mfngéAﬂ N Western Michigan University

UNIVERSITY ScholarWorks at WMU

Dissertations Graduate College

8-2021

The Impacts of Aging, Sedentarism, And Exercise on Neurotrophic
Factor Expression and Innervation in the Heart and the Effects of
Treatment With a-CGRP On Heart Function

Gabriel Almeida Alves
Western Michigan University

Follow this and additional works at: https://scholarworks.wmich.edu/dissertations

b Part of the Cardiology Commons, Integrative Biology Commons, and the Neurology Commons

Recommended Citation

Almeida Alves, Gabriel, "The Impacts of Aging, Sedentarism, And Exercise on Neurotrophic Factor
Expression and Innervation in the Heart and the Effects of Treatment With a-CGRP On Heart Function”
(2021). Dissertations. 3752.

https://scholarworks.wmich.edu/dissertations/3752

This Dissertation-Open Access is brought to you for free
and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Dissertations by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

WESTERN
MICHIGAN

UNIVERSITY



http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/dissertations
https://scholarworks.wmich.edu/grad
https://scholarworks.wmich.edu/dissertations?utm_source=scholarworks.wmich.edu%2Fdissertations%2F3752&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/683?utm_source=scholarworks.wmich.edu%2Fdissertations%2F3752&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1302?utm_source=scholarworks.wmich.edu%2Fdissertations%2F3752&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/692?utm_source=scholarworks.wmich.edu%2Fdissertations%2F3752&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/dissertations/3752?utm_source=scholarworks.wmich.edu%2Fdissertations%2F3752&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wmu-scholarworks@wmich.edu
http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/

THE IMPACTS OF AGING, SEDENTARISM, AND EXERCISE ON NEUROTROPHIC
FACTOR EXPRESSION AND INNERVATION IN THE HEART AND
THE EFFECTS OF TREATMENT WITH o-CGRP

ON HEART FUNCTION

by

Gabriel Almeida Alves

A dissertation submitted to the Graduate College
in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
Biological Sciences
Western Michigan University
August 2021

Doctoral Committee:

John Spitsbergen, Ph.D., Chair
Cindy Linn, Ph.D.

Pamela Hoppe, Ph.D.

James Springstead, Ph.D.



THE IMPACTS OF AGING, SEDENTARISM, AND EXERCISE ON NEUROTROPHIC
FACTOR EXPRESSION AND INNERVATION IN THE HEART AND
THE EFFECTS OF TREATMENT WITH a-CGRP
ON HEART FUNCTION
Gabriel Almeida Alves, Ph.D.

Western Michigan University, 2021

Neurotrophic factors (NFs) are important molecules responsible for development,
differentiation, regeneration, and maintenance of new and mature neurons. Neurotrophic factors
act as neurocytokines and may assist with the regulation of axonal and dendritic arrangements
and synaptic plasticity between neurons themselves or with other non-neural target tissues. In
this study, we analyze the levels of two NFs: glial cell line-derived neurotrophic factor (GDNF)
and nerve growth factor (NGF). Cardiomyocytes produce these neurotrophic factors which assist
with the innervation pattern of the heart. The heart is innervated by the two branches of the
autonomic nervous system; namely the sympathetic nervous system and the parasympathetic
nervous system, as well as the sensory nervous system. Changes in neurotrophic factor protein
content in the heart may cause modifications in structural plasticity of all branches of the nervous
system, which may contribute to, or prevent development of, cardiac diseases. Aging,
sedentarism, and exercise are factors known to contribute to changes in neurotrophic factor
levels in a diversity of tissues throughout the body, including the heart. The goal of this research
was to investigate the impact of aging, sedentarism, and exercise on NFs levels and to examine
structural plasticity of all branches of the nervous system that innervate the heart throughout the

entire lifetime of rats.



Calcitonin gene-related peptide (CGRP) plays an important role in physiology as a potent
vasodilator, which may help prevent cardiac and pulmonary hypertension, ischemia, migraine,
and ultimately, improve blood flow distribution, and wound healing. It has been suggested that
CGRP may play a role in cardiovascular regulation; however, the effects of exogenous CGRP on
cardiac physiology has not been adequately investigated. An additional goal of this research was
to investigate the effects of exogenous aCGRP on heart function.

Sprague-Dawley rats were used for the aging/exercise studies in this thesis. NGF and
GDNEF levels in the heart, innervation pattern of the heart, blood pressure (BP) and heart rate
(HR) were examined throughout the entire animals’ lifetime. For the CGRP studies, adult
bullfrogs (Lithobates catesbeianus) were used. Following CGRP treatment alone or in
combination with autonomic antagonists, the force of contraction (FOC) and HR were examined
in the heart.

Resting HR and BP were significantly increased in young Sprague Dawley rats compared
to older rats. Specifically, eighteen months old and 24 months old sedentary animals had
significantly higher HR and BP when compared to 6mo-sed and 12mo-sed. In addition, the mean
arterial blood pressures in older sedentary Sprague Dawley rats were greater than 100mmHg,
which is characterized as hypertension. At 18mo-sed and 24mo-sed, NGF levels were
significantly lower when compared to all younger ages. Voluntary exercise significantly
increased NGF and GDNF levels in all heart chambers when compared to the age-matching
sedentary groups. From 4wk-sed to 14wk-sed, GDNF protein levels significantly increased in all
heart chambers. From 6mo-sed and older groups, GDNF protein levels progressively and
significantly decreased in all heart chambers. Our data demonstrates that, throughout the

animal’s lifespan, aging combined with sedentary behavior can lead to an increase in



sympathetic nerve density and a decrease in parasympathetic and sensory nerve densities in the
heart. Our results suggest that exercise may significantly increase parasympathetic nerve density
in the heart and reduce resting BP and HR.

The data collected by this thesis suggests that neurotrophic factor content in the heart
peaks in young animals and declines with aging. GDNF content declines with aging earlier and
more drastically than NGF content. These results support the hypothesis that NGF primarily
supports sympathetic nervous system, which does not seem to change much with age, while
GDNF supports the parasympathetic system, which does decline with age. NGF supports the
sensory nervous system. Therefore, the changes in NGF content that were observed in these
studies may be linked to the changes in sensory nerve density. Density of parasympathetic and
sensory innervation decline with aging, while sympathetic innervation does not decline as much
with aging, which may be the cause for an increase in BP and HR. Therefore, both BP and HR
increase with age, as balance between sympathetic and parasympathetic innervation is impaired.
With exercise, GDNF content increases, parasympathetic innervation increases, and BP and HR
decrease. The effects of exercise on neurotrophic factor expression may be a possible mechanism
by which exercise exerts positive effects on cardiac innervation, promoting the prevention and
treatment of cardiovascular diseases.

All bullfrogs had lower FOC and lower HR within 5-10 minutes after CGRP treatment
when compared to the untreated controls. Our results demonstrate that combined treatments
using atropine, a non-selective muscarinic acetylcholine receptor antagonist, and CGRP,
promoted negative inotropic and chronotropic effects in the heart. Evidence obtained from

immunocytochemical studies suggest that CGRP is available in nerve fibers in the wall of the



frog heart. CGRP could be released by these nerve fibers, possibly through varicosities, to cause
the effects observed in these studies.

This data suggests that exogenous CGRP treatment significantly reduces heart rate and
force of contraction in the heart of frogs, even when the parasympathetic nervous system was
blocked, and can influence cardiac physiology. CGRP and the sensory nervous system may

actively play additional and important roles in the heart and other organs and systems.
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CHAPTER I
INTRODUCTION

Neurotrophic factors (NFs) are a type of biological molecule responsible for regulation of
development, differentiation, regeneration, and maintenance of new and mature neurons.
Neurotrophic factors act as neurocytokines, assisting with the regulation of axonal and dendritic
arrangements and synaptic plasticity between neurons themselves or with other non-neural target
tissues. Examples of neurotrophic factors explored in this thesis are glial cell line-derived
neurotrophic factor (GDNF) and nerve growth factor (NGF).

Early Studies With GDNF

GDNF belongs to the GDNF family ligands (GFLs), which is composed of neurotrophic
factors including artemin, persephin, neurturin and GDNF (Lin et al, 1993; Heuckeroth et al,
1996; Baloh et al, 1998; Milbrandt et al, 1998; Rosenblad et al, 2001). GDNF research led by
Lin et al. (1993 & 1994) isolated GDNF from B49 rat glial cells in culture. These studies
reported that GDNF increased dopamine uptake by dopaminergic neurons and that GDNF may
augment dopaminergic neural differentiation and survival rates (Lin et al., 1993 & 1994). Shortly
after the discovery of GDNF, researchers found GDNF mRNA and protein in a variety of cells
and tissues throughout the body. Suter-Crazzolara and Unsicker (1994) found GDNF mRNA in
the heart, blood, kidney, liver, lung, spleen, bone, and sciatic nerve. Additionally, this research
team found a shorter length of GDNF mRNA in these tissues, which suggests that GDNF mRNA
may undergo alternative splicing (Suter-Crazzolara and Unsicker 1994). Springer et al (1994)
identified two variants of GDNF mRNA in all regions of the central nervous system (CNS) in
rats, specifically in the hippocampus, cortex, striatum, and spinal cord of humans. This research

group also reported GDNF mRNA in the dorsal root ganglia of 24-hour postnatal rats (Springer



et al, 1994). Trupp et al. (1995) found GDNF mRNA for both GDNF isoforms in developing
gonads, stomach, whisker pad, skin, skeletal muscle, adrenal glands, lungs, spinal cord, dorsal
root ganglion (DRG) and superior cervical ganglion in rats (Trupp et al., 1995). In adult humans,
the highest levels of GDNF mRNA were found in muscles and in the spinal cord respectively
(Yamamoto & Yamamoto 1996). Springer et al (1995) identified GDNF protein in two isoforms
(GDNFa and GDNF) in rat skeletal muscle and Schwann cells. Results of this study also
suggests that GDNF may operate as a target-derived trophic factor, in which GDNF is released
by the tissues in the peripheral target tissues of the nervous system and promote neural plasticity
(Springer et al., 1995).
GDNF Expression and Processing

The precursor form of GDNF protein contains 211 amino acids and is called pro-GDNF
in mammalian cells. Pro-GDNF is transported to the endoplasmic reticulum before being
secreted. As pro-GDNF is secreted, it folds by forming di-sulfide bonds, dimerizes and goes
through proteolytic processing via N-linked glycosylation by furin, PACE4, and protein
convertases PC5A, PC5B, and PC7, to become the mature GDNF peptide with 134 amino acids
(Lin et al. 1993; Lin et al. 1994; Piccinini et al. 2013; Lonka-Nevalaita et al. 2010; reviewed by
Cintron-Colon et al. 2020). GDNF genes can undergo alternative splicing to generate a long
mRNA version called pre-(a)pro-GDNF and a short mRNA version pre-(B)pro-GDNF. Both
mRNA versions can be cleaved and generate mature versions of GDNF protein (Suter-
Crazzorola and Unsicker 1994; Matsushita et al. 1997; Grimm et al. 1998; Penttinen et al. 2018).
The shorter version of GDNF mRNA has been found in humans and rodents. It has a 78 pair
deletion in the exon I of the GDNF mRNA transcript, which will lead to a 26 amino acid deletion

in the pro-region of the protein (Cristina et al. 1995; Schaar et al. 1994; Wang et al. 2008).



GDNF Trafficking

Target cells release trophic factors, which will contribute to the growth and maintenance
of neural populations that innervate them. The trophic factors that are released by target cells
arrive at the axon terminals and are carried away via retrograde transport to the cell bodies of the
neurons, promoting survival. Retrograde signaling occurs following internalization of the
neurotrophic factor-receptor complex at the axon terminal. Following internalization,
compartmentalization of neurotrophic factor-receptor complex occurs in signaling endosomes,
which are carried to the cell body via transport proteins (Wu et al. 2009; Zahavi et al. 2015;
Zahavi et al. 2017).

The processes regulating long-distance trafficking and internalization of GDNF are not
well understood. However, one of the best characterized GDNF receptors, a receptor known as
the RET receptor, has been shown to couple with AP2 and clathrin in the plasma membrane,
which could enable clathrin-mediated endocytosis (Beattie et al. 2000; Crupi et al. 2015; Howe
et al. 2001). Retrograde and anterograde transport of GDNF has been reported in adult organisms
(Henderson et al. 1994; Nguyen et al. 1998; Leitner et al. 1999; Haase et al. 2002; Rind and von
Bartheld 2002; Russell et al. 2000; Zahavi et al. 2015). To further understand the retrograde
transport of GDNF between muscles and neurons, Zahavi et al. (2015) created a modern in vitro
microfluidic platform containing motor neuron (MN) cell bodies in one chamber and muscle
cells in another connected chamber. MNs grew from the cell bodies, extended through the
microgrooves, and connected to the muscle cells forming functional neuromuscular junctions
(NMJs). Then, researchers applied GDNF into the MN cell bodies, which promoted survival via
the AKT signaling pathway, a well-known pathway that promotes cell growth and survival.

GDNF was also applied in the muscle compartment side, which led to axonal growth at the axon



tips and enhanced innervation of muscle cells. The team of researchers was also able to visualize
retrograde transport of GDNF from muscle cell to neuron (Zahavi et al. 2015; reviewed by
Franke et al. 2003).
GDNF Receptors

The members of the GFLs are homodimers (Lin et al., 1994) and utilize the receptors
RET and glycosylphosphatidylinositol-linked GDNF receptor (GFRa), which may be GFRal,
GFRa2, GFRa3, or GFRa4 (Jing et al., 1996; Sariola and Saarma 2003). By binding to the RET-
GFRa complex, GDNF activates its receptor and triggers a variety of intracellular second
message pathways such as Erk, Akt, phosphoinositositide-3-kinase (PI-3K) and mitogen-
activated protein kinase (MAPK) which are known pathways that aid cell proliferation and
survival (Airaksinen and Saarma 2002; Sariola and Saarma 2003; Kim and Kim 2018). GFRa.
has also been shown to interact with another membrane protein, known as the neural cell
adhesion molecule (NCAM), which forms another receptor for GDNF as demonstrated by
Paratcha et al. (2003). This GFRa-NCAM signaling stimulates axonal growth and Schwann cell
migration in cultured hippocampal and cortical neurons. GFRa-NCAM activation leads to
downstream activation of protein tyrosine kinases/FYNs, or focal adhesion kinases (FAKSs),
known to promote cytoskeleton reorganization (Paratcha et al., 2003; Beggs et al., 1997). NCAM
has been shown to participate in regulation of synaptic plasticity, neurite outgrowth and cell
migration (Schachner 1997; Crossin and Krushel 2000; Renn et al. 2000). Work from Pozas and
Ibafiez (2005) suggests that GDNF promotes migration and differentiation of embryonic cortical
GABAergic neurons, cells in which RET and NCAM receptors are absent (Pozas and Ibafiez,
2005). Bespalov et al. (2011) suggest that most members of the GFL can bind to a

transmembrane heparan sulfate proteoglycan known as syndecan-3. The interaction between



GFL-syndecan-3 promotes cell spreading and neurite outgrow by activation of Src family kinase
pathways (Bespalov et al., 2011). Src family pathway is known to promote neurite outgrowth,
cytoskeletal reorganization, development, and segregation of focal contact/adhesion formation
(Ignelzi et al., 1994; Beggs et al., 1997; Kinnunen et al., 1998; Rauvala et al., 2000; Volberg et
al., 2001; Hienola et al., 2006; Bespalov et al., 2011).

GDNF in Development

Evidence that GDNF is an important neurotrophic factor for the development and
maintenance of the central and peripheral nervous systems is overwhelming in the literature.
GDNF receptors are highly expressed during the embryonic phase in mice. Using in-situ
hybridization, researchers found GDNF receptors in the developing central and peripheral
nervous systems; respiratory, digestive, endocrine, and urogenital systems; as well as on skin,
bone and muscles. GFL members were found in many target tissues such as trigeminal regions,
urogenital system, kidneys, mesenchyme/epithelial induction, submandibular gland, and limbs
during embryonic development. In adult mice, the expression of GDNF receptors and GFL
members were decreased. These findings suggests that GFL members and their receptors are
essential for the development of the central and peripheral nervous systems (Golden et al, 1999).
Results of other studies have shown that at the time of apoptosis, during development, trophic
factor levels are low (Oppenheim 1989; Yuen et al., 1996).

GDNEF is also essential to normal morphogenesis of the ureteric bud in developing
kidneys and in Sertoli cells in the testis (Schuchardt et al. 1994; Cacalano et al. 1998; Enomoto
et al. 1998; reviewed by Hofmann, 2008). Other members of the GFL are also known to promote
development and neural plasticity. Neurturin, artemin, persephin, and GDNF promoted survival

and differentiation of tyrosine hydroxylase (TH) immunoreactive neurons in cultured E14 rat



ventral mesencephalon cells (Zihlmann et al, 2004). The GDNF receptor RET is present in
peripheral and central nervous system during development in rats (Sanicola et al. 1997).
GDNF in the Periphery

GDNF protein has been found to be a potent neurotrophic factor by promoting survival of
motor neurons (MN) in the peripheral nervous system and it is predicted to be an excellent
candidate to treat MN diseases (Henderson et al. 1994). GDNF was found to prevent naturally
occurring programmed cell death of motor neurons (MN) in an avian model. GDNF treatment
increased the survival of cultured motor neurons and prevented cell death and atrophy of spinal
motor neurons after peripheral axotomy (Wang et al, 1995). It is suggested that GDNF may be
involved in reinnervation of skeletal muscle. By analyzing muscle biopsies from Duchenne
muscular dystrophy patients, researchers found elevated levels of GDNF in denervated muscle.
GDNF levels were also elevated in rapidly-progressive neurogenic atrophy in amyotrophic
lateral sclerosis patients when compared to patients with chronic atrophy. Denervation caused by
MN lesion is suggested to trigger GDNF expression, as an attempt of the muscle to recover its
innervation (Lie & Weis, 1998). Muscle from mice overexpressing GDNF displayed
hyperinnervation of neuromuscular junctions, suggesting that GDNF is a powerful target-derived
neurotrophic factor (Nguyen et al., 1998; Springer et al., 1995).

GDNF in the Heart

The heart is innervated by sympathetic, parasympathetic, and sensory nervous systems
and they respond to most GFL members (Hiltunen et al., 2000). Researchers found RET and
GFRa2 transcripts in neurons present in the heart muscle, and GFRal and GFRa3 mRNAs in
non-neural cells in the heart ganglia. Researchers were also able to observe GFRa2

immunoreactivity in cardiac ganglion neurons and their respective nerve fibers. mRNA from



GFL receptors was found in the endocardium, valves, atria, and pulmonary trunk. Results from
these studies suggests that GFRo2/RET are required for normal cholinergic innervation of the
heart. GFRa2 knockout mice had 40% reduction of cholinergic innervation in the ventricles and
60% reduction of the ventricular conduction system (Hiltunen et al. 2000). Cardiomyocytes may
promote the growth, development, and maintenance of all branches of the nervous system by
secreting GDNF and other members of the GFL. GDNF mRNA was found in atrial and
ventricular myocytes in rats. Additional findings suggest that GDNF protein is synthesized by
cardiomyocytes in the heart of normal and sympathectomized animals. In normal rats, GDNF
levels were found to be higher in 37-day-old animals than in 60-day-old animals. GDNF protein
levels were significantly higher 7 days after sympathectomy and dropped to control level 30 days
after this procedure, suggesting that GDNF may participate in nerve maintenance and
regeneration in the heart of rats (Martinelli et al., 2002). The literature supports that GDNF is
produced by cardiomyocites and may regulate nerve growth, development, and maintenance in
the heart. However, it is still unknown how aging, exercise, and sedentary lifestyle may affect
GDNEF levels in the heart.
GDNF and Exercise

Exercise has been suggested to promote recovery of central and peripheral nerve injuries
and delay the progression of neurodegenerative diseases directed by neurotrophic factor
signaling (reviewed by Cobianchi et al. 2017). Work from Wehrwein et al. (2002) found that a 4-
week walking exercise plan resulted in increased GDNF production by soleus, gastrocnemius,
and pectoralis major muscles of rats. Two weeks of hindlimb unloading provoked a decrease in
GDNF production in the hindlimb muscles, but an increase in GDNF production by the

pectoralis major. These results suggest that GDNF production by skeletal muscles in rats is



activity-dependent, indicating that exercise may promote remodeling and recovery of NMlJs in
injury and disease (Wehrwein et al. 2002). Work from McCullough et al. (2013) found that
different modalities of exercise, such as involuntary and voluntary running, and swimming
caused significant increase in GDNF protein levels in the spinal cord. Low intensity running also
led to an increase in GDNF protein levels in the spinal cord of old animals. The results suggest
that when GDNF protein levels increase, MN cell body size and vesicle-like structures
containing GDNF also increase in the spinal cord of exercised animals (McCullough et al. 2013).

Studies from Gyorkos et al. (2014) suggest that swimming and running increase GDNF
protein content in soleus muscle, which contains predominantly Type I slow twitch fibers. The
swimming group showed a trend to increase in GDNF protein content in the extensor digitorum
longus muscle which contains Type II fast-twitch fibers. NMJ morphology was also examined
and demonstrated that the total end plate area increased in the swimming exercise regimen group
(Gyorkos et al. 2014). Taken together, these studies strongly suggested that exercise increases
GDNF production by target tissues of the nervous system such as muscles, promoting growth,
regeneration, maintenance of the nervous system and synaptic potentiation at the NMJ.

Research from Alves et al. (2019) investigated the impacts of exercise in neurotrophic
factor protein content in the heart of healthy and chagasic animals. Trained controls, trained
chagasic mice, and sedentary chagasic mice had significantly higher GDNF protein content in
their hearts than in sedentary controls. These results suggest that exercise increases GDNF levels
in the heart. Chronic infections, such as Chagas disease caused by Trypanosoma cruzi, may also
increase GDNF content, suggesting additional roles of this neurotrophic factor to maintain
cardiac function near to its normal parameters. NGF mRNA and protein levels were significantly

higher in the heart twenty days after inoculation with trypomastigotes, suggesting that NGF may



participate in regenerative events after an acute myocarditis (Alves et al. 2019; Martinelli et al.
2006). Ultimatelly, exercise may exert positive effects in neurotrophic factor levels and may
potentially help mitigate the effects of cardiovascular diseases. More research is necessary to
determine the effects of exercise on NGF and GDNF protein levels in the heart throughout
different ages.

GDNF in Aging

Neurotrophic factor levels have been shown to decline with aging in the central and
peripheral nervous systems. Neurotrophic factors such as GDNF, NGF and brain-derived
neurotrophic factor (BDNF) are known to decline with aging in humans and in several animal
models, and these low levels of neurotrophic factor may be related to cognitive impairment,
Alzheimer’s disease (AD), Parkinson’s disease (PD) and age-related frailty (reviewed by Budni
etal. 2015).

Studies from Yurek & Fletcher-Turner (2001) using long-living hybrid rats (F344BNF1),
suggest that BDNF and GDNF levels are significantly increased in young animals as well as in
young animals affected by unilateral 6-hydroxydopamine (6-OHDA) lesion of the nigrostriatal
pathway, when compared to old normal and old-affected animals. At two weeks post-lesion,
GDNF and BDNF levels were higher in the young-affected group when compared to the young
healthy group, suggesting a compensatory mechanism of the nigrostriatal system in young
animals. There was no compensatory increase in neurotrophic factor levels in the old-affected
group when compared to the old healthy group, indicating that aging may limit neurotrophic
factor production in the brain (Yurek & Fletcher-Turner, 2001). Boger et al. (2006) used a wild-
type (WT) and a heterozygous GDNF+/— mice to evaluate the impacts of chronic reduction of

GDNF in motor function and the nigrostriatal dopamine system during the aging process. Their



results suggest that both animal models had age-related depletion in exercise, however, it
happened 4 months earlier in the GDNF+/— mice (12 months-old). Using an accelerating rotarod
apparatus and comparing the performances of young (8 months-old) and aged (20 months-old)
WT and GDNF+/— mice, Boger et al. (2006) found that aged WT mice performed as well as their
young counterparts, and aged GDNF+/— mice underperformed compared to all other groups.
Using tyrosine hydroxylase (TH) immunostaining, researchers found that age-related decrease in
substantia nigra was accelerated in the GDNF+/— mice (Boger et al. 2006).

