endothelial cells by
the C-terminal peptide. Clin Exp Immunol 87(2):203-7.

63



Jiang MH, Lim JE, Chi GF, Ahn W, Zhang M, Chung E, Son Y. 2013. Substance P
reduces apoptotic cell death possibly by modulating the immune response at the
early stage after spinal cord injury. Neuroreport 24(15):846-51.

Kageyama T. 1993. Rabbit procathepsin E and cathepsin E. Nucleotide sequence of
cDNA, hydrolytic specificity for biologically active peptides and gene expression
during development. Eur J Biochem 216(3):717-28.

Kallner G, Gonon A, Franco-Cereceda A. 1998. Calcitonin gene-related peptide in
myocardial ischaemia and reperfusion in the pig. Cardiovasc Res 38(2):493-9.

Kang MH, Kim DY, Yi JY, Son Y. 2009. Substance P accelerates intestinal tissue
regeneration after gamma-irradiation-induced damage. Wound Repair Regen
17(2):216-23.

Kavelaars A, Jeurissen F, Heijnen CJ. 1994. Substance P receptors and signal
transduction in leukocytes. Immunomethods 5(1):41-8.

Kawasaki H, Takasaki K, Saito A, Goto K. 1988. Calcitonin gene-related peptide acts as
a novel vasodilator neurotransmitter in mesenteric resistance vessels of the rat.
Nature 335(6186):164-7.

Koon HW, Zhao D, Na X, Moyer MP, Pothoulakis C. 2004. Metalloproteinases and
transforming growth factor-alpha mediate substance P-induced mitogen-activated

protein kinase activation and proliferation in human colonocytes. J Biol Chem
279(44):45519-27.

Koon HW, Zhao D, Zhan Y, Moyer MP, Pothoulakis C. 2007. Substance P mediates
antiapoptotic responses in human colonocytes by Akt activation. Proc Natl Acad
Sci U S A 104(6):2013-8.

Kramer JH, Phillips TM, Weglicki WB. 1997. Magnesium-deficiency-enhanced post-
ischemic myocardial injury is reduced by substance P receptor blockade. J Mol
Cell Cardiol 29(1):97-110.

Kumaran C, Shivakumar K. 2002. Calcium- and superoxide anion-mediated mitogenic
action of substance P on cardiac fibroblasts. Am J Physiol Heart Circ Physiol
282(5):H1855-H1862.

Kurkowski R, Kummer W, Heym C. 1990. Substance P-immunoreactive nerve fibers in
tracheobronchial lymph nodes of the guinea pig: origin, ultrastructure and
coexistence with other peptides. Peptides 11(1):13-20.

Laine P, Naukkarinen A, Heikkila L, Penttila A, Kovanen PT. 2000. Adventitial mast
cells connect with sensory nerve fibers in atherosclerotic coronary arteries.
Circulation 101(14):1665-9.

64



LaPointe MC, Mendez M, Leung A, Tao Z, Yang XP. 2004. Inhibition of
cyclooxygenase-2 improves cardiac function after myocardial infarction in the
mouse. Am J Physiol Heart Circ Physiol 286(4):H1416-H1424.

Lappe RW, Todt JA, Wendt RL. 1987. Regional vasodilator actions of calcitonin gene-
related peptide in conscious SHR. Peptides 8(4):747-9.

Laurenzi MA, Persson MA, Dalsgaard CJ, Ringden O. 1989. Stimulation of human B
lymphocyte differentiation by the neuropeptides substance P and neurokinin A.
Scand J Immunol 30(6):695-701.

Lembeck F. 1953. [Central transmission of afferent impulses. IIl. Incidence and
significance of the substance P in the dorsal roots of the spinal cord]. Naunyn
Schmiedebergs Arch Exp Pathol Pharmakol 219(3):197-213.

Levick SP, Gardner JD, Holland M, Hauer-Jensen M, Janicki JS, Brower GL. 2008.
Protection from adverse myocardial remodeling secondary to chronic volume
overload in mast cell deficient rats. J Mol Cell Cardiol 45(1):56-61.

Levick SP, McLarty JL, Murray DB, Freeman RM, Carver WE, Brower GL. 2009.
Cardiac mast cells mediate left ventricular fibrosis in the hypertensive rat heart.
Hypertension 53(6):1041-7.

Levick SP, Murray DB, Janicki JS, Brower GL. 2010. Sympathetic nervous system
modulation of inflammation and remodeling in the hypertensive heart.
Hypertension 55(2):270-6.

