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Abstract

Sympathetic nerve regeneration is common after peripheral injuries. A
well documented example of this is sympathetic sprouting and reinnervation after
chronic cardiac ischemia. Surprisingly though, following a more common cardiac
injury, ischemia-reperfusion (I-R), the resulting infarcted myocardium remains
denervated. The degree of sympathetic denervation after I-R has been identified
as a sensitive predictor of secondary cardiac pathologies, including sudden
cardiac death and arrhythmias. Given the prevalence of I-R and incidence of
secondary cardiac pathologies following this type of injury, sympathetic
denervation resulting from I-R has proven to be a considerable clinical issue. In
order to understand why sympathetic regeneration fails following I-R, we
examined the infarct for potential inhibitory components in the extracellular
matrix. We found that chondroitin sulfate proteoglycans (CSPGs) were present
in the infarct after I-R and that CSPGs caused inhibition of sympathetic axon
outgrowth in vitro. Furthermore, in the absence of protein tyrosine phosphatase
sigma (PTPσ), a receptor for CSPGs, sympathetic innervation was restored to
the infarct in vivo. Due to the importance of sympathetic denervation in
determining arrhythmia susceptibility, we wanted to examine the
electrophysiological consequences of sympathetic reinnervation after I-R. We
found that both the absence of PTPσ using transgenic animals and
pharmacologic modulation of PTPσ by the novel intracellular sigma peptide (ISP)
restored sympathetic innervation to the scar and markedly reduced arrhythmia
susceptibility. Using optical mapping, we observed increased dispersion of
action potential duration, super-sensitivity to β-adrenergic receptor stimulation,
1

and Ca2+ mishandling following MI. However, sympathetic reinnervation
prevented these changes and rendered hearts remarkably resistant to induced
arrhythmias. This work is the first to show that sympathetic reinnervation is
protective against electrophysiological remodeling and ventricular arrhythmias
even in the presence of a scar. It also establishes Ca2+ mishandling as an
important underlying mechanism to elevated arrhythmia susceptibility after I-R
injury. More broadly, this works establishes PTPσ as a potential clinical target
following a heart attack to protect the heart against arrhythmias and sudden
cardiac death.
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Chapter 1

Introduction
Cardiovascular disease is the leading cause of death both in the United
States and worldwide, and every year approximately 1.2 million Americans suffer
from a myocardial infarction (MI; heart attack) (Roger et al., 2012a). While
survival and treatment of those suffering an MI has greatly improved, those who
survive are much more susceptible to arrhythmias and sudden cardiac death
(Solomon et al., 2005). Specifically, almost 300,000 people die annually in the
United States alone from these secondary cardiac pathologies (Solomon et al.,
2005). Research in both humans and animal models of MI suggest that
changes in sympathetic innervation of the heart are responsible, at least in part,
for this post-MI rhythm instability. Specifically, this is due to sympathetic
heterogeneity that is established by sympathetic denervation of infarcted
myocardium, or scar (Boogers et al., 2010;Fallavollita et al., 2013;Nishisato et al.,
2010;Rubart and Zipes, 2005;Vaseghi et al., 2012). While the clinical
significance of this sympathetic denervation is well established, the molecular
basis for sustained sympathetic denervation of the infarct remains unclear. The
focus of this thesis is to understand why sympathetic nerves fail to reinnervate
into infarcted myocardium, and to examine whether sympathetic reinnervation is
protective against arrhythmias.

3

I.

The Autonomic Nervous System and Axon Regeneration

The mammalian nervous system is composed of the central nervous
system (CNS; brain and spinal cord) and the peripheral nervous system. The
peripheral nervous system is further divided into the somatic nervous system and
the autonomic nervous system. While the somatic nervous system transmits
sensory input and controls voluntary motor behavior, the autonomic nervous
system modulates the involuntary function of internal organs. For example, the
autonomic nervous system modulates heart function, respiration, perspiration,
digestion, and several other involuntary functions. Much like the peripheral
nervous system, the autonomic nervous system can be further divided into two
components: the parasympathetic and sympathetic.
1.

General Anatomy

The two branches of the autonomic nervous system are largely defined
anatomically but also have functional and biochemical distinctions. Although
parasympathetic and sympathetic efferents both consist of pre-ganglionic and
post-ganglionic neurons, each branch has a distinct spatial organization.
Parasympathetic pre-ganglionic cell bodies are found within the brainstem and
sacral spinal cord, while sympathetic pre-ganglionic cell bodies are found in the
thoracic and lumbar regions. Pre-ganglionic axons of both branches project from
the CNS to innervate post-ganglionic neurons. As the name suggests, cell
bodies of post-ganglionic neurons compose a ganglion outside the CNS. Here,
parasympathetic and sympathetic branches are once again anatomically distinct.
4

Parasympathetic ganglia are often intimately positioned adjacent to target tissue,
which requires only short post-ganglionic projections. Conversely, sympathetic
ganglia are located near the spinal cord and require longer post-ganglionic
projections to their targets (Martin J.H., 1996).
2.

Neurotransmission

Pre-ganglionic neurons of both autonomic branches transmit activity via
the release of acetylcholine (ACh) onto post-ganglionic neurons that express
nicotinic ACh receptors. Post-ganglionic neurons, however, have general
biochemical identity based on neurotransmitter synthesis and release. Postganglionic parasympathetic neurons also release ACh, but here, target tissues
express muscarinic ACh receptors. In contrast, most sympathetic postganglionic neurons release norepinephrine (NE), which activates target tissues
by binding α and β adrenergic receptors (AR). This, however, is not ubiquitous;
small subsets of sympathetic neurons do release ACh onto their targets.
Functionally, parasympathetic and sympathetic activity results in opposing
actions in many target tissues, including the heart; however, this is also not
universal. Simplistically, parasympathetic activity drives “rest and digest”
responses, while sympathetic activity drives “fight or flight” responses (Kandel
E.R. et al., 2000).

Given the roles of sensory, motor, and autonomic nerve activity, peripheral
nerve injury can create numerous deficits in physiology including analgesia,
autonomic imbalance, and paralysis. However, peripheral nerves are often
5

capable of regenerating and reinnervating their target tissues to restore function.
While peripheral nerves are capable of regeneration, the ability to do so is
determined by the extracellular balance of attractive and repellant molecular
signals. The composition of the local extracellular environment can create a
permissive substrate for axon regeneration or a molecular barrier that prevents
regeneration.
Peripheral nerve injury results in Wallerian degeneration of the axon distal
to the site of injury. During the process of clearing axonal debris, Schwann cells
(Funakoshi et al., 1993;Heumann et al., 1987), infiltrating monocytes (Brown et
al., 1991;Dailey et al., 1998;Niemi et al., 2013), as well as the neurons
themselves (Kobayashi et al., 1996;Streppel et al., 2002), produce an
extracellular environment that is conducive to axon regeneration. However,
even while an extracellular environment may promote axon regeneration, the
ability to regenerate also depends on intrinsic adaptation of gene transcription to
a state that promotes survival and axon extension.
The cellular adaptation that allows for increased axon extension following
injury can be experimentally observed using a conditioning lesion paradigm
(McQuarrie and Grafstein, 1973). These experiments show that an initial
“priming” lesion increases the regenerative response to a second axonal injury.
The switch in neuronal behavior from a transmission state to one of regeneration
can include several mechanisms. For example, increased electrical activity
initiated by Ca2+ influx at the site of injury will alter transcription at the cell body
(Mandolesi et al., 2004). Other signals involve the loss of retrograde chemical
6

signaling, a notable example of which is reduced nerve growth factor (NGF)
transport (Raivich et al., 1991). Inflammatory cytokines, like ciliary neurotrophic
factor (CNTF), also play an important role in priming neurons through activation
of Signal Transducer and Activator of Transcription 3 (STAT3) (Smith and Skene,
1997;Habecker et al., 2009;Liu and Snider, 2001). These environmental cues
lead to activation of several signaling pathways that include mitogen activated
protein kinases ERK and Jun N-terminal kinase (JNK), as well as PI3K/Akt
(Lindwall and Kanje, 2005;Perlson et al., 2005;Zhou and Snider, 2006). Overall,
these signaling cascades result in altered transcription at the cell body, where
cytoskeletal proteins involved in axon regeneration, like actin and tubulin, are
upregulated (Hoffman and Cleveland, 1988), and neurotransmission machinery,
like ion channels, are reduced (Costigan et al., 2002).

incredibly dynamic in their ability to regenerate
following injury, as well as during normal physiological processes. For example,
in rats, sympathetic nerves denervate and reinnervate the uterus with every
estrous cycle (Zoubina and Smith, 2000). Additionally, following axotomy,
sympathetic nerves reinnervate several target tissues, including vasculature
(Aguayo et al., 1973;Hill et al., 1985) and skin (Gloster and Diamond, 1995).
The heart, in fact, is a well characterized sympathetic target where reinnervation
frequently occurs.
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Sympathetic nerves project throughout the entire heart and are capable of
reinnervation in multiple ischemic and non-ischemic conditions. For example,
sympathetic regeneration is observed using iodine-123
metaiodobenzylguanadine (123-MIBG) imaging in living patients (Bengel et al.,
1999;Bengel et al., 2001;Estorch et al., 1999) and direct staining for tyrosine
hydroxylase (TH) after autopsy (Kim et al., 2004) following heart transplant.
Sympathetic regeneration also occurs following chemical denervation of atria (Vo
and Tomlinson, 1999). In animal models of cardiac ischemia, there is extensive
sympathetic sprouting and hyperinnervation throughout the damaged ventricles
(Vracko et al., 1990;Zhou et al., 2004;El-Helou et al., 2008). In the heart, much
of this regeneration and sprouting is due to NGF production after injury (Hasan et
al., 2006;Wernli et al., 2009).
Cardiac sympathetic reinnervation is not alone in its reliance on NGF to
stimulate axon outgrowth after injury. This is also true for collateral sprouting in
injured skin (Gloster and Diamond, 1995) and reinnervation of arthritic joints
(Ghilardi et al., 2012). NGF is often produced by target tissue after injury
(Ghilardi et al., 2012;Gloster and Diamond, 1995;Hasan et al., 2006) and is
thought to stabilize the growth cone cytoskeleton (Estrach et al., 2002;Veeranna
et al., 1998). However, the importance of NGF is not limited to axon regeneration
after injury. It is critical for both sympathetic neuron survival and axon extension
during development. In order to understand sympathetic input as it relates to
cardiac function, it is important to understand the role of NGF in sympathetic
patterning.
8

For some peripheral nerves, namely sensory and sympathetic nerves,
NGF is the primary signal for neuron survival and axon outgrowth. NGF is a
member of a larger family of polypeptides called neurotrophins, which were
identified for their roles in survival and axon extension (Chao, 2003;Lu et al.,
2005). The neurotrophin family, in addition to NGF, includes brain derived
neurotrophic factor (BDNF) (Barde et al., 1982), neurotrophin-3 (NT-3) (Hohn et
al., 1990), and NT-4 (also known as NT-5) (Berkemeier et al., 1991;Hallbook et
al., 1991). Synthesis of neurotrophins begins with precursors (proneurotrophins), which are then cleaved to become mature neurotrophins. Both
the pro and mature variants are secreted factors that have distinct roles and
often act in opposition via two distinct receptor types (Chao, 2003;Lu et al.,
2005).
Like all other neurotrophins, NGF binds with high affinity to a tropomyosinrelated kinase (Trk) receptor. There are three members of the Trk family: TrkA,
TrkB, and TrkC (Chao, 2003). In general, each Trk receptor preferentially binds
individual neurotrophins with high affinity. For example, TrkA binds NGF, TrkB
binds BDNF and NT-4, and TrkC binds NT-3 (Chao, 2003). NGF action is
mediated through activation of its high affinity receptor TrkA (Chao, 2003). Once
bound, NGF induces dimerization of TrkA (Jing et al., 1992), which then enables
trans-autophosphorylation of the opposing receptor and activation of downstream
effectors (Cunningham and Greene, 1998;Jing et al., 1992;Reichardt, 2006).
There are three primary signaling pathways activated by NGF binding to TrkA
9

(common to all Trk receptors) 1) phospholipase Cγ (PLCγ), 2) phosphoinostitide3-kinase (PI3K)/Akt and 3) Ras/Raf/ERK. Although these pathways have some
overlapping function, activation of the PI3K/Akt pathway primarily promotes
survival and the Ras/Raf/ERK pathway primarily stimulates axon outgrowth
(Figure 1.1) (Reichardt, 2006). The activity of NGF and the other neurotrophins,
however, is not exclusively mediated by Trk receptor activation.
In addition to Trk receptors, neurotrophins bind the structurally distinct p75
neurotrophin receptor (p75NTR). Interestingly, p75NTR was the first
neurotrophin receptor identified (Johnson et al., 1986), and, unlike Trk receptors,
binds all neurotrophins with equal affinity (Rodriguez-Tebar et al., 1990).
Additionally, p75NTR has distinct signaling and downstream effects that are
much more complex than Trk signaling. This complexity is due to the ability of
p75NTR to signal independently or in a complex with other receptors, including
TrkA (Hempstead et al., 1991;Hempstead, 2002). Independently, p75NTR
activation leads to inhibition of axon outgrowth and apoptosis through multiple
signaling pathways, including Rho and JNK/p53 (Kaplan and Miller,
2000;Reichardt, 2006).
Developmentally, neurotrophins are critical for proper sympathetic
patterning and survival. Initial axon guidance to the heart, for example, occurs
along arterial vasculature where it is guided primarily by NT-3 (Francis et al.,
1999). Once at the heart, cardiac derived NGF stimulates axon extension, while

10

. Dimerized NGF binds to TrkA,
promoting receptor dimerization and transautophosphorylation.
Phosphorylation of TrkA promotes signaling via three pathways: 1) PLCγ1/PKC/CamK, 2) PI3K/Akt, and 3) Ras/Raf/MEK/ERK. PI3K/Akt primarily
promotes survival, whereas Ras/Raf/MEK/ERK primarily promotes axon
outgrowth, although there is some overlapping function.
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also promoting survival (Crowley et al., 1994;Glebova and Ginty, 2005;Ieda et al.,
2004). At the same time, proper patterning and distribution of cardiac
sympathetic innervation relies on the balance of the attractive signal of NGF and
local repulsive cues. In the heart, the repulsive counterpart of NGF is Sema3a,
which is highly expressed in the subendocardium of the heart (Ieda et al., 2007).
This expression pattern results in high innervation density within the
subepicardium (outer layer) and low density in the subendocardium (inner layer)
(Ieda et al., 2007), an important pattern that will be discussed later.
Although the primary characterization of NGF and other neurotrophins
was directed towards understanding their role in the development of the
peripheral nervous system, it has since been established that neurotrophins are
also involved in nerve regeneration in adult animals (Ghilardi et al., 2012;Gloster
and Diamond, 1995;Hasan et al., 2006) and synaptic maintenance and plasticity
(Maisonpierre et al., 1990;Poo, 2001). For regenerating nerves, NGF provides
neurotrophic support and accelerates the rate of axon regeneration. The role of
NGF following injury is not as well understood in comparison to developmental
axon extension and survival. Adult sympathetic neurons no longer rely on NGF
for survival (Ruit et al., 1990;Sofroniew et al., 2001) and some sympathetic
regeneration occurs independently of NGF (Gloster and Diamond, 1992;Gloster
and Diamond, 1995). Some tissues, however, maintain basal expression of
NGF. Following injury, NGF expression is upregulated (Gloster and Diamond,
1995;Streppel et al., 2002) and promotes sprouting and reinnervation of skin
(Gloster and Diamond, 1995) and the heart (Hasan et al., 2006;Wernli et al.,
12

2009). Furthermore, in some cases of nerve regeneration, application of
exogenous NGF, or other neurotrophins, is sufficient to overcome an otherwise
non-permissive extracellular environment to reinnervate the target tissue (Grill et
al., 1997b;Grill et al., 1997a;Tuszynski et al., 1996).
In addition to neurotrophins, there are other stimulatory peptides and
cytokines released after injury. Sympathetic nerves produce galanin (Mohney et
al., 1994;Schreiber et al., 1994), pituitary adenylate cyclase-activating peptide
(PACAP) (Moller et al., 1997;Klimaschewski et al., 1996), and vasoactive
intestinal peptide (VIP) (Mohney et al., 1994;Klimaschewski et al., 1994) in
response to injury, all of which are growth factor-like neuropeptides (Arimura et
al., 1994;Said and Mutt, 1970;Tatemoto et al., 1983). In addition to these
neuronally derived factors, infiltrating monocytes and localized inflammation are
also stimulatory to axon regeneration. Specifically, production of cytokines like
CNTF (Adler, 1993) and leukemia inhibitory factor (LIF) (Rao et al., 1993)
stimulate axon growth through their receptor gp130 (Ip et al., 1992;Cafferty et al.,
2001;Ekstrom et al., 2000;Leibinger et al., 2009). Interestingly, NGF/TrkA and
gp130 dependent stimulation of axon outgrowth converge through STAT3 to
promote maximal axon extension (Pellegrino and Habecker, 2013).

In addition to secreted factors, the extracellular matrix (ECM) is an
important determinate of axon regeneration. The ECM is a protein milieu that
can support neurons by providing adhesion and maintenance of synaptic
structures. Additionally, the ECM, in partnership with neuronal cell adhesion
13

molecules (CAM), can provide attractive or repulsive cues to regenerating
nerves. For much of the adult peripheral nervous system, the ECM is inhibitory
to prevent sprouting and plasticity. Proteoglycans are a common inhibitory
matrix component, which often act through inhibition of growth promoting ECM
components (Hamel et al., 2008;Zuo et al., 1998). Although proteoglycans are
also upregulated following peripheral nerve injury (Zuo et al., 1998), they are
often quickly degraded in order to promote axon regeneration (Ferguson and
Muir, 2000;Zuo et al., 2002).
In the absence of inhibitory or repulsive cues, peripheral nerves are
capable of regenerating to the site of injury, often aided by growth promoting
matrix glycoproteins collagen, laminin, and fibronectin (Babington et al.,
2005;Gardiner et al., 2007;Werner et al., 2000). Much of the ability to regenerate
along these glycoproteins, however, is mediated by the CAMs expressed on the
neuronal membrane (Gardiner et al., 2007;Werner et al., 2000). Common
neuronal CAMs include N-Cadherin (Ranscht, 2000), immunoglobulin
superfamily member NCAMs (Zhang et al., 2008), and integrins (Barczyk et al.,
2010). With an abundance of growth promoting ECM components and CAMs,
peripheral nerve regeneration is common. In the rare cases where nerve
regeneration fails, commonly in the CNS, inhibitory extracellular matrix is often
the culprit.
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CSPGs are
characterized by a core protein that is covalently linked to chondroitin sulfate
(CS) side chains (Kjellen and Lindahl, 1991). Although this general configuration
is common to all CSPGs, there is some structural variability that allows further
sub-classification. One of the most common sub-types of CSPGs are the
lecticans, whose core proteins are composed of G1 and G3 domains that flank a
central region containing CS side chains (Yamaguchi, 2000)(Figure 1.2). Like
other ECM components, proper CSPG localization is dependent on interaction
with the rest of the ECM and neuronally expressed CAMs. Much of this
interaction occurs through the G1 and G3 domains. Specifically, G1 interacts
with glycoaminoglycan hyaluronan (Matsumoto et al., 2003) and G3 interacts
with tenascins (Grumet et al., 1994), fibronectins (Snow et al., 1996), and other
cell adhesion molecules (Friedlander et al., 1994;Yamaguchi, 2000). As highly
expressed and active members of the ECM, CSPGs as a whole play diverse
roles throughout development and in the adult nervous system.
During development, CSPGs are expressed at high levels throughout the
nervous system. Initially, they are involved in the migration of neural crest cells
(Kerr and Newgreen, 1997;Perissinotto et al., 2000). Later, they are found at the
ventricular zone of the developing CNS (Gates et al., 1995) where they play a
role in proliferation and differentiation of stem cells (Sirko et al., 2007;von et al.,
2006). More so, CSPGs are important for axon guidance and proper synapse
formation (Bandtlow and Zimmermann, 2000;Landolt et al., 1995;Oakley and
Tosney, 1991). As development progresses and the animal matures, CSPG
15