GDNF treatment is suggested to prevent and treat age-related sequels. After selecting old
Fisher 344 rats with poor performance in the Morris water maze, Pertusa et al. (2008) injected
lentiviral vectors encoding human GDNF that are specifically transduced by astrocytes in the
hippocampus. Their results suggest that GDNF released by astrocytes improved neuron activity
by increasing the production of neurotransmitters such as serotonin, dopamine, and
acetylcholine. Significant cognitive enhancements such as spatial learning and memory were
observed two weeks after gene transduction (Pertusa et al. 2008). Work from Xie et al. (2018)
investigated the effects of exogenous GDNF via intrathecal administration. Three groups of
Sprague-Dawley rats were used that included adult-controls, aged-controls, and aged-injected
animals. Immunostaining was used to detect activation of microglia/monocyte as a marker for
neurodegeneration. Recordings of compound muscle action potentials was used to test muscular
function, while Western blots was performed to quantify GDNF, GFRal, neuregulin-1, and other
markers. Their results suggested that aged groups had significantly lower levels of GDNF,
GFRal, and neuregulin-1 comparing to the adult group. Exogenous GDNF attenuated
neuromuscular dysfunction in aged-injected animals, however, it did not prevent activation of

spinal microglia/monocyte, but increased levels of GFRal and neuregulin-1 (Xie et al. 2018).
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Research from Adly et al. (2016) suggests that GDNF and GFRal levels diminish with
aging in the epidermis of humans. The levels of these proteins are the highest in children (5-18
years) and gradually decrease in the other groups: adults (19—60 years) and elderly (61-81 years)
respectively. GDNF and GFRal are highly expressed in the stratum basale. However, their
levels gradually decrease towards the top layers of the epidermis and are not detected in the
stratum corneum. In elderly individuals, GDNF and GFRal expression is restricted in the
stratum basale and is found in much lower levels compared to the other age-groups (Adly et al.
2016).

The literature is compelling on the powerful roles that GDNF possesses. This potent
neurotrophic factor can aid neuroprotection, development, and regeneration of new and existing
neurons in the central and peripheral nervous systems. GDNF levels are depleted by aging but
increased with exercise, and it may also support synaptic potentiation and structural plasticity.
Finally, delivering GDNF exogenously may be a potential treatment for neurodegenerative
diseases, age-related peripheral neuromuscular dysfunction, and age-related cognitive depletions.

Early Studies With NGF

NGF belongs to the neurotrophin family of neurotrophic factors, which is composed of
NGF, BDNF, neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4). These trophic factors are also
important for the development, growth, maintenance, and regeneration of neurons in the central
and peripheral nervous systems. NGF research began in the lab of Levi-Montalcini, who first
observed that a soluble growth factor was released by cancerous sarcoma tissue to promote
outgrowth of sensory and sympathetic fibers (Levi-Montalcini and Hamburger, 1951, Cohen et

al., 1954, Levi-Montalcini and Cohen, 1960).
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NGF Expression and Processing

NGF mRNA and protein are expressed by various cell types in an animals body, such as
hepatocytes, smooth muscle cells, heart cells, epithelial cells, fibroblasts and myofibroblasts;
cells from the immune system including mast cells, eosinophils, lymphocytes, granulocytes, and
antigen presenting cells; and accessory cells of the nervous system such as astrocytes, Muller
cells, and glial cells (Furukawa et al. 1984; Spitsbergen et al. 1995; Clemow et al. 1998; Micera
et al. 2003; Lambiase et al 2004). NGF and BDNF mRNAs are both expressed at high levels in
the heart (Yamamoto and Yamamoto 1996). Similar to GDNF, NGF and other members of the
neurotrophin family are produced and secreted by neurons themselves (autocrine), nearby cells
(paracrine), or target cells, then bind to their receptors in central and peripheral neurons where
they are retrogradely transported to the nerve cell bodies to promote survival and maintenance of
these neurons (Thoenen 1995; Bothwell 1995; Yuen et al., 1996; Sobue et al., 1998; Ginty 2002;
reviewed by Skaper 2012).

All members of the neurotrophin family are translated as precursor molecules (pro-
neurotrophins) and then intracellularly cleaved into their mature forms by furin and
proconvertases. The precursor molecules’ pro-regions assist with proper folding and secretion
pathway (Suter et al. 1991; Seidah et al. 1996; Rattenholl et al. 2001; Lee 2001). After secretion,
pro-NGF is further processed by extracellular plasmin, matrix metalloproteinase type 7 and 9
(Bruno & Cuello, 2006).

NGF Receptors

NGF binds to two different classes of receptor; the high affinity tropomyosin-related

kinase (TrkA) receptor and the common low affinity p75N'R, The literature strongly supports that

activation of p75 receptor may trigger deleterious effects in neurons. During development or an
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inflammatory condition, the interaction between NGF and its receptor p75N™R is suggested to
promote cell death in several cell types, such as oligodendrocytes, and neurons in the CNS, in
sciatic MNs, and in neointimal smooth muscle cells (Casaccia-Bonnefil et al., 1996, Roux et al.,
1999, Terrado et al., 2000, Beattie et al., 2002, Kraemer, 2002). Wiese et al. (1999) performed
facial nerve axotomy in wild-type mice and p75-null mice treated with NGF. The results suggest
that NGF treatment increased MN loss in wild-type mice, but not in p75-null mice, supporting
the hypothesis that cell apoptosis promoted by NGF is dependent on the p75 receptor (Wiese et
al. 1999). Adult mice lacking p75 recovered their whisker movement from facial nerve crush
earlier than mice that express p75. Additionally, re-expression of p75 in aged animal augmented
MN predisposition to undergo cell apoptosis (Ferri et al. 1998).

Immunohistochemical investigations have found immunoreactivity of NGF receptors in
active multiple sclerosis (MS) lesions in humans. The receptor p75 was immunoreactive in
astrocytes, microglia, and macrophages in those lesions. These results suggest that NGF may
play a role in regulating the autoimmune response in the glia and immune cells (Valdo et al.,
2002). p75 immunoreactivity is increased in MN of an ALS mouse model, while TrkA and TkB
are absent (Seeburger et al., 1993; Copray et al., 2003). Additional studies using an ALS mouse
model, suggest that p75-null female mice had delayed manifestations of the disease (Kiist et al.
2003). Work from Turner et al. (2003) used antisense peptide nucleic acid (PNA) constructs to
knockdown the p75 receptor’s gene. Their research suggest that this treatment reduced apoptotic
signaling by NGF in Schwann cell cultures. Mice treated with PNA had significant delay in
locomotor impairment and mortality compared to the control, and PNA treatments increased the
survival of spinal cord neurons (Turner et al., 2003). Many other studies have shown the role that

pro-NGF, NGF, and the receptor p75 in neurodegeneration in central and peripheral nervous
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system via activation of apoptotic cascade (Lee, 2001; Beattie et al., 2002; Peng et al., 2004;
Harrington et al., 2004; Nykjaer et al., 2004; Pedraza et al., 2005; Teng et al., 2005; Volosin et
al., 2006; Domeniconi et al., 2007).

Expression of p75 is increased in spinal motor neurons after rats are born, but decreases
as rats age. P75 expression is not detected two weeks into the post-natal phase (Yan & Johnson,
1988). This may suggest that NGF and p75 may have a role on natural programmed cell death of
motor neurons during development. However, p75 may be re-expressed later in life. Work from
Xie et al. (2003) found that p75 is re-expressed in the spinal motor neurons of aged and
axotomized rats, in which 60% of spinal MN were immunopositive to p75 (Xie et al., 2003).
Work from Hasenohr et al. (1997) suggests that rats with increased levels of p75 in the basal
forebrain performed better in the water maze test than those animals with lower levels of this
receptor. Their results suggest that this increase of p75 may be a compensatory or adaptive
mechanism of the nervous system to maintain its normal roles in aged animals (Hasendhr et al.
1997).

Altogether, the literature strongly suggests that pro-NGF and NGF are involved with
apoptotic signaling pathways via activation of their receptor p75N™®, which lead to nerve
degeneration during aging, disease, and natural programmed cell death of central and peripheral
nerves.

On the other hand, the literature suggests that the signaling effects caused by NGF biding
to TrkA receptors have completely opposite effects than NGF-p75NR signaling. TrkA signaling
has been suggested to promote neurite outgrow, survival, and maintenance of sympathetic and
sensory neurons. TrkA knockout mice had severe sympathetic and sensory deficiencies and die a

few weeks after birth (Martin-Zanca et al., 1986). Similar observations were seeing with NGF
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knockout mice (Smeyne et al., 1994, Huang and Reichardt, 2001). Smeyne et al. (1994) suggests
that TrkA knockout mice had considerable cholinergic basal forebrain and cortical projection
deficits, and serious sympathetic and sensory neuropathies (Smeyne et al., 1994). In-vitro
research by Yoon et al. (1998) using cultured oligodendrocytes suggests that activation of TrkA
receptor promoted cell survival and inactivated p75NT® by suppression of c-jun kinase activity
(Yoon et al. 1998). C-jun kinase activity is triggered by p75N™® and it is suggested to promote
cell apoptosis (Yoon et al. 1998; Parkinson et al. 2004).

The receptor p75N™R is not always related to apoptotic signaling. Research suggests that
the presence of p75N™® can enhance NGF-TrkA binding, further collaborating to growth and
survival of neurons. However, these effects are still dependent on TrkA signaling cascade.
Neurotrophin signaling via Trk receptors’ cascade triggers several intracellular responses such as
receptor cross talk with G-protein coupled receptors (GPCR), p75N™R, vanilloid receptor (VR1),
and c-Ret. These signaling are known to promote regulation of ion channels, retrograde signaling
in a phosphorylated state, local axonal and dendritic growth, survival and proliferation of
neurons, synaptic functions, assembly of cytoskeleton, and activation of protein kinase C (Ehlers
et al., 1995; Cunningham & Greene, 1998 Qian et al., 1998; Wooten et al., 1999; Foehr et al.,
2000; Kaplan & Miller, 2000; Latina et al., 2017; reviewed by Huang & Reichardt, 2003).

Deficit in NGF/TrkA signaling pathway has been suggested to play a role in presynaptic
dysfunction and Alzheimer’s Disease through activation of proapoptotic activity via beta-
mediated phosphorylation and formation of amyloid precursor protein (Tarr et al., 2002; Matrone
et al. 2008, 2009, 2011). p75-mediated CDKS5 and Src intracellular signaling have been
suggested to suppress TrkA phosphorylation as both are known to be involved in amyloid

formation (Williamson et al., 2002; Cruz & Tsai, 2004; Reynolds et al., 2008). Partial silencing
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of p75 RNA (p75i) prevented neuron death and TrkA phosphorylation. Amyloidogenesis is
significantly reduced in p75-silenced and NGF-deprived neurons. Additionally, p75 and TrkA
co-silencing is suggested to promote neuron survival when NGF is absent (Matrone et al., 2009).
NGEF in the Periphery

NGF is fundamental for the development and survival of sympathetic and sensory
neurons in the peripheral nervous system (Davies, 1994; Ibafiez, 1995). NGF-depleted adult rats
submitted to inferior alveolar nerve crush had decreased nerve regeneration and low satellite cell
response compared to control animals (Anderson et al., 1998). Spitsbergen et al. (1995)
investigated the levels of NGF in vascular smooth muscle cells (VSMCs) from normotensive
Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR). ELISA was used to
quantify NGF in VSMCs conditioning medium and in serum-free medium (SFM). Their results
suggest that NGF protein secretion was higher in VSMCs maintained in SFM from SHR than in
WKY. After treating these VSMCs with molecules analogous to sympathetic neurotransmitters,
NGF levels increased in SHR but not in WKY. Treatment with isoproterenol, a beta-1 and beta-
2 adrenergic receptor agonist, promoted a decrease in NGF secretion by the normotensive WKY
VSMC s, but no changes in the SHR. NGF secretion promoted by the sympathetic
neurotransmitter receptors in VSMCs of SHR and WKY are different, and they may play a role
in NGF level and sympathetic innervation in this peripheral tissue (Spitsbergen et al., 1995).
Clemow et al. (1998) suggests that NGF mRNA is elevated in a hypertensive strain of WKY rats
(WKHT) compared to a hyperactive strain of WKY rats (WKHA). NGF protein content was
raised in aorta, tail, and mesenteric arteries of WKHT compared to the WKHA. NGF protein
secretion was also elevated on VSMCs of WKHT. Disturbances in alpha-adrenergic, purinergic,

and peptidergic receptors caused elevated secretion of NGF in VSMCs of WKHT and had no
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effect in WKHA cultures. Altogether, these investigations indicate that faulty beta-adrenergic,
alpha-adrenergic, purinergic, and peptidergic regulation may influence NGF production in
animal models of hypertension. This may contribute to an overexpression of vascular NGF
which will lead to sympathetic hyperinnervation of the vasculature and the development of
hypertension (Head, 1989; Spitsbergen et al., 1995; Clemow et al., 1998).

Exogenous injections of NGF and peripheral nerve injuries increase TrkA and NGF
protein expression in Schwann cells, and increase TrkA expression in sympathetic neurons,
DRG, sciatic nerve, and in other peripheral sensory neurons. In a scenario of a nerve injury, NGF
binds to TrkA (NGF-TrkA) in the proximal and distal segments of the nerve cell and triggers
regenerative signaling in NGF-responsive neurons. NGF-TrkA are tyrosine phosphorylated and
retrogradely transported to the cell body, changing gene expression and promoting neural
regeneration (Schwab & Thoenen, 1985; Taniuchi et al., 1986; Ehlers et al., 1995).

NGF and Exercise

Undoubtedly, alteration in NGF protein levels will impact the development, survival,
structural plasticity, and synaptic potentiation of peripheral sympathetic and sensory neurons
with their target tissues. Besides neuropathies and nerve injuries, exercise has also been
suggested to change NGF levels. Six weeks of exercise endurance training increased levels of
NGF and BDNF mRNAs, and NGF and BDNF proteins in the cerebellum of healthy and diabetic
rats (Taheri et al., 2020). Research from Rebimbas-Cohen (2005), utilizing ELISA and
immunohistochemical techniques, suggests that NGF decreases with aging in the mesenteric
vessels of sedentary rats, and innervation pattern shift from a balanced sympathetic/sensory
innervation in young rats to predominantly sympathetic innervation in older animals.

Immunohistochemical analysis revealed that NGF colocalizes with Calcitonin Gene-Related
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Peptide (CGRP), a marker for sensory innervation, in mesenteric vessels of young rats. In old
rats, NGF only colocalized with TH fibers.

Typically, blood pressure (BP) increases in old rats. However, voluntary exercise
regimen was able to lower blood pressure, restore NGF protein content, and reverse the
imbalance of the sympathetic/sensory innervation in the mesenteric vessels of old animals. These
results suggest that exercise increases NGF protein content in mesenteric vessels and may
participate in restoring the balance of sympathetic/sensory innervation (Rebimbas-Cohen, 2005).
Exercise contributing to sympathetic attenuation have also been reported to control BP in SHR
(Krieger et al., 1999). Other types of exercise regimen have shown to have positive impacts in
BP. Heavy resistance strength training normalizes BP in old men and women (Martel et al.,
1999). Cycling has been shown to increase BDNF and NGF levels in patients with multiple
sclerosis. Patients that underwent this exercise regimen had increased neural plasticity and
improved cognitive function (Petajan & White, 1999; Gold et al., 2003). Exercise has also been
found to promote neurogenesis in hippocampus and recover septohippocampal cholinergic
arrangement and function with concomitant increase in NGF levels in rats (Chae et al., 2013;
Hall et al., 2018). Altogether, exercise can increase NGF levels producing several protective and
regenerative responses in the central and peripheral nervous systems. Therefore, exercise may
have protective roles in the nervous system via changes in NGF expression by the target tissue.

NGF in Aging

As previously discussed in this chapter, research from Rebimbas-Cohen (2005) suggests
that NGF decreases with aging in the mesenteric vessels of sedentary rats and exercise may
counterbalance the effects of aging by increasing NGF levels in old rats (Rebimbas-Cohen,

2005). Aging is known to be one of the main risk factors for the onset of cognitive impairments,
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dementia, AD, and occurs with concomitant changes in neurotrophic factor levels such as NGF,
BDNF and GDNF (reviewed in Budni et al., 2015). It is suggested that NGF plays contrasting
roles in the animal’s body in different ages. At young ages, NGF promotes the development and
survival of nociceptive sensory neurons and sympathetic neurons. At older ages, NGF may
promote inflammation, apoptosis, and hyperalgesia (Oppenheim, 1989; Lewin & Mendell, 1993;
Della Seta et al., 1994; Levi-Montalcini et al., 1997; Yuen et al., 1996; Pedraza et al., 2005). This
alteration in pro-NGF and NGF roles in the aging brain may be caused by oxidative molecules
such as peroxynitrite, which has been shown to alter pro-NGF and NGF signaling and decrease
the activity of other antioxidant enzymes in the brain (Bruno & Cuello, 2012; Yamakura et al.,
1998; Aoyama et al., 2000; Bayir et al., 2006; Filipovi¢ et al., 2007; Demicheli et al., 2007).
Aged rats with impairments regarding spatial learning in a water maze and in recognition
memory in a spontaneous novel object had increased levels of pro-NGF and p75N™® receptors
and decreased levels of mature NGF in the prefrontal cortex and hippocampus (Terry et al.,
2011). Utilizing a novel way to deliver NGF intranasally, researchers were able to study the
effects of exogenous NGF in age-related hypogonadism in aging male mice. Their results
suggest that NGF therapy given twice a day for 12 weeks improved the animals’ sexual function,
sperm quality, and rehabilitated fertility (Luo et al., 2018).
NGF in the Heart

Research suggests that NGF mRNA levels in the heart increases from day 17 in the
embryonic phase to maximum levels 10-14 days postnatally. After that, NGF mRNA levels
decrease twofold and remains at a constant level as measured in adult rats. The increase in NGF
mRNA levels coincides with important development events in the heart; specifically,

sympathetic nerve terminal differentiation. Sympathectomy in neonatal rats did not alter NGF
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mRNA levels, suggesting that innervating sympathetic neurons in the heart have no effect on
NGF mRNA levels. These levels may be maintained by either or both sensory innervation and/or
cardiomyocytes themselves (Clegg et al., 1989). Circulating and cardiac levels of NGF increase
dramatically for hours after a myocardial infarction (MI), and it is suggested that this leads to
sympathetic nerve sprouting and cardiac arrhythmias. However, an increase in NGF levels may
also help with the healing process. Months after a MI, cardiac levels of NGF level drops below
normal, which may collaborate to faulty innervation in heart failure (HF) (reviewed by Govoni et
al., 2011). Chronic HF leads to decreased levels of NGF in sympathetic and sensory neurons.
Sensory afferent nerves are involved in sympathetic responses to exercise via a reflex
mechanism. Research suggests that low NGF levels may be responsible for the development of
muscle reflex-mediated abnormal sympathetic overactivity remarkably present in chronic HF and
hypertension (Xing et al., 2014; Julius & Nesbitt, 1996).

Little is known about the roles of the sensory innervation in the heart. One of the major
sensory neurotransmitters is CGRP, and research suggests that CGRP treatment may increase
NGF mRNA levels in the brain, and may protect the heart by maintaining mitochondrial
membrane potential, diminishing oxidative stress, and blocking apoptotic signaling (Hashikawa-
Hobara et al., 2015; Guo et al., 2018). CGRP is also known to increase BDNF levels in the
endothelium, and promote angiogenesis, neurogenesis and survival of stem cells and reduces
neuroinflammation in the brain (reviewed by Borkum, 2019).

Calcitonin Gene-related Peptide (CGRP)

CGRP is a 37 amino-acid peptide that serves as a neurotransmitter in enteric, somatic

motor, and sensory neurons. CGRP is processed into two distinct isoforms (o & 3), which arise

from different genes (reviewed on Russel et al., 2014). BCGRP is found in the enteric and central
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nervous systems as well as in the pituitary and thyroid glands (Petermann et al., 1987). BCGRP is
produced by splicing of the CALCII gene and plays a similar role to aCGRP (Alevizaki et al.,
1986; Brain & Grant, 2004; Muddhrry et al., 1988; Steenbergh et al., 1986). aCGRP is produced
by alternative splicing of the CALCI gene and stored in vesicles in sensory and somatic motor
nerve terminals. aCGRP can be found in peripheral and central neural tissues throughout the
body and may regulate cell and tissue function (Alevizaki et al., 1986; Steenbergh et al., 1986;
Russel et al., 2014).
CGRP Receptor

CGRP receptor is a combination of two receptors known as the calcitonin-like receptor
(CLR) and the receptor activity modifying protein 1, 2, or 3 (RAMP1, RAMP2, RAMP3) (Hay
et al., 2008; Fluhmann et al., 1995; Russell et al., 2014). The receptors are translated into the
endoplasmic reticulum (ER) and are combined to form a binding site for CGRP. CLR:RAMP
complexes are transported from the ER into the plasma membrane where CGRP can bind. CLR
or RAMP are unable to recognize CGRP by themselves and must be combined (CLR:RAMP) to
recognize the CGRP molecule (McLatchie et al., 1998; Spielman & Parameswaran, 2012).
CGRP has an affinity with the CLR:RAMP3 complex, also known as adrenomedullin 2 (AM?2)
receptor (Choksi et al., 2002; Muff et al., 1998; Russell et al., 2014). Receptor component
protein (RCP) is an intracellular peripheral membrane protein that binds to the second
intracellular loop of the CLR, making it a third component of the CGRP receptor. Inhibiting RCP
causes a shutdown of the CGRP receptor-intracellular signaling (Evans et al., 2000; Luebke et
al., 1996). CGRP may also cause the release of calcium by the endoplasmic reticulum, through
the production of inositol trisphosphate (reviewed on Russel et al., 2014). Binding of CGRP to

its receptor can also increase intracellular levels of diacylglycerol, which may activate protein
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kinase C (Pin & Bahr, 2008). In addition, a well-known pathway triggered by CGRP binding to
its receptor is the activation of adenylate cyclase, which increases intracellular cyclic AMP
(cAMP), leading to activation of protein kinase A (PKA). PKA downstream pathways will
activate extracellular signal-related kinases and transcription factors (Drake et al., 1999, 2000).
Phosphorylated PKA may also open potassium channels and promote smooth muscle relaxation
in arteries (Nelson et al., 1990).
CGREP is a Potent Vasodilator

CGREP is a potent vasodilator and may help to prevent cardiac and pulmonary
hypertension, ischemia, migraine, and ultimately, improving blood flow distribution, and wound
healing (Jonhagen, 2006; Hasbak et al., 2001, 2003; Schlier et al., 2009; Russel et al., 2014;
Toda et al., 2008; Vause & Durham, 2010). CGRP also promotes vasodilation of in-vitro
parenchymal microvessels from hippocampal slices of rat brains (Fergus et al., 1995). CGRP
immunoreactive fibers are found in coronary arteries in the heart of rats, and the action of CGRP
regulates blood flow in these vessels (Goto et al., 1991). A study using anesthetized rats and
conscious dogs, treated them with intravenous human CGRP and found that CGRP caused dose-
dependent peripheral vasodilation. More findings from this same study suggested that treatment
with angiotensin II increases mRNA levels of CLR and RAMP1 in wild-type animals, but not in
the aCGRP knockout (¢CGRPKO) animals. Their results also suggested that tcCGRP mRNA
was elevated in the aorta, mesenteric vessels, and dorsal root ganglia of WT animals treated with
angiotensin II compared to the WT control animals (Smillie et al., 2014). Therefore, CGRP is
suggested to have potente relaxative effects in muscles. However, little is known about the

effects of CGRP in the heart.
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CGRP and Exercise

Research has shown that exercise may increase CGRP production and secretion by the
sensory nerve fibers present in the skeleton and cardiac muscle (Sun & Pan, 2014; Jonhagen,
2006; Onuoha et al., 1998; Russel et al., 2013). As previously discussed in the chapter, exercise
increases CGRP-positive sensory nerve fibers density in arteries and veins of exercised rats
(Rebimbas-Cohen, 2005).

CGRP in Cardiovascular Regulation

The two branches from the autonomic nervous system (ANS), the sympathetic (SNS) and
parasympathetic (PNS) nerve systems work antagonistically to regulate all the heart’s function
(Bush et al., 2016; Hiltunen et al., 2000). CGRP is suggested to play a role in cardiovascular
regulation by inhibiting sympathetic nervous system activity in mice (Kurihara et al., 2003). Pre-
treatment with a CGRP receptor antagonist, CGRP 8-37, prevented the vasodilatory actions of
CGRP. The same study suggested that CGRP has a greater effect on increasing blood flow in
rats' hearts than producing vasodilatory effects in the brain. Nevertheless, by systemically
blocking B-adrenergic receptors, the increase of regional blood flow caused by CGRP in these
two organs was identical. Their findings suggest that CGRP increases blood flows in coronary,
renal, and carotid arteries of dogs (Shen et al., 2001). Intravenous injection of CGRP in humans
caused an increase in heart rate, decreased blood pressure, and produced skin redness, which
indicates vasodilation (Lundberg et al., 1989). More studies have shown that the inhibitory
actions of CGRP may be regulated by vagal parasympathetic outflow (Li et al., 1998).

The changes in neurotrophic factor protein content and the changes in structural plasticity
of all branches of the nervous system in the heart caused by aging, exercise, and sedentary

lifestyles are still unknown. Moreover, it is unclear what are the effects of direct exogenous
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CGRP treatment on heart function. We aimed to examine age-related changes in the innervation
pattern of the heart; and in GDNF and NGF protein content in the heart of rats, and to examine
the effects of exercise in the innervation pattern of the heart; and in GDNF and NGF protein
content in the heart. We hypothesized that 1: Neurotrophic factor expression in heart tissues will
decline with age in sedentary animals; 2: The pattern and density of cardiac innervation will be
altered with age in sedentary animals; 3: Blood pressure and heart rate will increase with age in
sedentary animals; 4: Levels of expression of neurotrophic factors in cardiac tissues will be
increased following exercise; 5: Exercise will restore a more normal pattern and density of
innervation in cardiac tissues; 6: Blood pressure and heart rate will be lowered in exercised
animals. The results from this thesis research provides a novel understanding of the roles of the
sensory nervous system in the heart and further understanding on the impacts of aging,
sedentarism, and exercise on NF levels and structural plasticity of all branches of the nervous

system in the heart throughout the entire lifetime of normotensive animals.