Levine JD, Fields HL, Basbaum Al. 1993. Peptides and the primary afferent nociceptor. J
Neurosci 13(6):2273-86.

Li J, Lu H, Plante E, Melendez GC, Levick SP, Janicki JS. 2012. Stem cell factor is
responsible for the rapid response in mature mast cell density in the acutely
stressed heart. J Mol Cell Cardiol 53(4):469-74.

Li WW, Guo TZ, Liang DY, Sun Y, Kingery WS, Clark JD. 2012. Substance P signaling
controls mast cell activation, degranulation, and nociceptive sensitization in a rat
fracture model of complex regional pain syndrome. Anesthesiology 116(4):882-
95.

Lieb K, Fiebich BL, Berger M, Bauer J, Schulze-Osthoff K. 1997. The neuropeptide
substance P activates transcription factor NF-kappa B and kappa B-dependent
gene expression in human astrocytoma cells. J Immunol 159(10):4952-8.

Linnik MD, Moskowitz MA. 1989. Identification of immunoreactive substance P in
human and other mammalian endothelial cells. Peptides 10(5):957-62.

Liu Z, Liu H, Li Z. 2008. Formation of neuromuscular junctions and synthesis of sensory
neuropeptides in the co-cultures of dorsal root ganglion and cardiac myocytes.

65



Cell Mol Neurobiol 28(7):939-47.

Lorenz D, Wiesner B, Zipper J, Winkler A, Krause E, Beyermann M, Lindau M, Bienert
M. 1998. Mechanism of peptide-induced mast cell degranulation. Translocation
and patch-clamp studies. J Gen Physiol 112(5):577-91.

Lowman MA, Benyon RC, Church MK. 1988. Characterization of neuropeptide-induced
histamine release from human dispersed skin mast cells. Br J Pharmacol
95(1):121-30.

Lu B, Figini M, Emanueli C, Geppetti P, Grady EF, Gerard NP, Ansell J, Payan DG,
Gerard C, Bunnett N. 1997. The control of microvascular permeability and blood
pressure by neutral endopeptidase. Nat Med 3(8):904-7.

Lundberg JM, Martling CR, Saria A, Folkers K, Rosell S. 1983. Cigarette smoke-induced
airway oedema due to activation of capsaicin-sensitive vagal afferents and
substance P release. Neuroscience 10(4):1361-8.

Maggi CA, Meli A. 1988. The sensory-efferent function of capsaicin-sensitive sensory
neurons. Gen Pharmacol 19(1):1-43.

Maggi CA, Patacchini R, Rovero P, Giachetti A. 1993. Tachykinin receptors and
tachykinin receptor antagonists. J Auton Pharmacol 13(1):23-93.

Maggi CA, Schwartz TW. 1997. The dual nature of the tachykinin NK1 receptor. Trends
Pharmacol Sci 18(10):351-5.

Mak IT, Chmielinska JJ, Kramer JH, Spurney CF, Weglicki WB. 2011. Loss of neutral
endopeptidase activity contributes to neutrophil activation and cardiac
dysfunction during chronic hypomagnesemia: Protection by substance P receptor
blockade. Exp Clin Cardiol 16(4):121-4.

Malcangio M, Bowery NG. 1999. Peptide autoreceptors: does an autoreceptor for
substance P exist? Trends Pharmacol Sci 20(10):405-7.

Marriott I, Bost KL. 2000. IL-4 and IFN-gamma up-regulate substance P receptor
expression in murine peritoneal macrophages. J Immunol 165(1):182-91.

Massaad CA, Safieh-Garabedian B, Poole S, Atweh SF, Jabbur SJ, Saade NE. 2004.
Involvement of substance P, CGRP and histamine in the hyperalgesia and
cytokine upregulation induced by intraplantar injection of capsaicin in rats. J
Neuroimmunol 153(1-2):171-82.

Matsas R, Kenny AJ, Turner AJ. 1984. The metabolism of neuropeptides. The hydrolysis

of peptides, including enkephalins, tachykinins and their analogues, by
endopeptidase-24.11. Biochem J 223(2):433-40.

66



Melendez GC, Li J, Law BA, Janicki JS, Supowit SC, Levick SP. 2011. Substance P
induces adverse myocardial remodelling via a mechanism involving cardiac mast
cells. Cardiovasc Res 92(3):420-9.