CSPGs are composed of a
central core protein covalently attached to chondroitin sulfate site chains. For
lecticans, interaction with much of the other ECM is done via G1 and G3 domains
of the core protein. Hyaluronan commonly interacts with CSPGs, which occurs via
the G1 domain.
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levels begin to decline, and the remaining expression becomes more localized to
synapses.
In the adult animal, most notably in the CNS, CSPGs are an important
component of peri-neuronal nets (Celio and Blumcke, 1994), which are latticelike ECM configurations that encapsulate neuronal cell bodies and dendrites
(Celio et al., 1998). Peri-neuronal

are composed primarily of CSPGs, as

well as HA and tenascins, and serve to stabilize synapses while limiting plasticity
(Carulli et al., 2006;Celio and Blumcke, 1994;Galtrey and Fawcett, 2007). The
structural integrity of peri-neuronal nets is lost by digestion of CS side chains,
which allows nerve sprouting and new synapse formation in normal, healthy
neurons (Pizzorusso et al., 2002). This highlights the importance of the CS-core
protein covalent link in the activity of CSPGs, which has become an important
focus after injury to address axon regeneration failure.
Injury in both the brain and spinal cord lead to extensive activation of
astrocytes to initiate a process called reactive astrogliosis. The result of reactive
astrogliosis is significant tissue remodeling and production of a scar. The scar
composition, much like peri-neuronal nets, is highly enriched with CSPGs, HA,
and tenascin C (Back et al., 2005;Galtrey and Fawcett, 2007;Tang et al., 2003).
Acutely, production of the glial scar is protective to the surrounding tissue. The
barrier created by the robust matrix of CSPGs and other components can restrict
the spread of infection and cellular damage, thereby limiting the extent of the
injury (Myer et al., 2006). Chondroitin sulfate itself is capable of inhibiting
cytokine release from T cells in vitro, and may be an important regulator of the
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neuroinflammatory response to injury (Rolls et al., 2006). Long term, however,
neural recovery and axon regeneration beyond the scar is limited by the
presence of CSPGs (Bradbury et al., 2002;Moon et al., 2001).
The role of CSPGs in preventing axon regeneration has been extensively
established in studies of spinal cord injury (McKeon et al., 1995;Davies et al.,
1997). As seen with peri-neuronal nets, CS side chains are required for the
integrity of the glial barrier (Bradbury et al., 2002;Moon et al., 2001). Despite the
numerous inhibitory components of a glial scar, targeting CSPGs alone has
proven effective in allowing axon regeneration in vitro and in vivo (Lin et al.,
2008;Massey et al., 2008;Nakamae et al., 2009;Tom et al., 2009) (Figure 1.3). In
some cases, targeting CSPGs alone allows functional recovery of several
processes including proprioceptive behaviors and locomotor capabilities
(Bradbury et al., 2002). To date, studies targeting CSPGs overwhelmingly utilize
chondroitinase ABC (ChABC) to cleave CS from the core protein (Bradbury and
Carter, 2011). However, recent insight into CSPG signaling has provided other
targets to restore nerve

Components of the ECM exert their affects through membrane bound
neuronal receptors. Recently, protein tyrosine phosphatase sigma (PTPσ) was
identified as a receptor for CSPGs (Shen et al., 2009). PTPσ is a member of a
larger family of tyrosine phosphatases that have diverse roles in cellular function
(Tonks, 2006). PTPσ is a membrane bound receptor-like tyrosine phosphatase
comprised of an immunoglobulin and fibronectin-III extracellular domain and two
18

Intact CSPGs of the ECM are
strong inhibitors of axon elongation. Simple digestion by ChABC, which
cleaves CS from the core protein, enables axon growth through a CSPG rich
substrate.
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intracellular phosphatase domains (Pulido et al., 1995). Only the first
phosphatase domain is active, however, while the second is regulatory (Wallace
et al., 1998) (Figure 1.4). Prior to being identified as a receptor for CSPGs,
PTPσ was known to restrict axon outgrowth both developmentally and after injury
in adults.
In several animal systems, PTPσ plays a critical role in axon guidance and
growth rate of peripheral and central neurons during development. For example,
PTPσ has been shown to be important for motor neuron guidance in drosophila
(Desai et al., 1996;Krueger et al., 1996), and retinal ganglion cell guidance and
extension in Xenopus (Johnson et al., 2001) and chick visual systems (Ledig et
al., 1999). In mice, absence of PTPσ leads to delayed and improper
development of both peripheral and central nerves and structures (Elchebly et
al., 1999;Wallace et al., 1999). These roles in axon guidance and extension,
combined with the continued expression of PTPσ into adulthood, led to studies
examining PTPσ for a role in nerve regeneration failure after injury. These
studies observed that the rate of axon extension was accelerated in the absence
of PTPσ following sciatic, optic, and facial nerve crush in mice. (McLean et al.,
2002;Sapieha et al., 2005;Thompson et al., 2003)
Interestingly, the diverse roles for PTPσ include involvement in both axon
extension and axon inhibition. These contrasting roles for PTPσ seem to be
explained by ligand diveristy. Prior to identification of CSPGs as a ligand, PTPσ
was identified as a receptor for heparan sulfate proteglycans (HSPG)(Aricescu et
al., 2002). Developmentally, HSPGs are enriched throughout the nervous
20

PTPσ. The structure of PTPσ resembles that of some
CAMs. The extracellular domain consists of immunoglobulin and fibronectin-III
repeats. The intracellular domain consists of one active phosphatase domain
and one regulatory phosphatase domain
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system and play diverse roles, including axon guidance (Yamaguchi, 2001).
Specifically, HSPGs can promote developmental axon extension via interaction
with PTPσ (Aricescu et al., 2002). This PTPσ -dependent activity is in stark
contrast to nerve regeneration following injury, where PTPσ inhibts axon
extension (McLean et al., 2002;Sapieha et al., 2005;Thompson et al., 2003).
This PTPσ-dependent inhibition of axon outgrowth was explained by the
identification of CSPGs as an endogenous ligand. This was first observed using
cell free assays, which demonstrated high affinity binding of CSPGs to the
extracellular domain of PTPσ. This binding is abolished by pretreatment with
ChABC, which indicates that interaction occurs through the CS side chains (Shen
et al., 2009). Additionally, absence of PTPσ allows increased axon extension
over CSPG-rich substrates both

and

(Shen et al., 2009)

Together, these opposing actions of PTPσ suggest that the extracellular ratio of
HSPGs and CSPGs would play an important role in determining PTPσdependent axon regeneration.
While there is clear interaction between CSPGs and PTPσ in preventing
axon regeneration after injury, the signaling mechanism by which this occurs is
not known. Interestingly, HSPGs promote oligomerization of PTPσ in growth
cones, while CSPGs prevent this interaction (Coles et al., 2011). Although
receptor oligomerization of PTPσ may be important for axon outgrowth, it does
not address the intracellular signaling mechanisms involved. Recent studies
have determined that PTPσ binds and activates p250GAP (Chagnon et al.,
2010), a known regulator of small Rho GTPases (RhoA, Rac, and Cdc42)
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involved in cytoskeletal dynamics (Nakamura et al., 2002;Moon et al.,
2003;Okabe et al., 2003). RhoA, Rac, and Cdc42 all modulate Rho kinase
(ROCK), which destabilizes the cytoskeleton and inhibits axon outgrowth (Duffy
et al., 2009;Fournier et al., 2003). Interestingly, p250GAP inhibits Rac and
Cdc42, which are both inhibitors of ROCK, while p250GAP activates RhoA, a
stimulator of ROCK (Figure 1.5) (Chagnon et al., 2010). CSPGs have also been
independently linked to ROCK activity, providing strong support that this is a
common pathway (Monnier et al., 2003).
In addition to ROCK activation, PTPσ directly binds all three Trk receptors
(Faux et al., 2007). Dephosphorylation of Trk by PTPσ is sufficient to suppress
NGF-dependent increases in axon outgrowth (Faux et al., 2007). This idea is
supported by the observation that p-ERK and p-Akt increase following axon
transection of retinal ganglion cells in the absence of PTPσ (Sapieha et al.,
2005). These increases in Trk effector activity are coupled with increased axon
regeneration at the site of the lesion (Sapieha et al., 2005). Although further
examination is needed to fully understand how the CSPG-PTPσ interaction
inhibits axon extension, it is clear that the absence of PTPσ allows axon
regeneration across CSPG rich substrates and that PTPσ has proved to be an
effective target in overcoming regeneration failure after nerve injury.
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PTPσ Signaling. There are two known PTPσ signaling pathways
directly involved in axon outgrowth: 1) stimulation of ROCK through modulation
of Rho GTPases RhoA, Rac, and Cdc42. Rock activation leads to inhibition of
axon growth by destabilizing the cytoskeleton. 2) PTPσ dephosphorylates
TrkA, and inhibits NGF-dependent stimulation of axon outgrowth.
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II.

Cardiac Function and Innervation

The heart is the mechanical center of the cardiovascular system. Proper
blood circulation and oxygen/nutrient delivery relies on a cardiac cycle that takes
deoxygenated blood, delivers it to the lungs to be oxygenated, and returns back
to the heart so it can then be distributed throughout body. This process involves
the four chambers of the heart acting in specific coordination and timing,
beginning in the right atrium (RA). Deoxygenated blood returning to the heart via
the vena cava enters into the right atrium and is quickly dumped into the right
ventricle (RV) following atrial contraction. Ventricular contraction ejects blood
from the RV into the pulmonary artery for delivery to the lungs. As blood passes
through the lungs, it captures oxygen and returns to the left atrium (LA) of the
heart via the pulmonary veins. Once again, atrial contraction empties the LA and
fills the left ventricle (LV). Finally, ventricular contraction ejects oxygenated
blood from the LV via the aorta, where it can be delivered to the body. This cycle
then begins again as deoxygenated blood returns to the heart via the vena cava.
Overall, there are two main contractile phases of this cycle that occur in quick
succession. Atrial contraction allows simultaneous emptying of the RA and LA to
fill the RV and LV, respectively. Ventricular contraction then causes ejection of
blood from the heart by the RV and LV that allows oxygen capture and oxygen
delivery, respectively. Collectively, the period in which the heart undergoes atrial
and ventricular contraction is termed systole, while the period at rest is termed
diastole.
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In order for the heart to function properly, there must be concerted
contraction of billions of specialized involuntary muscle cells called
cardiomyocytes. There are two primary components of the heart that allow such
action: 1) gap junctions and 2) a highly organized conduction system. Gap
junctions are specialized intercellular complexes that create a tunnel structure
between adjacent cells that allows transfer of many cytoplasmic components
(Bernstein and Morley, 2006). In ventricular myocytes, the primary component of
gap junctions is connexin 43 (Beyer et al., 1987). The presence of gap junctions
between all adjacent cardiomyocytes creates a heart that is a functional
syncytium, where cells are chemically and electrically linked so that the heart
resembles one large muscle cell. While gap junctions enable simple transfer of
cytosolic material from cell to cell, efficient coordinated pumping still requires
temporal and spatial organization of activation. Here, the intrinsic cardiac
conduction system is crucial.
Cardiac Conduction
Efficient contraction and ejection of blood relies on organized excitation
that results in atrial contraction followed by ventricular contraction. The cardiac
conduction system provides the path that ensures this sequence. Excitation
begins in the RA, initiated by a group of specialized cardiomyocytes that are
capable of generating cardiac action potentials (APs) autonomously. Collectively,
these specialized cells are called the sinoatrial (SA) node. The frequency of SA
node firing determines heart rate, earning it the moniker “pacemaker.” Beginning
at the SA node, APs transmit to the atrioventricular (AV) node across atrial
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myocytes through gap junctions. Conduction is slightly delayed at the AV node
to allow complete contraction and emptying of the atria before eliciting ventricular
contraction. From the AV node, APs travel through the Purkinjie fibers located in
the subendocardium of the interventricular septum, which allow rapid conduction
to the apex of the heart. Upon reaching the apex, the signal transmits back
towards the base of the heart through the ventricular free walls (Figure 1.6).
Conduction through the ventricular free walls in this direction causes contraction
of the ventricles from apex to base, pumping blood from the heart. Interruption of
this normal electrical conduction can profoundly limit the ability to efficiently eject
blood (Anderson et al., 2009;Spach and Kootsey, 1983).

Not only does cardiac function rely on organized conduction of activity, but
it also relies on organized activity within each cardiomyocyte. Normal electrical
activity of each cardiomyocyte is dependent on the spatial and temporal
coordination of several ions and ion channels. Collectively, this activity forms the
cardiac AP. APs can be lumped generally into two categories: 1) Slow
responding and 2) fast responding. Pacemaking cells (those capable of initiating
APs) produce slow responding APs, whereas all other myocytes undergo fast
responding APs. Slow responding APs are characterized by slow, autonomous
depolarization during diastole (also called phase 4) and relatively slow
depolarization upon activation (phase 0) during systole. Conversely, fast
response APs are characterized by stable diastolic membrane potential (phase
4) and rapid depolarization upon activation (phase 0). Rapid depolarization
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Conduction. Electrical impulses are generated by the
pacemaking SA node within the right ventricle. This signal propagates through
the atrial myocardium toward the AV node at the atrioventricular junction.
From the AV node, the Purkinjie fibers in the interventricular septum rapidly
conduct the stimulus towards the apex of the heart. Propagation then
continues from apex to base through the ventricular walls.
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occurs as a result of voltage-gated Na+ channel opening, which allows a large
influx of Na+. Phase 0 is quickly followed by a slight repolarization due to a
transient outward K+ current (phase 1). This initial repolarization is slowed by a
large cytosolic Ca2+ increase (phase 2), predominately through release of
intracellular Ca2+ stores in the sarcoplasmic reticulum. As Ca2+ is removed from
the cytosol, the repolarizing K+ current takes over (Phase 3) and the membrane
potential is restored to resting (Mohrman and Heller, 2013)(Figure1.7).
2.

Excitation-contraction coupling

While the cardiac action potential relies on multiple ions and currents,
contraction of cardiomyocytes is dependent on the Ca2+ component. Specifically,
muscle contraction occurs in response to elevation of cytosolic Ca2+ in a process
called excitation-contraction coupling. Excitation-contraction coupling begins
with depolarization of the myocyte membrane, triggering voltage gated L-type
Ca2+ channels to open (Bers, 2002). A small influx of Ca2+ through L-type Ca2+
channels triggers a bulk release of Ca2+ from the sarcoplasmic reticulum (SR) via
ryanodine receptors (RyR) in a process called Ca2+ induced Ca2+ release
(Fabiato, 1985). The resulting increase in cytosolic Ca2+ causes the myocyte to
shorten by interacting with the contractile machinery of the cell. Free Ca2+ is then
rapidly sequestered, primarily back into the SR through the ATP-dependent
sarcoplasmic reticulum Ca2+ pump (SERCA) or pumped out of the cell
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Action Potentials. Autonomous APs of the SA node are
considered slow response APs. Slow response APs are characterized by slow
diastolic depolarization (phase 4) and slow Ca2+ driven phase 0 depolarization in
comparison to ventricular APs. Ventricular APs, or fast response APs, have stable
diastolic membrane potential followed by rapid phase 0 depolarization governed by
Na+ influx. Transient K+ currents allow slight phase 1 depolarization, followed by a
depolarizing Ca2+ influx of phase 2. Finally, delayed K+ currents allow final phase 3
repolarization and return to resting membrane potential.
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by the Na+/Ca2+ exchanger on the cell membrane (Bers, 2002)(Figure1.8). Rapid
sequestration of Ca2+ is important, as it allows the myocyte to recover and be
primed for the next cycle.
3.
A composite view of cardiac electrical activity and conduction can be
visualized by electrocardiogram (ECG), which can be recorded by placing
electrodes on the surface of the body. Because ECGs take into account the
direction of conduction and the amplitude of current, the placement of the
recording

As ECGs capture the electrical activity of the heart, they are also an
important tool in diagnosing arrhythmias. Premature ventricular complexes
(PVC), for example, are a common type of ventricular arrhythmia that arise within
ventricular myocardium. They are characterized by the absence of a p-wave and
early onset of a broader QRS-like complex (Figure 1.9). This waveform results
from the absence of atrial depolarization, and, because PVCs are not triggered
by the SA node, they do not transmit through the normal conduction pathway, but
instead through the less conductive gap junctions between cells.
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. Ventricular APs begin by
activation of voltage gated Na+ channels (1) on the cell membrane.
Depolarization also activates transient outward K+ channels to slightly
repolarize the cell(2), competing against depolarizing Ca2+ influx from L-type
Ca2+ channels located in T-tubules(3a) and from intracellular stores via RyR
(3b). Cytosolic Ca2+ elevation allows contraction of the myocyte (4), and is
then quickly sequestered by SERCA into the sarcoplasmic reticulum (5), or
extracellulary via the Na+/Ca2+ exchanger.
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. The upper trace depicts a normal lead-II
ECG of two cardiac cycles. The P-wave represents atrial depolarization, the
QRS complex is ventricular depolarization and atrial repolarization, and the Twave is ventricular repolarization. The bottom trace depicts one normal
cardiac cycle followed by a PVC. A PVC is characterized by absence of a Pwave, early onset, and a broad QRS-like complex.
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As the mechanical driver of oxygen and nutrient delivery, the heart must
respond to the changes in metabolic need of the body. For example, increased
energy use by skeletal muscle during exercise requires increased delivery of
oxygen and nutrients to maintain homeostasis. At the level of the heart,
homeostasis is maintained by increasing cardiac output to meet these demands.
The primary control of the dynamic output of the heart is through autonomic
innervation.
Both branches of the autonomic nervous system are present in the heart.
Parasympathetic nerves predominately innervate the SA node and the AV node,
with minimal innervation throughout the ventricles (Crick et al., 1994). Increased
parasympathetic activity to the SA and AV node leads to reduced heart rate and
conduction velocity, respectively. Similarly, sympathetic nerves innervate both
the SA node and AV node (Pardini et al., 1989). In contrast to parasympathetic
nerves, however, sympathetic nerves extensively innervate both ventricles
(Randall et al., 1968) (Figure 1.10). Sympathetic activation in the heart leads to
increased cardiac output by stimulating heart rate, conduction velocity, and
contractility (Mohrman and Heller, 2013).

Sympathetic nerve activity is primarily transmitted through production and
release of the neurotransmitter NE. Synthesis of NE begins with conversion of
tyrosine to L-Dopa by the enzyme TH, the rate limiting enzyme in NE production.
L-Dopa is then converted to dopamine by L-aromatic amino acid decarboxylase.
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Figure 1.10 Autonomic innervation of the heart. Parasympathetic neurons, whose cell
bodies are located in the cardiac ganglion, predominately innervate the SA node and AV
node. Sympathetic neurons from the left and right stellate ganglia also innervate both the
SA node and AV node, but are also found throughout both ventricles.
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Dopamine is transported into vesicles by the vesicular monoamine transporter,
where it is then converted into NE by dopamine-β-hyrdoxylase. Vesicular
release of NE allows binding and activation of post-synaptic ARs. NE-dependent
neurotransmission is completed by NE re-uptake by the NE transporter found on
the pre-synaptic membrane (Kandel E.R. et al., 2000).
Although NE is the primary neurotransmitter, sympathetic nerves also
produce and release several neuropeptides (Cane and Anderson, 2009;Lindh et
al., 1989). For sympathetic nerves of the heart, this is generally neuropeptide Y
and galanin (Kummer, 1987;Richardson et al., 2006). Neuropeptide release can
have diverse effects on the heart. For example, neuropeptide Y is an important
developmental regulator of L-type Ca2+ channel expression (Protas et al., 2003),
and in adults can stimulate the heart similarly to norepinephrine in an ARindependent manner (Lundberg et al., 1984). Additionally, both neuropeptide Y
and galanin limit the release of ACh from cardiac parasympathetic nerves
(Herring et al., 2008;Herring et al., 2012).
While the heart is responsive to neuropeptides, much of the sympathetic
input to the heart is transmitted by NE release from nerves and epinephrine from
circulation, both of which activate cardiac ARs. There are three main classes of
ARs, α1ARs, α2ARs, and βARs. βARs are the predominant class of ARs found
in the heart, and are further classified into three subtypes. β1ARs are the most
common cardiac subtype, comprising approximately 75% of total cardiac β-AR
expression, followed by β2ARs which comprise the bulk of the remaining 25%
(Bristow et al., 1986), and a very limited presence of β3ARs (Wheeldon et al.,
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1993). While βARs are the predominate class of cardiac ARs, α1ARs are also
present in the heart. However, they only account for approximately 10% of total
AR expression (Bristow et al., 1986).
2.

Sympathetic regulation of the heart

Increased metabolic demand of the body requires heightened delivery of
oxygen and nutrients to the periphery. In order to accomplish elevated nutrient
delivery, sympathetic input to several tissues, including the heart, must increase.
Increased sympathetic input to the heart stimulates cardiac output by increasing
heart rate, contractility, and relaxation. Many of these actions are through
modulation of Ca2+ handling and ion channels involved in excitation-contraction
coupling (Bers, 2008;Cutler et al., 2011;Thomas et al., 2004).
The excitation-contraction cycle can be robustly modulated by activation of
ARs on the cardiomyocyte membrane. Since ARs are G-protein coupled
receptors, activation can produce broad downstream effects and, indeed, this
occurs in cardiomyocytes. α1AR is associated with the G-protein Gq, and
stimulation of the receptor activates protein kinase C (PKC) in a Ca 2+ dependent
process (Rockman et al., 2002). Additionally, β1 and β2AR activation both lead
to activation of the G-protein GS (Rockman et al., 2002). This leads to an
increase in cytosolic cyclic adenosine monophosphate (cAMP) levels by
activation of adenylate cyclase. cAMP then leads to activation of protein kinase A
(PKA), which allows PKA to phosphorylate its targets.
There are several targets of PKA, many of which are involved in Ca 2+
handling. These include RyR (Valdivia et al., 1995), the SERCA modulator
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phospholamban (Colyer, 1998), L-type Ca2+ channels (Kamp and Hell, 2000),
and many others (Lundby et al., 2013). PKA modulation of these proteins results
in a larger influx and faster sequestration of intracellular Ca2+ (ViatchenkoKarpinski and Gyorke, 2001). Together, this enhances Ca2+ influx to increase
contractility and stimulates sequestration to quicken relaxation (ViatchenkoKarpinski and Gyorke, 2001). This reduces the duration of the Ca2+ transient,
which shortens action potential duration (APD) by shortening phase 2 of the AP
(Mohrman and Heller, 2013).
In addition to modulating Ca2+ dynamics, β-AR stimulation regulates other
ion channels involved in the cardiac AP. Much like its influence in Ca2+
dynamics, much of the β-AR dependent modulation is mediated by PKA.
Downstream effects include phosphorylation of voltage gated Na+ channels
(Matsuda et al., 1992) and voltage gated K+ channels (Yue et al., 1999), as well
as regulation of subcellular localization of these channels (Shibata et al., 2006).
These modulations, much like with Ca2+ dynamics, enhance the excitability of
myocytes, while also shortening APD (Figure1.11).
A common abnormality of excitation-contraction coupling is a
phenomenon called delayed after depolarizations (DAD) (Bozler, 1943). DADs
are depolarizations that occur following complete repolarization of a myocyte but
prior to rapid phase 0 depolarization of the AP. While normal phase 0
depolarization is dependent on voltage-gated Na+ channels, DADs are often
Ca2+ driven (Kass et al., 1978), and can develop due to localized and acute β-AR
stimulation (Myles et al., 2012). Specifically, the Ca2+ influx and sequestration
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Modulation of excitation-contraction is mainly mediated via the β-AR
downstream effector PKA. Activation of PKA leads to phosphorylation of
several ion channels, including voltage gated Na+, K+, and Ca2+ channels, as
well as RyR, SERCA, and the contractile machinery. α1-AR activation of PKC
also modulates L-type Ca2+ channel activity. Phosphorylation by PKA and
PKC increase excitability and relaxation, which together shorten APD.
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response to β-AR stimulation is so strong that Ca2+ overload of the SR can occur,
resulting in diastolic dump of Ca2+ into the cytosol. If this Ca2+ dump is
significant, myocytes will depolarize via the electrogenic Na+/Ca2+ exchanger at
the membrane and trigger a PVC (Zygmunt et al., 1998;Myles et al., 2012).