24



References

Adly, M. A., Assaf, H. A, & Hussein, M. R. A. (2016). Age-associated decrease in GDNF and its
cognate receptor GFRa-1 protein expression in human skin. International Journal of
Experimental Pathology, 97(3), 248-256.

Airaksinen, M. S., & Saarma, M. (2002). The GDNF family: Signalling, biological functions and
therapeutic value. Nature Reviews Neuroscience, 3(5), 383-394. doi:10.1038/nrn812

Alevizaki, M., Shiraishi, A., Rassool, F. V., Ferner, G. J. M., Maclntyre, I., & Legon, S. (1986).
The calcitonin-like sequence of the B CGRP gene. FEBS Letters, 206(1), 47-52.
doi:10.1016/0014-5793(86)81338-2

Alves, R. L., Cardoso, B. R. L., Ramos, I. P. R., da Silva Oliveira, B., Dos Santos, M. L., Silva
de Miranda, A., . . . de Avelar, G. F. (2019). Physical training improves exercise
tolerance, cardiac function and promotes changes in neurotrophins levels in chagasic
mice. Life Sciences, 232, 116629.

Anderson, L. C., S., von Bartheld, C., & Byers, M. R. (1998). NGF depletion reduces ipsilateral
and contralateral trigeminal satellite cell reactions after inferior alveolar nerve injury in
adult rats. Experimental Neurology, 150(2), 312-320. doi:10.1006/exnr.1997.6769

Aoyama, K., Matsubara, K., Fujikawa, Y., Nagahiro, Y., Shimizu, K., Umegae, N., . . .
Kobayashi, S. (2000). Nitration of manganese superoxide dismutase in cerebrospinal
fluids is a marker for peroxynitrite-mediated oxidative stress in neurodegenerative
diseases. Annals of Neurology, 47(4), 524-527.

Baloh, R. H., Tansey, M. G., Lampe, P. A., Fahrner, T. J., Enomoto, H., Simburger, K. S., ...
Milbrandt, J. (1998). Artemin, a novel member of the GDNF ligand family, supports
peripheral and central neurons and signals through the GFRa3—RET receptor complex.

Neuron, 21(6), 1291-1302. doi:10.1016/s0896-6273(00)80649-2

Bayir, H., Kagan, V. E., Clark, R. S. B., Janesko-Feldman, K., Rafikov, R., Huang, Z., ...
Kochanek, P. M. (2006). Neuronal NOS-mediated nitration and inactivation of

manganese superoxide dismutase in brain after experimental and human brain injury.
Journal of Neurochemistry, 101(1), 168—-181. doi:10.1111/5.1471-4159.2006.04353.x

Beattie, E. C., Howe, C. L., Wilde A., Brodsky, F. M., Mobley, W. C. (2000) NGF signals
through TrkA to increase clathrin at the plasma membrane and enhance clathrin-mediated
membrane trafficking. Journal of Neuroscience, 20(19), 7325-7333.

Beattie, M. S., Harrington, A. W., Lee, R., Kim, J. Y., Boyce, S. L., Longo, F. M., ... Yoon, S.

0. (2002). ProNGF Induces p75-mediated death of oligodendrocytes following spinal
cord injury. Neuron, 36(3), 375-386. doi:10.1016/s0896-6273(02)01005-x

25



Beggs, H. E., Baragona, S. C., Hemperly, J. J., & Maness, P F. (1997). NCAM 140 interacts with
the focal adhesion kinase p125(fak) and the SRC-related tyrosine kinase pS9(fyn). The
Journal of Biological Chemistry, 272(13), 8310-8319.

Bespalov, M. M., Sidorova, Y. A., Tumova, S., Ahonen-Bishopp, A., Magalhaes, A. C.,
Kulesskiy, E., . . . Saarma, M. (2011). Heparan sulfate proteoglycan syndecan-3 is a
novel receptor for GDNF, neurturin, and artemin. The Journal of Cell Biology, 192(1),
153-169.

Boger, H. A, Middaugh, L. D, Huang, P., Zaman, V., Smith, A. C., Hoffer, B. J., . . . Granholm,
A.-Ch. (2006). A partial GDNF depletion leads to earlier age-related deterioration of
motor function and tyrosine hydroxylase expression in the substantia nigra. Experimental

Neurology, 202(2), 336-347.

Borkum, J. M. (2019). CGRP and brain functioning: Cautions for migraine treatment. Headache:
The Journal of Head and Face Pain, 59(8), 1339—1357. doi:10.1111/head.13591

Bothwell, M. (1995). Functional interactions of neurotrophins and neurotrophin receptors.
Annual Review of Neuroscience, 18(1), 223-253.
doi:10.1146/annurev.ne.18.030195.001255

Bruno, M. A., & Cuello, A. C. (2006). Activity-dependent release of precursor nerve growth
factor, conversion to mature nerve growth factor, and its degradation by a protease
cascade. Proceedings of the National Academy of Sciences, 103(17), 6735-6740.
doi:10.1073/pnas.0510645103

Bruno, M. A., & Cuello, A. C. (2012). Cortical peroxynitration of nerve growth factor in aged
and cognitively impaired rats. Neurobiology of Aging, 33(9), 1927-1937.
doi:10.1016/j.neurobiolaging.2011.09.031

Budni, J., Bellettini-Santos, T., Mina, F., Garcez, M. L., & Zugno, A. 1. (2015). The involvement
of BDNF, NGF and GDNF in aging and Alzheimer’s disease. Aging & Disease, 6(5),
331-341. doi:10.14336/AD.2015.0825

Bush, N. R., Caron, Z. K., Blackburn, K. S., & Alkon, A. (2016). Measuring cardiac autonomic
nervous system (ANS) activity in toddlers - resting and developmental challenges.
Journal of Visualized Experiments, 108, 53652. doi:10.3791/53652

Cacalano, G., Farinas, 1., Wang, L. C., Hagler, K., Forgie, A., Moore, M., Armanini, M., Phillips,
H., Ryan, A. M., Reichardt, L. F., Hynes, M., Davies, A., Rosenthal, A. (1998). GFRal is

an essential receptor component for GDNF in the developing nervous system and kidney.
Neuron, 21(1), 53—62. doi:10.1016/s0896-6273(00)80514-0

Casaccia-Bonnefil, P., Carter, B. D., Dobrowsky, R. T., & Chao, M. V. (1996). Death of

oligodendrocytes mediated by the interaction of nerve growth factor with its receptor
p75. Nature, 383(6602), 716-719. doi:10.1038/383716a0

26



Chae, C.-H., Lee, H.-C., Jung, S.-L., Kim, T.-W., Kim, J.-H., Kim, N.-J., & Kim, H.-T. (2013).
Retraction notice to “Swimming exercise increases the level of nerve growth factor and
stimulates neurogenesis in adult rat hippocampus” [Neuroscience 212 (2012) 30-37].
Neuroscience, 231, 446. doi:10.1016/j.neuroscience.2012.12.009

Choksi, T., Hay, D. L., Legon, S., Poyner, D. R, Hagner, S., Bloom, S. R., & Smith, D. M.
(2002). Comparison of the expression of calcitonin receptor-like receptor (CRLR) and
receptor activity modifying proteins (RAMPs) with CGRP and adrenomedullin binding in
cell lines. British Journal of Pharmacology, 136(5), 784—792.
doi:10.1038/sj.bjp.0704761

Cintrén-Colon, A. F., Almeida-Alves, G., Boynton, A. M., & Spitsbergen, J. M. (2020). GDNF
synthesis, signaling, and retrograde transport in motor neurons. Cell Tissue Research,
382, 47-56 (2020). doi:10.1007/s00441-020-03287-6

Clegg, D. O., Large, T. H., Bodary, S. C., & Reichardt, L. F. (1989). Regulation of nerve growth
factor mRNA levels in developing rat heart ventricle is not altered by sympathectomy.
Developmental Biology, 134(1), 30-37. doi:10.1016/0012-1606(89)90075-4

Clemow, D. B., Spitsbergen, J. M., McCarty, R., Steers, W. D., & Tuttle, J. B. (1998). Arterial
nerve growth factor (NGF) mRNA, protein, and vascular smooth muscle cell NGF
secretion in hypertensive and hyperactive rats. Experimental Cell Research, 244(1), 196-

205. doi: 10.1006/excr.1998.4204

Cobianchi, S., Arbat-Plana, A., Lopez-Alvarez, V. M., & Navarro, X. (2017). Neuroprotective
effects of exercise treatments after injury: The dual role of neurotrophic factors. Current
Neuropharmacology, 15(4), 495-518.

Cohen, S., Levi-Montalcini, R., & Hamburger, V. (1954). A nerve growth-stimulating factor
isolated from sarcom as 37 and 180. Proceedings of the National Academy of Sciences,
40(10), 1014-1018. doi:10.1073/pnas.40.10.1014

Copray, J. C. V. ., Jaarsma, D., Kst, B. ., Bruggeman, R. W. ., Mantingh, 1., Brouwer, N., &
Boddeke, H. W. G. . (2003). Expression of the low affinity neurotrophin receptor p75 in
spinal motoneurons in a transgenic mouse model for amyotrophic lateral sclerosis.
Neuroscience, 116(3), 685-694. doi:10.1016/s0306-4522(02)00755-8

Creazzo, T. L., Godt, R. E., Leatherbury, L., Conway, S. J., & Kirby, M. L. (1998). Role of
cardiac neural crest cells in cardiovascular development. Annual Review of Physiology,

60(1), 267-286.

Cristina, N., Chatellard-Causse, C., Manier, M., & Feuerstein, C. (1995). GDNF: Existence of a
second transcript in the brain. Molecular Brain Research, 32(2), 354-357.

Crossin, K. L., & Krushel, L. A. (2000). Cellular signaling by neural cell adhesion molecules of
the immunoglobulin superfamily. Developmental Dynamics, 218(2), 260-279.

27



Crupi, M. J. F., Yoganathan, P., Bone, L. N. et al (2015) Distinct temporal regulation of RET
isoform internalization: Roles of clathrin and AP2. Traffic, 16, 1155-1173.

Cruz, J. C., & Tsai, L. H. (2004). CdkS5 deregulation in the pathogenesis of Alzheimer's disease.
Trends in Molecular Medicine, 10, 452—458.

Cunningham, Matthew E, & Greene, Lloyd A. (1998). A function-structure model for NGF-
activated TRK. The EMBO Journal, 17(24), 7282-7293.

Davies, A. M. (1994). The role of neurotrophins in the developing nervous system. Journal of
Neurobiology, 25(11), 1334—-1348. doi:10.1002/neu.480251103

Della Seta, D., de Acetis, L., Aloe, L., & Alleva, E. (1994). NGF effects on hot plate behaviors
in mice. Pharmacology Biochemistry and Behavior, 49(3), 701-705. doi:10.1016/0091-
3057(94)90090-6

Demicheli, V., Quijano, C., Alvarez, B., & Radi, R. (2007). Inactivation and nitration of human
superoxide dismutase (SOD) by fluxes of nitric oxide and superoxide. Free Radical
Biology and Medicine, 42(9), 1359-1368. doi:10.1016/j.freeradbiomed.2007.01.034

Domeniconi, M., Hempstead, B. L., & Chao, M. V. (2007). Pro-NGF secreted by astrocytes
promotes motor neuron cell death. Molecular and Cellular Neuroscience, 34(2), 271—
279. doi:10.1016/j.mcn.2006.11.005

Drake, W. M., Ajayi, A., Lowe, S. R., Mirtella, A., Bartlett, T. J., & Clark, A. J. L. (1999).
Desensitization of CGRP and adrenomedullin receptors in SK-N-MC cells: Implications
for the RAMP hypothesis. Endocrinology, 140(1), 533-537.
doi:10.1210/endo.140.1.6606

Drake, W., Lowe, S., Mirtella, A., Bartlett, T., & Clark, A. (2000). Desensitisation of calcitonin
gene-related peptide responsiveness but not adrenomedullin responsiveness in vascular
smooth muscle cells. Journal of Endocrinology, 165(1), 133—138.
doi:10.1677/j0e.0.1650133

Ehlers, M. D., Kaplan, D. R., Price, D. L., & Koliatsos, V. E. (1995). NGF-stimulated retrograde
transport of trkA in the mammalian nervous system. Journal of Cell Biology, 130(1),
149-156. do0i:10.1083/jcb.130.1.149

Enomoto, H., Araki, T., Jackman, A., Heuckeroth, R. O., Snider, W. D., Johnson, E. M., &
Milbrandt, J. (1998). GFRal-deficient mice have deficits in the enteric nervous system
and kidneys. Neuron, 21(2),317-324. doi:10.1016/s0896-6273(00)80541-3

Evans, B. N., Rosenblatt, M. 1., Mnayer, L. O., Oliver, K. R., & Dickerson, I. M. (2000). CGRP-
RCP, a novel protein required for signal transduction at calcitonin gene-related peptide
and arenomedullin receptors. Journal of Biological Chemistry, 275(40), 31438-31443.
doi:10.1074/jbc.m005604200

28



Fergus, A., Jin, Y., Thai, Q.-A., Kassell, N. F., & Lee, K. S. (1995). Vasodilatory actions of
calcitonin gene-related peptide and nitric oxide in parenchymal microvessels of the rat
hippocampus. Brain Research, 694(1-2), 78—84. doi:10.1016/0006-8993(95)00768-1

Ferri, C. C., Moore, F. A., & Bisby, M. A. (1998). Effects of facial nerve injury on mouse
motoneurons lacking the p75 low-affinity neurotrophin receptor. Journal of
Neurobiology, 34(1), 1-9.

Filipovi¢, M. R., Stani¢, D., Raicevié, S., Spasi¢, M., & Niketic’, V. (2007). Consequences of
MnSOD interactions with nitric oxide: Nitric oxide dismutation and the generation of

peroxynitrite and hydrogen peroxide. Free Radical Research, 41(1), 62-72.
doi:10.1080/10715760600944296

Fluhmann, B., Muff, R., Hunziker, W., Fischer, J. A., & Born, W. (1995). A human orphan
calcitonin receptor-like structure. Biochemical and Biophysical Research
Communications, 206(1), 341-347. doi:10.1006/bbrc.1995.1047

Foehr, E. D., Lin, X., O'Mahony, A., Geleziunas, R., Bradshaw, R. A., & Greene, W. C. (2000).
NF-kappa B signaling promotes both cell survival and neurite process formation in nerve
growth factor-stimulated PC12 cells. The Journal of Neuroscience, 20(20), 7556-7563.

Franke, T. F., Hornik, C. P., Segev, L., Shostak, G. A., & Sugimoto, C. (2003). PI3K Akt and
apoptosis: Size matters. Oncogene, 22(56), 8983-8998.

Furukawa, Y., Furukawa, S., Satoyoshi, E., & Hayashi, K. (1984). Nerve growth factor secreted
by mouse heart cells in culture. Journal of Biological Chemistry, 259(2), 1259-1264.

Ginty, D. (2002). Retrograde neurotrophin signaling: Trk-ing along the axon. Current Opinion in
Neurobiology, 12(3), 268-274. doi:10.1016/s0959-4388(02)00326-4

Gold, S. M., Schulz, K.-H., Hartmann, S., Mladek, M., Lang, U. E., Hellweg, R., ... Heesen, C.
(2003). Basal serum levels and reactivity of nerve growth factor and brain-derived

neurotrophic factor to standardized acute exercise in multiple sclerosis and controls.
Journal of Neuroimmunology, 138(1-2), 99—105. doi:10.1016/s0165-5728(03)00121-8

Golden, J. P., DeMaro, J. A., Osborne, P. A., Milbrandt, J., & Johnson, E. M. (1999). Expression
of neurturin, GDNF, and GDNF family-receptor mRNA in the developing and mature
mouse. Experimental Neurology, 158(2), 504-528.

Goto, K., Miyauchi, T., Homma, S., & Ohshima, N. (1991). CGRP in the regulation of cardiac
function. Regulatory Peptides, 34(2), 83. doi:10.1016/0167-0115(91)90387-v

Govoni, S., Pascale, A., Amadio, M., Calvillo, L., D’Elia, E., Cereda, C., ... Vanoli, E. (2011).

NGF and heart: Is there a role in heart disease? Pharmacological Research, 63(4), 266—
277. doi:10.1016/j.phrs.2010.12.017

29



Grimm, L., Holinski-Feder, E., Teodoridis, J., Scheffer, B., Schindelhauer, D., Meitinger, T., &
Ueffing, M. (1998). Analysis of the human GDNF gene reveals an inducible promoter,

three exons, a triplet repeat within the 3’-UTR and alternative splice products. Human
Molecular Genetics, 7, 1873—1886.

Guo, Z., Liu, N., Chen, L., Zhao, X., & Li, M. R. (2018). Independent roles of CGRP in
cardioprotection and hemodynamic regulation in ischemic postconditioning. European
Journal of Pharmacology, 828, 18-25. doi:10.1016/j.ejphar.2018.03.031

Gyorkos, A. M., McCullough, M. J., & Spitsbergen, J. M. (2014). Glial cell line-derived
neurotrophic factor (GDNF) expression and NMJ plasticity in skeletal muscle following
endurance exercise. Neuroscience, 257, 111-118.
doi:10.1016/j.neuroscience.2013.10.068

Haase, G., Dessaud, E., Garcés A., de Bovis, B., Birling, M., Filippi, P., Schmalbruch, H., Arber,
S., deLapeyriére, O. (2002). GDNF acts through PEA3 to regulate cell body positioning
and muscle innervation of specific motor neuron pools. Neuron, 29, 893-905.

Hall, J. M., Gomez-Pinilla, F., & Savage, L. M. (2018). Nerve growth factor is responsible for
exercise-induced recovery of septohippocampal cholinergic structure and function.
Frontiers in Neuroscience, 12, 773. doi:10.3389/fnins.2018.00773

Harrington, A. W., Leiner, B., Blechschmitt, C., Arevalo, J. C., Lee, R., Morl, K., ... Giehl, K.
M. (2004). From the cover: Secreted proNGF is a pathophysiological death-inducing
ligand after adult CNS injury. Proceedings of the National Academy of Sciences, 101(16),
6226-6230. doi:10.1073/pnas.0305755101

Hasbak, P., Opgaard, O. S., Eskesen, K., Schifter, S., Arendrup, H., Longmore, J., & Edvinsson,
L. (2003). Investigation of CGRP receptors and peptide pharmacology in human
coronary arteries. Characterization with a nonpeptide antagonist. Journal of

Pharmacology and Experimental Therapeutics, 304(1), 326-333.
doi:10.1124/jpet.102.037754

Hasbak, P., Sams, A., Schifter, S., Longmore, J., & Edvinsson, L. (2001). CGRP receptors
mediating CGRP-, adrenomedullin- and amylin-induced relaxation in porcine coronary
arteries. Characterization with “Compound 17 (WO98/11128), a non-peptide antagonist.
British Journal of Pharmacology, 133(8), 1405-1413. doi:10.1038/sj.bjp.0704210

Hasenohrl, R. U., Séderstrom, S., Mohammed, A. H., Ebendal, T., & Huston, J. P. (1997).
Reciprocal changes in expression of mRNA for nerve growth factor and its receptors

TrkA and LNGFR in brain of aged rats in relation to maze learning deficits. Experimental
Brain Research, 114(2),205-213. doi:10.1007/pl00005629

Hashikawa-Hobara, N., Ogawa, T., Sakamoto, Y., Matsuo, Y., Ogawa, M., Zamami, Y., &

Hashikawa, N. (2015). Calcitonin gene-related peptide pre-administration acts as a novel
antidepressant in stressed mice. Scientific Reports, 5, 12559. doi:10.1038/srep12559

30



Hay, D. L., Poyner, D. R., & Quirion, R. (2008). International union of pharmacology. LXIX.
Status of the calcitonin gene-related peptide subtype 2 receptor. Pharmacological
Reviews, 60(2), 143—-145. doi:10.1124/pr.108.00372

Head, R. J. (1989). Hypernoradrenergic innervation: Its relationship to functional and
hyperplastic changes in the vasculature of the spontaneously hypertensive rat. Blood
Vessels, 26(1), 1-20.

Henderson, C., Phillips, H., Pollock, R., Davies, A., Lemeulle, C., Armanini, M., Simmons, L.,
Moffet, B., Vandlen, R. A...et al. (1994). GDNF: A potent survival factor for
motoneurons present in peripheral nerve and muscle. Science, 266(5187), 1062—1064.
doi:10.1126/science.7973664

Heuckeroth, R. O., Golden, J. P., Creedon, D. J., Kotzbauer, P. T., Lampe, P. A., Milbrandt, J., &
Johnson, E. M. Jr. (1996). Neurturin, a relative of glial-cell-line-derived neurotrophic
factor. Nature, 384(6608), 467-470.

Hienola, A., Tumova, S., Kulesskiy, E., & Rauvala, H. (2006). N-syndecan deficiency impairs
neural migration in brain. Journal of Cell Biology, 174(4), 569-580.
doi:10.1083/jcb.200602043

Hiltunen, J. O., Laurikainen, A., Airaksinen, M. S., & Saarma, M. (2000). GDNF family
receptors in the embryonic and postnatal rat heart and reduced cholinergic innervation in
mice hearts lacking ret or GFRalpha2. Developmental Dynamics, 219(1), 28-39.

Hofmann, M.-C. (2008). Gdnf signaling pathways within the mammalian spermatogonial stem
cell niche. Molecular and Cellular Endocrinology, 288(1-2), 95-103.
doi:10.1016/j.mce.2008.04.012

Howe, C. L., Valletta, J. S., Rusnak, A. S., & Mobley, W. C. (2001). NGF signaling from
clathrin-coated vesicles: Evidence that signaling endosomes serve as a platform for the
Ras-MAPK pathway. Neuron, 32, 801-814.

Huang, E. J., & Reichardt, L. F. (2001). Neurotrophins: Roles in neuronal development and
function. Annual Review of Neuroscience, 24(1), 677-736.
doi:10.1146/annurev.neuro.24.1.677

Huang, E. J., & Reichardt, L. F. (2003). Trk Receptors: Roles in neuronal signal transduction.
Annual Review of Biochemistry, 72(1), 609—642.
doi:10.1146/annurev.biochem.72.121801.161629

Ibadiez, C. F. (1995). Neurotrophic factors: From structure-function studies to designing effective
therapeutics. Trends in Biotechnology, 13(6),217-227. doi:10.1016/s0167-
7799(00)88949-0

31



Ignelzi, M. A., Miller, D. R., Soriano, P., & Maness, P. F. (1994). Impaired neurite outgrowth of
src-minus cerebellar neurons on the cell adhesion molecule L1. Neuron, 12(4), 873—-884.
doi:10.1016/0896-6273(94)90339-5

Jing, S., Wen, D, Yu, Y., Holst, P. L., Luo, Y., Fang, M., ... Fox, G. M. (1996). GDNF-Induced
Activation of the ret protein tyrosine kinase is mediated by GDNFR-a, a novel receptor
for GDNF. Cell, 85(7), 1113—-1124. doi:10.1016/s0092-8674(00)81311-2

Jonhagen, S. (2006). Calcitonin gene related peptide and neuropeptide Y in skeletal muscle after
eccentric exercise: A microdialysis study * Commentary. British Journal of Sports
Medicine, 40(3), 264-267. doi:10.1136/bjsm.2005.022731

Julius, S., & Nesbitt, S. (1996). Sympathetic overactivity in hypertension. A moving target.
American Journal of Hypertension, 9(11), 113S—120S. doi:10.1016/0895-
7061(96)00287-7

Kaplan, D. R., & Miller, F. D. (2000). Neurotrophin signal transduction in the nervous system.
Current Opinion in Neurobiology, 10(3), 381-391. doi:10.1016/s0959-4388(00)00092-1

Kim, M., & Kim, D. J. (2018). GFRA1: A novel molecular target for the prevention of
osteosarcoma chemoresistance. International Journal of Molecular Science, 19(4), 1078.
doi:10.3390/ijms 19041078

Kinnunen, T., Kaksonen, M., Saarinen, J., Kalkkinen, N., Peng, H. B., & Rauvala, H. (1998).
Cortactin-Src kinase signaling pathway is involved in N-syndecan-dependent neurite
outgrowth. Journal of Biological Chemistry, 273(17), 10702—-10708.
doi:10.1074/jbc.273.17.10702

Kraemer, R. (2002). Reduced apoptosis and increased lesion development in the flow-restricted
carotid artery of p75N™R-null mutant mice. Circulation Research, 91(6), 494-500.
doi:10.1161/01.res.0000035245.83233.2a

Krieger, E. M., Brum, P. C., & Negrdo, C. E. (1999). State-of-the-art lecture: Influence of
exercise training on neurogenic control of blood pressure in spontaneously hypertensive
rats. Hypertension, 34(4 Pt 2), 720-723. doi:10.1161/01.hyp.34.4.720

Kurihara, H., Shindo, T., Oh-Hashi, Y., Kurihara, Y., Kuwaki, T. (2003). Targeted disruption of
adrenomedullin and aCGRP genes reveals their distinct biological roles. Hypertension
Research, 26(Suppl), S105-S108. doi:10.1291/hypres.26.s105

Kiist, B., Brouwer, N., Mantingh, 1., Boddeke, H., & Copray, J. (2003). Reduced p75 NTR
expression delays disease onset only in female mice of a transgenic model of familial

amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and Other Motor Neuron
Disorders, 4(2), 100-105. doi:10.1080/14660820301185

32



Lambiase, A., Micera, A., Sgrulletta, R., Bonini, S., & Bonini, S. (2004). Nerve growth factor
and the immune system: old and new concepts in the cross-talk between immune and

resident cells during pathophysiological conditions. Current Opinion in Allergy and
Clinical Immunology, 4(5), 425-430. doi:10.1097/00130832-200410000-00015

Latina, V., Caioli, S., Zona, C., Ciotti, M. T., Amadoro, G., & Calissano, P. (2017). Impaired
NGF/TrkA signaling causes early AD-linked presynaptic dysfunction in cholinergic
primary neurons. Frontiers in Cellular Neuroscience, 11. doi:10.3389/fncel.2017.00068

Lee, R. (2001). Regulation of cell survival by secreted proneurotrophins. Science, 294(5548),
1945-1948. doi:10.1126/science.1065057

Leitner, M. L., Molliver, D. C., Osborne, P. A., Vejsada, R., Golden, J. P., Lampe, P. A., Kato,
A. C., Milbrandt, J., & Johnson, E. M. Jr. (1999). Analysis of the retrograde transport of
glial cell line-derived neurotrophic factor (GDNF), neurturin, and persephin suggests that
in vivo signaling for the GFRalpha coreceptor-specific. Journal of Neuroscience, 19(21),
9322-9331.