Milner P, Ralevic V, Hopwood AM, Feher E, Lincoln J, Kirkpatrick KA, Burnstock G.
1989. Ultrastructural localisation of substance P and choline acetyltransferase in
endothelial cells of rat coronary artery and release of substance P and
acetylcholine during hypoxia. Experientia 45(2):121-5.

Moore TC, Lami JL, Spruck CH. 1989. Substance P increases lymphocyte traffic and
lymph flow through peripheral lymph nodes of sheep. Immunology 67(1):109-14.

Morrey C, Brazin J, Seyedi N, Corti F, Silver RB, Levi R. 2010. Interaction between
sensory C-fibers and cardiac mast cells in ischemia/reperfusion: activation of a
local renin-angiotensin system culminating in severe arrhythmic dysfunction. J
Pharmacol Exp Ther 335(1):76-84.

Nadel JA, Borson DB. 1991. Modulation of neurogenic inflammation by neutral
endopeptidase. Am Rev Respir Dis 143(3 Pt 2):S33-S36.

Nakanishi S. 1991. Mammalian tachykinin receptors. Annu Rev Neurosci 14:123-36.

Neubert JK, Maidment NT, Matsuka Y, Adelson DW, Kruger L, Spigelman I. 2000.
Inflammation-induced changes in primary afferent-evoked release of substance P
within trigeminal ganglia in vivo. Brain Res 871(2):181-91.

New DC, Wu K, Kwok AW, Wong YH. 2007. G protein-coupled receptor-induced Akt
activity in cellular proliferation and apoptosis. FEBS J 274(23):6025-36.

Noguchi K, Morita Y, Kiyama H, Ono K, Tohyama M. 1988. A noxious stimulus induces
the preprotachykinin-A gene expression in the rat dorsal root ganglion: a
quantitative study using in situ hybridization histochemistry. Brain Res 464(1):31-
5.

Oku R, Satoh M, Takagi H. 1987. Release of substance P from the spinal dorsal horn is
enhanced in polyarthritic rats. Neurosci Lett 74(3):315-9.

Otsuka M, Konishi S. 1976. Release of substance P-like immunoreactivity from isolated
spinal cord of newborn rat. Nature 264(5581):83-4.

Otsuka M, Yoshioka K. 1993. Neurotransmitter functions of mammalian tachykinins.
Physiol Rev 73(2):229-308.

Otto VI, Gloor SM, Frentzel S, Gilli U, Ammann E, Hein AE, Folkers G, Trentz O,
Kossmann T, Morganti-Kossmann MC. 2002. The production of macrophage
inflammatory protein-2 induced by soluble intercellular adhesion molecule-1 in
mouse astrocytes is mediated by src tyrosine kinases and p42/44 mitogen-
activated protein kinase. J Neurochem 80(5):824-34.

67



Papka RE, Urban L. 1987. Distribution, origin and sensitivity to capsaicin of primary
afferent substance P-immunoreactive nerves in the heart. Acta Physiol Hung
69(3-4):459-68.

Pascual DW, Bost KL. 1990. Substance P production by P388D1 macrophages: a
possible autocrine function for this neuropeptide. Immunology 71(1):52-6.

Pascual DW, Xu-Amano JC, Kiyono H, McGhee JR, Bost KL. 1991. Substance P acts
directly upon cloned B lymphoma cells to enhance IgA and IgM production. J
Immunol 146(7):2130-6.

Payan DG, Brewster DR, Goetzl EJ. 1983. Specific stimulation of human T lymphocytes
by substance P. J Immunol 131(4):1613-5.

Payan DG, Brewster DR, Goetzl EJ. 1984a. Stereospecific receptors for substance P on
cultured human IM-9 lymphoblasts. J Immunol 133(6):3260-5.

Payan DG, Brewster DR, Missirian-Bastian A, Goetzl EJ. 1984b. Substance P
recognition by a subset of human T lymphocytes. J Clin Invest 74(4):1532-9.

Payan DG, Goetzl EJ. 1985. Modulation of lymphocyte function by sensory
neuropeptides. J Immunol 135(2 Suppl):783s-6s.

Payan DG, McGillis JP, Organist ML. 1986. Binding characteristics and affinity labeling
of protein constituents of the human IM-9 lymphoblast receptor for substance P. J
Biol Chem 261(30):14321-9.

PERNOW B. 1955. Substanz P. Z Vitam Horm Fermentforsch 7(1):59-71.

Piedimonte G, Hoffman JI, Husseini WK, Bertrand C, Snider RM, Desai MC, Petersson
G, Nadel JA. 1993. Neurogenic vasodilation in the rat nasal mucosa involves
neurokininl tachykinin receptors. J Pharmacol Exp Ther 265(1):36-40.