Cardiovascular diseases affect millions of people and are the leading
cause of death in the United States. Myocardial infarction (MI; heart attack) is a
common cardiovascular disease that occurs in approximately one million people
annually (Roger et al., 2012b). MIs occur due to a coronary artery block, most
often due to atherosclerosis, leaving the distal myocardium ischemic. Cardiac
ischemia is treated by removing the coronary blockage to allow reperfusion of the
ischemic tissue. While reperfusion greatly improves mortality, the result is
significant remodeling of the myocardium and nerve fibers (Dobaczewski et al.,
2006). Those who survive an MI remain with substantial risk of suffering from
secondary cardiac pathologies including arrhythmias and sudden cardiac death
(Rubart and Zipes, 2005;Solomon et al., 2005).

Cardiac ischemia-reperfusion (I-R) results in necrosis of cardiomyocytes
and the production of a collagen based scar, or infarct (Dobaczewski et al.,
2006). Local inflammation in response to injury precipitates infiltration of immune
cells (Nian et al., 2004), causing significant production of cytokines and growth
factors, which activate resident cardiac fibroblasts (Porter and Turner, 2009).
Following activation, resident fibroblasts proliferate and migrate to the site of
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injury, where they secrete matrix metalloproteases (MMPs) and collagen. MMPs
break down the previous ECM so that it can be replaced with a very dense
collagen based infarct (Porter and Turner, 2009). The time to reach a fully
mature infarct is dependent on the animal, but for mice this occurs approximately
10 days after injury (Dobaczewski et al., 2006). Initially, this remodeling
response is protective as the collagen provides structure and support to heart.
However, over time the infarct can lead to development of cardiac dysfunction,
including heart failure (Porter and Turner, 2009).

In addition to myocyte necrosis and ECM remodeling, sympathetic nerve
activity and patterning are also altered following I-R injury (Li et al., 2004). As
noted previously, sympathetic nerves undergo dynamic cardiac remodeling under
several conditions (Bengel et al., 1999;Hasan et al., 2006;Vo and Tomlinson,
1999). This is true following I-R injury as well. Sympathetic nerves quickly begin
to degenerate following reperfusion of the myocardium (Inoue and Zipes,
1988;Lorentz et al., 2013) . This initial denervation is observed not only within
the area of remodeling and scar production but also in the most proximal viable
myocardium, termed the peri-infarct. In mice, by approximately three days
following injury, the infarct is fully denervated while the proximal peri-infarct is
hypoinnervated (Lorentz et al., 2013). Interestingly, more distal peri-infarct is
hyperinnervated at this time. By seven days, however, innervation in both the
proximal and distal peri-infarct is not significantly different than sympathetic
innervation density in normal, uninjured myocardium (Lorentz et al., 2013). The
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infarct itself, however, remains fully denervated, which is quite surprising given
the high levels of NGF (Hiltunen et al., 2001;Zhou et al., 2004) and more so
given extensive cycle of sympathetic die-back, regeneration, and pruning
observed in viable myocardium after the same injury (Lorentz et al., 2013).
Overall, the result of sympathetic remodeling after MI is a heart with
heterogeneous sympathetic innervation (Li et al., 2004;Stanton et al., 1989). The
molecular mechanism that underlies this sustained sympathetic denervation of
the infarct remains unclear, but we do know it results independently of the
mechanism of denervation in the peri-infarct. In mice lacking the p75
neurotrophin receptor, the peri-infarct remains innervated following I-R, while the
infarct is still fully denervated (Lorentz et al., 2013).
3.

Sympathetic Heterogeneity and arrhythmias

Those who survive an MI remain at a substantial risk for developing
arrhythmias and sudden cardiac death (SCD) (Rubart and Zipes, 2005;Solomon
et al., 2005). Although the infarct itself is a substrate for arrhythmias, there is a
large body of animal and human evidence that indicates altered sympathetic
input plays a key role in the development of arrhythmias (Basu et al.,
1997;Billman et al., 1997;Exner et al., 1999;Nademanee et al., 2000;Schwartz et
al., 1992). Recent human evidence suggests that sympathetic heterogeneity (via
MI-induced regional denervation) is the underlying link between sympathetic
transmission and arrhythmias (Boogers et al., 2010;Fallavollita et al.,
2013;Nishisato et al., 2010;Rubart and Zipes, 2005;Vaseghi et al., 2012). It is
clear that sympathetic heterogeneity develops and persists after MI as the infarct
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remains denervated and adjacent to normally innervated tissue (Li et al.,
2004;Lorentz et al., 2013;Stanton et al., 1989).
It is not fully understood how sympathetic heterogeneity results in
arrhythmias, but it is thought that dispersion of repolarization is key (Killeen et al.,
2008;Vaseghi et al., 2012;Yoshioka et al., 2000). Dispersion, or variance,
represents variability in repolarization time across the heart. This can be
represented in dispersion of APD. In a healthy heart, APD is highly regulated,
and in fact, some variance is essential for normal rhythmicity (Antzelevitch et al.,
1991). As discussed previously, the heart has a transmural sympathetic
innervation gradient, with highest innervation in the subepicardium, and the
lowest in the subendocardium (Ieda et al., 2007;Randall et al., 1968). This
innervation gradient is combined with a gradient of K+ channel expression, which
follows the same pattern (Brunet et al., 2004). This pattern results in longer APD
in the subendocardium and shorter APD in the subepicardium, which ensures
that the subendocardium cannot be excited until the subepicardium has
recovered (Antzelevitch et al., 1991;Brunet et al., 2004). This organized
heterogeneity is important for efficient conduction and contraction, and disruption
in normal hearts leads to arrhythmias (Ieda et al., 2007;Lorentz et al., 2010).
Similar to changes in sympathetic innervation, ion channel expression and
patterning is regionally disrupted following MI (Kaprielian et al., 2002;Lukas and
Antzelevitch, 1993). Together, the remodeling that occurs after MI establishes
disorganized heterogeneity with greater dispersion of repolarization, which is
prone to arrhythmias (Vaseghi et al., 2012). It is unclear whether these changes
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in ion channel expression and physiology are related to sympathetic denervation,
however, given the importance of sympathetic heterogeneity in
arrhythmogenesis, it remains likely they are.

III.
Given the extensive evidence of sympathetic reinnervation following injury,
it was unexpected that following a common cardiac injury, I-R, that sympathetic
nerves failed to reinnervate the scar. This was particularly surprising given that
sympathetic hyperinnervation is observed following ischemia alone and that I-R
results in robust production of NGF. These observations are similar to the
remodeling and regeneration failure following injury in the CNS, where known
inhibitory ECM components are highly expressed. Specifically, these include
CSPGs, HA, and tenascin C; however, CSPGs were identified as the primary
inhibitors. Similarly, cardiac I-R results in production of both HA and tenascin C,
while CSPGs have not been examined in this context.

Sympathetic heterogeneity, specifically the degree of denervation, has
been identified as the most sensitive predictor of arrhythmia susceptibility for
people who have suffered an MI. MIs regionally alter ion channel activity and
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expression and results in dispersion of repolarization. To date, it is unknown
whether these changes occur due to altered sympathetic innervation. However,
given the regulatory ability of β-AR activation, it remains a possibility that
electrophysiological remodeling is due to sympathetic denervation and that reestablishing innervation could restore normal electrophysiological dynamics.
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Sympathetic nerve can regenerate after injury to re-innervate target
tissues. Sympathetic regeneration is well documented after chronic cardiac
ischemia, so we were surprised that the cardiac infarct remained denervated
following ischemia-reperfusion (I-R). We used mice to ask if the lack of
sympathetic regeneration into the scar was due to blockade by inhibitory
extracellular matrix within the infarct. We found that chondroitin sulfate
proteoglycans (CSPGs) were present in the infarct after I-R, but not after chronic
ischemia, and that CSPGs caused inhibition of sympathetic axon outgrowth
. Ventricle explants after I-R and chronic ischemia stimulated sympathetic
axon outgrowth that was blocked by NGF antibodies. However, growth in I-R cocultures was asymmetrical, with axons growing toward the heart tissue
consistently shorter than axons growing in other directions. Growth toward I-R
explants was rescued by adding chondroitinase ABC (ChABC) to the co-cultures,
suggesting that I-R infarct-derived CSPGs prevented axon extension.
Sympathetic ganglia lacking Protein Tyrosine Phosphatase Sigma (PTPσ; ptprs)
were not inhibited by CSPGs or I-R explants

, suggesting PTPσ is the

major CSPG receptor in sympathetic neurons. To test directly if infarct-derived
CSPGs prevented cardiac reinnervation, we carried out ischemia-reperfusion in
and

+/- mice. Cardiac infarcts in

hyperinnervated, while infarcts in

mice were

littermates were denervated,

confirming that CSPGs prevent sympathetic reinnervation of the cardiac scar
after I-R. This is the first example of CSPGs preventing sympathetic
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reinnervation of an autonomic target following injury, and may have important
consequences for cardiac function and arrhythmia susceptibility after myocardial
infarction.
II.
Nerve regeneration is often minimal in the central nervous system, but
peripheral nerves can regenerate back to their targets. For example,
postganglionic sympathetic nerves re-innervate denervated target tissues
including the iris (Olson and Malmfors, 1970;Lorez et al., 1975), mesenteric
arteries (Aguayo et al., 1973;Hill et al., 1985), pineal gland (Bowers et al., 1984),
and skin (Gloster and Diamond, 1992). In addition to regeneration following
injury, sympathetic nerves innervating the uterus undergo degeneration and
regeneration during each estrous cycle (Zoubina and Smith, 2000). The
presence of nerve growth factor (NGF) in the target tissue is important for
promoting innervation of during development (Glebova and Ginty, 2004) and
reinnervation of a tissue after denervation (Aloe et al., 1985;Gloster and
Diamond, 1995;Vo and Tomlinson, 1999).
One of the best characterized targets of the sympathetic nervous system,
and sympathetic axon regeneration, is the heart. Release of norepinephrine
(NE) from sympathetic nerves stimulates heart rate, conduction velocity, and
ventricular contractility. Regeneration of sympathetic nerves in the heart has
been well characterized in animal models of chronic cardiac ischemia, where
high levels of NGF in the infarcted myocardium lead to nerve sprouting and
hyperinnervation (Vracko et al., 1990;Zhou et al., 2004;Hasan et al., 2006;El48

Helou et al., 2008). Post-mortem analysis of human hearts following heart failure
or cardiomyopathy also revealed sympathetic hyperinnervation (Cao et al.,
2000b). The cardiac sympathetic innervation has been examined in vivo by
monitoring uptake of the labeled NE transporter substrates C-11
hydroxyephedrine or iodine-123 meta-iodobenzylguanidine (123I-MIBG). These
studies reveal denervation after I-R (Stanton et al., 1989) that is followed by
reinnervation of peri-infarct myocardium (Hartikainen et al., 1996), and reveal
significant reinnervation in transplanted hearts (Bengel et al., 1999;Estorch et al.,
1999;Bengel et al., 2001). Imaging studies showing reinnervation of transplanted
hearts are complemented by functional responses to exercise (Wilson et al.,
2000) and functional responses to drugs that cause NE release or block NE
receptors (Bengel et al., 2004). Finally, sympathetic reinnervation of transplants
was confirmed post-mortem by tyrosine hydroxylase (TH) staining (Kim et al.,
2004).
Since sympathetic nerve regeneration is well documented in the heart, we
were surprised to discover that the cardiac infarct was not re-innervated following
ischemia-reperfusion injury (I-R)(Li et al., 2004). This was particularly
unexpected given infarct reinnervation observed after chronic cardiac ischemia
(Vracko et al., 1990;El-Helou et al., 2008;Hasan et al., 2006), and evidence of
elevated NGF in the scar after I-R (Zhou et al., 2004;Hiltunen et al., 2001).
Cardiac I-R triggers an inflammatory response that initiates fibroblast migration
and proliferation (Porter and Turner, 2009). Activation of fibroblasts results in
production of a collagen-based infarct, or scar, that contains hyaluronic acid (HA)
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and other extracellular matrix components (Dobaczewski et al., 2006) that are
present in glial scars after central nervous system injury (Sherman and Back,
2008). Here we investigate the possibility that the lack of sympathetic
regeneration into the infarct after cardiac ischemia-reperfusion is due to blockade
of axon growth by inhibitory components of extracellular matrix within the cardiac
scar.

C57BL/6J mice were obtained from Jackson Laboratories West
(Sacramento, CA), and were used for all experiments except those using PTPσ
transgenic mice.

+/- transgenic mice (BalbC background) were supplied by

Michel Tremblay at McGill University (Elchebly et al., 1999), and were bred as
heterozygotes.
controls for

+/+ and

+/- littermates were used as “wild type”

-/- studies. All mice were kept on a 12h:12h light-dark cycle with

access to food and water. Age and gender-matched male and female
mice 12-18 weeks old were used for surgeries, while ganglia from male and
female neonatal mice were used for explants and dissociated cultures All
procedures were approved by the OHSU Institutional Animal Care and Use
Committee and comply with the Guide for the Care and Use of Laboratory
Animals published by the National Academies Press (8th edition).

Anesthesia was induced with 4%
isoflurane and maintained with 2% isoflurane. The left anterior descending
coronary artery (LAD) was reversibly ligated for 30 min and then reperfused by
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release of the ligature. Occlusion was confirmed by sustained S-T wave elevation
and regional cyanosis. Reperfusion was confirmed by the return of color to the
ventricle distal to the ligation and reperfusion arrhythmia. Core body temperature
was monitored by a rectal probe and maintained at 37°C, and a two-lead
electrocardiogram was monitored.

Chronic ischemia was

done in exactly the same manner as described above, but with permanent
occlusion of the LAD using 8-0 gauge suture.

Sham animals

underwent the procedure described above, except for the LAD ligature.

Cultures of sympathetic neurons were prepared
from superior cervical ganglia (SCG) of newborn mice as described (Dziennis
and Habecker, 2003). Neurons were plated onto poly-L-lysine (PLL, 0.01%,
Sigma-Aldrich) and collagen (10 μg/mL, BD Biosciences) coated plates, and
grown in serum free C2 medium (Lein et al., 1995;Pellegrino et al., 2011)
supplemented with 50 ng/mL NGF (BD Biosciences), 100 U/mL penicillin G, and
100 μg/mL streptomycin sulfate (Invitrogen). Cells were incubated at 37° C in a
humidified 5% CO2 incubator. Cells were maintained for 48 hrs in the presence of
the anti-mitotic agent cytosine arabinoside (Ara C, 1 μM) to reduce the number of
non-neuronal cells. CSPG treatments were carried out using soluble or fixed
CSPGs (Millipore #CC117; mixture includes neurocan, phosphacan, versican,
and aggrecan). HA treatments were similarly carried out, using mixed molecular
weight HA (MP biomedicals) for soluble treatments. For fixed treatments, high
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molecular weight (HMW) HA (Lifecore Biomedical) was degraded using bovine
testes hyaluronidase (Sigma) to produce low molecular weight (LMW) HA
(Generously provided by Dr. Stephen Back, OHSU)

Soluble: Neurons were

grown in 48-well plates coated with PLL and collagen. Vehicle (media), CSPGs
(10 ng/ml-20 μg/ml), or HA (10 ng/ml-100 μg/ml) were added to the cultures 24
hrs after plating, and 24 hours after addition of CSPGs, HA, or vehicle, images
were acquired for Sholl analysis.

Fixed: Plates were coated with PLL/collagen,

PLL/collagen/CSPGs (100 ng/mL – 1 μg/mL), or PLL/collagen/HA (100 ng/mL – 1
μg/mL; low and high molecular weight) prior to addition of neurons. Images were
acquired for Sholl analysis 24 hours after plating.. For CSPG degradation
experiments, Chondroitinase ABC (ChABC, 4 µU/mL; Seikagaku Biobusiness
Corporation) was added to culture media at the time of plating.

To quantify neurite outgrowth in dissociated neurons, the Sholl
method was used (SHOLL, 1953). A series of concentric circles were
superimposed over the cell body using Image J, and neurite intersections with
the circles were counted. The number of intersections provides an estimate of
neurite length and/or increased branching.

To generate micro-fluidic chambers providing
separation of two media compartments (450µm apart), SYLGARD 184 silicone
elastomer (Dow Corning) was poured into a pre-cast mold, and heated at 50-60°
C for 2 hours. Cleaned chambers were placed in 10 cm culture dishes (Corning)
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pre-coated with 0.01% PLL. The axonal compartment was then coated with 10
μg/mL collagen or collagen + 1 μg/mL CSPGs. SCG were placed in reduced
growth factor Matrigel (BD Bioscience) within the cell body compartment. C2
media supplemented with 10 ng/mL NGF was added to both compartments, and
cultures were maintained at 37° C in a humidified 5% CO2 incubator. After 24
hrs, or when axons were first visible in the axonal compartment, images were
acquired (t=0). Additional images were obtained 3 hours later (t=3), and a
growth rate was calculated based on the distance extended during that 3 hour
period.

Co-culture experiments were carried out in 24 well
plates by plating pieces of infarcted left ventricle (LV) or corresponding sham
tissue, collected 10 days after surgery, with neonatal SCGs. Tissues were plated
in 30 µL of reduced growth factor Matrigel, separated by approximately 1mm,
and placed at 37 ºC to solidify the Matrigel before addition of C2 media
supplemented with 2 ng/mL NGF. Co-cultures were incubated at 37°C in a
humidified 5% CO2 incubator for 48 hours. Following 48 hours in culture, images
of the cultures were acquired using phase contrast microscopy (10X) and axon
length was analyzed using Nikon Elements. For ChABC experiments, tissue
from a single heart was split between the vehicle and ChABC treatment groups
to promote consistency. Co-cultures were treated from the time of plating with
ChABC (4 µU/mL) diluted in culture media, or media alone. For co-cultures
examining the role of the CSPG receptor PTPσ, SCG were dissected from an
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entire litter of neonatal mice containing the range of PTPσ genotypes (
). The two ganglia from an individual mouse were divided so that
one SCG was cultured with a sham explant and one with an infarct explant.
Following 48 hours in culture, images were acquired using phase contrast
microscopy (10X) and axon length was analyzed using Nikon Elements.
Genotyping was completed after image acquisition and analysis so that the
experiment was blinded.

Axon length was measured on three cardinal
sides of each ganglion (0, 90, and 180 degrees). Growth toward the myocardium
was designated 0º, growth perpendicular was 90º and growth away from the
myocardium was 180º. In order to normalize for inter-well variability of growth, a
ratio of these measures was used (0/90 or 0/180). Values for the 0/90 or 0/180
ratio near 1 indicated growth was similar in all directions. In contrast, ratios
significantly less than 1 reflected significantly shorter axons on the side of the
ganglion projecting toward the heart explant.