Levi-Montalcini, R., Aloe, L., & Alieva, E. (1997). A role for nerve growth factor in nervous,
endocrine and immune systems. The Saga of the Nerve Growth Factor, 399—408.
doi:10.1142/9789812830319 0032

Levi-Montalcini, R., & Hamburger, V. (1951). Selective growth stimulating effects of mouse
sarcoma on the sensory and sympathetic nervous system of the chick embryo. Journal of
Experimental Zoology, 116(2),321-361. doi:10.1002/jez.1401160206

Levi-Montalcini, R., & Cohen, S. (1960). Effects of the extract of the mouse submaxillary

salivary glands on the sympathetic system of mammals. Annals of the New York Academy
of Science, 85, 324-341. doi:10.1111/j.1749-6632.1960.tb49963.x

Lewin, G. R., & Mendell, L. M. (1993). Nerve growth factor and nociception. Trends in
Neurosciences, 16(9), 353-359. doi:10.1016/0166-2236(93)90092-z

Li, Y., Jiang, Y. C., & Owyang, C. (1998). Central CGRP inhibits pancreatic enzyme secretion
by modulation of vagal parasympathetic outflow. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 275(5), G957-G963.
doi:10.1152/ajpgi.1998.275.5.g957

Lie, D. C., & Weis, J. (1998). GDNF expression is increased in denervated human skeletal
muscle. Neuroscience Letters, 250(2), 87-90. doi:10.1016/s0304-3940(98)00434-0

Lin, L. F., Doherty, D. H., Lile, J. D., Becktesh, S., & Collins, F. (1993). GDNF: a glial cell line-

derived neurotrophic factor for midbrain dopaminergic neurons. Science, 260, 1130—
1132.

33



Lin, L. F., Zhang, T. J., Collins, F., & Armes, L. G. (1994). Purification and initial
characterization of rat B49 glial cell line-derived neurotrophic factor. Journal of
Neurochemistry, 63, 758-768.

Lonka-Nevalaita, L., Lume, M., Leppanen, S., Jokitalo, E., Peranen, J., & Saarma, M. (2010).
Characterization of the intracellular localization, processing, and secretion of two glial

cell line-derived neurotrophic factor splice isoforms. Journal of Neuroscience, 30(34),
11403-11413. doi:10.1523/JNEUROSCI.5888-09.2010

Luebke, A. E., Dahl, G. P., Roos, B. A., & Dickerson, I. M. (1996). Identification of a protein
that confers calcitonin gene-related peptide responsiveness to oocytes by using a cystic
fibrosis transmembrane conductance regulator assay. Proceedings of the National
Academy of Sciences, 93(8), 3455-3460. doi:10.1073/pnas.93.8.3455

Lundberg, J. M., Franco-Cereceda, A., & Lacroix, J. S. (1989). Experimental studies on the
cardiovascular effects of CGRP. Regulatory Peptides, 26(1), 49. doi:10.1016/0167-
0115(89)90104-3

Luo, J.,, Yang, Y., Zhang, T., Su, Z., Yu, D., Lin, Q., ... Huang, Y. (2018). Nasal delivery of
nerve growth factor rescue hypogonadism by up-regulating GnRH and testosterone in
aging male mice. EBioMedicine, 35, 295-306. doi:10.1016/j.ebiom.2018.08.021

Martel, G. F., Hurlbut, D. E., Lott, M. E., Lemmer, J. T., Ivey, F. M., Roth, S. M., ... Hurley, B.
F. (1999). Strength training normalizes resting blood pressure in 65- to 73-year-old men

and women with high normal blood pressure. Journal of the American Geriatrics Society,
47(10), 1215-1221. doi:10.1111/5.1532-5415.1999.tb05202.x

Martinelli, P. M., Camargos, E. R., Azevedo, A. A., Chiari, E., Morel, G., & Machado, C. R.
(2006). Cardiac NGF and GDNF expression during Trypanosoma cruzi infection in rats.
Autonomic Neuroscience: Basic & Clinical, 130(1-2), 32—40.
doi:10.1016/j.autneu.2006.05.004

Martinelli, P. M., Camargos, E. R., Morel, G., Tavares, C. A., Nagib, P. R., & Machado, C. R.
(2002). Rat heart GDNF: Effect of chemical sympathectomy. Histochemistry and Cell
Biology, 118(4), 337-343.

Martin-Zanca, D., Hughes, S. H., & Barbacid, M. (1986). A human oncogene formed by the
fusion of truncated tropomyosin and protein tyrosine kinase sequences. Nature,
319(6056), 743-748. doi:10.1038/319743a0

Matrone, C., Ciotti, M. T., Mercanti, D., Marolda, R., Calissano, P. (2008). NGF and BDNF
signaling control amyloidogenic route and Abeta production in hippocampal neurons.
Proceedings of the National Academy of Sciences of the United States of America, 105,
13139-13144.

34



Matrone, C., Marolda, R., Ciafr¢, S., Ciotti, M. T., Mercanti, D., & Calissano, P. (2009).
Tyrosine kinase nerve growth factor receptor switches from prosurvival to proapoptotic
activity via Abeta-mediated phosphorylation. Proceedings of the National Academy of
Sciences of the United States of America, 106, 11358—11363.

Matrone, C., Barbagallo, A. P. M., La Rosa, L. R., Florenzano, F., Ciotti, M. T., Mercanti, D., ...
D'Adamio, L. (2011). APP is phosphorylated by TrkA and regulates NGF/TrkA
signaling. The Journal of Neuroscience, 31(33), 11756-11761.

Matsushita, N., Fujita, Y., Tanaka, M., Nagatsu, T., & Kiuchi, K. (1997). Cloning and structural
organization of the gene encoding the mouse glial cell line-derived neurotrophic factor,
GDNF. Gene, 203, 149-157.

McCullough, M. J., Gyorkos, A. M., & Spitsbergen, J. M. (2013). Short-term exercise increases
GDNF protein levels in the spinal cord of young and old rats. Neuroscience, 240, 258-
268.

McLatchie, L. M., Fraser, N. J., Main, M. J., Wise, A., Brown, J., Thompson, N, ... Foord, S.
M. (1998). RAMPs regulate the transport and ligand specificity of the calcitonin-
receptor-like receptor. Nature, 393(6683), 333-339. doi:10.1038/30666

Micera, A., Puxeddu, L., Aloe, L., & Levi-Schaffer, F. (2003). New insights on the involvement
of nerve growth factor in allergic inflammation and fibrosis. Cytokine & Growth Factor
Reviews, 14(5), 369-374. doi:10.1016/s1359-6101(03)00047-9

Milbrandt, J., De Sauvage, F. J., Fahrner, T. J., Baloh, R. H., Leitner, M. L., Tansey, M. G., . ..
Johnson, E. M. (1998). Persephin, a novel neurotrophic factor related to GDNF and
neurturin. Neuron, 20(2), 245-253.

Muddhrry, P. K., Ghatki, M. A., Spokks, R. A., Jonhs, P. M., Pierson, A. M., Hamid, Q. A., ...
Bloom, S. R. (1988). Differential expression of a-CGRP and B-CGRP by primary sensory
neurons and enteric autonomic neurons of the rat. Neuroscience, 25(1), 195-205.
doi:10.1016/0306-4522(88)90018-8

Muft, R., Leuthduser, K., Bithlmann, N., Foord, S. M., Fischer, J. A., & Born, W. (1998).
Receptor activity modifying proteins regulate the activity of a calcitonin gene-related
peptide receptor in rabbit aortic endothelial cells. FEBS Letters, 441(3), 366-368.
do0i:10.1016/s0014-5793(98)01587-7

Nelson, M. T., Huang, Y., Brayden, J. E., Hescheler, J., & Standen, N. B. (1990). Arterial
dilations in response to calcitonin gene-related peptide involve activation of K+ channels.
Nature, 344(6268), 770-773. doi:10.1038/344770a0

Nguyen, Q. T., Parsadanian, A. S., Snider, W. D., & Lichtman, J. W. (1998). Hyperinnervation

of neuromuscular junctions caused by GDNF overexpression in muscle. Science,
279(5357), 1725-1729.

35



Nykjaer, A., Lee, R., Teng, K. K., Jansen, P., Madsen, P., Nielsen, M. S., ... Petersen, C. M.
(2004). Sortilin is essential for proNGF-induced neuronal cell death. Nature, 427(6977),
843-848. doi:10.1038/nature02319

Onuoha, G. N, Ritchie, A., & Nicholls, D. P. (1998). Distribution of calcitonin gene-related
peptide, atrial natriuretic peptide and neuropeptide Y in the rat heart. Cardiology, 90(2),
95-100. doi:10.1159/000006826

Oppenheim, R. W. (1989). The neurotrophic theory and naturally occurring motoneuron death.
Trends in Neuroscience, 12(7), 252-255.

Paratcha, G., Ledda, F., & Ibanez, C. F. (2003). The neural cell adhesion molecule NCAM is an
alternative signaling receptor for GDNF family ligands. Cell, 113(7), 867-879.

Parkinson, D. B., Bhaskaran, A., Droggiti, A., Dickinson, S., D’ Antonio, M., Mirsky, R., &
Jessen, K. R. (2004). Krox-20 inhibits Jun-NH2-terminal kinase/c-Jun to control
Schwann cell proliferation and death. Journal of Cell Biology, 164(3), 385-394.
doi:10.1083/jcb.200307132

Pedraza, C. E., Podlesniy, P., Vidal, N., Arévalo, J. C., Lee, R., Hempstead, B., Ferrer, L.,
Iglesias, M., & Espinet, C. (2005). Pro-NGF isolated from the human brain affected by
Alzheimer's disease induces neuronal apoptosis mediated by p7SNTR. The American
Journal of Pathology, 166(2), 533-543. doi:10.1016/S0002-9440(10)62275-4

Peng, S., Wuu, J., Mufson, E. J., & Fahnestock, M. (2004). Increased proNGF Levels in subjects
with mild cognitive impairment and mild Alzheimer disease. Journal of Neuropathology
& Experimental Neurology, 63(6), 641-649. d0i:10.1093/jnen/63.6.641

Penttinen, A.-M., Parkkinen, 1., Voutilainen, M. H., Koskela, M., Bick, S., Their, A., Richie, C.
T., Domanskyi, A., Harvey, B. K., Tuominen, R. K., Nevalaita, L., Saarma, M., &
Airavaara, M. (2018). Pre-a-pro-GDNF and pre-f-pro-GDNF isoforms are
neuroprotective in the 6-hydroxydopamine rat model of Parkinson’s disease. Frontiers in
Neurology, 9, 457. doi:10.3389/fneur.2018.00457

Pertusa, M., Garcia-Matas, S., Mammeri, H., Adell, A., Rodrigo, T., Mallet, J., . . . Sanfeliu, C.
(2007). Expression of GDNF transgene in astrocytes improves cognitive deficits in aged
rats. Neurobiology of Aging, 29(9), 1366-1379.

Petajan, J. H., & White, A. T. (1999). Recommendations for physical activity in patients with
multiple sclerosis. Sports Medicine, 27(3), 179—191. do0i:10.2165/00007256-199927030-
00004

Petermann, J. B., Born, W., Chang, J. Y., & Fischer, J. A. (1987). Identification in the human
central nervous system, pituitary, and thyroid of a novel calcitonin gene-related peptide,
and partial amino acid sequence in the spinal cord. The Journal of Biological Chemistry,
262(2), 542-545.

36



Piccinini, E., Kalkkinen, N., Saarma, M., Runeberg-Roos, P. (2013). Glial cell line-derived
neurotrophic factor: Characterization of mammalian posttranslational modifications.
Annals of Medicine, 45, 66—73. doi:10.3109/07853890.2012.663927

Pin, S. S., & Bahr, B. A. (2008). Protein kinase C is a common component of CGRP receptor
desensitization induced by distinct agonists. European Journal of Pharmacology, 587(1-

3), 8-15. doi:10.1016/j.ejphar.2008.02.083

Pozas, E., & Ibafiez, C. F. (2005). GDNF and GFRalphal promote differentiation and tangential
migration of cortical GABAergic neurons. Neuron, 45(5), 701-713.
doi:10.1016/j.neuron.2005.01.043

Qian, X., Riccio, A., Zhang, Y., & Ginty, D. D. (1998). Identification and characterization of
novel substrates of Trk receptors in developing neurons. Neuron, 21(5), 1017-1029.

Rattenholl, A., Lilie, H., Grossmann, A., Stern, A., Schwarz, E., & Rudolph, R. (2001). The pro-
sequence facilitates folding of human nerve growth factor from Escherichia coli inclusion
bodies. European Journal of Biochemistry, 268(11), 3296-3303. doi:10.1046/j.1432-
1327.2001.02232.x

Rauvala, H., Huttunen, H. J., Fages, C., Kaksonen, M., Kinnunen, T., Imai, S., ... Kilpeldinen, 1.
(2000). Heparin-binding proteins HB-GAM (pleiotrophin) and amphoterin in the
regulation of cell motility. Matrix Biology, 19(5), 377-387. doi:10.1016/s0945-
053x(00)00084-6

Rebimbas-Cohen, B. C. (2005). Changes in Glial Cell Line Derived Neurotrophic Factor and
Nerve Growth Factor Expression with Development, Age, Exercise and Hypertension.
Retrieved from
https://scholarworks.wmich.edu/cgi/viewcontent.cgi?article=2055&context=dissertations

Reynolds, C. H., Garwood, C. J., Wray, S., Price, C., Kellie, S., Perera, T., ... Anderton, B. H.
(2008). Phosphorylation regulates tau interactions with Src homology 3 domains of
phosphatidylinositol 3-kinase, phospholipase Cy1, Grb2, and Src family kinases. Journal
of Biological Chemistry, 283(26), 18177—-18186. doi:10.1074/jbc.m709715200

Rind, H. B., & von Bartheld, C. S. (2002) Anterograde axonal transport of internalized GDNF in
sensory and motor neurons. NeuroReport, 13, 659—664.

Renn, L. C. B., Berezin, V., & Bock, E. (2000). The neural cell adhesion molecule in synaptic
plasticity and ageing. International Journal of Developmental Neuroscience, 18(2-3),
193-199. d0i:10.1016/s0736-5748(99)00088-x

Rosenblad, C., Grenborg, M., Hansen, C., Blom, N., Meyer, M., Johansen, J., ... Johansen, T. E.
(2001). In vivo protection of nigral dopamine neurons by lentiviral gene transfer of the

novel GDNF-family member neublastin/artemin. Molecular and Cellular Neuroscience,
18(3), 332-333. doi:10.1006/mcne.2001.1023

37



Roux, P. P., Colicos, M. A., Barker, P. A., & Kennedy, T. E. (1999). p75 neurotrophin receptor
expression is induced in apoptotic neurons after seizure. The Journal of Neuroscience,
19(16), 6887-6896. doi:10.1523/jneurosci.19-16-06887.1999

Russell, F. D., Koishi, K., JianG, Y., & McLennan, I. S. (2000) Anterograde axonal transport of
glial cell line-derived neurotrophic factor and its receptors in rat hypoglossal nerve.
Neuroscience, 97, 575-580.

Russell, F. A., King, R., Smillie, S. J., Kodji, X., & Brain, S. D. (2014). Calcitonin gene-related
peptide: Physiology and pathophysiology. Physiological Reviews, 94(4), 1099—1142.
doi:10.1152/physrev.00034.2013

Sanicola, M., Hession, C., Worley, D., Carmillo, P., Ehrenfels, C., Walus, L., ... Cate, R. L.
(1997). Glial cell line-derived neurotrophic factor-dependent RET activation can be

mediated by two different cell-surface accessory proteins. Proceedings of the National
Academy of Sciences, 94(12), 6238—6243. doi:10.1073/pnas.94.12.6238

Sariola, H. (2003). Novel functions and signalling pathways for GDNF. Journal of Cell Science,
116(19), 3855-3862. doi:10.1242/jcs.00786

Schaar, D. G., Sieber, B., Sherwood, A. C., Dean, D., Mendoza, G., Ramakrishnan, L., Dreyfus,
C. F., & Black, I. B. (1994). Multiple astrocyte transcripts encode nigral trophic factors in
rat and human. Experimental Neurology, 130, 387-393.

Schachner, M. (1997). Neural recognition molecules and synaptic plasticity. Current Opinion in
Cell Biology, 9, 627-634.

Schlier, A., Schreckenberg, R., Abdallah, Y., Krasteva, G., Piper, H. M., Pfeil, U., ... Schliiter,
K.-D. (2009). CGRP-a responsiveness of adult rat ventricular cardiomyocytes from

normotensive and spontaneously hypertensive rats. European Journal of Cell Biology,
88(4), 227-241. doi:10.1016/j.ejcb.2008.11.001

Schuchardt, A., D’Agati, V., Larsson-Blomberg, L., Costantini, F., & Pachnis, V. (1994).
Defects in the kidney and enteric nervous system of mice lacking the tyrosine kinase
receptor Ret. Nature, 367(6461), 380-383. doi:10.1038/367380a0

Schwab, M., & Thoenen, H. (1985). Dissociated neurons regenerate into sciatic but not optic
nerve explants in culture irrespective of neurotrophic factors. The Journal of
Neuroscience, 5(9), 2415-2423. doi:10.1523/jneurosci.05-09-02415.1985

Seeburger, J. L., Tarras, S., Natter, H., & Springer, J. E. (1993). Spinal cord motoneurons

express p75SNGFR and p145trkB mRNA in amyotrophic lateral sclerosis. Brain
Research, 621(1), 111-115. doi:10.1016/0006-8993(93)90304-6

38



Seidah, N. G., Benjannet, S., Pareek, S., Savaria, D., Hamelin, J., Goulet, B., ... Murphy, R. A.
(1996). Cellular processing of the nerve growth factor precursor by the mammalian pro-
protein convertases. Biochemical Journal, 314(3), 951-960. doi:10.1042/bj3140951

Shen, Y. T., Pittman, T., Buie, P., Bolduc, D., Kane, S. A., Koblan, K., Gould, R., & Lynch, J.
(2001). Functional role of alpha-calcitonin gene-related peptide in the regulation of the

cardiovascular system. The Journal of Pharmacology and Experimental Therapeutics,
298, 551-558.

Skaper, S. D. (2012). The neurotrophin family of neurotrophic factors: An overview. Methods in
Molecular Biology, 846, 1-12. doi:10.1007/978-1-61779-536-7 1

Smeyne, R. J., Klein, R., Schnapp, A., Long, L. K., Bryant, S., Lewin, A., ... Barbacid, M.
(1994). Severe sensory and sympathetic neuropathies in mice carrying a disrupted
Trk/NGF receptor gene. Nature, 368(6468), 246—-249. doi:10.1038/368246a0

Smillie, S.-J., King, R., Kodji, X., Outzen, E., Pozsgai, G., Fernandes, E., & Brain, S. D. (2014).
An ongoing role of a-calcitonin gene—related peptide as part of a protective network

against hypertension, vascular hypertrophy, and oxidative stress. Hypertension, 63(5),
1056-1062. doi:10.1161/hypertensionaha.113.02517

Sobue, G., Yamamoto, M., Doyu, M., Li, M., Yasuda, T., & Mitsuma, T. (1998). Expression of
mRNAs for neurotrophins (NGF, BDNF, and NT-3) and their receptors (p75NGFR, trk,
trkB, and trkC) in human peripheral neuropathies. Neurochemical Research, 23(6), 821-
829. doi: 10.1023/a:1022434209787

Spielman, W. S., & Parameswaran, N. (Eds.). (2012). RAMPs. Advances in experimental
medicine and biology. Springer. doi:10.1007/978-1-4614-2364-5

Spitsbergen, J. M., Stewart, J. S., & Tuttle, J. B. (1995). Altered regulation of nerve growth
factor secretion by cultured VSMCs from hypertensive rats. American Journal of
Physiology, 269, H621-628.

Springer, J. E., Seeburger, J. L., Jin, H. E., Gabrea, A., Blankenhorn, E. P., & Bergman, L. W.
(1995). cDNA sequence and differential mRNA regulation of two forms of glial cell line-

derived neurotrophic factor in Schwann cells and rat skeletal muscle. Experimental
Neurology, 131(1), 47-52.

Springer, J. E., Mu, X., Bergmann, L. W., & Trojanowski, J. Q. (1994). Expression of GDNF
mRNA in rat and human nervous tissue. Experimental Neurology, 127(2), 167-170.
doi:10.1006/exnr.1994.1091

Steenbergh, P. M., Hoppener, J. W. M., Zandberg, J., Visser, A., Lips, C. J. M., & Jansz, H. S.

(1986). Structure and expression of the human calcitonin/CGRP genes. FEBS Letters,
209(1), 97-103. doi:10.1016/0014-5793(86)81091-2

39



Sun, X.-J., & Pan, S.-S. (2014). Role of calcitonin gene—related peptide in cardioprotection of
short-term and long-term exercise preconditioning. Journal of Cardiovascular
Pharmacology, 64(1), 53—59. doi:10.1097/£jc.0000000000000089

Suter, U., Heymach, J. V., & Shooter, E. M. (1991). Two conserved domains in the NGF
propeptide are necessary and sufficient for the biosynthesis of correctly processed and
biologically active NGF. The EMBO Journal, 10(9), 2395-2400. doi:10.1002/j.1460-
2075.1991.tb07778.x

Suter-Crazzolara, C., & Unsicker, K. (1994). GDNF is expressed in two forms in many tissues
outside the CNS. NeuroReport, 5(18), 2486—2488. doi:10.1097/00001756-199412000-
00020

Taheri, A., Rohani, H., & Habibi, A. (2020). The effect of endurance exercise training on the
expression of brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF)
genes of the cerebellum in diabetic rat. Iranian Journal of Diabetes and Obesity, 11(4),
233-240. doi:10.18502/ijdo.v11i4.2879

Taniuchi, M., Clark, H. B., & Johnson, E. M. (1986). Induction of nerve growth factor receptor
in Schwann cells after axotomy. Proceedings of the National Academy of Sciences,
83(11), 4094—4098. doi:10.1073/pnas.83.11.4094

Tarr, P. E., Contursi, C., Roncarati, R., Noviello, C., Ghersi, E., Scheinfeld, M. H., Zambrano,
N., Russo, T., & D'Adamio, L. (2002). Evidence for a role of the nerve growth factor
receptor TrkA in tyrosine phosphorylation and processing of beta-APP. Biochemical and
Biophysical Research Communications, 295, 324-329.