Piper HM, Garcia-Dorado D, Ovize M. 1998. A fresh look at reperfusion injury.
Cardiovasc Res 38(2):291-300.

Probert L, Hanley MR. 1987. The immunocytochemical localisation of 'substance-P-
degrading enzyme' within the rat spinal cord. Neurosci Lett 78(2):132-7.

Rameshwar P, Ganea D, Gascon P. 1993. In vitro stimulatory effect of substance P on
hematopoiesis. Blood 81(2):391-8.

Ramos C, Montano M, Cisneros J, Sommer B, Delgado J, Gonzalez-Avila G. 2007.
Substance P up-regulates matrix metalloproteinase-1 and down-regulates collagen
in human lung fibroblast. Exp Lung Res 33(3-4):151-67.

68



Randic M, Carstens E, Zimmermann M, Klumpp D. 1982. Dual effects of substance P on
the excitability of single cutaneous primary afferent C- and A-fibers in the cat
spinal cord. Brain Res 233(2):389-93.

Rechardt L, alto-Setala K, Purjeranta M, Pelto-Huikko M, Kyosola K. 1986. Peptidergic
innervation of human atrial myocardium: an electron microscopical and
immunocytochemical study. J Auton Nerv Syst 17(1):21-32.

Regoli D, Nguyen QT, Jukic D. 1994. Neurokinin receptor subtypes characterized by
biological assays. Life Sci 54(26):2035-47.

Reinecke M, Weihe E, Forssmann WG. 1980. Substance P-immunoreactive nerve fibers
in the heart. Neurosci Lett 20(3):265-9.

Ren JY, Song JX, Lu MY, Chen H. 2011. Cardioprotection by ischemic postconditioning
is lost in isolated perfused heart from diabetic rats: Involvement of transient
receptor potential vanilloid 1, calcitonin gene-related peptide and substance P.
Regul Pept 169(1-3):49-57.

Robinson P, Garza A, Moore J, Eckols TK, Parti S, Balaji V, Vallejo J, Tweardy DJ.
2009. Substance P is required for the pathogenesis of EMCV infection in mice.
Int J Clin Exp Med 2(1):76-86.

Rysevaite K, Saburkina I, Pauziene N, Vaitkevicius R, Noujaim SF, Jalife J, Pauza DH.
2011. Immunohistochemical characterization of the intrinsic cardiac neural plexus
in whole-mount mouse heart preparations. Heart Rhythm 8(5):731-8.

Sakurada T, Hara A, Matsumura H, Yamada H, Sakurada S, Kisara K. 1990. A substance
P analogue reduces amino acid contents in the rat spinal cord. Pharmacol Toxicol
66(1):75-6.

Sapna S, Shivakumar K. 2007. Substance P enhances soluble ICAM-1 release from adult
rat cardiac fibroblasts by a p42/44. Cell Biol Int 31(8):856-9.

Saria A. 1999. The tachykinin NK1 receptor in the brain: pharmacology and putative
functions. Eur J Pharmacol 375(1-3):51-60.

Satake H, Kawada T. 2006. Overview of the primary structure, tissue-distribution, and
functions of tachykinins and their receptors. Curr Drug Targets 7(8):963-74.

Schaible HG, Jarrott B, Hope PJ, Duggan AW. 1990. Release of immunoreactive
substance P in the spinal cord during development of acute arthritis in the knee
joint of the cat: a study with antibody microprobes. Brain Res 529(1-2):214-23.

Schmal H, Czermak BJ, Lentsch AB, Bless NM, Beck-Schimmer B, Friedl HP, Ward
PA. 1998. Soluble ICAM-1 activates lung macrophages and enhances lung injury.
J Immunol 161(7):3685-93.

69



Schoborg RV, Hoover DB, Tompkins JD, Hancock JC. 2000. Increased ganglionic
responses to substance P in hypertensive rats due to upregulation of NK(1)
receptors. Am J Physiol Regul Integr Comp Physiol 279(5):R1685-R1694.

Schomig A. 1990. Catecholamines in myocardial ischemia. Systemic and cardiac release.
Circulation 82(3 Suppl):1113-1122.

Shah TU, Liddle R, Branch MS, Jowell P, Obando J, Poleski M. 2012. Pilot study of
aprepitant for prevention of post-ERCP pancreatitis in high risk patients: a phase
IT randomized, double-blind placebo controlled trial. JOP 13(5):514-8.