Hearts were fixed for 1 hr in 4% paraformaldehyde,
rinsed in phosphate buffered saline (PBS), cryoprotected in 30% sucrose
overnight, and frozen in mounting medium for sectioning. Transverse 10 μm
sections were cut on a cryostat and thaw mounted onto charged slides. To
reduce fixative-induced autofluorescence, sections were rinsed in 10 mg/mL
sodium borohydride 3X10 min and then rinsed in PBS 3X10 min. Sections were
54

then blocked in 3% B.S.A/ 0.3% Triton X-100 in PBS for 1 hr. Slides were then
incubated with rabbit anti-TH (1:1000, Millipore/Chemicon) and mouse antichondroitin sulfate (1:300, Sigma CS-56) or sheep anti-fibrinogen (1:500, AbD
Serotec) antibodies overnight at 4ºC, rinsed 3x10 min in PBS, and incubated 1.5
hr with the AlexaFluor 488-conjugated rabbit IgG-specific antibody (1:1000;
Invitrogen) and AlexaFluor 568-conjugated mouse IgG-specific antibody (1:500)
or AlexaFluor 568-conjugated sheep IgG-specific antibody (1:1000). Due to nonspecific binding of AlexaFluor 568-conjugated mouse IgG, anti-mouse IgG was
added to the blocking solution to prevent non-specific secondary binding.
Sections were rinsed 3x10 min in PBS, incubated for 30 min in CuSO4 in 50 mM
ammonium acetate to reduce background signal further, rinsed 3x10 min in PBS,
coverslipped in a 1:1 PBS:glycerol solution and visualized by fluorescence
microscopy.
Co-cultures were fixed for 15 min in 4% paraformaldehyde and rinsed in PBS
3x10 minutes. The tissue was blocked in 3% B.S.A/ 0.3% Triton X-100 in PBS
for 1 hr, then incubated with rabbit anti-TH (1:1000) overnight at 4ºC. Tissue was
rinsed with PBS and incubated for 1.5 hours with the AlexaFluor 488-conjugated
rabbit IgG-specific antibody (1:1000), rinsed again in PBS and imaged using
fluorescence microscopy.

TH staining was quantified to assess
sympathetic innervation density. Images were taken of the infarct and peri-infarct
zone of each section, and 3 sections obtained from a similar level of the base to
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apex axis were quantified in each heart using threshold discrimination analysis
(Image J)(Lorentz et al., 2010).

Student’s t-test was used for comparisons of just two samples. Data
with more than two groups were analyzed by one-way ANOVA using the Tukey
post-hoc test to compare all conditions. For experiments comparing different
surgical groups and a second variable (±NGF antibody, PTPσ genotype) two-way
ANOVA was carried out using the Bonferroni post-hoc test. All statistical
analyses were carried out using Prism 5.0.

We observed in previous studies that the infarct (scar) and area adjacent
to the infarct remained denervated 7 days after I-R in the rat heart, while
hyperinnervation was visible farther away from the developing scar (Li et al.,
2004). Subsequent studies have shown hyperinnervation within the infarct after
chronic ischemia (Hasan et al., 2006). To investigate further neural remodeling
after I-R, we moved to the mouse heart where the cardiac infarct is fully formed
and stable 10 days after I-R (Dobaczewski et al., 2006). We examined
sympathetic nerve density in the left ventricle 10 days after I-R or sham surgery
using TH immunohistochemistry. Sympathetic nerve fibers were detected
throughout the LV of sham operated animals, but no sympathetic fibers were
observed within the infarct 10 after I-R (Figure 1A+B). A follow up experiment
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revealed ongoing denervation of the infarct 20 days after I-R (Figure 1D).
Sympathetic fiber density outside of the infarct was similar to the innervation
density in sham animals 10 and 20 days after surgery (Figure 1C+D). Following
10 days of chronic ischemia (Figure 1E), however, sympathetic innervation
density within the infarct was similar to the surrounding peri-infarct (Figure 1F).

The lack of scar-reinnervation 10 and 20 days after I-R in the mouse
heart, while the rest of the heart had normal innervation, suggested that axon
regeneration was blocked at the edge of the infarct. This presented a striking
contrast to the reinnervation observed in the rat heart 10 days after chronic
ischemia (Hasan et al., 2006)(Fig 1E, F). Co-culture of ischemic heart tissue with
a sympathetic ganglion leads to enhanced axon outgrowth that is blocked by an
anti-NGF antibody (Hasan et al., 2006). To determine if this apparent
discrepancy was due to differential effects of chronic ischemia vs. ischemiareperfusion, we carried out explant experiments with tissue from both types of
injury. We co-cultured mouse heart tissue taken 10 days after sham, chronic
ischemia, or I-R surgery with neonatal sympathetic ganglia, with or without
antibodies to NGF, and measured axon outgrowth after 48 hours. Axon length
was quantified in three cardinal directions around the ganglion (Figure 2A) to
determine if explanted myocardium released factors into the media that
stimulated axon growth. Heart explants from both types of myocardial infarction
– ischemia and I-R – enhanced axon outgrowth compared to sham explants
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(Figure 2B). The increase in axon growth was blocked by anti-NGF antibodies,
but anti-NGF had no effect on axon length in sham co-cultures (Figure 2B).
Thus, NGF is released from the cardiac scar after both ischemia and ischemiareperfusion.
Although axon growth was enhanced overall in I-R explant co-cultures, we
noted that growth was more variable in those co-cultures compared to sham and
chronic ischemia explants. This was due to a consistent asymmetry in axon
outgrowth in the I-R-ganglion co-cultures, where axons growing directly toward
the heart were consistently shorter than axons growing in other cardinal
directions (Figure 2C). Figure 2C shows axon lengths from representative cocultures. In three independent experiments, symmetrical growth was observed
in sham and chronic ischemia co-cultures, while asymmetrical growth was
observed in I-R co-cultures, with significantly shorter axons growing directly
toward heart explants (Figure 2D). Our anti-NGF data suggested that NGF was
elevated in I-R co-cultures, so the consistently shorter axons projecting toward
the heart led us to ask if I-R infarcts might be producing inhibitory extracellular
matrix that formed a barrier to axon extension.

Nerve regeneration in the CNS is commonly prevented by inhibitory extracellular matrix that includes hyaluronic acid (HA) (Tona and Bignami, 1993) and
chondroitin sulfate proteoglycans (CSPGs)(McKeon et al., 1999;Asher et al.,
2001;Jones et al., 2002). HA is present in the developing mouse infarct after I-R
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and is highest at the border zone of the mature scar (Dobaczewski et al., 2006),
but it is not known if CSPGs are present in the heart after I-R. We ask whether
CSPGs were present within the I-R infarct by carrying out immunohistochemistry
with the pan-CSPG antibody CS-56 (Avnur and Geiger, 1984). This antibody
binds to chondroitin sulfate (CS) rather than a specific core protein. CS-56
staining was absent in sham hearts (Figure 3A) and localized to the infarct after IR (Figure 3B). Interestingly, CSPGs were undetectable in the chronic ischemia
infarct (Figure 3C). This suggests that CSPGs and HA are present after I-R and
are candidates for inhibiting axon growth into the infarct.

CSPGs (McKeon et al., 1991;Davies et al., 1997) and HA (Tona and
Bignami, 1993) inhibit axon regeneration in the CNS, but they have not been
examined in sympathetic nerve regeneration. To examine sympathetic axon
responses to CSPGs, dissociated sympathetic neurons were grown in serum free
medium to limit formation of dendrites (Lein et al., 1995), and treated for 24 hrs
with increasing concentrations of CSPGs diluted in media. Neurites were
analyzed using the Sholl method. Soluble CSPGs inhibited process outgrowth in
a dose-dependent manner (Figure 4B). Similar results were obtained when
neurons were grown on plates pre-coated with increasing concentrations of
CSPGs (Figure 4C). CSPG-induced inhibition of axon outgrowth was prevented
by treatment of CSPGs with ChABC (data not shown). While these experiments
indicated that CSPGs inhibited axon outgrowth when in contact with the entire
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neuron, they don’t reveal whether local contact of the growing axon with CSPGs
would block extension. To determine if CSPG interaction with axons blunted
outgrowth, compartmentalized micro-fluidic chambers were used, and only the
axonal compartment was coated with CSPGs. When axons encountered
CSPGs, growth slowed significantly, and axon bundles formed that were absent
in the control cultures (Figure 4E). Axon growth was restored by degradation of
CSPGs by ChABC, indicating that sympathetic axon outgrowth was inhibited by
CSPGs in the axonal compartment (Figure 4F). In contrast to the strong
inhibition of axon outgrowth by CSPGs, soluble HA had no effect on sympathetic
axon outgrowth (Figure 5A). This was also true when both high and low
molecular weight forms of HA were pre-coated onto plates (Figure 5B).

We observed CSPGs in infarcted myocardium after I-R, and found that
CSPGs inhibited sympathetic axon outgrowth. To test if infarct-derived CSPGs
prevented sympathetic axon extension, we carried out co-culture experiments
with or without ChABC to degrade CSPGs. Sham or I-R myocardium was split
into two pieces and co-cultured with a sympathetic ganglion in the presence of
vehicle or ChABC. In vehicle-treated I-R co-cultures, axons growing directly
toward the heart were shorter than axons growing in other directions (Figure 6A).
However, in the ChABC-treated I-R co-cultures, axons growing toward the heart
were not significantly shorter than axons growing in other directions (Figure 6B).
This suggests that I-R explants secreted inhibitory CSPGs into the surrounding
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Matrigel and these CSPGs were degraded by ChABC. Treatment with ChABC
had no effect on axon growth in sham co-cultures (data not shown). These data
can be expressed as a ratio of growth toward the heart/growth away from the
heart (0º/90º) to control for different amounts of total growth in each individual coculture, and data combined across multiple co-cultures (Figure 6C). ChABC
consistently increased axon growth toward I-R explants, providing strong
evidence that CSPGs produced by infarcted myocardium after I-R inhibit
sympathetic regeneration into the infarct.

σ
Enzymatic degradation of CSPGs proved sufficient to overcome infarctinduced inhibition of sympathetic axon outgrowth

. To further test the role

of infarct-derived CSPGs, we used mice that lack the CSPG receptor protein
tyrosine phosphatase sigma (PTPσ) (Elchebly et al., 1999;Shen et al., 2009).
First, we confirmed that CSPGs did not inhibit sympathetic outgrowth in neurons
lacking PTPσ. Sympathetic ganglia from

and

mice were treated

with or without (1µg/mL) CSPGs, and the growth rate was quantified.
axon growth was inhibited by CSPGs, but
(Figure 7A). Sympathetic ganglia from

axons were not affected
and

mice were then

cultured with sham or I-R explants to determine if the lack of PTPσ would allow
axon growth through the CSPGs release by I-R explants. Figure 7B shows an
example of tissue from a single heart co-cultured with
ganglia. Infarcted myocardium inhibited the growth of

-/- and
and
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axons but did not inhibit growth of

axons (Figure 7C). Similar results were

obtained in three independent experiments, averaged in Figure 7D. Together,
these

experiments strongly support the idea that CSPGs are the primary

agents responsible for inhibiting sympathetic axon regeneration in the heart after
I-R, and that PTPσ is the major receptor for CSPGs in these neurons.
To test the role of CSPGs

,

mice underwent ischemia-

reperfusion or sham procedures. Ten days after surgery, heart sections were
double-labeled for TH to identify sympathetic neurons and fibrinogen to identify
the infarct. Sham animals showed no significant fibrinogen staining, and TH
positive sympathetic fibers were evenly distributed in the sham left ventricles of
both genotypes (Figure 8A+C). Likewise, TH-positive fiber densities outside the
infarct were similar in both genotypes 10 days after I-R (Figure 8E). However,
the infarct was devoid of sympathetic innervation in

mice, while

-/-

hearts exhibited significant hyperinnervation within the infarct (Figure 8B+D).
The hyperinnervation is consistent with co-culture experiments indicating high
levels of NGF in the scar, and confirms that CSPGs prevent reinnervation of the
infarct after cardiac ischemia-reperfusion.

Sympathetic neurons typically regenerate after injury, in contrast to central
neurons whose regeneration is often limited. Reinnervation of the heart after
chronic ischemia (Vracko et al., 1990;Zhou et al., 2004;Hasan et al., 2006;ElHelou et al., 2008) or cardiac transplantation (Bengel et al., 1999;Estorch et al.,
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1999;Bengel et al., 2001;Bengel et al., 2002) fit this model of robust sympathetic
regeneration. However, we found that a common injury affecting over a million
people each year in the US (Roger et al., 2012a) – cardiac ischemia-reperfusion
– generates a scar that is refractory to reinnervation. In this study, we found that
regeneration into the cardiac scar is prevented by CSPGs, which also inhibit
axon regeneration in the CNS (McKeon et al., 1991;Davies et al., 1997). We
further showed that CSPGs prevent scar reinnervation by acting through PTPσ
on sympathetic neurons, and that the absence of PTPσ led to hyperinnervation of
the scar

. This is the first demonstration of injury-induced CSPGs

preventing sympathetic reinnervation of a target innervated by the autonomic
nervous system.
We investigated a role for CSPGs in cardiac remodeling after I-R, because
the lack of scar reinnervation was reminiscent of the lack of axon regeneration in
the CNS after injury. Neurons in the CNS are prevented from regenerating by
inhibitory molecules of the extracellular matrix including CSPGs, tenascin C
(TnC), and HA (Reviewed by (Properzi et al., 2003;Silver and Miller,
2004;Sherman and Back, 2008;Fitch and Silver, 2008). These inhibitory matrix
molecules are generated by reactive astrocytes and are key components of the
“glial scar”. CSPGs are particularly important for preventing axon regeneration in
the CNS, and removal of CS chains from core proteins with the enzyme
chondroitinase ABC can restore axon regeneration in culture and

(Lin et

al., 2008;Massey et al., 2008;Nakamae et al., 2009;Lee et al., 2010;Tom et al.,
2009). Formation of a cardiac scar shares some similarities with formation of a
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glial scar. Cardiac I-R triggers a significant inflammatory response including
production of cytokines and infiltration of neutrophils and monocytes, a process
that initiates fibroblast proliferation and migration (Porter and Turner, 2009).
Similar to astrocytes in CNS injury, activation of fibroblasts results in the
production of extracellular matrix and maturation of a collagen based scar that
contains TnC (Tamaoki et al., 2005) and HA (Dobaczewski et al., 2006). HA
inhibits myelination of central axons (Back et al., 2005), but at least some of its
effects on axon outgrowth are due to interactions with CSPGs (Sherman and
Back, 2008). Our data indicate that low and high molecular weight HA had no
effect on sympathetic axon outgrowth, and that CSPGs are the major source of
axon inhibition. It is not yet clear if fibroblasts are the source of CSPGs in the I-R
infarct, or why CSPGs are not present in the chronic ischemia infarct which is
also characterized by fibrosis (Pfeffer and Braunwald, 1990), but future studies
can address these issues.
The striking hyperinnervation observed in

hearts after I-R confirms

the central role for CSPGs inhibiting regeneration, as well as the presence of
high NGF in the scar. This hyperinnervation is interesting for several reasons.
First, multiple receptors have now been identified for CSPGs (Shen et al.,
2009;Fisher et al., 2011;Dickendesher et al., 2012), and our data suggest that
PTPσ is the major receptor in sympathetic neurons. Second, removal of CSPGs
in the spinal cord is not sufficient to restore growth without also adding
neurotrophins (Jones et al., 2003;Garcia-Alias et al., 2011). Our data show that
in the heart, simply removing inhibitory CSPG signaling results in
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hyperinnervation of the scar, making this an interesting model for testing CSPGtargeted therapeutics. Third, proNGF was recently identified as elevated in the
heart after I-R, where it contributes to expansion of the infarct after reperfusion
(Siao et al., 2012). ProNGF, which is elevated in the mouse heart 1 and 3 days
after I-R (Siao et al., 2012), stimulates axon degeneration rather than outgrowth
in adult sympathetic neurons in vivo (Al-Shawi et al., 2008). Given that we
carried out the mouse I-R procedure identically in the proNGF study (Siao et al.,
2012) and the current study, our data suggest that sometime between days 3
and 10 post-injury, the balance shifts between proNGF and NGF so that NGF
effects predominate and hyperinnervation occurs. Finally, high levels of NGF are
sufficient to support sensory neuron growth over CSPGs

(Zhou et al.,

2006), but our data indicate that the amount of NGF in the heart is not sufficient
to stimulate sympathetic regeneration through CSPGs and into the cardiac scar.
The functional consequences of reinnervating the infarct are not yet
understood. While reinnervation of the infarct and presumptive restoration of NE
release following I-R will not enhance contractile function in the scar, it may
stimulate contractility of myocytes surrounding the infarct, and thus increase
cardiac output in

mice. It is likely, however, that reinnervation of the scar

will have a greater impact on arrhythmia susceptibility than on contractile function
or cardiac output. Heterogeneity of sympathetic transmission after MI, and
subsequent electrical remodeling of cardiac myocytes, is a major contributor to
the development of arrhythmias and sudden cardiac death in humans (Rubart
and Zipes, 2005;Nishisato et al., 2010). Early studies mapping sympathetic
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innervation in human hearts after I-R with 123I-MIBG imaging and identified
denervation (Stanton et al., 1989) followed by some reinnervation of peri-infarct
myocardium (Hartikainen et al., 1996). Recent detailed mapping studies in intact
human hearts revealed sympathetic denervation of the normal myocardium
directly adjacent to the scar (Vaseghi et al., 2012). Denervation led to electrical
remodeling, so that the activation recovery interval at the border zone differed
from that of the scar and surrounding viable myocardium. Dispersion of
activation recovery interval is indicative of electrical instability in the heart, and
significantly increases the probability of arrhythmia (Kuo et al., 1983). Given the
secretion of CSPGs from infarct explants, the denervation at the border zone in
human hearts may be due to the presence of inhibitory CSPGs. Thus, degrading
CSPGs

with ChABC might restore innervation to the border zone and

decrease arrhythmia susceptibility.
In summary, this study provides the first example of CSPGs preventing
sympathetic reinnervation of an autonomic target following injury, despite high
levels of NGF in the infarct. We show that CSPGs act through PTPσ to block
sympathetic axon outgrowth, and that the absence of PTPσ results in
hyperinnervation of the infarct. This may have important consequences for
cardiac function and arrhythmia susceptibility for people who suffer a myocardial
infarction.
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VI. Figures

Heart sections
from Sham

I-R

and chronic ischemia

operated mice were stained for TH

(green) to identify sympathetic nerve fibers and fibrinogen (red) to identify the infarct
(scale bars=100µm). TH+ fibers were quantified in the infarct and peri-infarct ventricle
(or the corresponding area of sham ventricle) 10 days
reperfusion, or after 10 days of chronic ischemia

or 20 days

after

. Data are the Mean±SEM,

n=4/surgical group; (C) ***p<.001 vs. sham and vs. peri-infarct; (D) ***p<.001 vs. periinfarct; (F) no significant differences.
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Left: An
illustration of the co-culture method showing three cardinal directions around the
ganglion where axon length was quantified (0º, 90º, 180º). Right: photo of a ganglion cocultured with I-R heart explant (scale bar=200µm).

SCGs were co-cultured with

heart tissue from sham, I-R infarcts, or chronic ischemia infarcts, treated with vehicle or
a function blocking anti-NGF antibody, and axon length was quantified. Triplicate cocultures were assayed for each condition. Data are Mean±SEM; without anti-NGF,
*p<.05 and **p<.01 vs. sham; with anti-NGF, *p<.05 and **p<.01 vs. vehicle, not
significant (n.s.) vs. sham.

Directional axon length for the vehicle treated co-cultures

quantified in panel B. Axon length at 0º, 90º, and 180º is graphed separately rather than
pooled together (triplicate co-cultures, 6 measurements/direction in each co-culture,
Mean±SEM, **p<.01 vs. 0º). For illustration purposes, the length measurements at 0º,
90º, and 180º were used to generate a diagram of axon growth in all directions.
Ratio of growth toward the heart/growth away from the heart (0º length/90º length)
averaged across three independent co-culture experiments carried out without NGF
antibodies (Mean ±SEM; ***p<.001). A ratio of 1 is similar growth at 0º and 90º, a ratio
less than 1 indicates shorter axons at 0º.
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Heart
sections from Sham

I-R

and chronic ischemia

operated mice were stained

10 days after surgery for TH (green) to identify sympathetic nerve fibers, and for
chondroitin sulfate proteoglycans (CS) using the CS-56 antibody (red) (scale
bar=100µm) . Similar results were obtained in sections from 4 hearts in each surgical
group.
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A representative
image of a sympathetic neuron, overlayed with a series of concentric circles for Sholl
analysis (scale bar=20µm). Dissociated sympathetic neurons were treated with soluble
CSPGs

, or plated onto dishes pre-coated with CSPGs

, and neurite crosses were

quantified by Sholl analysis. Data are the Mean±SEM of least 10 neurons/condition,
**p<.01; ***p<.001. Similar results were obtained in 3 independent experiments.
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Illustration of a microfluidic chamber with a ganglion explant on one
side and axons growing through grooves into a second chamber that was coated with
collagen or CSPGs.

Representative micrographs of axons growing at t=0 and t=3 hr

on collagen or CSPGs (1µg/mL). White arrowheads indicate the leading edge of the
axon in the t=0 image, while black arrowheads indicate the final point of the axon at
t=3hr (scale bar=20µm). Note bundling of the axons growing on CSPGs.
Quantification of axon growth in microfluidic chambers where the distal compartment
was coated with Collagen, Collagen/CSPGs, or Collagen/CSPGs+ChABC. Data are
Mean±SEM of at least eight axons per condition, **p<.01, and similar results were
obtained in three independent experiments.
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Dissociated sympathetic neurons were treated with soluble HA

, or plated onto dishes

pre-coated with low molecular weight (LMW) or high molecular weight (HMW) HA

,

and neurite crosses were quantified by Sholl analysis. Data are the Mean±SEM of least
10 neurons/condition. Similar results were obtained in three independent experiments.
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SCGs were co-cultured with heart tissue after sham or I-R surgery, and
treated with either vehicle

or ChABC

. Tissue from a single heart was split

between the vehicle and ChABC groups. Axon length was quantified at 0º, 90º, and
180º (6 measurements/direction) and triplicate co-cultures were averaged (Mean±SEM,
*p<.05 vs. 90º and 180º).