Teng, H. K. (2005). ProBDNF induces neuronal apoptosis via activation of a receptor complex
of p75NTR and sortilin. Journal of Neuroscience, 25(22), 5455-5463.
doi:10.1523/jneurosci.5123-04.2005

Terrado, J., Monnier, D., Perrelet, D., Sagot, Y., Mattenberger, L., King, B., & Kato, A. C.
(2000). NGF-induced motoneuron cell death depends on the genetic background and
motoneuron sub-type. NeuroReport, 11(7), 1473—-1477. doi:10.1097/00001756-
200005150-00023

Terry, A. V., Kutiyanawalla, A., & Pillai, A. (2011). Age-dependent alterations in nerve growth
factor (NGF)-related proteins, sortilin, and learning and memory in rats. Physiology &
Behavior, 102(2), 149-157. doi:10.1016/j.physbeh.2010.11.005

Thoenen, H. (1995). Neurotrophins and neuronal plasticity. Science, 270(5236), 593-598.
doi:10.1126/science.270.5236.593

Toda, M., Suzuki, T., Hosono, K., Kurihara, Y., Kurihara, H., Hayashi, L., ... Majima, M. (2008).
Roles of calcitonin gene-related peptide in facilitation of wound healing and

angiogenesis. Biomedicine & Pharmacotherapy, 62(6), 352-359.
doi:10.1016/j.biopha.2008.02.003

40



Trupp, M., Belluardo, N., Funakoshi, H., & Ibafiez, C. F. (1997). Complementary and
overlapping expression of glial cell line-derived neurotrophic factor (GDNF), c-ret proto-
oncogene, and GDNF receptor-a indicates multiple mechanisms of trophic actions in the
adult rat CNS. The Journal of Neuroscience, 17(10), 3554-3567.
doi:10.1523/jneurosci.17-10-03554.1997

Trupp, M., Rydén, M., Jornvall, H., Funakoshi, H., Timmusk, T., Arenas, E., & Ibafiez, C. F.
(1995). Peripheral expression and biological activities of GDNF, a new neurotrophic

factor for avian and mammalian peripheral neurons. Journal of Cell Biology, 130(1),
137-148. d0i:10.1083/jcb.130.1.137

Turner, B. J., Cheah, 1. K., Macfarlane, K. J., Lopes, E. C., Petratos, S., Langford, S. J., &
Cheema, S. S. (2003). Antisense peptide nucleic acid-mediated knockdown of the p75
neurotrophin receptor delays motor neuron disease in mutant SOD1 transgenic mice.
Journal of Neurochemistry, 87(3), 752—763. doi:10.1046/j.1471-4159.2003.02053.x

Valdo, P., Stegagno, C., Mazzucco, S., Zuliani, E., Zanusso, G., Moretto, G., ... Bonetti, B.
(2002). Enhanced expression of NGF receptors in multiple sclerosis lesions. Journal of
Neuropathology & Experimental Neurology, 61(1), 91-98. doi:10.1093/jnen/61.1.91

Vause, C. V., & Durham, P. L. (2010). Calcitonin gene-related peptide differentially regulates
gene and protein expression in trigeminal glia cells: Findings from array analysis.
Neuroscience Letters, 473(3), 163—167. doi:10.1016/j.neulet.2010.01.074

Volberg, T., Romer, L., Zamir, E., & Geiger, B. (2001). pp60(c-src) and related tyrosine kinases:
A role in the assembly and reorganization of matrix adhesions. Journal of Cell Science,
114, 2279-2289.

Volosin, M., Song, W., Almeida, R. D., Kaplan, D. R., Hempstead, B. L., & Friedman, W. J.
(2006). Interaction of survival and death signaling in basal forebrain neurons: Roles of

neurotrophins and proneurotrophins. Journal of Neuroscience, 26(29), 7756—7766.
doi:10.1523/jneurosci.1560-06.2006

Wang, S., Houenou, L. J., Newsome, A. L., Li, L., Prevette, D. M., Oppenheim, R. W., .. . Lo,
A. C. (1995). Developing motor neurons rescued from programmed and axotomy-
induced cell death by GDNF. Nature, 373(6512), 344-346.

Wang, Y, Geng, Z., Zhao, L., Huang, S. H., Sheng, A. L., & Chen, Z. Y. (2008). GDNF isoform
affects intracellular trafficking and secretion of GDNF in neuronal cells. Brain Research,

21(1226), 1-7.

Wehrwein, E. A., Roskelley, E. M., & Spitsbergen, J. M. (2002). GDNF is regulated in an
activity-dependent manner in rat skeletal muscle. Muscle & Nerve, 26(2), 206-211.

41



Wiese, S., Metzger, F., Holtmann, B., & Sendtner, M. (1999). The role of p75NTRin modulating
neurotrophin survival effects in developing motoneurons. European Journal of
Neuroscience, 11(5), 1668—1676. doi:10.1046/j.1460-9568.1999.00585.x

Williamson, R., Scales, T., Clark, B. R., Gibb, G., Reynolds, C. H., Kellie, S., ... Anderton, B.
H. (2002). Rapid tyrosine phosphorylation of neuronal proteins including tau and focal
adhesion kinase in response to amyloid-3 peptide exposure: Involvement of Src family
protein kinases. The Journal of Neuroscience, 22(1), 10-20. doi:10.1523/jneurosci.22-01-
00010.2002

Wooten, M. W., Seibenhener, M. L., Zhou, G., Vandenplas, M. L., & Tan, T. H. (1999).
Overexpression of atypical PKC in PC12 cells enhances NGF-responsiveness and
survival through an NF-kappaB dependent pathway. Cell Death and Differentiation, 6(8),
753-764. doi:10.1038/sj.cdd.4400548

Wu, C., Bianxiao, C., He, L., Chen, L., & Mobley, W. C. (2009). The coming of age of axonal
neurotrophin signaling endosomes. Journal of Proteonomics, 72, 46-55.

Xie, F., Zhang, F., Min, S., Chen, J., Yang, J., & Wang, X. (2018). Glial cell line-derived
neurotrophic factor (GDNF) attenuates the peripheral neuromuscular dysfunction without
inhibiting the activation of spinal microglia/monocyte. BMC Geriatrics, 18(1), 110.

Xie, Y., Yao, Z., Chai, H., Wong, W.-M., & Wu, W. (2003). Expression and role of low-affinity
nerve growth factor receptor (p75) in spinal motor neurons of aged rats following axonal
injury. Developmental Neuroscience, 25(1), 65-71. doi:10.1159/000071469

Xing, J., Lu, J., & Li, J. (2014). Nerve growth factor decreases in sympathetic and sensory
nerves of rats with chronic heart failure. Neurochemical Research, 39(8), 1564-1570.
doi:10.1007/s11064-014-1348-5

Yamakura, F., Taka, H., Fujimura, T., & Murayama, K. (1998). Inactivation of human
manganese-superoxide dismutase by peroxynitrite is caused by exclusive nitration of
tyrosine 34 to 3-nitrotyrosine. Journal of Biological Chemistry, 273(23), 14085—-14089.
doi:10.1074/jbc.273.23.14085

Yamamoto, M., Sobue, G., Yamamoto, K., & Mitsuma, T. (1996). Expression of mRNAs for
neurotrophic factors (NGF, BDNF, NT-3, and GDNF) and their receptors (p75 ngfr,
TrkA, TrkB, and TrkC) in the adult human peripheral nervous system and nonneural
tissues. Neurochemical Research, 21(8), 929-938. doi:10.1007/b102532343

Yan, Q., & Johnson, E. (1988). An immunohistochemical study of the nerve growth factor

receptor in developing rats. The Journal of Neuroscience, 8(9), 3481-3498.
doi:10.1523/jneurosci.08-09-03481.1988

42



Yoon, S. O., Casaccia-Bonnefil, P., Carter, B., & Chao, M. V. (1998). Competitive signaling
between TrkA and p75 nerve growth factor receptors determines cell survival. The
Journal of Neuroscience, 18(9), 3273-3281. doi:10.1523/jneurosci.18-09-03273.1998

Yuen, E. C., Howe, C. L., Li, Y., Holtzman, D. M., & Mobley, W. C. (1996). Nerve growth
factor and the neurotrophic factor hypothesis. Brain Development, 18(5), 362-368. doi:
10.1016/0387-7604(96)00051-4

Yurek, D. M., & Fletcher-Turner, A. (2001). Differential expression of GDNF, BDNF, and NT-3
in the aging nigrostriatal system following a neurotoxic lesion. Brain Research, 891(1),
228-235.

Zahavi, E. E., lonescu, A., Gluska, S., Gradus, T., Ben-Yaakov, K., & Perlson, E. (2015). A
compartmentalized microfluidic neuromuscular co-culture system reveals spatial aspects
of GDNF functions. Journal of Cell Science, 128, 1241-1252.

Zahavi, E. E., Maimon, R., & Perlson, E. (2017). Spatial-specific functions in retrograde
neuronal signalling. Traffic, 18, 415-424.

Zihlmann, K. B., Ducray, A. D., Schaller, B., Huber, A. W., Krebs, S. H., Andres, R. H., ...
Widmer, H. R. (2005). The GDNF family members neurturin, artemin and persephin
promote the morphological differentiation of cultured ventral mesencephalic

dopaminergic neurons. Brain Research Bulletin, 68(1-2), 42-53.
doi:10.1016/j.brainresbull.2004.10.012

43



CHAPTER II

THE IMPACTS OF AGING, SEDENTARISM, AND EXERCISE ON NEUROTROPHIC
FACTOR EXPRESSION AND INNERVATION IN THE HEART

Abstract

Neurotrophic factors (NFs) are molecules which promote the development, growth,
survival, and repair of neural tissues. Two neurotrophic factors are examined in this study: nerve
growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF). Aging, sedentarism,
and exercise are factors known to contribute to changes in neurotrophic factor expression in
many tissues throughout the body, including the heart. The heart is innervated by the two
branches of the autonomic nervous system, the sympathetic nervous system (SNS) and the
parasympathetic nervous system (PNS), as well as by the sensory nervous system. Changes in
neurotrophic factor protein content in the heart may cause modifications in structural and
function of all branches of the nervous system, which may contribute to, or prevent, development
of cardiac disease.

The goal of this research was to investigate the impacts of aging, sedentarism, and
exercise on NF levels and nervous system structure in the heart, throughout the entire life span of
rats. Our results suggest that neurotrophic factor content in the heart peaks in young animals and
declines with age. GDNF content declined with aging earlier and more dramatically than NGF
content. It may be that NGF primarily supports sympathetic nervous system distribution, which
does not seem to change much with age, while GDNF supports the parasympathetic system
distribution of fibers, which does decline with age. NGF also supports the sensory nervous
system. Therefore, the changes in NGF content that were observed in these studies may be linked
to the changes in sensory nerve density. The density of parasympathetic and sensory innervation

decline with age, while sympathetic innervation does not, which may be the cause for an increase
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in BP and HR. Therefore, it is hypothesized that BP and HR both increase with age as the
balance between sympathetic and parasympathetic innervation is impaired. With exercise, GDNF
content increases, parasympathetic innervation increases, and BP and HR decrease. The effects
of exercise in neurotrophic factor expression may be a possible mechanism by which exercise
exerts positive effects on cardiac innervation, promoting the prevention and treatment of
cardiovascular diseases.
Introduction

Nerve Growth Factor

NGEF belongs to the neurotrophin family of neurotrophic factors, which includes NGF,
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4).
These NFs are important for the development, growth, maintenance, and regeneration of neurons
in the central and peripheral nervous systems. NGF research began with Dr. Levi-Montalcini,
who observed a soluble molecule released by cancerous sarcoma tissue that promoted outgrowth
of sensory and sympathetic fibers from nerve cells allocated nearby (Levi-Montalcini and
Hamburger, 1951, Cohen et al., 1954, Levi-Montalcini and Cohen, 1960). After that, many other
researchers have reported that various cell types, such as cardiomyocytes, other types of muscle
cells, hepatocytes, epithelial cells, fibroblasts, myofibroblasts, cells from the immune system,
and cells from the nervous system are known to express NGF mRNA and protein (Furukawa et
al. 1984; Spitsbergen et al. 1995; Clemow et al. 1998; Micera et al. 2003; Lambiase et al 2004).

NGF is known to promote the development and survival of sympathetic and sensory
neurons in the peripheral nervous system, including the heart (Davies 1994; Ibaiez 1995). NGF
levels vary with age and may assist with development. Research from Clegg et al. (1989) found

that NGF mRNA levels in the heart of rats increase from day 17 in the embryonic phase to
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maximum levels at 10-14 days postnatally. After 14 days, levels decrease twofold and remain at
the reduced level in adults. The increase in NGF mRNA levels up to 14 days postnatally
coincides with sympathetic nerve terminal differentiation. Sympathectomy in neonatal rats does
not alter NGF mRNA levels, suggesting that innervating sympathetic neurons in the heart do not
regulate NGF mRNA expression. Instead, NGF mRNA expression is suggested to be regulated
by sensory neurons innervating the heart or by cardiomyocytes themselves (Clegg et al. 1989).
When cardiovascular diseases are present, NGF expression changes. NGF levels is in cardiac
tissues and in the circulation increase dramatically hours after myocardial infarction (MI), which
may lead to sympathetic nerve sprouting and possibly the development of cardiac arrhythmias.
Increased NGF expression following MI may also help with the healing process. Months after a
MI, cardiac levels of NGF drop below normal levels, which may contribute to faulty innervation
seen with heart failure (HF) (reviewed by Govoni et al. 2011). Chronic HF leads to decreased
levels of NGF in sympathetic and sensory neurons. As sensory afferent nerves are involved in
sympathetic responses to exercise via a reflex mechanism, research suggests that low NGF levels
may be responsible for the development of muscle reflex-mediated abnormal sympathetic
overactivity remarkably present in chronic HF and hypertension (Xing et al. 2014; Julius &
Nesbitt 1996). Nevertheless, little is known about how aging, exercise, and sedentarism impact
NGF levels in the heart, and how these changes in NGF levels may impact the innervation
pattern of the heart.
Glial Cell Line-derived Neurotrophic Factor

GDNF belongs to the GDNF family ligands (GFLs), which includes artemin, persephin,
and neurturin (Lin et al, 1993; Heuckeroth et al, 1996; Baloh et al, 1998; Milbrandt et al, 1998;

Rosenblad et al, 2001). GDNF research was first studied by Lin et al. (1993 & 1994), who
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isolated GDNF from B49 rat glial cells in culture. These studies reported that GDNF increases
dopamine uptake by dopaminergic neurons and that GDNF may augment their differentiation
and survival rates (Lin et al., 1993 & 1994). Suter-Crazzolara and Unsicker (1994) found GDNF
mRNA in the heart, blood, kidney, liver, lung, spleen, bone, and sciatic nerve. Additionally, this
study found a shorter length of GDNF mRNA in these tissues, which suggests that GDNF
mRNA may undergo alternative splicing (Suter-Crazzolara and Unsicker 1994; Buj-Bello et al.
1995). In adult humans, the highest levels of GDNF mRNA have been found in skeletal and
cardiac muscle and in the spinal cord (Yamamoto & Yamamoto 1996).

Cardiomyocytes may promote the growth, development, and maintenance of all branches
of the nervous system by secreting GDNF and other members of the GFL. GDNF mRNA is
expressed in atrial and ventricular myocytes in rats and GDNF protein is synthesized by
cardiomyocytes in the heart of normal and sympathectomized animals. In control rats, GDNF
levels were found to be higher in 37-day-old animals than in 60-day-old animals. GDNF protein
levels were significantly higher 7 days after sympathectomy and dropped to control level 30 days
after this procedure, suggesting that GDNF may promote reinnervation in the heart of rats
(Martinelli et al., 2002). Hiltunen et al. (2000) found GDNF receptors mRNA in neurons present
in the heart of rats, and GDNF mRNAs in non-neural cells in the heart ganglia. GFL receptor
mRNA was also found in the endocardium, valves, atria, and pulmonary trunk. GDNF receptor
knockout mice had a 40% reduction of cholinergic innervation in the ventricles and 60%
reduction of the ventricular conduction system, suggesting a role for GDNF in regulating

cholinergic innervation.
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Neurotrophic Factors and Innervation of the Heart

The heart is innervated by sympathetic, parasympathetic, and sensory nervous systems
and they respond to most GFL members (Hiltunen et al., 2000) and to the neurotrophin family
(Levi-Montalcini and Hamburger, 1951). Deficiencies in the innervation of the heart have been
related to the onset of many cardiovascular (change throughout) diseases such as heart failure,
myocardial infarction (MI), arrythmias, and hypertension (Barron and Lesh, 1996; Nolan et al.,
1998; La Rovere et al., 1998; Floras, 2003; Shen and Zipes, 2014; reviewed by Hanna et al.,
2017). Neuromodulatory therapies, such as bilateral cardiac sympathetic decentralization and
vagus nerve stimulation, have been used to treat some cardiac diseases (reviewed by Hanna et al.
2017). A MI has been proposed to increase NGF levels causing sympathetic nerve sprouting. In
addition, exogenous infusion of NGF in dogs with a chronic MI and AV block, increased
sympathetic nerve sprouting and caused ventricular tachycardia, ventricular fibrillation, and
sudden cardiac death (Cao et al., 2000; Zhou et al. 2004). Decreased NGF expression in
congestive heart failure leads to alterations in sympathetic neuronal function and neuroanatomy
of the heart (Kaye et al. 2000). NGF has been implicated in playing a pivotal role in the
development and maintenance of sensory innervation in the heart (Trupp et al. 1995; Kuruvilla et
al. 2004). Research from Alves et al. (2019) showed the impacts of exercise in neurotrophic
factor protein content in the heart of healthy and chagasic animals. Trained controls, trained
chagasic mice, and sedentary chagasic mice had significantly higher GDNF protein content in
their hearts than in sedentary controls. These results suggest that exercise increases GDNF levels
in the heart; and that chronic infections, such as Chagas disease caused by Trypanosoma cruzi,
may also increase GDNF content, suggesting additional roles of this neurotrophic factor to

maintain cardiac function near to its normal parameters. Moreover, NGF mRNA and protein
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levels were significantly higher in the heart of rats 20 days after inoculation with
trypomastigotes, suggesting that NGF may participate in regenerative events after an acute
myocarditis (Alves et al. 2019; Martinelli et al. 2006).
Aging and Exercise

It is suggested that NGF plays contrasting roles in an animal’s body at different ages. At
young ages, NGF promotes the development and survival of nociceptive sensory neurons and
sympathetic neurons. At older ages, NGF may promote inflammation, apoptosis, and
hyperalgesia (Oppenheim, 1989; Lewin & Mendell, 1993; Della Seta et al., 1994; Levi-
Montalcini et al., 1997; Yuen et al., 1998; Pedraza et al., 2005). Research from Rebimbas-Cohen
(2005) suggests that NGF decreases with aging in the mesenteric vessels of sedentary rats; and
exercise may counterbalance the effects of aging, increasing NGF levels in old rats (Rebimbas-
Cohen 2005). Aging is known to be one of the main risk factors for the onset of cognitive
impairments, dementia, AD, with a concomitant decrease in neurotrophic factor levels, such as
NGF, BDNF and GDNF (reviewed in Budni et al., 2015). Exercise has been suggested to
promote recovery of central and peripheral nerve injuries and delays the progression of
neurodegenerative diseases, possibly directed by neurotrophic factor signaling (reviewed by
Cobianchi et al., 2017). Six weeks of exercise endurance training increased levels of NGF and
BDNF mRNAs, NGF and BDNF proteins in the cerebellum of healthy and diabetic rats (Taheri
et al., 2020). Work from Wehrwein et al. (2002) found that a 4-week walking exercise plan
resulted in increased GDNF content in soleus, gastrocnemius, and pectoralis major muscles of
rats. Furthermore, 2 weeks of hindlimb unloading resulted in a decrease in GDNF content in the
hindlimb muscles. However, hindlimb unloading also led to an increase in GDNF content in the

pectoralis major. These results suggest that GDNF production by skeletal muscles in rats is
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regulated by physical activity, suggesting that exercise may help promote remodeling and
recovery of the NMJ after injury and disease via a mechanism involving increased neurotrophic
factor expression (Wehrwein et al. 2002). Ultimately, little is known about the impacts of
sedentary lifestyle, exercise, and aging on neurotrophic factor protein expression and on the
innervation of the heart. In this study, the impact of aging, sedentarism, and exercise on NF
levels and structural plasticity of all branches of the nervous system in the heart throughout the
entire lifetime of rats will be examined. The goals of our study was to examine age-related
changes in the innervation pattern of the heart; and in GDNF and NGF protein content in the
heart, and to examine the effects of exercise in the innervation pattern of the heart; and in GDNF
and NGF protein content in the heart. We hypothesize that NF content will decrease with age,
leading to changes in the structure and function of cardiac innervation. These changes are
hypothesized to result in increased blood pressure and heart rate that is typically observed with
increased age.
Methods

Animal Model, Exercise Regimen, and Distance Measurements

All animal experiments were performed in accordance with the "Guide for the Care and
Usage of Laboratory Animals" (National Research Council) and protocols were approved by the
Institutional Animal Care and Usage Committee at Western Michigan University. Male Sprague
Dawley rats (Charles River Laboratories) were used for all studies. For the first part of this study,
18 rats were used. Six animals were sacrificed at 4 weeks of age (4wk-sed), 6 were maintained
for 10 weeks without access to running wheels (14wk-sed) and 6 were maintained with access to
running wheels (14wk-ex). For the second part of this study, eighteen 6-month-old rats were

used. Six animals were sacrificed at 6 months of age (6mo-sed), 6 were maintained for 6 months
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without access to running wheels (12mo-sed) and 6 were maintained for 6 months with access to
running wheels (12mo-ex). For the third part of this study, twelve 12-month-old rats were used.
Six animals were maintained for 6 months without access to running wheels (18mo-sed) and the
other 6 animals were maintained for 6 months with access to running wheels (18mo-ex). For the
fourth part of this study, twelve 18-month-old rats were used. Six animals were maintained for 6
months without access to running wheels (24mo-sed) and the other 6 animals were maintained
for 6 months with access to running wheels (24mo-ex). Control animals were housed
individually in cages with access to food and water. Exercised animals had access to a running
wheel monitored with Activity Wheel Monitoring System software (Lafayette Instrument
Company, Inc., North Lafayette, IN, USA) for total distance measurements. Animals were cared
for according to standard operating procedures outlined by WMU’s IACUC committee.
Weight

Weights from all animals were taken on the first and last day of each study segment.
Blood Pressure and Heart Rate

Animals were placed in animal holder tubes and a dark blanket was put on top of the
tubes for acclimation. A warm electrical blanket was placed underneath the tubes and set to
37°C. A tail-cuff was placed on the animals’ tails and a 15-minute interval was allowed for
additional acclimation. Resting, noninvasive, blood pressure and heart rate were measured
weekly using a CODA® Monitor Module (Kent Scientific Corp., Torrington, CT, USA). The
first and last blood pressure and heart rate measurements of the studies were considered for

statistical analysis.
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Tissue Harvesting

Animals were sacrificed via CO2 asphyxiation followed by thoracotamy. Hearts were
removed and cleaned of any fat and connective tissue. Heart chambers were separated as
follows: right atria (RA), left atria (LA), and top and bottom ventricles. Heart chambers were
flash frozen by contact with dry ice and stored at -80°C for later determination of NGF and
GDNF content and immunohistochemical processing.

Tissue Processing for Enzyme-Linked Immunosorbant Assay (ELISA)

Frozen heart chambers were dipped into liquid nitrogen and crushed on a metal block
chilled on dry ice. The pulverized heart chamber was suspended in sample buffer consisting of
0.1M phosphate buffered saline (PBS: 0.225 M NaCl, 0.02 M NaH2PO4, 0.08 M NaHPO4),
containing 0.1% Tween-20, 0.05% bovine serum albumin (BSA), aprotinin [6.6 trypsin inhibitor
unit/mL, Sigma, St. Louis, MO], 0.2 mM Benzamidine, 0.01 mM Benzethonium Chloride, and
0.2 mM ethylenediaminetetra-acetic acid (EDTA). The suspension was chilled on wet ice and
homogenized for 30 seconds using a variable speed Tissue Tearor (Biospec Products, Inc.,
Bartlesville, OK, USA). The homogenate was centrifuged at 13,000xg in a cold room and the
supernatant was pipetted to another assay tube and stored at -20°C for later quantification of
NGF and GDNF.