Shiny KS, Kumar SH, Farvin KH, Anandan R, Devadasan K. 2005. Protective effect of
taurine on myocardial antioxidant status in isoprenaline-induced myocardial
infarction in rats. J Pharm Pharmacol 57(10):1313-7.

Sigrist S, Franco-Cereceda A, Muff R, Henke H, Lundberg JM, Fischer JA. 1986.
Specific receptor and cardiovascular effects of calcitonin gene-related peptide.
Endocrinology 119(1):381-9.

Skidgel RA, Erdos EG. 1987. Cleavage of peptide bonds by angiotensin I converting
enzyme. Agents Actions Suppl 22:289-96.

Skofitsch G, Jacobowitz DM. 1985. Calcitonin gene-related peptide coexists with
substance P in capsaicin sensitive neurons and sensory ganglia of the rat. Peptides
6(4):747-54.

Smith GD, Harmar AJ, McQueen DS, Seckl JR. 1992. Increase in substance P and
CGRP, but not somatostatin content of innervating dorsal root ganglia in adjuvant
monoarthritis in the rat. Neurosci Lett 137(2):257-60.

Stanisz AM, Befus D, Bienenstock J. 1986. 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(1):152-6.

Stanisz AM, Scicchitano R, Dazin P, Bienenstock J, Payan DG. 1987. Distribution of
substance P receptors on murine spleen and Peyer's patch T and B cells. J
Immunol 139(3):749-54.

Stead RH, Tomioka M, Quinonez G, Simon GT, Felten SY, Bienenstock J. 1987.
Intestinal mucosal mast cells in normal and nematode-infected rat intestines are in
intimate contact with peptidergic nerves. Proc Natl Acad Sci U S A 84(9):2975-9.

Sun J, Ramnath RD, Zhi L, Tamizhselvi R, Bhatia M. 2008. Substance P enhances NF-
kappaB transactivation and chemokine response in murine macrophages via
ERK1/2 and p38 MAPK signaling pathways. Am J Physiol Cell Physiol
294(6):C1586-C1596.

70



Sun J, Ramnath RD, Tamizhselvi R, Bhatia M. 2009. Role of protein kinase C and
phosphoinositide 3-kinase-Akt in substance P-induced proinflammatory pathways
in mouse macrophages. FASEB J 23(4):997-1010.

Szallasi A, Blumberg PM. 1999. Vanilloid (Capsaicin) receptors and mechanisms.
Pharmacol Rev 51(2):159-212.

Tari AM, Lopez-Berestein G. 2000. Serum predominantly activates MAPK and akt
kinases in. Int J Cancer 86(2):295-7.

Tay SS, Wong WC. 1992. Immunocytochemical localisation of substance P-like nerves
in the cardiac ganglia of the monkey (Macaca fascicularis). J Anat 180 ( Pt
2):239-45.

Thompson GW, Hoover DB, Ardell JL, Armour JA. 1998. Canine intrinsic cardiac
neurons involved in cardiac regulation possess NK1, NK2, and NK3 receptors.
Am J Physiol 275(5 Pt 2):R1683-R1689.

Tsakadze NL, Sen U, Zhao Z, Sithu SD, English WR, D'Souza SE. 2004. Signals
mediating cleavage of intercellular adhesion molecule-1. Am J Physiol Cell
Physiol 287(1):C55-C63.

Ustinova EE, Bergren D, Schultz HD. 1995. Neuropeptide depletion impairs
postischemic recovery of the isolated rat heart: role of substance P. Cardiovasc
Res 30(1):55-63.

Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ, Grady EF, Cirino G,
Gerard N, Basbaum Al, ndrade-Gordon P, Hollenberg MD, Wallace JL. 2001.
Proteinase-activated receptor-2 and hyperalgesia: A novel pain pathway. Nat Med
7(7):821-6.

Walsh RJ, Weglicki WB, Correa-de-Araujo R. 1996. Distribution of specific substance P
binding sites in the heart and adjacent great vessels of the Wistar white rat. Cell
Tissue Res 284(3):495-500.

Wang L, Wang DH. 2005. TRPV1 gene knockout impairs postischemic recovery in
isolated perfused heart in mice. Circulation 112(23):3617-23.

Wang LH, Ahmad S, Benter IF, Chow A, Mizutani S, Ward PE. 1991. Differential
processing  of  substance P and neurokinin A by plasma
dipeptidyl(amino)peptidase 1V, aminopeptidase M and angiotensin converting
enzyme. Peptides 12(6):1357-64.