Axon length normalized as the ratio of growth toward the

heart/growth away from the heart (0º length/90º length) averaged from three
independent experiments, each assayed in triplicate. (Mean ±SEM; ***p<.001).
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PTPσ
and

SCG explants treated with 1µg/mL CSPGs. Data are Mean±SEM;

n=3, **p<.01, and are representative of 3 independent experiments.
a

and

Axon growth rate in

Micrographs of

SCG co-cultured with I-R infarct tissue from the same heart. The

culture was fixed and stained for TH to highlight axons (scale bar=200µm).
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and

SCG explants were co-cultured with sham or I-R

infarcted heart tissue. Axon length was quantified at 0º, 90º, and 180º (6
measurements/direction) and triplicate co-cultures were averaged (Mean±SEM, *p<.05
vs. 90º and 180º).

Axon length normalized as the ratio of growth toward the

heart/growth away from the heart (0º length/90º length) averaged from three
independent experiments, each assayed in triplicate.
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PTPσ

Heart

sections from Sham (A,C) or I-R (B,D) operated ptprs +/- (A,B) and ptprs -/- (C,D) mice
were stained for TH (green) to identify sympathetic nerve fibers and fibrinogen (red) to
identify the infarct (scale bar=100µm). Sham hearts of both genotypes (A,C) exhibit
normal innervation. In contrast, the infarct is denervated in ptprs+/- hearts (B), but hyperinnervated in ptprs-/- hearts (D). (E) Quantification of TH-positive fiber density within the
left ventricle of sham and I-R operated (infarct and peri-infarct) animals 10 days post
surgery (Mean ±SEM, n=5 mice/group; two way ANOVA **p<.01, ***p<.001).
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I.

Abstract
Millions of people suffer a myocardial infarction (MI) every year, and those

who survive have increased risk of arrhythmias and sudden cardiac death.
Recent clinical studies have identified sympathetic denervation as a predictor of
increased arrhythmia susceptibility. Chondroitin sulfate proteoglycans present in
the cardiac scar after MI prevent sympathetic reinnervation by binding the
neuronal protein tyrosine phosphatase receptor σ (PTPσ). We targeted PTPσ in
mice to promote sympathetic reinnervation of infarcted and peri-infarct
myocardium, and asked if this altered arrhythmia susceptibility. We found that the
absence of PTPσ, or pharmacologic modulation of PTPσ by the novel
intracellular sigma peptide (ISP) beginning three days after injury, restored
sympathetic innervation to the scar and markedly reduced arrhythmia
susceptibility. Using optical mapping we observed increased dispersion of action
potential duration, super-sensitivity to β-adrenergic receptor stimulation, and Ca2+
mishandling following MI. Sympathetic reinnervation prevented these changes
and rendered hearts remarkably resistant to induced arrhythmias.

II.

Introduction
Survivors of myocardial infarction (MI) remain at high risk for cardiac

arrhythmias and sudden cardiac death (Solomon et al., 2005). The infarct, or
scar, generates an anatomical substrate that promotes re-entrant arrhythmias
(Jalife, 2000), but numerous studies indicate that altered sympathetic
neurotransmission in the heart also plays a key role in the onset of post-infarct
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cardiac arrhythmias (Nademanee et al., 2000;Basu et al., 1997;Billman et al.,
1997;Exner et al., 1999;SCHWARTZ et al., 1992). The transmural (epicardial to
endocardial) gradient in action potential duration (APD), which is accompanied
by a transmural gradient in sympathetic innervation density, is critical for normal
activation and repolarization of the left ventricle (Antzelevitch et al.,
1991;Nabauer et al., 1996;Brunet et al., 2004;Kimura et al., 2012).
Norepinephrine (NE) released from sympathetic nerves activates cardiac βadrenergic receptors (β-AR) to modulate myocyte repolarization by altering
transmembrane currents and Ca2+ homeostasis (Thomas et al., 2004;Cutler et
al., 2011;Bers, 2008), and simply disrupting the transmural gradient of
sympathetic innervation in an otherwise normal heart is arrhythmogenic (Ieda et
al., 2007;Lorentz et al., 2010). Cardiac sympathetic function is altered in a
region-specific manner following MI, and studies in animals and humans reveal
denervation of the infarct and adjacent, viable (peri-infarct) myocardium (Barber
et al., 1983;Dae et al., 1995;Li et al., 2004;Simula et al., 2000;Stanton et al.,
1989;Stanton et al., 1989). Three recent studies in patients with implanted
cardioverter defibrillators (ICDs) suggest that the amount of sympathetic
denervation after MI predicts the probability of serious ventricular arrhythmias
(Boogers et al., 2010;Nishisato et al., 2010;Fallavollita et al., 2013). A detailed
electrical mapping study in intact human hearts revealed that sympathetic
denervation of the normal myocardium adjacent to the scar resulted in β-AR
agonist super-sensitivity and increased dispersion of repolarization that was
arrhythmogenic (Vaseghi et al., 2012). These studies and others led to the model
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that inappropriate heterogeneity of sympathetic transmission across the left
ventricle, and subsequent electrical remodeling of cardiac myocytes, is a major
contributor to post-infarct arrhythmias in humans (Rubart and Zipes, 2005).
The observation that denervated myocardium adjacent to the infarct
contributes to the generation of post-infarct arrhythmias (Vaseghi et al., 2012)
was especially interesting to us because chondroitin sulfate proteoglycans
(CSPGs) in the cardiac scar prevent re-innervation of the infarct and adjacent
myocardium by sympathetic axons (Gardner and Habecker, 2013). Although
axons sprout and regenerate toward the scar (Lorentz et al., 2013), they are
stopped near the outer edge of the infarct by CSPGs. In the absence of the
CSPG receptor, Protein Tyrosine Phosphatase receptor sigma (PTPσ),
sympathetic axons fully reinnervate undamaged peri-infarct tissue and
hyperinnervate the infarct (Gardner and Habecker, 2013). Given the clinical
significance of sympathetic denervation after MI (Boogers et al., 2010;Fallavollita
et al., 2013;Nishisato et al., 2010;Vaseghi et al., 2012), we were interested to
determine if restoring sympathetic innervation to the infarct and surrounding
myocardium altered post-MI arrhythmia susceptibility.

We targeted PTPσ using both genetic and pharmacologic approaches in
order to promote reinnervation of the infarct, and used electrocardiogram (ECG)
telemetry to examine arrhythmia susceptibility. Transmembrane potential (Vm)
and intracellular Ca2+ dynamics were assessed using ex vivo optical mapping in
order to investigate the mechanisms underlying changes in arrhythmia
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susceptibility. Restoring sympathetic innervation to the infarct and the
surrounding tissue decreased arrhythmia susceptibility and normalized cardiac
electrophysiology and Ca2+ dynamics, despite the presence of a scar.

III.

Methods (additional details in the detailed methods chapter)

PTPσ (ptprs) transgenic mice (BalbC) were supplied by Michel Tremblay (McGill
University) (Elchebly et al., 1999), and were bred as heterozygotes (Gardner and
Habecker, 2013). Age and gender-matched mice 12-18 weeks old were used for
all experiments. All procedures were approved by Institutional Animal Care and
Use Committees and comply with the Guide for the Care and Use of Laboratory
Animals published by the National Academies Press (8th edition).
Myocardial ischemia-reperfusion (I-R) was carried out as described (Gardner and
Habecker, 2013;Lorentz et al., 2013). Anesthesia was induced with 4% isoflurane
and maintained with 2% isoflurane. The left anterior descending coronary artery
(LAD) was reversibly ligated for 30 min (telemetry studies) or 45 min (ex vivo
mapping) and then reperfused by release of the ligature.
In vivo telemetry devices were implanted 5 days prior to I-R surgery (Lorentz et
al., 2010). Arrhythmias were induced by IP injection of 10 µg isoproterenol (ISO)
10 days after I-R. Some mice were given daily IP injections of vehicle (5%
DMSO/Saline), IMP (Intracellular Mu Peptide; 10 µmol), or ISP (Intracellular
Sigma Peptide,10 µmol) beginning 3 days after I-R.
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Immunohistochemistry for tyrosine hydroxylase (TH; sympathetic nerve fibers)
and fibrinogen (Fib; infarct/scar) was carried out as described previously
(Gardner and Habecker, 2013;Lorentz et al., 2013). Sympathetic nerve density
and infarct size were quantified using ImageJ.
NE content was quantified by HPLC as described previously (Lorentz et al.,
2013).
Langendorff perfusion and dual optical mapping of Vm and Ca2+ were carried out
as described previously(Myles et al., 2012), using the fluorescent intracellular
Ca2+ indicator Rhod-2 AM (Molecular Probes) and the voltage-sensitive dye
RH237 (Molecular Probes).
Statistics: Data were analyzed by t-test, one-way ANOVA, or two-way ANOVA
depending on the number and size of groups. Analyses were carried out using
Prism 5.0.
IV.

Results

Targeting PTPσ restores sympathetic innervation after MI and prevents
ventricular arrhythmias
We previously observed (Gardner and Habecker, 2013) that CSPGs
generated in the cardiac scar after ischemia-reperfusion prevented reinnervation
of the infarct (Figure 1A) despite high levels of NGF (Nerve Growth Factor) in the
scar. The infarct becomes hyperinnervated in animals lacking the CSPG receptor
PTPσ (Gardner and Habecker, 2013) (Figure 1B), confirming the crucial role for
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PTPσ in sympathetic denervation after MI. Since cardiac denervation is linked to
risk for arrhythmia and cardiac arrest in human studies (Boogers et al.,
2010;Nishisato et al., 2010;Fallavollita et al., 2013), we asked if restoring
sympathetic innervation to the infarct and surrounding myocardium affected
arrhythmia susceptibility. Control mice (ptprs+/-; HET) and mice lacking PTP
(ptprs-/-; KO) were implanted with ECG telemetry transmitters and then
subjected to sham or MI surgery. Ten days after surgery, mice were injected
with 10 µg of the beta agonist isoproterenol (ISO) to mimic circulating
catecholamines and provoke arrhythmias. ISO stimulated comparable increases
in heart rate in all mice (Figure 1C), but the arrhythmia response differed based
on the innervation status of the infarct. Isoproterenol stimulated few premature
ventricular complexes (PVCs) in sham mice of either genotype, but triggered a
significant number of PVCs in HET mice with denervated infarcts (Figure 1E). In
contrast, KO mice with innervated infarcts were resistant to ISO-induced
arrhythmias, having the same number of PVCs as sham animals (Figure 1E).
The infarct size in both genotypes was the same (Figure 1D), indicating the
difference in arrhythmia susceptibility could not be explained by scar size.
To confirm that reinnervation of the infarct and surrounding tissue
decreased arrhythmia susceptibility, we sought to restore innervation in mice
expressing normal levels of PTPσ. In order to promote regeneration of
sympathetic axons through the CSPG-rich cardiac scar, we utilized Intracellular
Sigma Peptide (ISP), developed by Lang and Silver to target the intracellular
dimerization domain of PTPσ (Lang and et al., 2013). ISP restored growth of
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CNS axons through CSPGs in vitro (Lang and et al., 2013), and systemic
injections of ISP enhanced axon sprouting through CSPGs after spinal cord
injury in vivo (Lang and et al., 2013). We asked if targeting PTPσ with ISP could
restore sympathetic axon regeneration into the cardiac scar. Wild type (ptprs+/+)
mice were implanted with ECG telemetry transmitters, and a week later
subjected to ischemia-reperfusion surgery. Beginning three days after MI, when
the infarct was fully denervated (Lorentz et al., 2013), mice were injected daily
(IP) with vehicle (5% DMSO/Saline), ISP (10 µmol; 44 µg) or IMP (Intracellular
Mu Peptide) as a negative control (10 μmol; 42 µg). IMP targets the receptor
PTPμ, which is not present in sympathetic neurons. Fourteen days after the MI
surgery, mice were treated with ISO to mimic circulating catecholamines and
provoke arrhythmias, and hearts were collected for analyses of sympathetic
innervation. Animals treated with either vehicle or IMP had denervated infarcts
(Figure 2 A,B), whereas animals treated with ISP had normal levels of
sympathetic innervation throughout the left ventricle, including the infarct (Figure
2C). Thus, daily ISP injections beginning 3 days after the injury, when
denervation was well established, allowed robust regeneration of sympathetic
axons into the CSPG-laden cardiac scar.
Several studies indicate that newly regenerating sympathetic axons in the
damaged heart have low levels of NE (Parrish et al., 2010;Kimura et al., 2007),
likely due to local depletion of TH by inflammatory cytokines (Shi and Habecker,
2011). The cardiac scar in mouse heart is mature by 10-12 days after
reperfusion and acute inflammation has resolved (Dobaczewski et al., 2006).
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Therefore, we quantified NE levels in the infarct and peri-infarct myocardium 14
days after surgery to determine if the axons that had reinnervated the infarct and
surrounding myocardium had normal NE levels. NE content was low in the
denervated infarct of vehicle-treated animals, but was normal in the innervated
infarct of ISP-treated animals (Figure 2E). NE content in the undamaged portion
of the left ventricle was similar in both treatment groups (Figure 2E), consistent
with identical innervation densities (Figure 2D). Likewise, NE content in the
undamaged right ventricle was similar in both groups (data not shown). These
data indicate that restoring innervation to the infarct with ISP normalizes NE
levels across the left ventricle by two weeks after MI.
Since regional sympathetic denervation is thought to be an important
source of post-MI arrhythmia susceptibility, we quantified ISO-induced
arrhythmias 14 days after MI in mice treated with vehicle, IMP, or ISP.
Isoproterenol triggered significantly fewer PVCs in ISP- treated mice, which had
innervated infarcts and normal NE content, than in the vehicle or IMP treated
groups which had denervated infarcts and low NE content (Figure 2F). These
data suggest that restoring sympathetic transmission throughout the infarcted left
ventricle, even days after denervation is established, is sufficient to decrease
arrhythmia susceptibility.

Restoring innervation decreases dispersion of APD90 and prevents β-AR supersensitivity

86

Activation of cardiac β receptors decreases myocyte action potential
duration (APD90) by changing ion channel activity and Ca2+ handling to allow for
adaptation to fast heart rates (Thomas et al., 2004;Cutler et al., 2011;Bers,
2008). In order to assess directly the impact of infarct reinnervation on cardiac
electrophysiology, we used optical mapping to simultaneously image intracellular
Ca2+ and Vm in Langendorff-perfused isolated hearts. PTP KO mice were used
to examine the effect of reinnervation on cardiac electrophysiology, with ptprs+/(HET) mice serving as denervated controls.
In order to compare baseline electrical properties, a pacing electrode was
positioned on the base of the LV epicardium, and APD90 was assessed at a
pacing interval of 150 ms (400 bpm heart rate). Figure 3B (top) shows a
representative sample of action potential propagation across a heart from each
group: HET Sham, KO Sham, HET MI, and KO MI. Quantification of mean
APD90 revealed it was similar across all four groups (Figure 3C). Figure 3B
(bottom) shows a representative map of APD90 throughout a single heart.
Although mean APD90 is the same, it is clear that the denervated HET MI heart
exhibits greater extremes of APD90 than the other hearts. The interquartile range
(IQR) is a measure of APD90 variability, or dispersion, across an individual heart.
IQR was significantly higher in denervated HET MI hearts compared to all other
groups (Figure 3D), consistent with increased dispersion of APD after myocardial
infarction in human studies (Vaseghi et al., 2012). Surprisingly, sympathetic
reinnervation of the infarct prevented an increase in APD dispersion following MI
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(Figure 3D), despite the presence of a cardiac scar similar to that in the HET MI
group (Figure 3E).
Sudden cardiac death is most common in the morning (Muller et al.,
1987), when circulating catecholamines (NE and epinephrine) are rising rapidly
(Scheer et al., 2010). Given the protective role of beta blockers in humans, we
wanted to examine the role of β-AR and circulating catecholamines in arrhythmia
generation in our infarcted mouse hearts. We treated hearts with tyramine to
induce release of endogenous NE from sympathetic axons within the heart, and
with ISO to mimic circulating catecholamines. Release of endogenous NE with
tyramine resulted in similar APD shortening across all groups (% change: HET
Sham -0.5±0.6, HET MI -0.8±0.6, KO Sham -0.2±0.2, KO MI -2.1±0.6; n=3-5,
mean±sem). In contrast, treatment with ISO, which mimics the effect of
circulating catecholamines in vivo, stimulated a significantly greater shortening of
APD90 in denervated HET MI hearts compared to all other groups (Figures 4A,
B). This denervation-induced β-AR super-sensitivity is consistent with studies in
other animal models and recent human data (Schomig and Richardt,
1990;Vaseghi et al., 2012).
Restoring sympathetic innervation prevents intracellular Ca2+ mishandling and
PVCs
In order to identify the mechanisms underlying changes in cardiac
electrophysiology, we examined intracellular Ca2+ handling at various pacing
frequencies and after ISO treatment. Disrupted calcium homeostasis can result
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in beat-to-beat fluctuations between large and small intracellular calcium
transients (CaT) called alternans, which is a sensitive noninvasive marker for risk
of sudden cardiac death in humans (Wilson et al., 2006). Intracellular Ca2+
handling appeared normal in sham hearts of both genotypes when paced with a
100 ms pulse interval (600 bpm heart rate; Figure 5). However, HET hearts with
denervated infarcts (HET MI) exhibited significant intracellular Ca2+ alternans at
the same pacing frequency (Figure 5). Interestingly, KO hearts with infarcts (KO
MI) did not exhibit intracellular Ca2+ alternans (Figure 5), suggesting that
restoring sympathetic innervation to the infarct and surrounding tissue protects
intracellular Ca2+ homeostasis.
The notion that sympathetic reinnervation of the peri-infarct border and
scar protects intracellular Ca2+ handling was confirmed by analyzing intracellular
Ca2+ after ISO administration. Under baseline conditions, normal excitationcontraction coupling occurred, in which membrane depolarization (Vm; black)
preceded the CaT upstroke (red) in hearts from both genotypes and surgical
groups (Figure 6A). In sham hearts treated with ISO, depolarization continues to
precede the CaT (data not shown). However, in the infarcted hearts, the
response to ISO differed depending on innervation status. Infarcted hearts with
sympathetic innervation restored throughout the entire left ventricle (KO-MI)
continued to exhibit normal Ca2+ handling after ISO treatment, Figure 6A, B),
while hearts with sympathetic denervation (HET-MI) exhibited increases in
diastolic intracellular [Ca2+] that preceded membrane depolarization (Figure 6A,
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B). This Ca2+ elevation was prevented by addition of the β-AR blocker
propranolol (Figure 6A, B).
We previously showed that strong localized β-AR stimulation can trigger
Ca2+ release independent of membrane depolarization that is sufficient to cause
PVCs (Myles et al., 2012). Therefore, we asked if ISO-stimulated Ca2+
mishandling led to the production of PVCs after MI. Quantification of PVCs in
HET and KO MI hearts confirmed the striking difference in arrhythmia
susceptibility observed during the in vivo ECG telemetry studies. ISO triggered
significantly more PVCs in HET MI hearts with denervated infarct/peri-infarct
myocardium compared to KO hearts with innervated infarct/peri-infarct tissue
(Figure 6D). Sham animal of both genotypes, however, had a similar number of
PVCs (HET vs. KO; Base: 1.00±.71 vs. 1.33±.88, Iso: 1.75±.48 vs. 1.33±.33). As
expected, administration of propranolol prevented ISO-induced PVCs in MI
hearts, confirming the role of β-AR (Figure 6D). Importantly, Ca2+ mapping
revealed that the Ca2+ elevation triggered by ISO was associated with PVCs
arising from the infarct region (Figure 6C). Thus, denervation induced β-AR
super-sensitivity leads to diastolic Ca2+ elevation near the infarct that is sufficient
to trigger PVCs. Restoration of sympathetic innervation to the infarct and
surrounding tissue normalizes Ca2+ handling and makes hearts resistant to ISOinduced arrhythmias (Figure 6D).
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V.