ELISA for NGF and GDNF

Nunc-Immuno 96 well plates (ThermoFisher, Waltham, MA, USA) were coated with 100
ul/well of 1 pg/ml of anti-GDNF or 0.4 pg /ml of anti-NGF monoclonal antibody (R&D
Systems, Minneapolis, MN, USA) in PBS (pH 7.4) and incubated overnight at room temperature
(RT) in a humidified chamber. Plates were washed with wash buffer containing 0.4 M NaCl and

0.05% Tween-20 in 0.1 M PBS (pH 7.4) and blocked with 200 pl/well of 1.0% BSA, 5% sucrose
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in PBS for 1 hour at RT in a humidified chamber. GDNF or NGF standard and samples were
added and incubated for 2 hours at RT in a humidified chamber. After 2 hours, plates received
100 pl of biotinylated anti-GDNF secondary antibody (100 ng/ml) or biotinylated anti-NGF
secondary antibody (100 ng/ml) (R&D Systems, Minneapolis, MN), diluted in Tris buffered
saline (TBS, pH 7.3) containing 1% BSA and 0.05% Tween-20. Plates were placed in a
humidified chamber and incubated at RT for 2 hours. Plates received 50 pl of Streptavidin-HRP
(PierceTM High Sensitivity, ThermoFisher, Waltham, MA, USA) diluted in PBS containing 1%
BSA and were placed in a humidified chamber and incubated at RT for 30 minutes. Then, 100 pl
of 1-step Turbo TMB-ELISA (ThermoFisher, Waltham, MA, USA) was added in each well for
20 minutes. The HRP reaction was stopped by adding 100 pl of HCI into each well and
absorbance was measured at 488nm, using a microplate spectrophotometer.
Tissue Processing for Immunohistochemistry

Heart chambers were removed from -20° C and immediately exposed to 4%
paraformaldehyde at RT for 15 minutes. Samples were washed 3 times for 15 minutes and
tissues were blocked for 1 hour at 4° C with PBS + 1% BSA + 0.4% Triton. After blocking,
tissues were incubated for five days (4° C) with guinea pig anti-aCGRP (Synaptic Systems) at a
dilution of 1:250, rabbit anti-tyrosine hydroxylase (TH) (Abcam) at a dilution of 1:250, and goat
anti-choline acetyltransferase (ChAT) (Abcam) at a dilution of 1:100. Next the tissues were
washed and incubated for 24 hours at 4° C with goat anti-guinea pig IgG conjugated to Alexa
Fluor 568 (Abcam), goat anti-rabbit IgG conjugated to Alexa Fluor 405 (Abcam) and donkey
anti-goat IgG conjugated to Alexa Fluor 488. After washing, the tissues were placed in welled
slides in a 1:1 solution of phosphate buffer saline (PBS) and glycerol. Controls were incubated

without primary antibodies.
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Confocal Microscopy and Nerve Count

For determination of nerve fiber density, images containing staining for sympathetic,
parasympathetic, and sensory nerve fibers were obtained from the epicardium of each heart
chamber, from each animal. Images were captured using a Nikon C2+ laser scanning confocal
microscope. A 60X water objective was used to capture 40 um-deep z-stack images from the
epicardium. NIS-Element AR was used to analyze nerve densities. For each z-stack image, all
layers were combined to form one image. Two large 10,000 pm? grids were placed on each
image, and nerves counts were determined by counting each time a stained fiber would cross any
horizontal or vertical line in the smaller grids inside the 10,000 um?. An average of the two large
fields (10,000 um?) from each image were obtained for statistical analysis.
Statistical Analysis

Kruskal-Wallis and Wilcoxon Rank Sum tests were performed to determine significance
between groups. Significance was set to P<0.05. Each group in this study had 6 animals (N=6).

Results

Gross Observations

The total weight gain throughout the study of 12mo-sed group (50.5 + 20.9 g) was
significantly greater than that for the 12mo-ex group (17.6 + 16.2 g). For other sedentary groups,
there was a trend towards greater weight gain throughout the study when compared to age-
matched exercised groups, but none of the differences were significant. Old adults (24mo-sed
group) had significantly greater weight than the young adults (6mo-sed group). Following tissue
removal, it was noted that the hearts from young animals (4wk-sed, 14wk-sed, and 14wk-ex),
from young adult animals (6mo-sed) and from exercised adult animals (12mo-ex, 18mo-ex,

24mo-ex) had a healthy and lean appearance, in contrast hearts from adult sedentary animals
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(12mo-sed, 18mo-sed, 24mo-sed) had increased deposits of fat and connective tissue
surrounding the heart.
Resting Blood Pressure

Our results show that the resting mean arterial blood pressure significantly increased with
aging (Figure 1). BP was significantly increased in 18mo-sed (127.8 + 3.8 mmHg) and 24mo-sed
(133 £ 7.9 mmHg) groups when compared to that in the 6mo-sed group (102.6 + 7.64 mmHg).
Our results also show that exercise lowered BP (Figure 2). Blood pressure in the 12mo-ex (88.5
+ 2.4 mmHg) and 18mo-ex (120.8 £ 3.9 mmHg) groups had significantly lower BP than the age-
matched sedentary groups. The effect of exercise to lower resting BP diminishes with aging. Our
results show that exercise did not lower the BP in the 24mo-ex group.
Resting Heart Rate

Similar to BP, our results show that the resting heart rate significantly increases with
aging (Figure 3). HR significantly increased in 18mo-sed (440.8 = 20.4 bpm) and 24mo-sed
(421.6 = 21.9 bpm) groups when compared to that in the 6mo-sed group (327.9 &+ 12 bpm). Our
results also show that exercise lowers HR. The 12mo-ex (269.3 + 11.2 bpm) and 18mo-ex groups
(394.8 £ 5.4 bpm) had significantly lower HR than the age-matching sedentary groups. The
effect of exercise on lowering resting HR diminishes with aging. Our results show that exercised
did not lower the HR in the 24mo-ex group (Figure 4).
Distance Ran

Our results demonstrate that the distance ran by the exercised animals significantly
decreased as the animals aged (14wk-ex: 116.2 km + 62 km; 12mo-ex: 74.6 km + 20.8 km;

18mo-ex: 37.1 km & 16 km; 24mo-ex: 14.8 km £ 7.4 km).
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Effects of Aging and Exercise on GDNF Protein Levels

GDNF protein content significantly increased at early ages in right atria, left atria, and
ventricles. The 14wk-sed group had higher GDNF protein content in all heart chambers (RA: 1.2
+0.16; LA: 1.3 £0.13; Vent: 1.27 £ 0.1 pg of GDNF/mg of tissue) when compared to 4wk-sed
group (RA: 0.95 £0.14; LA: 0.91 £0.28; Vent: 0.53 £ 0.35 pg of GDNF/mg of tissue). At 6
months of age, GDNF protein levels (RA: 0.17 £ 0.02; LA: 0.13 + 0.07; Vent: 0.03 £+ 0.02 pg of
GDNF/mg of tissue) significantly decrease in all heart chambers and continued to decline as the
animals aged (Figure 5). Exercise significantly increased GDNF protein levels in right atria and
ventricles at all ages, and in left atria of 14wk-ex and 12mo-ex groups. There was a trend
towards an increase in GDNF levels in left atria at older ages (18mo-ex and 24mo-ex groups)
when compared to the sedentary age-matching groups, although the difference was not
significant (Figure 6).
Effects of Aging and Exercise on NGF Protein Levels

In general, NGF levels decline with age in heart tissues. At 4 weeks of age, NGF was at
its highest levels in any heart chambers (RA: 1.7 = 0.24; LA: 2.19 = 0.48; Vent: 1.39 £ 0.36 pg
of NGF/mg of tissue). At 14 weeks of age, NGF protein levels significantly decreased in all heart
chambers (RA: 0.36 + 0.17; LA: 0.66 + 0.49; Vent: 0.67 + 0.37 pg of NGF/mg of tissue). At 6
months of age (6mo-sed), NGF levels significantly increased in RA (1.0 £ 0.38 pg of NGF/mg of
tissue). At 12 months of age (12mo-sed), NGF levels were not different from that in 6-month-old
animals. However NGF levels at 12 months of age (RA: 0.92 + 0.1; LA: 0.78 = 0.14; Vent: 0.57
+ 0.15 pg of NGF/mg of tissue) were significantly lower than that in 4-week-old animals in all
heart chambers. NGF protein content significantly decreased at 18 months of age in all heart

chambers (RA: 0.0026 + 0.0021; LA: 0.0019 = 0.0015; Vent: 0.0037 + 0.002 pg of NGF/mg of
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tissue) when compared to the 12-month-old animals. At 24 months of age, NGF levels were
significantly lower in all heart chambers (RA: 0.0011 £ 0.0005; LA: 0.0006 + 0.0003; Vent:
0.0001 + 5.357 pg of NGF/mg of tissue) than the 4-week-old and 12-month-old animals. In
addition, NGF levels were significantly lower in the ventricles of 24-month-old animals
compared to that in 18-month-old animals (Figure 7).

Exercise significantly impacted NGF levels in the heart of rats. At 14 weeks of age,
voluntary exercise significantly decreased NGF levels in all heart chambers (RA: 0.028 + 0.021;
LA:0.11 £0.10; Vent: 0.04 £ 0.03 pg of NGF/mg of tissue) when compared to the sedentary
group. At 12 months of age, voluntary exercise how no effect on NGF protein levels when
compared to the 12mo-sed group. At 18 months of age, voluntary exercise significantly
increased NGF levels in all heart chambers (RA: 0.08 £ 0.05; LA: 0.04 + 0.02; Vent: 0.08 £ 0.05
pg of NGF/mg of tissue) when compared to the 18mo-sed group. At 24 months of age, voluntary
exercise significantly increased NGF levels in all heart chambers (RA: 0.0062 + 0.0015; LA:
0.0031 +£0.0011; Vent: 0.00018 + 6.187 pg of NGF/mg of tissue) when compared to 24-month-
old sedentary group (Figure 2.8).

Effects of Aging and Exercise on the Innervation Pattern of Right Atria

The innervation pattern of the heart changes as the animals age. In the RA, sympathetic
nerve density significantly increased from the 4wk-sed group (41 + 2.3 grid count - 1000pm?) to
the 14wk-sed group (57 £ 13.8 grid count - 1000um?). Sympathetic innervation was significantly
increased in the 18mo-sed group (54.8 + 6.6 grid count - 1000pum?) when compared to the 4wk-
sed group, and there was a trend towards an increase in the 24mo-sed group (59.4 + 20.7 grid

count - 1000um?) (Figure 2.9) though the change was not significant.
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Parasympathetic nerve density significantly decreased in RA in the 6mo-sed group (RA:
14.8 = 7 grid count - 1000pm?) when compared to the 4wk-sed group (RA: 28 + 4.18 grid count -
1000pum?). In the 12mo-sed group, parasympathetic nerve density also decreased (RA: 8.1 + 6.6
grid count - 1000um?) when compared to 4wk-sed group. In the 18mo-sed group,
parasympathetic nerve density significantly increased in RA (19 + 2.2 grid count - 1000pum?)
when compared to the 12mo-sed group but was still significantly decreased when compared to
the 4wk-sed group. In the 24mo-sed group (16.8 £ 8.1 grid count - 1000pum?), parasympathetic
nerve density was increased when compared to the 12mo-sed group, and decreased when
compared to the 4wk-sed (Figure 2.9).

Sensory nerve density significantly decreased from the 4wk-sed group (21.2 + 1.9 grid
count - 1000pum?) to the 14wk-sed (4.25 + 2 grid count - 1000um?). In the 6mo-sed group (11.6 +
6.2 grid count - 1000um?), sensory nerve density increased when compared to the 14wk-sed
group and decreased when compared to the 4wk-sed group. In the 12mo-sed group (4 + 3.9 grid
count - 1000pum?) and older ages (18mo-sed [4.2 + 2 grid count - 1000um?]; 24mo-sed [3.4 + 2.9
grid count - 1000um?]), sensory nerve density was significantly decreased when compared to the
6mo-sed and 4wk-sed groups (Figure 2.9).

Exercise did not impact sympathetic and sensory nerve density in RA. However,
exercised had significant effects on parasympathetic nerve density in RA. Increase in
parasympathetic innervation was observed in the 12mo-ex (17.5 £ 3.6 grid count - 1000pum?) and
18mo-ex groups (47.4 + 18.9 grid count - 1000pum?); and trended to increase in 24mo-ex (29.8 +
14.6 grid count - 1000pm?) when compared to the age-matching sedentary groups (Figure 2.10).

There were significant differences in staining robustness between sedentary and exercised
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animals. Exercised animals had denser innervation in the epicardium of all heart chambers when
compared to sedentary animals (Figure 2.14).
Effects of Aging and Exercise on the Innervation Pattern of Left Atria

In left atria, aging had no significant effect in sympathetic nerve density from the 4wk-
sed to the 18mo-sed groups (4wk-sed [37.6 £ 2.3]; 14wk-sed [31.2 &+ 13.5]; 6mo-sed [41.6 £
18.6]; 12mo-sed [36 = 7.7]; 18mo-sed [54.2 £+ 16.9] grid count - 1000um?) but significantly
increased in the 24mo-sed group (87.2 + 26.4 grid count - 1000pm?) (Figure 2.11).

In the 4wk-sed group (24.2 + 3.83 grid count - 1000pm?), parasympathetic nerve density
was significantly higher when compared to the 6mo-sed group (11.3 = 4.6 grid count -
1000pm?), 12mo-sed (8.5 £ 6.4 grid count - 1000pm?), and 18mo-sed groups (10 + 5.4 grid
count - 1000pum?). In the 24mo-sed group (36.8 + 23.3 grid count - 1000pm?), parasympathetic
nerve density was significantly increased when compared to 6mo-sed, 12mo-sed, and 18mo-sed
(Figure 2.11).

Sensory nerve density was at its highest denseness in the 4wk-sed group (21.2 + 3.8 grid
count - 1000pum?) and significantly decreased in the 14wk-sed group (4.25 £ 2.2 grid count -
1000um?). After that, sensory nerve density remained significantly low as the animals aged
(6mo-sed [7 £ 4.9]; 12mo-sed [2.5 £ 2.7]; 18mo-sed [4.2 + 2.2]; 24mo-sed [4.6 + 4.2] grid count
- 1000pm?), compared to that in the 4wk-sed group (Figure 2.11).

Similar to RA, exercise did not impact sympathetic and sensory nerve density in LA.
However, exercise significantly increased parasympathetic nerve density in the 18mo-ex group
(30.6 £ 13.1 grid count - 1000um?); and trended to increase in the 12mo-ex (8.5 + 6.4 grid count
- 1000pum?) and 24mo-ex (56 = 27.2 grid count - 1000pm?) groups (Figure 2.12) though the

difference was not statistically significant.
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Effects of Aging and Exercise on the Innervation Pattern of Ventricles

Aging increased sympathetic nerve density in the ventricles. The 24mo-sed group (48.8 +
15.1 grid count - 1000pm?) had significantly denser sympathetic innervation than the 4wk-sed
(19.2 £ 1.3 grid count - 1000pm?), 6mo-sed (13.8 £ 15.6 grid count - 1000um?) and 12mo-sed
(20.1 £19.2 grid count - 1000um?) groups.

Parasympathetic nerve density significantly increased from the 4wk-sed group (9.2 £ 1
grid count - 1000um?) to the 14wk-sed group (16.5 £ 3.6 grid count - 1000um?). In the 12mo-sed
group (4.8 £ 5.6 grid count - 1000um?), parasympathetic nerve density decreased when
compared to that in the 14wk-sed group. Parasympathetic nerve density significantly increased
from 12 months to 24 months of age.

Sensory nerve density significantly decreased from 4 weeks of age (11.8 = 1.3 grid count
- 1000um?) to 14 weeks of age (4.2 £ 1.7 grid count - 1000pm?), 6 months of age (2.8 + 3.6 grid
count - 1000pum?), and 12 months of age (3.16 = 2.8 grid count - 1000um?), and there was a trend
towards a decrease in the 24mo-sed group (6.4 + 4 grid count - 1000um?) when compared to the
4wk-sed group (Figure 2.13). Exercise had no significant effect on innervation pattern of the
ventricles.

Discussion

In this study, novel findings concerning the impacts of aging/sedentarism and exercise on
HR and BP; GDNF and NGF protein levels; and innervation pattern in the hearts of rats were
reported. As sedentary control rats age, resting HR and BP significantly increases compared to
that in young animals, with BP increasing to levels that would meet the clinical definition of
hypertension. Results of other studies have shown that increased resting HR has been linked with

increased BP (Shen et al. 2020; Reule & Drawz 2012) and increased resting HR and BP have
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been associated with increased risk for stroke (Hu et al., 2019; Reule & Drawz, 2012) and heart
failure (Zhao et al., 2020).

The onset of many cardiac diseases such as hypertension, heart failure, myocardial
infarction, and arrythmias have been related to deficiencies in the innervation of the heart
(Barron and Lesh, 1996; Nolan et al., 1998; La Rovere et al., 1998; Floras, 2003; Shen and
Zipes, 2014; reviewed by Hanna et al., 2017). Increased sympathetic tone and activity in the
heart is observed in early onset of hypertension (Julius & Nesbitt, 1996). Our results demonstrate
that sympathetic nerve density significantly increases with age in the left atria and ventricles of
sedentary animals. Sympathetic nerve density is at its highest in the 24mo-sed group, coinciding
with the highest levels of resting BP and HR. In RA, parasympathetic and sensory innervation
densities of 18mo-sed and 24mo-sed groups are significantly decreased when compared to the
4wk-sed group. In LA, sensory innervation density is decreased in aged groups when compared
to the 4wk-sed group. Our data demonstrates that, throughout the animal’s lifespan, aging
combined with sedentary behavior may lead to an increase in sympathetic nerve density and a
decrease in parasympathetic and sensory nerve densities in the heart, which may contribute to the
development of hypertension. Increased activity of the sympathetic system is suggested to
promote left ventricular hypertrophy, which may lead to hypertension. In addition, increased
sympathetic activity may increase the production of renin, primarily by the kidneys, which will
promote the formation of angiotensin II, leading to a chronic increase in BP and HR (Palatini
2001; Campos 2015). Many other studies have shown that increased sympathetic activity may
lead to hypertension (Lambert et al., 2007; Esler, 2011; Menuet et al., 2017; Dissanayake et al.,

2018). Ultimately, as animals age sedentary, the innervation pattern of the heart shifts from a
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balanced sympathetic/parasympathetic/sensory innervation to a predominantly sympathetic
innervation, leading to hypertension and increased resting HR.

Our results demonstrate that exercise significantly increases parasympathetic nerve
density in the RA of the 12mo-ex and 18mo-ex groups; and shows trend towards an increase in
the 24mo-ex groups when compared to the age-matching sedentary groups. In addition, our
results show that exercise significantly increases parasympathetic nerve density in LA in the
18mo-ex group; and shows a trend towards an increase in the 12mo-ex and 24mo-ex groups.
Concomitantly with the significant increases in parasympathetic nerve density in RA and LA,
our results demonstrate that exercise significantly decreases BP and HR in the 12mo-ex and
18mo-ex groups when compared to the age-matching sedentary groups. Exercise has been shown
to prevent and treat hypertension (Wallace, 2003; Goodman et al., 2011; Waki et al., 2019). In
SHR, exercise prevented hypertension and disrupted the correlation between age-related
elevation of BP and dynamic changes of vascular sympathetic activity (Li et al., 2019). Our
results suggest that exercise may significantly increase parasympathetic nerve density in the
heart and reduce resting BP and HR, which could prevent or treat high blood pressure. Our
immunohistochemical imaging shows that exercised animals have more robust and denser nerve
staining than sedentary animals. This suggests that exercise may promote changes in the
structure of the nervous system in the heart. The development, growth, maintenance, and
regeneration of nerve fibers are directed by neurotrophic factors such as GDNF and NGF. Our
results demonstrate that aging/sedentarism alters neurotrophic factor levels in the heart. From
four- to fourteen-week-old animals, GDNF protein levels increase in all heart chambers. This
increase in GDNF levels coincides with the steady growth and development of the animals. For

six-month-old and older groups, GDNF protein levels progressively decrease in all heart
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chambers. Studies have shown that, in the heart, the parasympathetic nervous system is
developed, maintained, and regenerated by GDNF (Hiltunen et al., 2000; Martinelli et al., 2002;
Martinelli et al., 2006; Alves et al., 2019). Our results show that as GDNF levels decrease with
aging/sedentarism, parasympathetic nerve density in the heart also decreases. Voluntary exercise
increases GDNF protein levels in all heart chambers, with a concomitant increase in
parasympathetic nerve density and a decrease in HR and BP. Exercise has been shown to
increase GDNF protein levels and the levels of other GFL in a variety of tissues, while
improving the overall functionality of these tissues (Saarma & Sariola, 1999; Rebimbas-Cohen,
2005; Wehrwein et al. 2002; McCullough et al. 2013; Gyorkos et al., 2014; Cobianchi et al.,
2017; Alves et al., 2019; Correia et al., 2021).

Our results demonstrate that aging impacts NGF protein levels in the heart as well. NGF
protein levels decrease in all heart chambers as the animals age. In 18- and 24-month-old
animals, NGF levels is significantly lower when compared to all younger ages. However,
exercise significantly increases NGF levels in all heart chambers when compared to the age-
matched sedentary groups. Results of studies by Rebimbas-Cohen (2005) suggest that NGF
decreases with aging in the mesenteric vessels of sedentary rats, and that the pattern of
innervation shifts from a balanced sympathetic/sensory innervation in young rats to
predominantly sympathetic innervation in older animals. Immunohistochemical analysis revealed
that NGF colocalized with Calcitonin Gene-Related Peptide (CGRP), a marker for sensory
innervation and potent vasodilator, in mesenteric vessels of young rats. In old rats, NGF
colocalized with sympathetic nerve fibers. Moreover, blood pressure (BP) increased in old rats.
However, voluntary exercise regimen was able to lower blood pressure, restore NGF protein

content, and reverse the imbalance of the sympathetic/sensory innervation in the mesenteric
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vessels of old animals. These results suggest that exercise increases NGF protein content in
mesenteric vessels and may participate in restoring the balance of sympathetic/sensory
innervation (Rebimbas-Cohen, 2005).

Research suggests that NGF may also contribute to the growth and survival of
parasympathetic fibers (Ekman et al., 2017). We propose that the increase in parasympathetic
innervation observed in our studies may also be due, in part, to an increase in NGF following
exercise. Furthermore, interactions between sympathetic and parasympathetic nervous system
can be found throughout the entire heart, including in the pacemaker region. The proper
interactions between the two branches of the ANS is essential for a balanced cardiac function.
For example, during the development of HF, disarrangement of autonomic nerves can decrease
parasympathetic influence over the sympathetic system, leading to sympathetic over activity. It
has been suggested that NGF may play a role in maintaining appropriate coupling of
parasympathetic and sympathetic axons in the heart (Wetzel and Brown, 1985, Loiacono and
Story, 1986; Fan and Smith, 1993; Warn et al., 1997; Smith et al. 2002; Dunlap et al. 2003;
Randall et al. 2003; Nihei et al. 2005; Hasan & Smith 2009). Additional research found that
decreased NGF expression in congestive HF leads to alterations in sympathetic neuronal function
and neuroanatomy of the heart (Kaye et al. 2000).

In conclusion, our results suggest that neurotrophic factor content in the heart peaks in
young animals and declines with aging. GDNF content declines with aging earlier and more
drastically than NGF content. These results support the hypothesis that NGF primarily supports
sympathetic nervous system, which does not seem to change much with age, while GDNF
supports the parasympathetic system, which does decline with age. NGF supports the sensory

nervous system. Therefore, the changes in NGF content that were observed in these studies may
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be linked to the changes in sensory nerve density. Density of parasympathetic and sensory
innervation decline with aging, while sympathetic innervation does not decline as much with
aging, which may be the cause for an increase in BP and HR. Therefore, both BP and HR
increase with age, as balance between sympathetic and parasympathetic innervation is impaired.
With exercise, GDNF content increases, parasympathetic innervation increases, and BP and HR
decrease. The effects of exercise on neurotrophic factor expression may be a possible mechanism
by which exercise exerts positive effects on cardiac innervation, promoting the prevention and
treatment of cardiovascular diseases.