Wang LL, Guo Z, Han Y, Wang PF, Zhang RL, Zhao YL, Zhao FP, Zhao XY. 2011.
Implication of Substance P in myocardial contractile function during ischemia in
rats. Regul Pept 167(2-3):185-91.

71



Weglicki WB, Phillips TM. 1992. Pathobiology of magnesium deficiency: a
cytokine/neurogenic inflammation hypothesis. Am J Physiol 263(3 Pt 2):R734-
R737.

Weglicki WB, Mak IT, Stafford RE, Dickens BF, Cassidy MM, Phillips TM. 1994.
Neurogenic peptides and the cardiomyopathy of magnesium-deficiency: effects of
substance P-receptor inhibition. Mol Cell Biochem 130(2):103-9.

Weihe E, Reinecke M, Opherk D, Forssmann WG. 1981. Peptidergic innervation
(substance P) in the human heart. J Mol Cell Cardiol 13(3):331-3.

Weihe E, Muller S, Fink T, Zentel HJ. 1989. Tachykinins, calcitonin gene-related peptide
and neuropeptide Y in nerves of the mammalian thymus: interactions with mast

cells in autonomic and sensory neuroimmunomodulation? Neurosci Lett 100(1-
3):77-82.

Weihe E, Nohr D, Michel S, Muller S, Zentel HJ, Fink T, Krekel J. 1991. Molecular
anatomy of the neuro-immune connection. Int J Neurosci 59(1-3):1-23.

Weinstock JV, Blum A, Walder J, Walder R. 1988. Eosinophils from granulomas in
murine schistosomiasis mansoni produce substance P. J Immunol 141(3):961-6.

Wharton J, Polak JM, McGregor GP, Bishop AE, Bloom SR. 1981. The distribution of
substrate P-like immunoreactive nerves in the guinea-pig heart. Neuroscience
6(11):2193-204.

Wharton J, Polak JM, Gordon L, Banner NR, Springall DR, Rose M, Khagani A,
Wallwork J, Yacoub MH. 1990. Immunohistochemical demonstration of human
cardiac innervation before and after transplantation. Circ Res 66(4):900-12.

Yang JH, Guo Z, Zhang T, Meng XX, Xie LS. 2013. Restoration of endogenous
substance P is associated with inhibition of apoptosis of retinal cells in diabetic
rats. Regul Pept 187:12-6.

Yang L, Di G, Qi X, Qu M, Wang Y, Duan H, Danielson P, Xie L, Zhou Q. 2014.
Substance P promotes diabetic corneal epithelial wound healing through
molecular mechanisms mediated via the neurokinin-1 receptor. Diabetes.

Yang ZZ, Tschopp O, Baudry A, Dummler B, Hynx D, Hemmings BA. 2004.
Physiological functions of protein kinase B/Akt. Biochem Soc Trans 32(Pt
2):350-4.

Yellon DM, Hausenloy DJ. 2007. Myocardial reperfusion injury. N Engl J Med
357(11):1121-35.

Zentel HJ, Nohr D, Albrecht R, Jeurissen SH, Vainio O, Weihe E. 1991. Peptidergic
innervation of the Bursa Fabricii: interrelation with T-lymphocyte subsets. Int J
Neurosci 59(1-3):177-88.

72



Zhang JW, Guo Z. 2006. [Changes in substance P in myocardium and dorsal root
ganglion following coronary artery occlusion in rats]. Zhongguo Wei Zhong Bing
JiJiu Yi Xue 18(4):201-5.

Zhang RL, Guo Z, Wang LL, Wu J. 2012. Degeneration of capsaicin sensitive sensory
nerves enhances myocardial injury in acute myocardial infarction in rats. Int J
Cardiol 160(1):41-7.

Zhong B, Wang DH. 2007. TRPV1 gene knockout impairs preconditioning protection
against myocardial injury in isolated perfused hearts in mice. Am J Physiol Heart
Circ Physiol 293(3):H1791-H1798.

Zhu W, Dey RD. 1992. Distribution of the neuropeptide galanin in the cat heart and

coexistence with vasoactive intestinal peptide, substance P and neuropeptide Y. J
Mol Cell Cardiol 24(1):35-41.

73



	University of South Carolina
	Scholar Commons
	12-15-2014

	The Cardio-Protective Effects of Substance P in Both Ischemia/Reperfusion and and Short-Term Hypoxia Rat Models
	Shaiban Jubair
	Recommended Citation