Discussion
Our data provide an important validation of the hypothesis that targeting

PTP can promote nerve regeneration through CSPG-containing scars in vivo,
and confirm the efficacy of the therapeutic peptide ISP(Lang and et al., 2013).
Myocardial infarction is an ideal system to test therapeutics targeted to PTPσ
because the cardiac scar contains high levels of NGF and simply removing PTPσ
is sufficient to promote robust regeneration into the scar (Gardner and Habecker,
2013). In complex situations like spinal cord injury where many types of neurons
are damaged and growth factor expression is low, it is likely that robust axon
regeneration through the scar will require targeting PTP and other inhibitors
together with the addition of appropriate growth factors or bridging scaffolds (Lu
and Tuszynski, 2008). Our data indicate that the peptide ISP is effective in
disrupting PTP in vivo and is able to restore axon regeneration through CSPGs
when appropriate growth factors are present. These data have important
implications for the treatment of spinal cord injury and other peripheral nerve
injuries where CSPG-PTP interactions prevent nerve regeneration.
Our data also have implications for patients who survive a myocardial
infarction and remain at risk for severe cardiac arrhythmias and sudden cardiac
death (Solomon et al., 2005). Those patients who have a left ventricular ejection
fraction ≤35% often receive prophylactic implantation of an ICD (Moss et al.,
2002), but low ejection fraction has not proven to be a very good predictor of
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those truly in need of ICDs. This is illustrated by the 8 year follow-up study from
the Multicenter Automatic Defibrillator Implantation Trial II, which found that 8
people must be implanted with ICDs to save 1 life over 8 years (Goldenberg et
al., 2010). ICDs are not risk free (Atwater and Daubert, 2012), so substantial
effort has gone into identifying parameters that can predict those patients most
likely to benefit. Three recent trials found that sympathetic denervation within the
heart after MI predicted the incidence of sudden cardiac arrest and arrhythmia
independent of infarct size and left ventricular ejection fraction (Boogers et al.,
2010;Nishisato et al., 2010;Fallavollita et al., 2013). Thus, testing for sympathetic
denervation is now being proposed as a method for identifying patients most
likely to need an ICD (Fallavollita et al., 2013).
The observation that local sympathetic denervation in the heart leads to
high arrhythmia risk seems to contradict the many clinical studies showing that
blocking sympathetic transmission in the heart, either with beta blockers or
surgical ganglionectomy, prolongs life after MI (Nademanee et al., 2000;LopezSendon et al., 2004;Exner et al., 1999;SCHWARTZ et al., 1992;Vaseghi et al.,
2013). However, a consensus has developed that inappropriate heterogeneity of
sympathetic transmission in the heart, and subsequent electrical remodeling of
cardiac myocytes, is arrhythmogenic (Rubart and Zipes, 2005). This
heterogeneity can be caused by the loss of sympathetic transmission in a portion
of the heart (Boogers et al., 2010;Nishisato et al., 2010;Fallavollita et al.,
2013;Vaseghi et al., 2012), or it can be caused by regional nerve sprouting and
hyperinnervation (Cao et al., 2000a;Cao et al., 2000b;Hasan et al., 2006;Oh et
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al., 2006;Zhou et al., 2004). In this context, surgical denervation and
administration of beta blockers can be seen as methods for “evening out”
sympathetic transmission across the heart by decreasing it everywhere. Our
data fully support the model that heterogeneity of sympathetic transmission after
MI is pathological, but our approach to correcting that problem was to restore
sympathetic transmission throughout the left ventricle by targeting PTP . It is
especially notable that we were able to restore innervation using a
pharmacologic intervention begun several days after injury when the infarct and
peri-infarct myocardium was denervated (Lorentz et al., 2013). Daily injections
with ISP were sufficient to restore functional sympathetic innervation, and
reinnervation rendered hearts surprisingly resistant to arrhythmias. Indeed,
infarcted hearts with restored sympathetic innervation were electrically
indistinguishable from sham hearts, despite the presence of a scar. These data
raise the possibility that targeting PTP using a simple systemically deliverable
peptide in patients who have survived a myocardial infarction might promote
reinnervation of otherwise denervated cardiac tissue, and that normalizing the
innervation might decrease arrhythmia risk.

93

VI.

Figures

Figure 3.1) Absence of PTPσ restores sympathetic innervation to infarcted
myocardium, and prevents ventricular arrhythmias. Heart sections from ptprs+/(A) and ptprs-/- (B) mice were stained for TH (green) to identify sympathetic nerve
fibers and fibrinogen (red) to identify the infarct. Scale bar, 100 µm. (C) Heart rate
was similar in both genotypes before (Base) and after (ISO) 10µg isoproterenol
injection (mean ± SEM, n=8/genotype). (D) Infarct size in HET and KO hearts
following 35 min of occlusion (mean ± SEM, n=4/group). (E) Isoproterenol induced
comparable levels of PVCs in conscious Sham HET and KO mice; however
isoproterenol induced significantly more PVCs in infarcted HET mice compared to
KO mice and to Sham HET mice (mean ± SEM, n=4/group, ***p<.001 vs. ptprs+/sham and ptprs-/- MI).
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Figure 3.2) ISP injection promotes sympathetic reinnervation of the infarct and
decreases arrhythmia. A-C) Representative images of infarcted LV from mice
treated with vehicle (A), IMP (B), or ISP (C). Sections were stained for TH (green)
to identify sympathetic nerve fibers and fibrinogen (red) to identify the infarct. ISP
treatment resulted in extensive sympathetic reinnervation of the infarct. (D)
Quantification of TH+ fiber density within the infarct, the area immediately adjacent
to the infarct (P1), and distal periday post-MI ( mean ± SEM, n=5/group; ***p<.001). (E) Norepinephrine (NE) content
in the infarct and peri-infarct LV (P1 and P2 combined) (mean ± SEM; n=5; ** p<.01,
***p<0.001). (F) Isoproterenol induced PVCs in conscious mice 14 days after MI
(mean ± SEM, n=5-6; * p<.05 vs vehicle and IMP). Vehicle and IMP groups are not
significantly different.
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Figure 3.3) Sympathetic innervation of the infarct reduces dispersion of APD.
(A) Image of a heart prepared for mapping. All maps are represented in this same
orientation. White arrow head indicates stimulating electrodes (B) Activation maps of
transmembrane potential (Vm) show propagation of a stimulus depolarization event
spreading from base to apex of the heart (top), and representative maps of APD90
(bottom). (C) MeanAPD90 is similar in all groups (mean ± SEM; n=5-6
hearts/group). (D) Interquartile range (IQR) of APD90, a measure of APD dispersion
(mean ± SEM; n=5-6, * p<.05). Hearts with denervated infarcts (HET MI) have
increased APD dispersion compared to sham hearts, while hearts with innervated
infarcts (KO MI) do not. (E) Infarct size in HET and KO hearts following 45 min of
occlusion (mean ± SEM, n=5/group).
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Figure 3.4) Sympathetic innervation of the infarct prevents β-AR supersensitivity. (A) APD90 maps before (Baseline) and after 1µM isoproterenol (1µM
ISO) (100 ms pacing interval, or 600 bpm heart rate), and representative traces of
optical action potentials from sites marked with *. (B) Percent change in APD90
following isoproterenol (Iso) treatment (mean± SEM; n=5-6 hearts/group; ** p<.01).
(C) IQR of APD90 following isoproterenol treatment (mean± SEM; n=5-6 hearts; **
p<.01).
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Figure 3.5) Sympathetic innervation of the infarct prevents post-MI Ca2+
mishandling. (A) Representative optical Ca2+ transients and alternans maps from
the sites on sham and post-MI hearts marked (*) (100 ms pacing interval, or 600
bpm heart rate). Denervated hearts (HET MI) exhibit Ca2+ alternans, while sham
hearts and infarcted hearts with sympathetic innervation of the scar (KO MI) do not.
(B) Alternans magnitude quantified by spectral analysis (mean± SEM; n=5-6 hearts;
* p<.05 vs. other groups).
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Figure 3.6) Sympathetic reinnervation of the infarct area prevents Ca2+
mishandling and ventricular arrhythmias. (A) Representative optical Ca2+
transients in HET and KO hearts at baseline (Base), with isoproterenol (Iso), and
with both isoproterenol and propranolol (Iso+Prop). Red arrows indicate Ca2+
elevation prior to Vm depolarization. Insets show an expanded time scale of Vm and
Ca2+ upstrokes (B) Quantification of Ca2+ transient that precedes depolarization
averaged across the entire surface of the heart (mean± SEM; n=5-6 hearts; two-way
ANOVA, ** p<.01, *** p<.001). (C) Representative calcium maps in HET and KO
hearts depicting Ca2+ transients during sinus rhythm (Base) and with isoproterenol
treatment (Iso). (D) Quantification of PVCs during baseline stimulation and treatment
with tyramine (Tyr), isoproterenol (Iso) and isoproterenol plus propranolol (Iso+Prop)
(mean± SEM; n=5-6 hearts; two-way ANOVA, **p<.01 vs all other groups).
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Sympathetic denervation and subsequent rhythm instability is a well
established consequence of myocardial infarction in humans and animal models.
While heterogeneity of sympathetic transmission is thought to be a major
contributor, the mechanisms of sympathetic regeneration failure and subsequent
increase in arrhythmia susceptibility are largely unknown. This thesis describes
the observations that 1) CSPGs are upregulated following I-R and 2) that CSPGs
prevent sympathetic axon outgrowth. Additionally, the absence of the CSPG
receptor, PTPσ, leads to sympathetic reinnervation of the infarct after MI, which
is aided by endogenous production of NGF. Pharmacological modulation of
PTPσ also restored sympathetic innervation of the infarct. Using both
approaches, we observed a reduction in ventricular arrhythmias

. Optical

mapping uncovered that denervated hearts had dispersion of repolarization, βAR super-sensitivity, baseline Ca2+ mishandling, and Ca2+ elevation in response
to β-AR stimulation. These electrophysiological and Ca2+ abnormalities were
associated with increased arrhythmia susceptibility

. In the absence of

PTPσ, hearts were free of these abnormalities and were remarkably similar to
sham hearts. This was the first time that simultaneous Ca2+ and voltage imaging
was performed in mice after MI, and, using this technique along with
experiments, we show that sympathetic reinnervation stabilizes injured hearts

100

and is protective against arrhythmias even in the presence of a scar
(summarized in Figure 4.1).
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Figure 4.1) Summary of Results. I-R leads to myocardial remodeling and expression of
CSPGs within the infarct. In the presence of PTPσ, CSPGs prevent sympathetic

reinnervation of the infarct. This sympathetic denervation leads to Baseline Ca2+
handling abnormalities, dispersion of repolarization, and super-sensitivity to β-AR
stimulation. The absence of PTPσ allows sympathetic reinnervation, aided by
endogenous NGF. Restoration of sympathetic innervation to the infarct
normalizes Ca2+ handling and electrophysiology.
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The absence of sympathetic fibers in the infarct following I-R injury was
surprising due to the dynamic capabilities of sympathetic nerves to regenerate,
as well as the high levels of endogenous NGF in the scar. The behavior of
damaged nerves and the scar were similar to that in the CNS, where production
of a glial scar rich in inhibitory HA, tenascins, and CSPGs prevents axon
outgrowth (Sherman and Back, 2008). Both HA and tenascin C are known
components of the cardiac scar (Dobaczewski et al., 2006), which suggested that
regeneration failure in the heart could be due to inhibition by the ECM. This was
further supported by our observation that CSPGs were also present at the site of
injury. Digestion of CSPGs

, and loss of the receptor

and

,

resulted in robust increases in axon extension and innervation of infarcted tissue.
At the same time, both low and high molecular weight forms of HA had no effect
on sympathetic outgrowth. These findings suggest that CSPGs are the primary
inhibitory component of the cardiac scar.
Our data also suggest that CSPG-dependent inhibition is primarily
mediated (perhaps exclusively) by PTPσ.

outgrowth experiments in the

presence of CSPGs exhibit full rescue in the absence of PTPσ. This is also
supported by hyperinnervation of the scar in PTPσ KO mice; however, this is at
least partially aided by increased expression of NGF. Given the discovery of
alternative CSPG receptors NgR1 (Nogo receptor), NgR3 (Dickendesher et al.,
2012), and LAR1 (Leukocyte Antigen-Related Tyrosine Phosphatase) (Fisher et
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al., 2011), it is surprising that targeting only PTPσ fully rescues growth into the
scar. It does, however, establish cardiac I-R as an optimal

assay to

determine the efficacy of PTPσ targeted therapeutics.
It is still unclear how CSPG-dependent inhibition of growth is mediated by
PTPσ. While multiple signaling pathways have been described (Chagnon et al.,
2010) (Faux et al., 2007), unpublished work by collaborators suggests an
alternative method. Using dorsal root ganglion neurons on a CSPG-rich
substrate, they found that growth cones, upon CSPG detection, lose their
dynamic filopodia and become immobilized. This immobilization is due to
extremely strong adhesion between CSPGs and PTPσ, which can be relieved by
ChABC or ISP treatment. These results seem to contrast with the proposed
mechanisms of cytoskeletal destabilization and repellant behavior of CSPGs, but
do continue support for the importance of CSPG-PTPσ interaction in reduced
axon outgrowth.
While CSPGs are an important component of the scar after I-R, it is still
unknown what produces them. Resident cardiac fibroblasts play a critical role in
tissue remodeling, as they are responsible for both break down of existing ECM
and production of the scar (Porter and Turner, 2009). Fibroblasts behave
similarly to reactive astrocytes of the CNS, which are responsible for producing
CSPGs (Sofroniew, 2005). This similarity suggests that fibroblasts are the most
likely source of CSPGs. In addition to fibroblasts, however, infiltrating monocytes
express elevated mRNA for Versican (one member of the CSPG family) after MI
(Toeda et al., 2005), although it is not established whether Versican is translated
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or acts as an inhibitor in this context. As the remodeling process is complex and
involves several cell types, it remains a possibility that the source of CSPGs is
not a single cell type.
No matter the source, CSPGs are potent regulators of axon extension and
guidance in both developing and adult animals (Davies et al., 1997) (Landolt et
al., 1995) (McKeon et al., 1995). This suggests that CSPGs in the heart prevent
sympathetic nerve regeneration after injury, rather than promoting initial
denervation. However, the first observation of sympathetic fibers present in the
infarct (using

mice) did not address whether these nerves were

regenerating fibers or whether they were original fibers that failed to degenerate
as remodeling took place. Using germ line knock outs also raised the possibility
that the regenerative capabilities of nerves that developed in the absence of
PTPσ were different than those from heterozygous and wild type littermates.
Using a pharmacological modulator of PTPσ, we were able to address these
concerns. As previously described, sympathetic denervation of the infarct is
complete three days after I-R(Lorentz et al., 2013); therefore, using only wild type
littermates, ISP administration began at this time. The presence of sympathetic
fibers in the infarct following 10 days of ISP treatment demonstrated the ability of
these fibers to regenerate and also suggested that the regeneration observed in
mice was not due to developmental compensation.
While the ability to regenerate, and the degree to which regeneration
occurred by targeting only PTPσ was promising, it was not clear whether these
nerves were functional. Injury and the subsequent inflammatory reaction alter the
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intrinsic functional capabilities of neurons. As discussed previously, injured
neurons switch roles from transmission to regeneration (Costigan et al., 2002)
(Hoffman and Cleveland, 1988). This switch results in down-regulation of ion
channels and enzymes involved in neurotransmitter synthesis and up-regulation
of cytoskeletal machinery. For example, gp130 activation by CNTF or LIF
reduces TH expression by targeting the enzyme for degradation (Shi and
Habecker, 2011). Additionally, inflammation related to heart failure causes
neuronal transdifferentiation, where once sympathetic fibers become
biochemically parasympathetic (Kanazawa et al., 2010). With that in mind, it
was unclear whether these regenerating nerves would produce normal levels of
NE. However, HPLC analysis revealed that sympathetic regeneration promoted
by ISP treatment restored NE content within the infarct. The innervation state of
the infarct was also inversely correlated to the susceptibility of arrhythmias. In
the absence of other notable anatomical or functional differences, including
infarct size, the prevention of arrhythmias would suggest that these nerve fibers
are functional and electrophysiologically stabilizing to their target myocytes.
B.

Sympathetic input to the heart is a significant modulator of cardiac
function. Much of this ability to control cardiac output is through modulation of
ion channels involved in the cardiac AP and excitation contraction coupling. β AR activation by NE (or epinephrine) leads to several downstream effects,
including phosphorylation and enhanced activity of Na+ (Matsuda et al., 1992), K+
(Yue et al., 1999), and Ca2+ channels (Kamp and Hell, 2000) (Valdivia et al.,
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1995) by PKA. α1-AR activation also leads to phosphorylation of Ca2+ channels
by PKC (Uchi et al., 2005) (Jhun et al., 2012). Activity of these channels directly
modulates excitability of cardiomyocytes and APD. Not surprisingly, alterations
in sympathetic input have long been thought to play a role in the susceptibility of
arrhythmias.

Numerous studies in humans support the link between sympathetic input
and arrhythmia risk. For example, β-AR antagonism and ganglionic blockade
significantly reduces mortality in humans after MI (Nademanee et al., 2000).
More recently, rhythm instability was linked specifically to heterogeneous
sympathetic input (Boogers et al., 2010;Fallavollita et al., 2013;Nishisato et al.,
2010), which 123I-MIBG imaging studies reveal occurs by sympathetic
denervation of infarcted myocardium (Stanton et al., 1989). More detailed
mapping suggests that not only is the infarct denervated, but the viable
myocardium located within the border zone adjacent to the infarct is denervated
as well (Vaseghi et al., 2012). The degree of overall denervation is directly
correlated to the risk of developing arrhythmias and is a more sensitive predictor
than infarct size or ejection fraction (Boogers et al., 2010;Fallavollita et al.,
2013;Nishisato et al., 2010). While these studies identified an important clinical
link between sympathetic heterogeneity and arrhythmia susceptibility they do not
address the underlying mechanism.
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More recent detailed electrophysiological mapping in human hearts after
MI identified regional variation in repolarization that is exacerbated by adrenergic
stimulation and suggests that these regional differences are tied to sympathetic
innervation state (Vaseghi et al., 2012). Specifically, there is a gradient of
repolarization between the infarct/border zone and innervated, viable,
myocardium. This dispersion of repolarization provides a substrate that is
susceptible to arrhythmias (Vaseghi et al., 2012). Our data in post-MI mice also
identify baseline dispersion of APD in denervated hearts and that with
sympathetic reinnervation of infarcted myocardium dispersion of APD is
abolished. In addition to baseline dispersion of APD, we also identified continued
dispersion with adrenergic stimulation, which is also prevented with sympathetic
reinnervation of the scar. The protective effect of reinnervation is probably due to
abolishing the repolarization gradient of the border zone between the scar and
normal, un-injured myocardium.