Figure 2.1

Blood Pressure Increases With Age
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Note. Mean arterial blood pressures were obtained using tail-cuff plethysmography in rats
maintained in a dark chamber, at 37°C. The data show that BP was significantly elevated at 18
and 24 months of age compared to that at 6 months of age. Wilcoxon signed-rank test — 95% of
confidence interval. The asterisk (*) indicates a significant difference in BP from that measured
in 6-month-old animals.
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Figure 2.2

Exercise Decreases Blood Pressure
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Note. Mean arterial blood pressures were obtained using tail-cuff plethysmography in rats
maintained in a dark chamber, at 37°C. Exercise significantly (p<0.05) reduced BP at 12 and 18
months of age and there is a trend towards a decrease in 24-month-old animals when compared
to the age-matching sedentary groups. Wilcoxon signed-rank test — 95% of confidence interval.
The asterisk (*) indicates a significant difference in BP in exercised animals compared to that in
age-matched sedentary controls.
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Figure 2.3

Resting Heart Rate Increases With Aging
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Note. Resting heart rates were obtained using tail-cuff plethysmography in rats maintained in a
dark chamber, at 37°C. Our data shows that HR significantly increased at 18 and 24 months of
age compared to 6 months of age. Wilcoxon signed-rank test — 95% of confidence interval. The
asterisk (*) indicates a significant difference in HR from that measured in 6-month-old animals.
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Figure 2.4

Exercise Decreases Resting Heart Rate
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Note. Resting heart rates were obtained using tail-cuff plethysmography in rats maintained in a
dark chamber, at 37°C. Voluntary exercise significantly reduced HR at 12 and 18 months of age,
and there was a trend towards a decrease in the 24-month-old animals when compared to the age-
matching sedentary groups. Wilcoxon signed-rank test — 95% of confidence interval. The
asterisk (*) indicates a significant difference in HR in exercised animals compared to that in age-
matched sedentary controls.
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Figure 2.5

Impacts on Aging on GDNF Levels in all Heart Chambers
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Note. GDNF protein content was measured by analyzing supernatant from heart chamber homogenate by ELISA. From the 4wk-sed
group to the 14wk-sed group, GDNF protein levels significantly increased (*) in all heart chambers. At 6 months of age, GDNF levels
significantly decreased (#) in all heart chambers and kept decreasing as animals aged. Wilcoxon signed-rank test — 95% of confidence

interval.
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Figure 2.6

Impacts of Voluntary Exercise on GDNF Levels in all Heart Chambers
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Note. GDNF protein content was measured by analyzing supernatant from heart chamber homogenate by ELISA. GDNF protein
content was significantly (*) higher in all voluntary exercised groups in right atria and ventricles (a, ¢, d, f). Voluntary exercise
significantly (*) increased GDNF content in left atria in the 14wk-ex and 12mo-ex groups; and had a trend towards an increase in the
18mo-ex and 24mo-ex groups (b, €). Wilcoxon signed-rank test — 95% of confidence interval.
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Figure 2.7

Impacts on Aging on NGF Levels in all Heart Chambers

Right Atria Left Atria Ventricles

2 = ¥ =
S : © = g « T o
5 o 5 o : s

[To] ['o]
£ <1 _” g o Q 2 < I |
g g - — 2 ‘
t o | [ € 24 % 2 9 | —_
e - E _ £ - - e - %
§ - = § . == | | § - =
s o - s - ! el e o —
[} ) o — '
B [— e = = B 4
a a H o _._1
% = A L(_'L) =3 % (] i [_;L 1
= 2 T T T T T T Zi 12 T T T T T T 2 22 T T T T T T

4wk 14wk 6mo 12mo 18mo 24mo 4wk 14wk 6mo 12mo 18mo 24mo 4wk 14wk 6mo 12mo 18mo 24mo
Age Age Age

Note. NGF protein content was measured by analyzing supernatant from heart chamber homogenate by ELISA. NGF protein levels
were significantly (*) higher in all heart chambers from the 4wk-sed group when compared to all older ages. In right atria, NGF
protein levels significantly increased from 14 weeks of age to 6 months of age (#). In all heart chambers, NGF protein levels
significantly ($) decreased in 18-month-old and 24-month-old animals when compared to 12-month-old animals. In ventricles, NGF
protein levels significantly (%) decreased in 24-month-old animals when compared to 18-month-old animals. Wilcoxon signed-rank
test — 95% of confidence interval.
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Figure 2.8
Impacts of Voluntary Exercise on NGF Levels in all Heart Chambers
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Note. NGF protein content was measured by analyzing supernatant from heart chamber homogenate by ELISA. Voluntary exercise
significantly (*) decreased NGF protein levels in all heart chambers at 14-week-old animals (a, b, ¢). Exercise did not impact NGF
protein content in none of the heart chambers in the 12-month-old group (d, e, f). At 18 and 24 months of age, voluntary exercise
significantly (*) increased NGF protein content in all heart chambers (g, h, i). Wilcoxon signed-rank test — 95% of confidence interval.
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Figure 2.9

Impacts of Aging on the Innervation Pattern in Right Atria
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Note. Innervation pattern of sympathetic, parasympathetic, and sensory nervous systems were measured on the epicardium of each
heart chamber from each animal by using a Nikon C2+ laser scanning confocal microscope. 60X water objective was used to capture
40 um-deep z-stack images from the epicardium. NIS-Element AR was used to analyze nerve densities. Innervation pattern of right
atria significantly changes with aging. Sympathetic nerve density is significantly (*) increased in the 14wk-sed and 18mo-sed groups
when compared to the young 4wk-sed group, and it trend towards an increased in the 24mo-sed group. Parasympathetic nerve density
significantly (*) decreased in the 6mo-sed, 12mo-sed, 18mo-sed, and 24mo-sed groups when compared to the 4wk-sed group.
Parasympathetic nerve density significantly (#) increased in the 18mo-sed and 24mo-sed groups when compared to the 12mo-sed
group. Sensory nerve density was at its highest density (*) in the 4wk-sed when compared all other groups. Sensory nerve density

significantly (#) increased from the 14wk-sed group to the 6mo-sed group, but significantly decreased ($) from the 6mo-sed
all older ages. Wilcoxon signed-rank test — 95% of confidence interval.
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Figure 2.10

Impacts of Exercise on Parasympathetic Innervation in Right Atria
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Note. Innervation pattern of sympathetic, parasympathetic, and sensory nervous systems were
measured on the epicardium of each heart chamber from each animal by using a Nikon C2+ laser
scanning confocal microscope. 60X water objective was used to capture 40 um-deep z-stack
images from the epicardium. NIS-Element AR was used to analyze nerve densities. Voluntary
exercise significantly (*) increased parasympathetic nerve density in right atria in the 12mo-sed
and 18mo-sed groups, and trend towards an increase in the 24mo-sed group. Wilcoxon signed-
rank test — 95% of confidence interval.
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Figure 2.11

Impacts of Aging on the Innervation Pattern in Left Atria
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Note. Innervation pattern of sympathetic, parasympathetic, and sensory nervous systems were measured on the epicardium of each
heart chamber from each animal by using a Nikon C2+ laser scanning confocal microscope. 60X water objective was used to capture
40 um-deep z-stack images from the epicardium. NIS-Element AR was used to analyze nerve densities. Innervation pattern of left
atria significantly changed with aging. Sympathetic nerve density significantly (*) increased in the 24mo-sed group when compared to
all other groups. Parasympathetic nerve density was significantly decreased in the 6mo-sed, 12mo-sed, and 18mo-sed groups when
compared to the 4wk-sed (*) and 24mo-sed (#) groups. Sensory nerve density was significantly increased in the 4wk-sed group when
compared to all other groups. Wilcoxon signed-rank test — 95% of confidence interval.



Figure 2.12

Impacts of Exercise on Parasympathetic Innervation in Left Atria
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Note. Innervation pattern of sympathetic, parasympathetic, and sensory nervous systems were
measured on the epicardium of each heart chamber from each animal by using a Nikon C2+ laser
scanning confocal microscope. 60X water objective was used to capture 40 um-deep z-stack
images from the epicardium. NIS-Element AR was used to analyze nerve densities. Voluntary
exercise significantly (*) increased parasympathetic nerve density in left atria in the 18mo-sed
group, and trend towards an increase in the 12mo-sed and 24mo-sed groups. Wilcoxon signed-
rank test — 95% of confidence interval.
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Figure 2.13
Impacts of Aging on the Innervation Pattern in Ventricles

Sympathetic Innervation . Parasympathetic Innervation Sensory Innervation

o

40
15
1

5 s 3

8 8 3

g e =

T o | — - 2 '

z© 3 : . o

5 8o 1=

38 H z” — 3 E

3o - z ‘ ) ’ | ' 5% 3

=3 ' % * ' —_— * IS ——

: E : i | | i

I ' [ E . 2 * ' *

o * ) i ' © !

Fy=] = —_— ' : Qv .

2R 4 | So : ; ° E :

H = E° ] —— ; ‘ § ‘ —

£ £ ’:‘ — > == —

2 = s

To go 2 o 4 —

g T T T T T T & T T T T T T I3 T T T T T T

@ 4wk 14wk 6mo 12 mo 18mo 24mo 4wk 14wk 6mo 12 mo 18mo 24mo 4wk 14wk 6mo 12mo 18mo 24mo
Age Age Age

Note. Innervation pattern of sympathetic, parasympathetic, and sensory nervous systems were measured on the epicardium of each
heart chamber from each animal by using a Nikon C2+ laser scanning confocal microscope. 60X water objective was used to capture
40 um-deep z-stack images from the epicardium. NIS-Element AR was used to analyze nerve densities. Innervation pattern of
ventricles significantly changes with aging. Sympathetic nerve density was significantly (*) increased at the 24mo-sed group when
compared to the 4wk-sed, 6mo-sed and 12mo-sed groups, and there was a trend towards an increase when compared to 14wk-sed and
18mo-sed groups. Parasympathetic nerve density was significantly (*) increased in the 14wk-sed group when compared to the 4wk-
sed group. At 12 months of age, parasympathetic nerve density is significantly (#) decreased when compared to the 14wk-sed group.
Sensory nerve density was significantly (*) higher in the 4wk-sed group when compared to 14wk-sed, 6mo-sed, and 12mo-sed groups,
and trends to be higher than the 24mo-sed group. Wilcoxon signed-rank test — 95% of confidence interval.



Figure 2.14

Nerve Fiber Staining in Heart Chambers From 24mo-sed and 24mo-ex groups

Age Right Atria Left Atria Ventricles

24mo-sed

24mo-ex

Note. Heart chambers from rat — whole mount preparation — Confocal imaging — 60X objective —
anti-CGRP conjugated to AlexaFluor 568 (red), anti-TH conjugated to AlexaFluor 405 (blue),
and anti-ChAT conjugated to AlexaFluor 488 (green). Comparison between exercised (d, e, f)
and sedentary (a, b, ¢) lifestyles at 24 months of age. There were significant differences in
staining robustness between sedentary and exercised animals. Exercised animals had denser

innervation in the epicardium when compared to sedentary animals. In sedentary animals,
sympathetic innervation
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CHAPTER III

EFFECTS OF TREATMENT WITH a-CALCITONIN GENE-RELATED PEPTITDE ON
HEART FUNCTION

Abstract

Calcitonin gene-related peptide (CGRP) plays an important role as a potent vasodilator,
which may help prevent cardiac and pulmonary hypertension, ischemia, migraine, and
ultimately, improve blood flow distribution, and wound healing. It has been suggested that
CGRP may play a role in cardiovascular regulation. However, the effects of exogenous CGRP on
cardiac physiology have not been adequately investigated. The primary goal of this research is to
investigate the effects of exogenous aCGRP on heart function. Adult bullfrogs (Lithobates
catesbeianus) were divided into one control group and three treatment groups receiving 40 nM,
100 nM, and 400 nM of CGRP. To investigate the role that sympathetic and parasympathetic
neurotransmitters may play in the effects of CGRP. For some treatments, antagonists for one or
both branches of the autonomic nervous system were used with CGRP. Our results demonstrate
that all groups treated with CGRP alone exhibited a significantly lower force of contraction
(FOC) than the control group five minutes following treatment. Treatment with CGRP in the
presence of the muscarinic receptor antagonist, atropine, significantly decreased FOC and HR.
Immunohistochemical analysis revealed CGRP positive fibers on the epicardium. Our results
suggest that CGRP positive fibers with varicosities are present in the heart and CGRP may be
released from these fibers causing the effects observed in this study. Exogenous CGRP treatment
reduced FOC and HR in the heart of frogs, even when the parasympathetic nervous system was

blocked, suggesting that CGRP may act directly on the cardiac muscle.
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Introduction

Calcitonin gene-related peptide (CGRP) is a 37 amino-acid peptide that serves as a
neurotransmitter in enteric, somatic motor, and sensory neurons. Studies have shown that CGRP
is processed into two distinct isoforms, that result from different genes (reviewed on Russell et
al., 2014). BCGRP is found in the central and enteric nervous system, as well as in the thyroid
and pituitary glands (Petermann et al., 1987). BCGRP is produced by splicing of the CALCII
gene on the short arm of chromosome 11 (11p 12-14.2), playing a similar role to aCGRP
(Alevizaki et al., 1986; Brain & Grant, 2004; Muddhrry et al., 1988; Steenbergh et al., 1986).
aCGRP is produced by alternative splicing of the CALCI gene and stored in vesicles in sensory
and somatic motor nerve terminals. aCGRP can be found in peripheral and central neural tissues
throughout the body and may regulate cell and tissue function (Alevizaki et al., 1986; Steenbergh
et al., 1986; Russell et al., 2014).

CGRP acts via the CGRP receptor. Previous studies suggest that the CGRP receptor is a
combination of two receptors, the calcitonin-like receptor (CLR) and receptor activity modifying
protein 1, 2, or 3 (RAMP1, RAMP2, RAMP3) (Fluhmann et al., 1995; Hay et al., 2008; Russell
et al., 2014). These receptors are translated into the endoplasmic reticulum (ER) and combined to
form a binding site for CGRP. CLR:RAMP complexes are transported from the ER into the
plasma membrane where it binds CGRP. The individual CGRP receptor components are unable
to recognize CGRP by themselves. Instead, they must be combined to recognize the CGRP
molecule (McLatchie et al., 1998; Spielman & Parameswaran, 2012). CGRP also has an affinity
with the CLR:RAMP3 complex, also known as adrenomedullin 2 (AM2) receptor (Choksi et al.,
2002; Muff et al., 1998; Russell et al., 2014). Finally, a third CGRP receptor component named

receptor component protein (RCP) is an intracellular peripheral membrane protein that binds to
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the second intracellular loop of the CLR. Inhibiting RCP caused a shutdown of the CGRP
receptor-intracellular signaling (Evans et al., 2000; Luebke et al., 1996).

A well-known pathway triggered by CGRP binding to its receptor is the activation of
adenylate cyclase, which increases intracellular cyclic AMP (cAMP), leading to activation of
protein kinase A (PKA). PKA influences many pathways downstream, including activation of
extracellular signal-related kinases and transcription factors (Drake et al., 1999, 2000).
Phosphorylated PKA may also open potassium channels and promote smooth muscle relaxation
in arteries (Nelson et al. 1990). In addition, CGRP may also cause the release of calcium by the
endoplasmic reticulum, through the production of inositol trisphosphate (reviewed on Russell et
al., 2014). Binding of CGRP to its receptor can also increase intracellular levels of
diacylglycerol, which may activate protein kinase C (Pin & Bahr, 2008).

CGRP plays an essential role as a potent vasodilator, which may help to prevent cardiac
and pulmonary hypertension, ischemia, migraine, and acts to improve blood flow distribution,
and wound healing (Hasbak et al., 2001, 2003; Jonhagen, 2006; Russell et al., 2014; Schlier et
al., 2009; Toda et al., 2008; Vause & Durham, 2010). CGRP is also found to promote
vasodilation of in-vitro parenchymal microvessels from hippocampal slices of rat brains (Fergus
et al., 1995). CGRP immunoreactive fibers are found in coronary arteries in the heart of rats, and
the action of CGRP regulates blood flow in these vessels (Goto et al., 1991).

Exercise may increase CGRP production and secretion by the sensory nerve fibers
present in skeletal and cardiac muscle (Jonhagen, 2006; Onuoha et al., 1998; Russell et al., 2014;
Sun & Pan, 2014). Exercise also may increase CGRP-positive sensory nerve fibers density in
arteries and veins of exercised animals (Rebimbas-Cohen, 2005). Research suggests that during

exercise, CGRP may target epididymal fat, promoting lipolysis (Aveseh et al., 2018). Finally,
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exercise is suggested to increase CGRP production, which may reduce myocardial ischemia via
collateral circulation development promoted by CGRP (Wang et al., 2016).

The two branches from the autonomic nervous system (ANS), the sympathetic (SNS) and
parasympathetic (PNS) nerve systems work antagonistically to modulate the heart’s function
(Bush et al., 2016; Hiltunen et al., 2000). It has been suggested that CGRP may play a role in
cardiovascular regulation by inhibiting sympathetic nervous system activity in mice (Kurihara et
al., 2003). Intravenous injection of CGRP in humans caused an increase in heart rate, decreased
blood pressure, and produced skin redness, which indicates vasodilation (Lundberg et al., 1989).
A study using anesthetized rats and conscious dogs and treating them with intravenous human
CGRP, found that CGRP caused dose-dependent peripheral vasodilation. Pre-treatment with
CGRP 8-37, a CGRP receptor antagonist, prevented the vasodilatory actions of CGRP. Other
findings from this study suggested that CGRP has a greater effect on increasing blood flow in rat
hearts than vasodilatory effects in the brain. However, by systemically blocking -adrenergic
receptors, the increase of regional blood flow caused by CGRP in these two organs was identical.
Their findings suggest that CGRP increases blood flows in coronary, renal, and carotid arteries
of dogs (Shen et al., 2001). Studies in aCGRP knockout mice (0CGRPKO) suggest that
treatment with angiotensin II increases mRNA levels of CLR and RAMP1 in wild-type animals,
but not in the tCGRPKO animals. Findings from these studies suggest that t«CGRP mRNA was
also elevated in the aorta, mesenteric vessels, and dorsal root ganglia of WT animals treated with
angiotensin II compared to the WT control animals (Smillie et al., 2014).

At present, it is unclear concerning the effects exogenous treatment with CGRP on heart

function. The aim of the current study was to investigate the effects of CGRP treatment on heart
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function to test the hypothesis that CGRP decreases the force of contraction (FOC) and heart rate
(HR) in frogs.
Methods

Heart Preparations

All animal experiments were performed in accordance with the "Guide for the Care and
Use of Laboratory Animals" (National Research Council) and protocols were approved by the
Institutional Animal Care and Use Committee at Western Michigan University. Adult bullfrogs
(Lithobates catesbeianus) were euthanized, pinned on their backs and the body cavity was
opened to expose the heart and assemble an in-situ preparation. Each heart was connected to a
PowerLab data acquisition system for the collection of FOC and HR data using a force
transducer. Data was collected and analyzed using LabChart software (ADInstruments). Before
treating the hearts with CGRP and/or autonomic antagonists, a 60-second stable baseline was
recorded from each animal and those levels of HR and FOC were recorded as the initial control
level (0 on the y-axis of graphs). Following treatment, FOC and HR were recorded for 5 minutes.
Treatment With CGRP

Twelve adult frogs were divided into one control group and three treatment groups.
Treatment groups received CGRP (rat aCGRP, Tocris Bioscience [catalog# 83651-90-5] loaded
into frog ringer’s solution, at concentrations of 40, 100, and 400 nM. The control group received
frog ringer’s solution only.
Treatment With Autonomic Antagonists

Additional frogs were used to investigate the effects of CGRP (40 nM) when one or both
branches of the autonomic nervous system were blocked. To examine the role that the

sympathetic neurotransmitter norepinephrine may play in the observed effects of CGRP, we
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blocked beta-adrenergic receptors using propranolol and alpha-adrenergic receptors using
phentolamine and CGRP. To examine the role that the parasympathetic neurotransmitter
acetylcholine may play in the observed effects of CGRP, we blocked muscarinic acetylcholine
receptors on the heart using atropine and CGRP. Phentolamine, propranolol, and atropine were
used at a concentration of 10mM and applied directly to the heart. The treatment groups were
divided as follows: Atropine alone; Atropine and CGRP (AC); Phentolamine alone;
Phentolamine and CGRP (PhC); Propranolol alone; Propranolol and CGRP (PrC); Propranolol +
Phentolamine and CGRP (PPC); Propranolol + Phentolamine + Atropine and CGRP (PPAC).
Hearts were pre-treated with autonomic antagonist to block all available receptors, then the
mixture containing the autonomic antagonist and CGRP were added.
Immunohistochemistry

Frog hearts were removed, and the heart chambers were separated in PBS solution. Heart
chambers were fixed with 4% paraformaldehyde for 15 minutes. After washing, the tissues were
blocked for 1 hour at 4°C with PBS + 1% BSA + 0.4% Triton. After blocking, tissues were
incubated for five days (4° C) with guinea pig anti-aCGRP (Synaptic Systems) at a dilution of
1:500, rabbit anti-tyrosine hydroxylase (TH) (Abcam) at a dilution of 1:500, and chicken anti-
neurofilament (Abcam) at a dilution of 1:250. Next the tissues were washed and incubated (24 hr
at 4° C) with goat anti-guinea pig IgG conjugated to Alexa Fluor 568 (Abcam), goat anti-rabbit
IgG conjugated to Alexa Fluor 488 (Abcam) and/or goat anti-chicken IgG conjugated to Alexa
Fluor 488 (Abcam). All secondary antibodies were used at dilutions of 1:500. After washing, the
tissues were placed in welled slides in a 1:1 solution of phosphate buffer saline (PBS) and

glycerol. Control tissue was incubated without primary antibodies. Without the primary
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antibody, no fluorescence was observed. Images were captured using a Nikon C2+ laser
scanning confocal microscope.
Statistical Analysis

Kruskal-Wallis and Wilcoxon Rank Sum tests were performed to determine significance
following treatment with CGRP with and without autonomic antagonists. Significance was set to
p<0.05.

Results

Staining of Nerve Fibers in the Wall of the Heart

Our immunocytochemical studies suggest that CGRP nerve fibers are found in the walls
of the frog heart. Confirmation that CGRP was present in neural tissues was done by co-staining
with antibodies against neurofilament; a general neuronal marker (Figure 3.1). Bundles of TH
and CGRP positive fibers, with numerous varicosities, were found in the epicardium of the right
atria (Figure 3.2). Bundles of CGRP positive fibers with smaller bundles branching off at
intervals are seen in Figure 3.3. Figure 3.4 shows a 3-dimensional (3D) view image of the fiber
bundles displayed in Figure 3.3. With this topographic 3D representation, it was possible to
visualize bundles of axons on the top of the epicardium (red) and a smaller bundle branching out
and projecting into the muscle of the epicardium (purple/blue).

Effects of Treatment With CGRP on Heart Force of Contraction (FOC) and Heart Rate
(HR)

Following treatment with CGRP, changes in cardiac physiology were observed five
minutes following exposure. All treatment groups (40, 100 and 400nm) exhibited significantly
lower FOC than the control group (Figure 3.5). The 40 nM and 100 nM, treatment groups
exhibited a significantly lower FOC than the 400 nM treatment group. All control groups were

treated with frog ringer’s solution alone, thus the FOC for controls was different than zero (FOC
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at the point of initiation of treatment). Despite the trend to decrease HR, there were no significant
differences in HR in any treatment with CGRP alone.
Effects of Treatment With Autonomic Antagonists Alone and in Combination With CGRP

To better understand the mechanisms by which CGRP impacts heart function, we
conducted additional experiments in which CGRP was added in combination with receptor
antagonists for autonomic neurotransmitters. Significant results revealing decreased FOC (Figure
3.6) and HR (Figure 3.7) were observed in the AC group when the muscarinic acetylcholine
receptors were blocked with atropine. Wilcoxon signed-rank test comparisons were significant at
the 10% level for the remainder of the other treatment groups; PhC, PPC, PrC, and PPAC,
suggesting a trend towards a decreased FOC and HR for these groups.

When we compared the effects of the autonomic antagonists alone and the autonomic
antagonists in combination with CGRP in the heart physiology, we observed significant changes
in the AC group. When we treated the hearts with atropine and CGRP combined (AC), it
significantly decreased HR (Figure 3.8) and FOC (Figure 3.9) when compared to atropine alone.

Discussion
The Sensory Innervation of the Heart

Previous research from Woods (1970) demonstrated the presence of postganglionic
sympathetic and parasympathetic innervation in the heart of frogs (Woods, 1970). Additional
research from Woods (1970) found sensory-vagal ganglion cells in the heart of frogs.
Histochemical methods also suggest that all cells in the heart's vagosympathetic branches are
parasympathetic cells (Woods, 1970). Vagal innervation of the heart was further investigated by
Cheng et al. (1997). To eliminate sensory efferent fibers, Cheng and colleagues (1997) surgically

removed them by supranodose vagotomy. Their confocal investigations found sensory afferent
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nerves in the epicardium of rat hearts and some in contact with cardiac ganglia, where principal
neurons and small intensely fluorescent (SIF) cells are located. Principal neurons may directly
control SA and AV nodes and muscle physiology. SIF cells, alongside sensory afferent fibers,
may indirectly affect cardiac physiology through principal neurons. Cheng et al. (1997) suggests
that these afferent sensory fibers present in the heart do not have a vagal origin (Cheng et al.,
1997). Rysevaite et al.’s (2011) research found CGRP positive fibers in close proximity with
ChAT (choline acetyltransferase) and TH fibers and in colocalization with TH fibers in whole-
mount of the mouse heart (Rysevaite et al., 2011). Our immunocytochemical studies suggest that
CGRP is available in nerve fibers in the wall of the frog heart. CGRP could be released by these
nerve fibers, possibly released from their varicosities, and could cause the effects we observed in
these studies.

Supporting this theory, studies from Chanez et al. (1998) have found sensory fibers with
many prominent nerve endings, enlarged varicosities, and nerve bundles in the bronchial mucosa
of a pig. The same study found CGRP positive sensory nerves with varicosities present beneath
and within the epithelium, around blood vessels and sub-mucosal glands, and within the
bronchial smooth-muscle layer (Chanez et al., 1998). Additional immunohistological studies
from Mense (2019) found CGRP positive sensory fibers in thoracolumbar fascia, and some of
these fibers exhibit varicosities. In our studies, the varicosities can be seen in the wall of the
heart in detail on Figure 3.3. Studies have reported that aCGRP is produced and stored in
vesicles in sensory and somatic motor nerve terminals and may regulate cell and tissue function

(Alevizaki et al., 1986; Russell et al., 2014; Steenbergh et al., 1986).
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Exogenous CGRP Treatment Causes Changes in Cardiac Physiology

The demonstration from our studies that all exogenous CGRP treatment groups have
lower FOC compared to the control strengthens the suggestion that CGRP and the sensory
nervous system may have potent parasympathetic-like roles. These results agree with other
research findings in the literature, which have shown the potent relaxative effects of CGRP in
many types of target tissues. CGRP is known to regulate the coronary arterial tone in the heart of
rats (Goto et al., 1991) and to promote in-vitro vasodilation of parenchymal microvessels from
the hippocampus of rats (Fergus et al., 1995). Other findings from Nelson et al. (1990) suggest
that CGRP causes smooth muscle relaxation in arteries by hyperpolarizing the smooth muscle. In
addition, CGRP effects are inhibited when potassium channels are blocked, which would
contribute to hyperpolarization of the smooth muscles. Intracoronary injections of CGRP caused
dose-depended vasodilation of epicardial coronary arteries in humans (McEwan et al., 1986).
These studies suggesting negative inotropic roles of CGRP, is strengthened by a study from
Takami et al. (1985) in which CGRP was found in colocalization with acetylcholine in single
cells of the hypoglossal and facial nerves and nucleus ambiguus of rats. Research from Machado
and Brody (1985) demonstrated that the nucleus ambiguous, besides being an area in the medulla
filled with motor and sensory cell bodies, also contains preganglionic parasympathetic neurons
in which will further connect with postganglionic parasympathetic neurons. Additional
experiments from Takami et al. (1985) found CGRP in neuromuscular junctions in the tongue
muscles. Therefore, the results from these experiments, combined with others in the literature,
strongly suggest that CGRP and the sensory nervous system may play a role in regulating muscle

physiology and may be co-expressed with ACh in somatic motor neurons and in parasympathetic
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neurons. The sensory nervous system may cause alterations in cardiac and smooth-muscle
physiology in a parasympathetic-like manner.