A major mediator of sympathetic input and myocardial response is
activation of β-ARs by NE or epinephrine. The primary source of NE is local
sympathetic neurotransmission, whereas epinephrine is produced in the adrenal
medulla and released into the blood (along with a small fraction of NE). We
mimicked cardiac β-AR activation by both sources using tyramine (sympathetic
neurotransmission) and isoproterenol (circulating catecholamines). The striking
difference in APD shortening by tyramine versus isoproterenol may highlight two
subsets of β-ARs and their importance in arrhythmogenesis. Release of
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endogenous NE by tyramine activates only β-ARs in proximity of sympathetic
nerves. The limited but consistent response to tyramine suggests that innervated
receptors, and activation of those receptors by release of NE, play a minimal role
in arrhythmia susceptibility. In contrast, the large response to isoproterenol in
only denervated hearts illustrates the super-sensitivity of denervated β-ARs. This
suggests that stimulation of β-ARs by sympathetic nerve activity is probably not a
major concern but rather activation of denervated β-ARs by circulating
catecholamines is the major contributor to arrhythmogenesis. Additionally, these
experiments indicate heterogeneous regulation of β-ARs or downstream β-AR
effectors, which are governed directly by sympathetic innervation state (will be
discussed in more detail later).
The Ca2+ dynamics of excitation-contraction coupling are an important
effector of β-AR activation, of which we observed significant variation based on
sympathetic innervation state. We observed both basal Ca 2+ mishandling,
manifested in Ca2+ alternans, and β-AR induced Ca2+ mishandling which lead to
triggered ventricular activity (PVCs). The presence of Ca2+ alternans indicates
general rhythm instability and propensity for arrhythmias (similar to dispersion of
repolarization). In fact, the presence of alternans in people is a very sensitive
predictor of future arrhythmias and SCD (Wita et al., 2012). Studies examining
the molecular basis of Ca2+ alternans have identified both SERCA and RyR as
major contributors. Specifically, SERCA and RyR are both reduced in alternan
prone cardiomyocytes, and pharmacological inhibition of either protein is
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sufficient to produce alternans in normal cells (Diaz et al., 2004;Huser et al.,
2000;Wan et al., 2005).
In addition to basal Ca2+ alternans, we observed Ca2+ elevation in
response to β-AR stimulation. Previous work has shown that localized NE is
sufficient to cause PVCs in healthy hearts by increasing Ca2+ leak from
intracellular stores (Myles et al., 2012). On its own, this suggests that
heterogeneous sympathetic innervation and neurotransmission is sufficient to
trigger ectopic, Ca2+-dependent activity in the absence of any remodeling.
However, we observed β-AR super-sensitivity in denervated receptors
corresponding to the site of PVC origin. This suggests that sympathetic
denervation induces myocyte Ca2+ handling changes that increase the likelihood
of Ca2+ elevation and PVC production in response to circulating catecholamines.
It is unclear what denervation-induced molecular changes underlie these
changes in Ca2+ handling, or if they are the same changes that contribute to
dispersion of repolarization. However, prior work characterizing electrical
remodeling of border zone myocardium may provide clues.
While the infarct itself is the most notable region of denervation, the viable
myocardium of the border zone is also denervated (Barber et al., 1983;Inoue and
Zipes, 1987), and seems to play an important role in generating arrhythmias
(Kramer et al., 1997;Saeki et al., 1993;Vaseghi et al., 2012). Studies of the
border zone identify several changes in ion channel activity, including K + currents
(Lue and Boyden, 1992;Jiang et al., 2000), Na+ currents (Pu and Boyden, 1997),
and Ca2+ handling (Pu et al., 2000). Together these changes lead to APD
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elongation similar to what would be expected in the absence of adrenergic
stimulation. Additionally, reduced Connexin-43 expression in the border zone
limits current conduction via gap junctions (Peters et al., 1997;Yao et al., 2003).
Regional changes in both APD and Connexin-43 would increase the
susceptibility to arrhythmias. While the border zone exhibits sympathetic
denervation (Barber et al., 1983;Inoue and Zipes, 1987), these studies involve an
injury paradigm that may induce electrical remodeling independent of
sympathetic innervation. On the other hand, studies that manipulate sympathetic
input in healthy myocardium identify similar changes in ion dynamics.
Due to the importance of sympathetic heterogeneity and arrhythmia
susceptibility, several studies have attempted to characterize the
electrophysiological changes brought upon by sympathetic denervation. One of
the better characterized changes occurs in the transient outward K+ current, Ito. Ito
is an outward K+ current responsible for the initial repolarization seen in phase 1
of the AP. Reduction in Ito is observed following ablation of neuronal
catecholamine production in reserpine treated rats, which corresponded to down
regulation of Kv4.2 and K4.3, two major subunits responsible for Ito (Bru-Mercier
et al., 2003). The suppression of Ito has also been observed following chemical
sympathetic denervation by 6-OH-dopamine (Bai et al., 2008) and during disease
states where sympathetic denervation occurs, including Changes disease
(Pacioretty et al., 1995) and diabetic neuropathy (Jourdon and Feuvray, 1993).
Heterogeneous reduction in Ito may be the link between sympathetic
denervation and dispersion of APD. However, the consequences of sympathetic
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denervation are not limited to Ito. β-AR activation of PKA and α-AR activation of
PKC enhance the delayed rectifier K+ channel subunit Kv 1.5 via phosphorylation
(Yue et al., 1999), which is important for phase 3 repolarization to resting
potential. In addition to K+ channels, β-AR activation also regulates voltage
gated Na+ activity and localization (Ono et al., 1993;Yarbrough et al., 2002).
Phosphorylation of Nav 1.5 by PKA enhances excitability and current amplitude
(Ono et al., 1993), while the α-subunit of Gs is responsible for channel
localization (Yarbrough et al., 2002). Absence of adrenergic stimulation in the
border zone and scar could reduce activity of both Kv 1.5 and Nav 1.5, both of
which would elongate APD in denervated myocytes and create spatial
heterogeneity in repolarization.
While heterogeneous voltage gated Na+ and K+ channel activity can result
is dispersion of repolarization, we also observed significant basal and β-ARdependent Ca2+ mishandling associated with increased susceptibility to
arrhythmias. Interestingly, regulation of Ca2+ handling proteins can be directly
affected by sympathetic activity. These changes include increased activity and
expression of L-type Ca2+ channels by PKA and PKC resulting from β-AR and αAR activation (Uchi et al., 2005;Jhun et al., 2012). Similarly, cultured
cardiomyocytes lacking sympathetic innervation exhibit reduced L-type Ca2+
channel expression compared to innervated cells (Ogawa et al., 1992). RyR
activity is also enhanced by β-AR stimulation (Valdivia et al., 1995).
Heterogeneously innervated tissue could result in regional variation in these Ca2+
handling proteins. Regional variation in the proteins would result not only in
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dispersion of repolarization, but could also explain Ca2+ leak due to β-AR
stimulation. Alternatively, denervation-dependent electrical remodeling may not
rely solely on ion channel expression.
An important regulator of β-AR activity is the G-protein receptor kinase 2
(GRK2). GRK2 is activated by PKA and acts to inhibit β-AR activity (Rockman et
al., 2002). Expression and activity of GRK2 is tightly regulated by β-AR activation
(Iaccarino et al., 1998), and GRK2 is down-regulated following sympathetic
denervation (Yatani et al., 2006). In GRK2 KO hearts, Ca2+ homeostasis is
significantly altered, namely by a reduction in SERCA activity and increased
Na+/Ca2+ exchange at the membrane (Raake et al., 2012). Overall, this leads to
reduced sarcoplasmic Ca2+ load and increased cytosolic Ca2+ levels. Reduced
sequestration of Ca2+ into the sarcoplasmic reticulum then increases activity of
the electrogenic Na+/Ca2+ exchanger. Increased Na+/Ca2+ exchange, as a result
of reduced GRK2, would initiate DADs and potentially trigger PVCs. GRK2 KO
hearts also exhibit super-sensitivity to β-AR agonists (Raake et al., 2012), very
similar to denervated hearts after MI. Overall, the electrophysiological effects
associated with reduction of GRK2 are very similar to what we observe in
denervated myocardium and establish it as a primary candidate for future
studies.
While reduction in GRK2 appears to be a likely consequence of
sympathetic denervation, perhaps the simplest explanation for denervation
induced changes in AP and Ca2+ handling lies with altered expression of β-AR by
the cardiomyocyte. Receptor expression itself is regulated by sympathetic
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activity (Bahouth, 1992;Bristow et al., 1986), and could be an explanation for βAR super-sensitivity. Specifically, β1-AR decreases during heart failure as a
response to chronically elevated sympathetic nerve activity (Bristow et al., 1986),
and expression increases in response to sympathetic denervation (Bahouth,
1992). Although altered β-AR expression would explain much of the denervation
induced changes in cardiac AP and Ca2+ handling, given the broad regulation by
AR activity, it remains likely that several components of ion handling and
regulation are responsible for these effects. The studies described above present
numerous potential targets for future characterization of electrical remodeling
after MI (summarized in Table 4.1 and illustrated in Figure 4.1).
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Table 4.1) Selected AP and excitation contraction components that
experience regulation by altered sympathetic activity. If tied to sympathetic
innervation state after MI, these changes would occur in a regionally
heterogeneous pattern and could be the basis for dispersion of
repolarization and βAR super-sensitivity that leads to triggered ventricular
activity.
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Figure 4.2) Potential denervation induced changes in excitation contraction
coupling and AP regulation and how they may account for the
electrophysiological remodeling we observed after MI. With the importance
of βAR activity in regulation of these downstream effectors, it is not
surprising that sympathetic reinnervation appears to reverse these
changes.
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Myocardial infarction is a common pathology in the United States (Roger
et al., 2012a) and, if survived, leads to increased risk of ventricular arrhythmias
and SCD (Solomon et al., 2005). The data in this thesis further support the link
that sympathetic denervation after MI is a major contributor to these risks and
that Ca2+ mishandling underlies this rhythm instability. This was the first work to
show that targeting PTPσ restored sympathetic reinnervation to the scar and
border zone and that this prevented abnormal heart rhythms. We also identify
ISP, a novel modulator of PTPσ, to be extraordinarily effective in restoring
sympathetic reinnervation.
Current treatment to prevent arrhythmias after MI often involves βblockers and may also include placement of an ICD. Unfortunately, current riskstratification for ICD is ineffective and is associated with incredible costs and
significant side effects (Atwater and Daubert, 2012;Goldenberg et al., 2010). The
development of ISP for therapeutic use in humans could transform how patients
are treated after heart attacks. Restoration of sympathetic nerves could negate
any reason for long term β-blocker use and could limit the use of ICDs to only
extreme cases. The result could be an electrically stable heart that, following
acute treatment with ISP, needs no constant medical intervention.
While rhythm instability and SCD are common secondary pathologies to IR injury, they are not alone. The loss of functional myocytes and the production
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of a non-contractile scar limit the ability of the heart to effectively eject blood
(Pfeffer and Braunwald, 1990). Progressive compensatory remodeling and
fibrosis cause further degeneration of cardiac function until heart failure occurs.
Large animal studies (Guccione et al., 2001;Jackson et al., 2002;Wenk et al.,
2011), as well as recent human studies (Wenk et al., 2012), have identified
depressed contractility in the viable myocardium of the border zone as an
important pathophysiological feature of this progressive remodeling into heart
failure. As sympathetic activity is an important driver of cardiac contractility,
restoring sympathetic innervation may protect cardiac function by maintaining
high contractility at the border zone and limit the progression into heart failure.

Modulation of PTPσ by genetic and pharmacological approaches has
proven to be a promising therapeutic approach to restore sympathetic innervation
and prevent arrhythmias. However, PTPσ is not limited to cardiac pathologies.
This thesis is based upon studies of CNS injury and remodeling and subsequent
axon regeneration failure. ISP itself was designed to be a therapeutic for spinal
cord injury, where it has also been effective in allowing axon regeneration and
restoring function in rats. Injury due to stroke may be another potential
application for ISP, where much like cardiac I-R, axons are limited to the lesion
penumbra by CSPGs (Leonardo et al., 2008;Soleman et al., 2012). Additionally,
PTPσ has been identified in limiting oligodendrocyte differentiation and migration
in MS models (Pendleton et al., 2013). With further characterization, ISP may
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prove to be an effective, non-invasive therapeutic for several neuronal
pathologies.

The work in this thesis supports the current hypothesis that sympathetic
heterogeneity leads to ventricular arrhythmias following MI. This work also
advances our understanding of the electrophysiological and Ca2+ homeostatic
changes that underlie the increased arrhythmia susceptibility and demonstrates
that these changes can be reversed by restoring sympathetic innervation.
However, the work done in this thesis leaves several questions unanswered and
also uncovers many more.
One of the more basic unanswered questions is what cell type produces
CSPGs. The primary candidates include resident fibroblasts and infiltrating
monocytes. To determine the cell type, an immunohistochemical screen could
be performed by double-labeling for CSPGs and various cell type markers. An
initial screen could include the pan-macrophage marker CD68 and the cardiac
fibroblast marker discoidin domain receptor 2. After determining a general cell
type, more specific markers can be examined. Uncovering the specific cell type
could provide alternative pharmacological targets to prevent CSPG synthesis.
While the work in this thesis strongly supports CSPG-dependent axon
regeneration failure, it was not tested directly in vivo. The presence of CSPGs
within the infarct, combined with the robust increase in innervation in the absence
of the CSPG receptor PTPσ, strongly indicates CSPG-dependent inhibition.
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However, as noted previously, PTPσ is a known inhibitor of TrkA (Faux et al.,
2007). Given the high levels of NGF in the infarct, the absence or inhibition of
PTPσ could result in increased NGF/TrkA dependent axon outgrowth, completely
independent of CSPG signaling. If this were the case, however, we would expect
to see heightened axon extension in PTPσ KO neurons compared to wild-type
neurons

. In those experiments, we observe equal growth rates across

genotype in NGF supplemented media while only neurons with PTPσ are
inhibited by CSPGs (Figure 2.7). Although this suggests that reinnervation
is independent of enhanced TrkA signaling, the question still remains
untested. Viral expression of ChABC following MI in wild type animals could be
used to address this directly. Any sympathetic regeneration into the infarct using
this technique would be attributed to the degradation of CSPGs and would
confirm their role in preventing sympathetic regeneration. Additionally, while the
use of ChABC would directly assess the role of CSPGs in nerve remodeling, it
may also alter myocardial remodeling and scar production. CS has been
implicated as modulator of neuroinflammation and can directly inhibit cytokine
production (Rolls et al., 2006). Elevated CS via CSPG degradation may dampen
the inflammatory response and subsequent activation of fibroblasts and overall
scar production.
The presence of sympathetic fibers with normal NE levels, in combination
with electrophysiological stabilization of the heart, suggested that the
regenerated fibers present in the infarct were functional. This, however, was also
not directly tested. Electron microscopy could be used to assess functional
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morphology, specifically whether sympathetic nerves in the infarct properly
package NE. Actual NE release can be assessed by myocardial explant
stimulation followed by HPLC (Hasan et al., 2012). If nerve fibers are functional,
PTPσ KO infarct explants would release elevated levels of NE compared to wild
type controls.
While targeting PTPσ results in clear sympathetic regeneration into border
zone and infarcted myocardium, a major remaining question is how nerve fibers
electrically remodel their target cardiomyocytes. There have been several
studies examining the effect of sympathetic denervation on ion dynamics,
including K+, Na+, and Ca2+ channel expression (Bai et al., 2008;Bru-Mercier et
al., 2003;Ogawa et al., 1992). These studies, however, have only been
performed in healthy hearts. In addition, there has been some characterization
of electrical remodeling at the border zone in dogs, but it is unclear that these
changes result from denervation. In order to understand the electrical
remodeling at the border zone, further investigation is needed. Fortunately, we
can now compare two distinct sympathetic innervation states to assess the role
of innervation in electrical remodeling after MI.
Unfortunately, the border zone is a thin strip of myocardium located
between the infarct and more distal, innervated myocardium, leaving limited
tissue for analysis. Laser capture micro-dissection would allow precise collection
of microscopic areas of myocardium. The limited amount of captured tissue
would then be analyzed by small sample profiling RT-PCR, which requires as
little as 500 pg of template. Targets of an initial RT-PCR screen would include
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genes identified by denervation studies, including Kv 4.2, Kv 4.3, SERCA, RyR,
L-type Ca2+ channels, Na+/Ca2+ exchanger, and Connexin-43, and would be
compared to expression in PTPσ KO border zones. Following PCR analysis,
notably altered targets would be assessed by IHC.
Finally, the data in this thesis describe a common injury paradigm that is
remarkably protected by simply targeting PTPσ. A systemically deliverable PTPσ
targeted therapeutic could change the way some spinal cord and cardiac injuries
are treated. ISP has already proven to be effective
small molecule inhibitors show potential

in mice, and, while our

they need to be examined

As sympathetic nerve regeneration failure seems to require only PTPσ, I-R
injury is an ideal system to test the efficacy of these drugs. Both ISP and
potential small molecule inhibitors also require thorough pharmacokinetic
characterization and use in larger animals.
IV.

Concluding Remarks
Cumulatively, the data in this thesis contribute to our understanding of

myocardial and sympathetic remodeling and the role of CSPGs in sustained
sympathetic denervation following I-R injury. This work also establishes PTPσ as
an important mediator of this process and a significant therapeutic target as a
potential clinical approach to preventing long term sympathetic denervation.
While several studies have addressed the link between this sustained
denervation and arrhythmia susceptibility, the work in this thesis uncovers Ca2+
mishandling as an important component of this instability. This work is the first to
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show that sympathetic reinnervation is protective against electrophysiological
remodeling and ventricular arrhythmias even in the presence of a scar.
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Chapter 5
Detailed Methods
Animals: C57BL/6J mice were obtained from Jackson Laboratories West
(Sacramento, CA), and were used for all experiments except those using ptprs
transgenic mice. ptprs+/- transgenic mice (BalbC background) were supplied by
Michel Tremblay at McGill University (Elchebly et al., 1999), and were bred as
heterozygotes. ptprs+/+ and ptprs+/- littermates were used as “wild type”
controls for ptprs-/- studies. All mice were kept on a 12h:12h light-dark cycle with
ad libitum access to food and water. Age and gender-matched male and female
mice 12-18 weeks old were used for surgeries, while ganglia from male and
female neonatal mice were used for explants and dissociated cultures. All
procedures were approved by the OHSU Institutional Animal Care and Use
Committee and comply with the Guide for the Care and Use of Laboratory
Animals published by the National Academies Press (8th edition).

Dissociated primary sympathetic neuron culture with CSPG (chondroitin sulfate
proteoglycan) and HA (hyaluronan) treatment: Cultures of sympathetic neurons
were prepared from superior cervical ganglia (SCG) of newborn mice as
described (Dziennis and Habecker, 2003). Neurons were plated onto poly-Llysine (PLL, 0.01%, Sigma-Aldrich) and collagen (10 μg/mL, BD Biosciences)
coated plates, and grown in serum free C2 medium (Lein et al., 1995;Pellegrino
et al., 2011) supplemented with 50 ng/mL NGF (BD Biosciences), 100 U/mL
penicillin G, and 100 μg/mL streptomycin sulfate (Invitrogen). Cells were
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incubated at 37° C in a humidified 5% CO2 incubator. Cells were maintained for
48 hrs in the presence of the anti-mitotic agent cytosine arabinoside (Ara C, 1
μM) to reduce the number of non-neuronal cells. CSPG treatments were carried
out using soluble or fixed CSPGs (Millipore #CC117; mixture includes neurocan,
phosphacan, versican, and aggrecan). HA treatments were similarly carried out,
using mixed molecular weight HA (MP biomedicals) for soluble treatments. For
fixed treatments, high molecular weight (HMW) HA (Lifecore Biomedical) was
degraded using bovine testes hyaluronidase (Sigma) to produce low molecular
weight (LMW) HA (Generously provided by Dr. Stephen Back, OHSU) 1) Soluble:
Neurons were grown in 48-well plates coated with PLL and collagen. Vehicle
(media), CSPGs (10 ng/ml-20 μg/ml), or HA (10 ng/ml-100 μg/ml) were added to
the cultures 24 hrs after plating, and 24 hours after addition of CSPGs, HA, or
vehicle, images were acquired for Sholl analysis. 2) Fixed: Plates were coated
with PLL/collagen, PLL/collagen/CSPGs (100 ng/mL – 1 μg/mL), or
PLL/collagen/HA (100 ng/mL – 1 μg/mL; low and high molecular weight) prior to
addition of neurons. Images were acquired for Sholl analysis 24 hours after
plating. For CSPG degradation experiments, Chondroitinase ABC (ChABC, 4
µU/mL; Seikagaku Biobusiness Corporation) was added to culture media at the
time of plating.

Sholl analysis: To quantify neurite outgrowth in dissociated neurons, the Sholl
method was used (SHOLL, 1953). A series of concentric circles were
superimposed over the cell body using Image J, and neurite intersections with
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the circles were counted. The number of intersections provides an estimate of
neurite length and/or increased branching.

Compartmentalized cultures. To generate micro-fluidic chambers providing
separation of two media compartments (450µm apart), SYLGARD 184 silicone
elastomer (Dow Corning) was poured into a pre-cast mold, and heated at 50-60°
C for 2 hours. Cleaned chambers were placed in 10 cm culture dishes (Corning)
pre-coated with 0.01% PLL. The axonal compartment was then coated with 10
μg/mL collagen or collagen + 1 μg/mL CSPGs. SCG were placed in reduced
growth factor Matrigel (BD Bioscience) within the cell body compartment. C2
media supplemented with 10 ng/mL NGF was added to both compartments, and
cultures were maintained at 37° C in a humidified 5% CO2 incubator. After 24
hrs, or when axons were first visible in the axonal compartment, images were
acquired (t=0). Additional images were obtained 3 hours later (t=3), and a
growth rate was calculated based on the distance extended during that 3 hour
period.

Small molecule PTPσ inhibitor tests: Novel small molecule PTPσ inhibitors were
generated by Dr. Michael Cohen (OHSU), and were tested using two methods: 1)
dissociated SCG neurons, and 2) whole SCGs in microfluidic chambers. 1)
Neonatal SCGs were dissociated as described above, plated at low density in 48
well plates coated with either PLL/collagen or CSPGs (1 μg/mL), and grown in
serum free C2 medium containing 10 ng/mL NGF. At the time of plating, media
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contained either vehicle, or one of three prospective small molecule PTPσ
inhibitors, and a negative control to which the experimenter was blinded, all of
which were tested at three concentrations (100nM, 1µM, or 10 µM). Following 48
hours in culture, images were taken and axon outgrowth was assessed by
measuring axon length. 2) Compartmentalized microfluidic chambers were
prepared as described above. The SCG was plated in the cell body compartment
using matrigel, and the axonal compartment was coated with either PLL/collagen,
or CSPGs (1 μg/mL). Both compartments were then bathed in C2 media
containing 10ng/mL NGF. The axonal compartment media also contained either
vehicle or prospective inhibitor MC-78. After 24 hrs, or when axons were first
visible in the axonal compartment, images were acquired. Additional images
were obtained 3 hours later, and a growth rate was calculated based on the
distance extended during that 3 hour period.

Dissociated primary cerebellar neurons for Click Chemistry: Identification of MC78 target by click chemistry was done using cerebellar granule neurons.
Cerebella were dissected from isoflurane anesthetized mice following
decapitation. Tissue was minced and added to an HBSS-CM solution (1 mM Na+
pyruvate, 10mM HEPES, 3mg/mL BSA, and 1.2mM MgSO4) supplemented with
Trypsin (0.2%) and DNAse I (80 µg/ml) and stirred for 15 mins at 37°C. Fresh
HBSS-CM supplemented with SBTI (.1%) and DNAse 1 (80 µg/ml) was added to
the trypsinized tissue and centrifuged at a low speed for approximately 1 min to
pellet tissue. Supernatant was removed and replaced with fresh HBSS127

CM/SBTI/DNAse 1 solution then passed through a 22 gauge needle 10x. The
homogenate was then centrifuged at 1000 x g for 5 mins. The supernatant was
removed and replaced with plating media (Neurobasal, B27 supplement, 25.4
mM KCl, 0.5 mM L-Glutamine, 0.1% Gentamicin, 10% FBS, and 10% horse
serum). Cells were counted using a hemocytometer, and 1,000,000 cells were
added to each well.
Click reaction: The prospective inhibitor MC-78 was modified to contain a
“clickable” alkyne group (MC-78*). Dissociated cerebellar granule neurons were
plated as described above in a 12 well plate coated with PLL/collagen and
cultured for 48 hours, then treated with either vehicle (DMSO) or 100nM MC-78*
for 1 hr. Neurons were then lysed in .1% SDS/PBS containing a protease
inhibitor cocktail (Roche). Lysate was added to click reagents (final
concentration) biotin-azide (100 µM), tris[(1-benzyl-1H-1,2,3-triazol-4yl)methyl]amine (TBTA; 100 µM), CuSO4 (1 mM), and tris(2carboxyethyl)phosphine (TCEP; 1mM), and rotated at room temperature for 1 hr.
The presence of biotinylated protein was then assessed by western blot.

Western Blot Analysis: Neuronal lysates were collected as described above.
Lysate was added to 4x XT Sample Buffer and 20x XT Reducing Agent (Biorad)
and let sit at room temperature for 10 min. Samples were then size fractionated
using 4-12% bis-tris gels (Biorad) and transferred to nitrocellulose membranes.
Membranes were blocked in 5% milk/ TBST for 1 hr at room temperature,
followed by the addition of streptavidin-horseradish peroxidase (1:5000) for 1 hr
at room temperature.

Membranes were subsequently washed in TBST 3x10
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min. Biotin-streptavidin interaction was visualized by chemiluminescence (Super
Signal Dura, Pierce) and imaged using a Biorad ChemiDoc system.

Myocardial infarction surgery:

Myocardial ischemia-reperfusion: Anesthesia

was induced with 4% isoflurane and maintained with 2% isoflurane. The left
anterior descending coronary artery (LAD) was reversibly ligated for 30 min and
then reperfused by release of the ligature. Occlusion was confirmed by sustained
S-T wave elevation and regional cyanosis. Reperfusion was confirmed by the
return of color to the ventricle distal to the ligation and reperfusion arrhythmia.
Core body temperature was monitored by a rectal probe and maintained at 37°C,
and a two-lead electrocardiogram was monitored. Myocardial ischemia: Chronic
ischemia was done in exactly the same manner as described above, but with
permanent occlusion of the LAD using 8-0 gauge suture. Sham surgery: Sham
animals underwent the procedure described above, except for the LAD ligature.

Heart/ganglia co-cultures: Co-culture experiments were carried out in 24 well
plates by plating pieces of infarcted left ventricle (LV) or corresponding sham
tissue, collected 10 days after surgery, with neonatal SCGs. Tissues were plated
in 30 µL of reduced growth factor Matrigel, separated by approximately 1mm,
and placed at 37 ºC to solidify the Matrigel before addition of C2 media
supplemented with 2 ng/mL NGF. Co-cultures were incubated at 37°C in a
humidified 5% CO2 incubator for 48 hours. Following 48 hours in culture, images
of the cultures were acquired using phase contrast microscopy (10X) and axon
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length was analyzed using Nikon Elements. For ChABC experiments, tissue
from a single heart was split between the vehicle and ChABC treatment groups
to promote consistency. Co-cultures were treated from the time of plating with
ChABC (4 µU/mL) diluted in culture media, or media alone. For co-cultures
examining the role of the CSPG receptor PTPRS, SCG were dissected from an
entire litter of neonatal mice containing the range of PTPRS genotypes (ptprs+/+,
ptprs+/-, ptprs-/-). The two ganglia from an individual mouse were divided so that
one SCG was cultured with a sham explant and one with an infarct explant.
Following 48 hours in culture, images were acquired using phase contrast
microscopy (10X) and axon length was analyzed using Nikon Elements.
Genotyping was completed after image acquisition and analysis so that the
experiment was blinded.

Co-Culture axon length analysis: Axon length was measured on three cardinal
sides of each ganglion (0, 90, and 180 degrees). Growth toward the myocardium
was designated 0º, growth perpendicular was 90º and growth away from the
myocardium was 180º. In order to normalize for inter-well variability of growth, a
ratio of these measures was used (0/90 or 0/180). Values for the 0/90 or 0/180
ratio near 1 indicated growth was similar in all directions. In contrast, ratios
significantly less than 1 reflected significantly shorter axons on the side of the
ganglion projecting toward the heart explant.
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Immunohistochemistry: Hearts were fixed for 1 hr in 4% paraformaldehyde,
rinsed in phosphate buffered saline (PBS), cryoprotected in 30% sucrose
overnight, and frozen in mounting medium for sectioning. Transverse 10 μm
sections were cut on a cryostat and thaw mounted onto charged slides. To
reduce fixative-induced autofluorescence, sections were rinsed in 10 mg/mL
sodium borohydride 3X10 min and then rinsed in PBS 3X10 min. Sections were
then blocked in 3% B.S.A/ 0.3% Triton X-100 in PBS for 1 hr. Slides were then
incubated with rabbit anti-TH (1:1000, Millipore/Chemicon) and mouse antichondroitin sulfate (1:300, Sigma CS-56) or sheep anti-fibrinogen (1:500, AbD
Serotec) antibodies overnight at 4ºC, rinsed 3x10 min in PBS, and incubated 1.5
hr with the AlexaFluor 488-conjugated rabbit IgG-specific antibody (1:1000;
Invitrogen) and AlexaFluor 568-conjugated mouse IgG-specific antibody (1:500)
or AlexaFluor 568-conjugated sheep IgG-specific antibody (1:1000). Due to nonspecific binding of AlexaFluor 568-conjugated mouse IgG, anti-mouse IgG was
added to the blocking solution to prevent non-specific secondary binding.
Sections were rinsed 3x10 min in PBS, incubated for 30 min in CuSO 4 in 50 mM
ammonium acetate to reduce background signal further, rinsed 3x10 min in PBS,
coverslipped in a 1:1 PBS:glycerol solution and visualized by fluorescence
microscopy.
Co-cultures were fixed for 15 min in 4% paraformaldehyde and rinsed in PBS
3x10 minutes. The tissue was blocked in 3% B.S.A/ 0.3% Triton X-100 in PBS
for 1 hr, then incubated with rabbit anti-TH (1:1000) overnight at 4ºC. Tissue was
rinsed with PBS and incubated for 1.5 hours with the AlexaFluor 488-conjugated
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rabbit IgG-specific antibody (1:1000), rinsed again in PBS and imaged using
fluorescence microscopy.

Imaging and Threshold Analysis: TH staining was quantified to assess
sympathetic innervation density. Images were taken with a 20x objective using a
Zeiss Axiophot II fluorescent microscope. The infarct was identified by positive
fibrinogen immunostaining, and peri-infarct was defined as the area adjacent to
fibrinogen-positive tissue within one field of view (710 µm x 530 µm). Images of
the infarct and peri-infarct were acquired from 3 level-matched sections ranging
from the base to apex of each heart. Black and white images were adjusted
using the brightness/contrast tool in Image J to set the minimum brightness at the
left side of the histogram. The threshold tool was then used to identify THpositive nerve fibers. The threshold was manually adjusted so that only nerve
fibers were identified, and innervation density was calculated based on the
percent field of view above the threshold (Lorentz et al., 2010).

Infarct size: Infarct size was quantified in three 10 µm sections from each heart.
Images were taken of the entire section, and the LV and infarct areas were
measured by outlining the respective regions using the freehand selection tool in
ImageJ. Infarct size was then calculated as a percentage of LV area [(infarct
area/LV area) x100]. Sections were obtained from the upper, middle, and lower
regions of the infarct in each heart.
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ECG Telemetry Recordings and Analysis: ECGs were obtained from conscious
adult mice using ETA-F10 (Data Sciences International [DSI]) telemetry implants,
and were analyzed with Dataquest ART software (DSI). Mice were anaesthetized
with 4% inhaled isoflurane and maintained on 2% inhaled isoflurane. A
transmitter was implanted subcutaneously in a lead II configuration, with the
negative lead placed in the right pectoral muscle and the positive lead to the left
of the xyphoid process. Animals were allowed to recover for a week before
undergoing MI or sham procedures. ECG recordings were obtained 10 (PTPσ
transgenic studies) or 14 (ISP studies) days after sham or MI surgery. The
number of premature ventricular complexes (PVCs) was quantified 60 min prior
to intraperitoneal (IP) injection of the β-AR agonist isoproterenol (ISO; 10 µg) as
a baseline, and then for 60 min after injection to identify isoproterenol-induced
PVCs. PVCs were defined as a single premature QRS complex in the absence
of a P-wave. Heart rate was also analyzed to confirm that the SA node response
to isoproterenol was similar between groups.

NE analysis by HPLC: Frozen, pulverized tissue was weighed, then
homogenized in 0.2 M perchloric acid (PCA) containing 0.5 µM
dihydroxybenzylamine (DHBA) to correct for sample recovery. The tissue was
refrigerated for 1 hour and centrifuged at 14,000 rpm for 4 min. Supernatant was
adsorbed onto alumina, followed by 15 min of tumbling. The alumina was
washed twice with 1.0 mL of H2O with centrifugations in between. The NE was
desorbed from the alumina with 150 µL of 0.1 M PCA. Aliquots (70 µL) analyzed
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by HPLC for NE and DHBA levels. NE standards (0.5 µM) were processed in
parallel with tissue samples and interspersed throughout the HPLC run.
Retention time for NE was 5.0 min and for DHBA was 8.5 min. To calculate NE
content, the area under the NE and DHBA curves was measured using
LCsolution post-run analysis software. A ratio of NE area/DHBA area was
calculated for each sample and standard trace, which corrects for sample
recovery. The sample ratio was then divided by the standard ratio to determine
the relative sample amplitude. The relative value was then multiplied by a
correction factor that includes the weight of tissue, the fraction of the
homogenate used in the assay, and the amount of NE in the standard [(Total
homogenate vol / assayed vol) x Amount of NE in standard / starting weight of
tissue] to obtain NE content/mg tissue.

Langendorff Perfusion for Optical Mapping: Mice were anesthetized with
pentobarbital sodium (150 mg/kg, IP) containing 500 IU/kg of heparin. Following
a midsternal incision, hearts were rapidly excised and Langendorff perfused at
37ºC with oxygenated (95% O2, 5% CO2) modified Tyrode’s solution of the
following composition (in mmol/L): NaCl 128.2, CaCl2 1.3, KCl 4.7, MgCl2 1.05,
NaH2PO4 1.19, NaHCO3 20 and glucose 11.1 (pH 7.4). Flow rate (1.5-3.5
mL/min) was adjusted to maintain a perfusion pressure of 60-80mmHg. One
leaflet of the mitral valve was carefully damaged with sharp forceps inserted
through the pulmonary vein to prevent solution congestion in the left ventricular
(LV) cavity after suppression of ventricular contraction. Two Ag/AgCl disc
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electrodes were positioned in the bath to record an ECG analogous to a lead I
configuration. ECG was continuously recorded throughout the duration of the
experiment. A bipolar electrode was positioned on the base of the LV epicardium
for pacing, which was performed at a basic cycle length (BCL) of 150 ms using a
2 ms pulse width at twice the diastolic threshold.

Dual optical mapping of Vm and Ca2+: Hearts were loaded with the fluorescent
intracellular Ca2+ indicator Rhod-2 AM (Molecular Probes, Eugene, OR; 50 μL of
1 mg/mL in dimethyl sulfoxide [DMSO] containing 10% pluronic acid) and were
subsequently stained with the voltage-sensitive dye RH237 (Molecular Probes;
10 μL of 1 mg/mL in DMSO). Blebbistatin (Tocris Bioscience, Ellisville, MO; 1020 μM) was added to the perfusate to eliminate motion artifact during optical
recordings. The anterior epicardial surface was excited using LED light sources
centered at 530 nm and bandpass filtered from 511-551 nm (LEX-2, SciMedia,
Costa Mesa, CA) and focused directly on the surface of the preparation. The
emitted fluorescence was collected through a 50mm objective (Nikon, Japan)
and split with a dichroic mirror at 630nm (Omega, Brattleboro, VT). The longer
wavelength moiety, containing the Vm signal, was longpass filtered at 700 nm
and the shorter wavelength moiety, containing the Ca2+ signal, was bandpass
filtered between 574-606nm. The emitted fluorescence signals were recorded
using two CMOS cameras (MiCam Ultima-L, SciMedia, Costa Mesa, CA) with a
sampling rate of 1 kHz and 100x100 pixels with a 10x10 mm field of view.
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Experimental protocol: Following dye loading, baseline electrophysiological
parameters were recorded during normal sinus rhythm as well as LV epicardial
pacing at BCL of 150, 100 and 90 ms. Hearts were subjected to tyramine
infusion (20 µM) followed by a washout period. Hearts were then subjected to
acute β-AR stimulation with ISO (1 μM). Optical recordings were taken every 5
min following treatment and ECG was continuously recorded. Following 15 min
of ISO treatment, the β-AR blocker propranolol (10 μM), was added to the
perfusate. Optical recordings were repeated every 5 min for 15 min.

Optical mapping data analysis: Optical mapping data analysis was performed
using two commercially available analysis programs (BV_Analyze, Brainvision,
Tokyo, Japan; and Optiq, Cairn, UK). Vm and Ca2+ datasets were spatially
aligned and processed with a Gaussian spatial filter (radius 3 pixels). For both
action potentials (AP) and Ca2+ transients (CaT), activation time was determined
as the time at 50% of the maximal amplitude. For APs, repolarization time at
90% return to baseline was used to calculate action potential duration (APD 90).
Diastolic Ca2+ elevation was measured as the percentage of diastolic Ca2+
increase relative to the following CaT amplitude at baseline and 15 min posttreatment. The average diastolic Ca2+ elevation was calculated for each heart by
averaging all Ca2+ signals from the entire anterior surface of the heart within the
optical mapping field of view. PVC incidence was determined from the
continuous ECG recording as the number of PVCs that occurred during a 15 min
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period of baseline activity (before initiation of treatment) and during the 15 min of
treatment.
The spectral method, which has been used clinically for detecting micro-volt Twave alternans (Verrier et al., 2011), was used to detect the presence of CaT
alternans as previously described (Myles et al., 2011). The spectral method was
chosen due to its high sensitivity and relative immunity to noise. This approach
allowed us to determine if an area within the mapping field of view was
experiencing significant APD or CaT alternans (greater than the background
noise levels) as well as the spatial extent of significant alternans. A spectral
magnitude of ≥ 2 was used as the minimum threshold for significant CaT
alternans, corresponding to a beat-to-beat change in CaT amplitude ≥5%,
respectively.

Statistics: Student’s t-test was used for comparisons of just two samples. Data
with more than two groups were analyzed by one-way ANOVA using the Tukey
post-hoc test to compare all conditions. For experiments comparing different
surgical groups and a second variable (±NGF antibody, PTPRS genotype) twoway ANOVA was carried out using the Bonferroni post-hoc test. All statistical
analyses were carried out using Prism 5.0.
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Chapter 6: Appendices
Appendix A:
Small molecule PTPσ inhibitor tests: Novel small molecule PTPσ inhibitors were
generated by Dr. Michael Cohen (OHSU), and were tested using two methods: 1)
dissociated SCG neurons, and 2) whole SCGs in microfluidic chambers. 1)
Neonatal SCGs were dissociated as described in the methods chapter, plated at
low density in 48 well plates coated with either PLL/collagen or CSPGs (1
μg/mL), and grown in serum free C2 medium containing 10 ng/mL NGF. At the
time of plating, media contained either vehicle, or one of three prospective small
molecule PTPσ inhibitors (01-78, 02-113, 03-02), and a negative control to which
the experimenter was blinded, all of which were tested at three concentrations
(100nM, 1µM, or 10 µM). Following 48 hours in culture, images were taken and
axon outgrowth was assessed by measuring axon length. 2) Compartmentalized
microfluidic chambers were prepared as described in the methods chapter. The
SCG was plated in the cell body compartment using matrigel, and the axonal
compartment was coated with either PLL/collagen, or CSPGs (1 μg/mL). Both
compartments were then bathed in C2 media containing 10ng/mL NGF. The
axonal compartment media also contained either vehicle or prospective inhibitor
01-78 or 02-113. After 24 hrs, or when axons were first visible in the axonal
compartment, images were acquired. Additional images were obtained 3 hours
later, and a growth rate was calculated based on the distance extended during
that 3 hour period.
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Figure A.1: Novel small molecules inhibitors of PTPσ overcome CSPGdependent inhibition of dissociated sympathetic neurons (A)
Representations of the prospective small molecule PTPσ inhibitors. The grey
circle represents a conserved core motif. Quantification of dissociated
sympathetic axon length in wells coated with collagen (Col), CSPGs, or
CSPGs + 01-78 (B), 02-113 (C), or 03-02 (D) at either 100nM, 1µM, or 10µM .
Mean±SEM (n=10-15 neurons), *p<0.05. Representative of 3 experiments.
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Figure A.2. Novel small molecules inhibitors of PTPσ overcome CSPGdependent inhibition of sympathetic neurons in microfluidic
chambers. Quantification of sympathetic axon growth in microfluidic
chambers coated with collagen (Col), CSPGs, or CSPGs + 1 µM 01-78 (A)
or 02-113 (B). Mean±SEM (n=3-4 explants; 6-8 axons/explant), *p<0.05,
**p<.01. Representative of 3 experiments.
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Appendix B:
Dissociated primary cerebellar neurons for Click Chemistry: Identification of the
01-78 target by click chemistry was done using cerebellar granule neurons.
Cerebella were dissected from isoflurane anesthetized mice following
decapitation. Tissue was minced and added to an HBSS-CM solution (1 mM Na+
pyruvate, 10mM HEPES, 3mg/mL BSA, and 1.2mM MgSO4) supplemented with
Trypsin (0.2%) and DNAse I (80 µg/ml) and stirred for 15 mins at 37°C. Fresh
HBSS-CM supplemented with SBTI (.1%) and DNAse 1 (80 µg/ml) was added to
the trypsinized tissue and centrifuged at a low speed for approximately 1 min to
pellet tissue. Supernatant was removed and replaced with fresh HBSSCM/SBTI/DNAse 1 solution then passed through a 22 gauge needle 10x. The
homogenate was then centrifuged at 1000 x g for 5 mins. The supernatant was
removed and replaced with plating media (Neurobasal, B27 supplement, 25.4
mM KCl, 0.5 mM L-Glutamine, 0.1% Gentamicin, 10% FBS, and 10% horse
serum). Cells were counted using a hemocytometer, and 1,000,000 cells were
added to each well.
Click reaction: The prospective inhibitor 01-78 was modified to contain a
“clickable” alkyne group (01-78*). Dissociated cerebellar granule neurons were
plated as described above in a 12 well plate coated with PLL/collagen and
cultured for 48 hours, then treated with either vehicle (DMSO) or 100nM MC-78*
for 1 hr. Neurons were then lysed in .1% SDS/PBS containing a protease
inhibitor cocktail (Roche). Lysate was added to click reagents (final
concentration) biotin-azide (100 µM), tris[(1-benzyl-1H-1,2,3-triazol-4141

yl)methyl]amine (TBTA; 100 µM), CuSO4 (1 mM), and tris(2carboxyethyl)phosphine (TCEP; 1mM), and rotated at room temperature for 1 hr.
The presence of biotinylated protein was then assessed by western blot.

Western Blot Analysis: Neuronal lysates were collected as described above.
Lysate was added to 4x XT Sample Buffer and 20x XT Reducing Agent (Biorad)
and let sit at room temperature for 10 min. Samples were then size fractionated
using 4-12% bis-tris gels (Biorad) and transferred to nitrocellulose membranes.
Membranes were blocked in 5% milk/ TBST for 1 hr at room temperature,
followed by the addition of streptavidin-horseradish peroxidase (1:5000) for 1 hr
at room temperature.

Membranes were subsequently washed in TBST 3x10

min. Biotin-streptavidin interaction was visualized by chemiluminescence (Super
Signal Dura, Pierce) and imaged using a Biorad ChemiDoc system.
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Figure A.3. Novel small molecule inhibitor 01-78 binds PTP (A)
Depiction of the modification to 01-78 into a clickable compound and
modification following click reaction. The final biotinylated compound can be
detected using streptavidin. (B) Click chemistry followed by western blotting
revealed that 78* binds to PTP in cerebellar granule cells. 78* covalently
binds to a protein the same size as PTP (black arrow). As expected, PTP
covalently modified by 78* and biotin results in an upward band shift (black
arrow).
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Arrhythmia severity score: ECGs from isoproterenol treatment during optical
mapping experiments were assessed for arrhythmia severity. Each heart was
individually assessed using a scale that was defined as follows: 0=no
arrhythmias, 1=individual PVCs, 2=bigeminy or salvos, 3=ventricular tachycardia,
4=ventricular fibrillation. Ventricular tachycardia was defined by three or more
consecutive PVCs. Each heart was given a score based on the most severe
arrhythmia identified.
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Figure A.4 Sympathetic reinnervation reduces arrhythmia severity.
Het and KO MI hearts were assessed for arrhythmia severity during
isoproterenol treatment. Each heart was given a score based on the
most severe arrhythmia identified. Mean±SEM (n=5 hearts); *p<.05.
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Appendix D:
APD50 restitution: Het and KO PTP hearts after either sham or MI were
prepared and perfused for optical mapping as described in the methods.
Restitution was assessed by the delivery of a single extrastimulus (S2) after a
train of stimuli at a fixed cycle length (S1; 150 ms). S2 cycle length ranged from
60-250 ms. To determine S2 APD, repolarization time at 50% return to baseline
was used to calculate action potential duration (APD50). Data analysis was
performed using the commercially available analysis program Optiq (Cairn, UK).
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Figure A.5 Sympathetic reinnervation normalizes APD50 restitution.
APD50 was assessed for Het and KO hearts after either sham or MI at
several extrastimuli cycle lengths (S2). Mean±SEM (n=3-5 hearts); *p<.05,
Het MI vs. both sham groups; **p<.01, Het MI vs. all groups.
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