Information on the effects of CGRP on heart rate is contradictory in the literature,
although exogenous CGRP has been found to play a role in important cardiac events. A study
from Ono and Giles (1991) using single-cell voltage-clamp techniques demonstrated that low
concentrations of CGRP are responsible for causing relevant chronotropic effects in single
myocytes from bullfrog and Guinea pig atria. Lundberg et al. (1989) reported that intravenous
injection of aCGRP and BCGRP in humans caused increased heart rate and decreased blood
pressure due to systemic vasodilation (Lundberg et al., 1989). By exposing the hearts to aCGRP,
our results show that all treatment groups exhibited a trend towards a lower HR at the fifth
minute following treatment. Research from Rigel (1988) treating dogs with CGRP showed no
significant physiological changes in heart rate. Work from Zeller et al. (2008) suggests that
treatment with anti-CGRP antibody prevented the vasodilatory actions of CGRP but had no
effect on heart rate in rats. Treating rats with an tCGRP receptor antagonist (BIBN4096BS) did
not alter heart rate suggesting that endogenous CGRP may not participate in cardiac function
regulation (Arulmani et al., 2004). Supporting these findings, research studying the safety of a
humanized monoclonal antibody that antagonizes CGRP binding to its receptor named LBR-101
found that this antibody did not alter blood pressure, heart rate, or temperature in human subjects
(Bigal et al., 2013). Treatments using another CGRP-receptor antagonist (Telcagepant — MK-
0974) also did not alter HR or blood pressure in patients with migraines (Depré et al., 2013). A
possible explanation on why CGRP may reduce heart rate comes from Nelson et al. (1990),
where it is suggested that CGRP hyperpolarizes arterial mesenteric smooth muscle by activating

potassium channels. This efflux of potassium may cause muscle relaxation and contributes to a
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reduction of HR by hyperpolarization-activated current, which may influence the action potential
and contraction frequency of the cardiac cells (Momin et al., 2008; Nelson et al., 1990).

Our results corroborate previous literature examining the effects of autonomic antagonists
on HR and FOC. Atropine is a non-selective muscarinic antagonist and blocks acetylcholine's
(ACh) parasympathetic effects. ACh is used in emergency cardiovascular care and resuscitation;
and treats bradycardia, atrioventricular block, acute sinus node dysfunction, organophosphate
and beta-blocker poisoning (Dick, 2000; Montano et al., 1998; Olshansky et al., 2008;
Schweitzer & Mark, 1980). Atropine also causes tachyarrhythmias and can increase HR if given
before treadmill exercise (Jost et al., 2000; Schweitzer & Mark, 1980). Furthermore, atropine is
found to increase FOC and HR in human atrial myocardium and the hearts of both wild-type and
receptor (M2 or M1/3-) knockout mice by inhibiting cAMP-specific phosphodiesterase type 4
(PDE4), a novel pathway that atropine may act independently of muscarinic receptors (Perera et
al., 2017). However, our treatments with atropine and CGRP (AC) significantly promoted
negative inotropic and chronotropic effects in the heart. Even if CGRP could cause the release of
ACh, the parasympathetic nervous system is blocked by atropine, which binds to muscarinic
receptors, therefore, the effects observed with CGRP treatment is suggested by our results to be a
direct action of CGRP on cardiac muscle. These results suggest and strengthen the proposition
that CGRP and the sensory nervous system may play parasympathetic-like roles and act as a
compensatory mechanism in a lack of parasympathetic stimulation.

Propranolol blocks beta-1 and beta-2 adrenergic receptors present in the heart causing a
direct decrease in FOC and HR and an indirect decrease in norepinephrine release (reviewed by
Al-Majed et al., 2017). In our experiments, propranolol promoted a greater decrease in HR than

in FOC. There were no significant differences between the treatments with propranolol alone and
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PrC in HR and FOC. Research suggests that injection of CGRP in lateral cerebroventricles
significantly increased HR in normotensive rats. This positive chronotropic effect was mitigated
by pretreatment with propranolol (Lappe et al., 1988). Additional studies from Marshal et at.
(1986) also suggest that propranolol antagonized the systemic effects of intravenous CGRP in
rats (Marshal et al., 1986). Taken together, these results suggest that propranolol may conceal the
effects of CGRP and that the systemic effects of exogenous CGRP treatments are different than
treating the heart directly with CGRP.

Alpha-1 adrenergic receptors compose the minority of the adrenergic receptors in the
heart. It signals via G-protein coupled receptors and when activated, increases force of
contraction and heart rate, and promotes hypertrophic adaptations and induction of ischemic
preconditioning (reviewed by O'Connell et al., 2013). Phentolamine blocks alpha-1 adrenergic
receptors and may cause a decrease in HR and FOC (Aronson, 2016). There were no significant
differences between the treatments with phentolamine alone and PhC in HR at the 5% level.
Phentolamine may have counterbalanced the effects of CGRP on HR via increase in
norepinephrine levels and beta-activation. Although no significance in the treatment with PhC on
FOC was observed, there was a substantial trend on lowering FOC by an additive effect of
CGRP.

In conclusion, our experiments suggest that CGRP has direct effects in the heart and may
contribute to the regulation of cardiac function. Exogenous CGRP treatment significantly
reduces FOC and and there is a trend towards decreasing HR, even when the parasympathetic
nervous system is blocked. We were also able to confirm the presence of immunoreactive CGRP
fibers with varicosities in the heart of frogs. Previous literature and the results from this study

support the hypothesis that CGRP and the sensory nervous system may actively play additional
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and important roles in the regulation of function in heart and other organs and systems (reviewed
on Maggi, 1995; and on Russell et al., 2014). Additional research on the roles of CGRP and the
afferent and efferent sensory innervation roles in the heart should be conducted. By acquiring
further knowledge on the role of these in the heart, we may find potential therapies for
cardiovascular diseases (Tullio et al., 2017) such as cardiac anaphylaxis (Dai et al., 200), cardiac
dysfunction in diabetes (Sun & Pan, 2014), hypertension (Smillie & Brain, 2011), and be a target

of neural remodeling in the heart health/disease processes.
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Figure 3.1

Co-localization of Anti-CGRP and Anti-neurofilament in Fibers in the Heart

Note. Immunohistochemical staining using antibodies against CGRP (red) and neurofilament
(green). Whole-mount preparations of frog right atria were fixed and stained using antibodies
against CGRP (red) and neurofilament (green) and images were captured using a Nikon C2+
laser scanning confocal microscope. The image shows positive staining for CGRP and
neurofilament co-localizing within the same fibers, suggesting these are neural tissues containing
the neurotransmitter CGRP.
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Figure 3.2

TH and CGRP Positive Fibers Running Side-by-side in the Wall of the Heart

Note. Immunohistochemical staining using antibodies against CGRP (red) and TH (green).
Whole-mount preparations of frog right atria were fixed and stained using antibodies against
CGRP (red) and neurofilament (green) and images were captured using a Nikon C2+ laser
scanning confocal microscope. The image shows positive bundles of TH (sympathetic) and
CGRP positive fibers running together on the epicardium.
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Figure 3.3

Large and Small Bundles of CGRP Positive Fibers

Note. Immunohistochemical staining using antibodies against CGRP (red). Whole-mount
preparations of frog right atria were fixed and stained using antibodies against CGRP (red) and
neurofilament (green) and images were captured using a Nikon C2+ laser scanning confocal
microscope. Arrows indicate CGRP positive post-ganglionic varicosities.
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Figure 3.4

3D Representation

Note. Immunohistochemical staining using antibodies against CGRP. Whole-mount preparations
of frog right atria were fixed and stained using antibodies against CGRP (red) and neurofilament
(green) and images were captured using a Nikon C2+ laser scanning confocal microscope. This
3D representation of Figure 3.3 shows a bundle of CGRP positive fibers entering and running on
deeper layers of the epicardium. Bundles of axons on the top of the epicardium are red colored
and deeper bundles are blue and purple colored. Arrow indicates a smaller bundle branching
away from a major superficial bundle and entering deeper layers of the epicardium.
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Figure 3.5

Change in FOC at the 5th Minute Across Treatments With CGRP
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Note. In-situ preparations of hearts were performed by connecting each heart to a PowerLab data
acquisition system for the collection of FOC data using force transducers and LabChart software.
A 60-second stable baseline was recorded from each animal before treatment, and the FOC was
recorded as the initial control level (0 on the y-axis of graphs). Following treatment, FOC was
recorded for 5 minutes. Exogenous CGRP treatments (40 nM, 100 nM and 400 nM) significantly
(*) lowered FOC in frogs. Wilcoxon signed-rank test — 95% of confidence interval.

107



Figure 3.6

Change in FOC at the 5th Minute Across Treatments With CGRP and Autonomic Blockers
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Note. In-situ preparations of hearts were performed by connecting each heart to a PowerLab data
acquisition system for the collection of FOC data using force transducers and LabChart software.
A 60-second stable baseline was recorded from each animal before treatment, and the FOC was
recorded as the initial control level (0 on the y-axis of graphs). Following treatment, FOC was
recorded for 5 minutes. Exogenous CGRP (40 nM) + ImM of atropine treatment (AC)
significantly (*) lowered FOC in frogs. Wilcoxon signed-rank test — 95% of confidence interval.
Note: Atropine + CGRP (AC); Phentolamine + CGRP (PhC); Propranolol + Phentolamine +

CGRP (PPC); Propranolol + CGRP (PrC); Propranolol + Phentolamine + Atropine + CGRP
(PPAC).
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Figure 3.7

Change in HR at the 5th Minute Across Treatment With CGRP and Autonomic Blockers
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Note. In-situ preparations of hearts were performed by connecting each heart to a PowerLab data
acquisition system for the collection of HR data using force transducers and LabChart software.
A 60-second stable baseline was recorded from each animal before treatment, and the HR was
recorded as the initial control level (0 on the y-axis of graphs). Following treatment, HR was
recorded for 5 minutes. Exogenous CGRP (40 nM) + ImM of atropine treatment (AC)
significantly (*) lowered HR in frogs. Wilcoxon signed-rank test — 95% of confidence interval.
Note: Atropine + CGRP (AC); Phentolamine + CGRP (PhC); Propranolol + Phentolamine +
CGRP (PPC); Propranolol + CGRP (PrC); Propranolol + Phentolamine + Atropine + CGRP
(PPAC).
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Figure 3.8

Impacts in HR of Autonomic-receptor Antagonist Alone vs. Antagonist and CGRP Treatments
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Note. In-situ preparations of hearts were performed by connecting each heart to a PowerLab data
acquisition system for the collection of HR data using force transducers and LabChart software.
A 60-second stable baseline was recorded from each animal before treatment, and the HR was
recorded as the initial control level (0 on the y-axis of graphs). Following treatment, HR was
recorded for 5 minutes. Comparison between autonomic antagonist alone and autonomic
antagonist combined with CGRP. Exogenous CGRP (40 nM) + 1 mM of atropine treatment (AC)
significantly (*) lowered HR in frogs when comparing with atropine alone. Wilcoxon signed-
rank test — 95% of confidence interval. Note: Atropine + CGRP (AC); Phentolamine + CGRP
(PhC); Propranolol + CGRP (PrC).
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Figure 3.9

Impacts in FOC of Autonomic-receptor Alone vs. Antagonist and CGRP Treatments
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Note. In-situ preparations of hearts were performed by connecting each heart to a PowerLab data
acquisition system for the collection of FOC data using force transducers and LabChart software.
A 60-second stable baseline was recorded from each animal before treatment, and the FOC was
recorded as the initial control level (0 on the y-axis of graphs). Following treatment, FOC was
recorded for 5 minutes. Comparison between autonomic antagonist alone and autonomic
antagonist combined with CGRP. Exogenous CGRP (40 nM) + 1mM of atropine treatment (AC)
significantly (*) lowered FOC in frogs when comparing with atropine alone. Wilcoxon signed-
rank test — 95% of confidence interval. Note: Atropine + CGRP (AC); Phentolamine + CGRP
(PhC); Propranolol + CGRP (PrC).
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CHAPTER IV
DISCUSSION

The goal of this study was to investigate if levels of expression of neurotrophic factors in
heart muscle, and patterns of innervation of heart muscle, change with age, exercise, and
sedentary lifestyle; and to investigate additional roles that the sensory nervous system may play
in the heart. The results demonstrated that resting heart rate (HR) increased with aging in
sedentary animals, but age-matched exercised animals had lower resting HR when compared to
their sedentary counterparts. In sedentary animals older than 12 months of age, resting mean
arterial blood pressure (BP) increased above 100mmHg, which is considered to be hypertensive.
At 12 months of age, voluntary exercise lowered BP below 100mmHg, reversing the
hypertensive state. At 18 months of age, voluntary exercise decreased BP, however BP
measurements were still above 100mmHg in the exercised group. Studies from Rebimbas-Cohen
(2005) suggests that exercise may reverse or prevent hypertension possibly due to increased
neurotrophic factor support, which in turn could provide neuroprotection and neural remodeling
favoring a more balanced innervation pattern in mesenteric vessels (Rebimbas-Cohen 2005).
Exercise contributing to sympathetic attenuation have also been reported to control BP in SHR
(Krieger et al., 1999). Other types of exercise regimen have shown to have positive impacts in
BP. Research has shown that high-resistance strength-training normalizes BP in old men and
women (Martel et al., 1999). Exercise has been shown to prevent and treat hypertension
(Goodman et al., 2011; Waki et al., 2019; Wallace, 2003).

Research suggests that deficiencies in the innervation of the heart may be the cause of
many cardiovascular diseases (Barron & Lesh, 1996; Floras, 2003; La Rovere et al., 1998; Nolan

et al., 1998; Shen & Zipes, 2014; reviewed by Hanna et al., 2017). Sympathetic hyperinnervation
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and overactivity have been suggested to play a role in a variety of cardiovascular diseases
including hypertension and left ventricular hypertrophy (Campos, 2015; Dissanayake et al.,
2018; Esler, 2011; Julius & Nesbitt, 1996; Lambert et al., 2007; Menuet et al., 2017; Palatini,
2001; Rebimbas-Cohen, 2005; Xing et al., 2014).

In the vasculature, sympathetic hyperinnervation is suggested to be caused by
overexpression of NGF. Spitsbergen et al. (1995) investigated the levels of NGF in vascular
smooth muscle cells (VSMCs) from normotensive Wistar-Kyoto (WKY) rats and spontaneously
hypertensive rats (SHR). Their results suggest that NGF protein secretion was higher in VSMCs
maintained in serum free medium from SHR than in WKY (Spitsbergen et al., 1995). Research
from Clemow et al. (1998) suggests that NGF mRNA is elevated in a hypertensive strain of
WKY rats (WKHT) compared to a hyperactive strain of WKY rats (WKHA).

Nerve fibers are developed, maintained, and regenerated by neurotrophic factors such as
GDNF and NGF. Our studies demonstrate that aging and sedentarism combined alters GDNF
and NGF protein levels and consequently, the innervation pattern of the heart. GDNF and NGF
protein levels decrease in all heart chambers as the animals age while sedentary. While the levels
of these NF are decreasing with aging/sedentarism, we observed that parasympathetic and
sensory nerve densities are also decreased in right atria, sensory nerve density is decreased in left
atria and ventricles, and sympathetic nerve density is increased in all heart chambers of old
groups of animals when compared to younger animals. These events are concomitant with the
increase in resting HR and BP. These results support the hypothesis that the decrease in NF
protein contents in the heart due to aging and sedentarism combined may be the underlining

cause of decreased sensory and parasympathetic nerve densities, and increased sympathetic
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nerve density, which creates an innervation imbalance in the heart, leading to increased resting
HR and hypertension.

The results from this study demonstrates that exercise increases GDNF levels in all heart
chambers in all ages and increases NGF in all heart chambers in adult animals. Cycling has been
shown to increase BDNF and NGF levels in patients with multiple sclerosis. Patients that
underwent this exercise regimen had increased neural plasticity and improved cognitive function
(Petajan & White, 1999; Gold et al., 2003). Exercise has been found to promote neurogenesis in
hippocampus and recover septohippocampal cholinergic arrangement and function with
concomitant increase in NGF levels in rats (Chae et al., 2013; Hall et al., 2018). Wehrwein et al.
(2002) found that a 4-week walking exercise plan resulted in increased GDNF production by
soleus, gastrocnemius, and pectoralis major muscles of rats. Furthermore, 2 weeks of hindlimb
unloading provoked a decrease in GDNF production in the hindlimb muscles although it led to
an increase in GDNF production by the pectoralis major. These results suggest that GDNF
production by skeletal muscles in rats is activity-dependent, indicating that exercise may
promote remodeling and recovery of NMJs in injury and disease (Wehrwein et al., 2002).
Therefore, we proposed that exercise-induced changes in neurotrophic factor expression may be
a possible mechanism by which exercise exerts positive effects on cardiac innervation.

Along with the increases in NF protein levels, our results demonstrate that exercise
significantly increased or trended to increase parasympathetic nerve density in RA and LA with
concomitant decrease in BP and HR in the 12mo-ex and 18mo-ex when compared to the age-
matching sedentary groups. Research suggests that GDNF is the main NF which supports the
growth, development, and maintenance of parasympathetic nerve fibers. In addition,

cardiomyocytes may promote the growth, development, and maintenance of all branches of the
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nervous system by secreting GDNF and other members of the GFL. GDNF mRNA was found in
atrial and ventricular myocytes in rats and GDNF protein is synthesized by cardiomyocytes in
the heart of normal and sympathectomized animals (Alves et al., 2019; Hiltunen et al., 2000;
Martinelli et al., 2002, 2006; Rebimbas-Cohen 2005). Research also suggests that NGF may also
contribute to the growth and survival of parasympathetic fibers (Ekman et al., 2017). We propose
that the increase in parasympathetic innervation observed in our studies may also be due to an
increase in NGF following exercise. We propose that the increase in parasympathetic innervation
observed in our studies may be due to an increase in GDNF and NGF protein levels following
exercise. Interactions between sympathetic and parasympathetic nervous system can be found
throughout the entire heart, including in the pacemaker region. The proper interactions between
the two branches of the autonomic nervous system are essential for a balanced cardiac function.
Sympathetic overactivity may be observed during heart failure due to a disarrangement of
autonomic nerves, which decreases parasympathetic influence over the sympathetic system. It is
suggested that NGF may play a role in maintaining appropriate coupling of parasympathetic and
sympathetic axons in the heart (Dunlap et al., 2003; Fan & Smith, 1993; Hasan & Smith, 2009;
Loiacono & Story, 1986; Nihei et al., 2005; Randall et al., 2003; Smith et al., 2002; Warn et al.,
1997; Wetzel & Brown, 1985).

Our results suggest that aging combined with a sedentary lifestyle may alter NF protein
content and lead to an innervation imbalance in the heart, which increases resting HR and BP.
Exercise may cause an increase in neurotrophic factor expression, which may be a possible
mechanism to promote positive effects on cardiac innervation that could prevent or treat

cardiovascular diseases.
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In our final studies, we chose to investigate the effects of CGRP on the regulation of
heart function. CGRP is produced and stored in vesicles in sensory varicosities and somatic
motor nerve terminals and can regulate cell and tissue function (Alevizaki et al., 1986; Russell et
al., 2014; Steenbergh et al., 1986). The presence of sensory nerve fibers, with varicosities, has
been reported in a variety of tissues, including thoracolumbar fascia (Mense 2019), bronchial
mucosa (Chanez et al., 1998) and in the epicardium of rat hearts (Cheng et al., 1997). Sensory-
vagal ganglion cells have also been found in the heart of frogs (Woods, 1970). Cheng et al.
(1997) reported that some sensory nerve fibers were in contact with cardiac ganglia, where they
could indirectly affect cardiac physiology (Cheng et al., 1997). Our immunohistochemical
investigations showed the presence of sensory nerve fibers, with varicosities, running next to
sympathetic nerve fibers in the epicardium in the heart of frogs.

CGRP is mainly known for its potent vasodilatatory effects, which may help to prevent
cardiac and pulmonary hypertension, ischemia, migraine, and improve blood flow distribution
and wound healing (Hasbak et al., 2001, 2003; Jonhagen, 2006; Russell et al., 2014; Schlier et
al., 2009; Toda et al., 2008; Vause & Durham, 2010). It has been suggested that CGRP may play
a role in regulating cardiovascular function by inhibiting sympathetic nervous system activity in
mice (Kurihara et al., 2003).

The functional CGRP receptor is a combination of two receptors, the calcitonin-like
receptor (CLR) and receptor activity modifying protein 1, 2, or 3 (RAMP1, RAMP2, RAMP3)
(Fluhmann et al., 1995; Hay et al., 2008; Russell et al., 2014). An important pathway triggered
by CGRP binding to its receptor is the activation of adenylate cyclase, which increases
intracellular cyclic AMP (cAMP), leading to activation of protein kinase A (PKA). PKA

influences many pathways downstream, including activation of potassium channels and
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promotes smooth muscle relaxation in arteries. Potassium efflux from the smooth muscle cells
causes hyperpolarization of these cells, leading to relaxation. CGRP effects are inhibited when
potassium channels are blocked (Nelson et al., 1990).

Our results also demonstrated that all groups treated with CGRP alone exhibited a lower
force of contraction (FOC) and heart rate (HR) compared to the control group. To examine
whether CGRP was acting on sympathetic or parasympathetic neural tissues, we compared the
effects of CGRP treatment alone and in combination with autonomic antagonists. Our results
showed significant changes in the group in which CGRP was combined with atropine (AC).
When we treated the hearts with AC, it significantly decreased HR and FOC when compared to
atropine alone. Our results suggest that atropine does not block the effects of CGRP, suggesting
that CGRP is not exerting its effects by causing release of ACh.

Results from our CGRP studies have several implications. Traditionally, it is suggested
that the two branches of the autonomic nervous system, the sympathetic and parasympathetic
branches, work antagonistically to regulate heart function (Bush et al., 2016; Hiltunen et al.,
2000). However, our results and those of others, suggest that sensory nerve fibers present in the
heart may participate in regulating cardiac physiology in an afferent manner (Alevizaki et al.,
1986; Cheng et al., 1997; Russell et al., 2014; Steenbergh et al., 1986; Woods, 1970). Results
from our studies, combined with those of others, strongly suggest that the sensory nervous
system and CGRP may play a role in regulating cardiac muscle physiology in a manner similar
to that of the parasympathetic nervous system. Additional studies on the role that sensory
nervous system plays in regulating heart function are needed and it is likely that the sensory
nervous system could serve as a target for future therapies (Ajijola & Shivkumar, 2012; Huang et

al. 2017; leda & Fukuda, 2009). Some researchers have already described how the sensory
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nervous system and CGRP could be prospective therapies for cardiovascular diseases (Tullio et
al., 2017) such as cardiac anaphylaxis (Dai et al., 2000), cardiac dysfunction in diabetes (Sun et
al., 2014), and hypertension (Smillie & Brain, 2011).

Finally, declines in neurotrophic factor expression with sedentary aging may impact
multiple aspects of neural function and could be a possible cause of the decline in density of both
parasympathetic and sensory innervation and increases in BP. Exercise can increase NT
expression and may protect/restore neural elements, but more studies are needed to determine
which NTs may support parasympathetic and sensory innervation in the heart. Exercise may
prevent the majority of cardiovascular diseases and has neuroprotective effects. Exercise should
be prescribed as a treatment of several diseases, including neurodegenerative diseases such as
ALS and MS. Additional research on exercise, NF, and diet interventions should be conducted.
Diet restriction has been a notable intervention as research has shown that restricting the number
of calories that animals eat can have a substantial effect on their vitality and longevity, as much
as by 40-50% (Weindruch & Sohal, 1997). Perhaps, it is not the number of calories, but the type
of food they are eating. It would be significant in looking at diets that are known to have
neuroprotective effects, such as ketogenic diet. In addition, long-term fasting and intermittent
fasting have been shown to have positive effects in neuroprotection, metabolism, chronic

diseases such a Type II Diabetes, blood pressure, among several other conditions.
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