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Abstract 

Sympathetic nerves are lost in the damaged myocardium (infarct) after myocardial 

infarction (MI), and the relative area of denervation predicts risk of sudden cardiac arrest 

due to arrhythmias (Boogers et al., 2010; Fallavollita et al., 2014; Nishisato et al., 2010; 

Stanton et al., 1989; Vaseghi et al., 2014; Zipes & Rubart, 2006) leading to the hypothesis 

that sympathetic reinnervation of the infarct could reduce arrhythmias. Sympathetic 

nerves have the capacity to regenerate after MI but do not because of Chondroitin Sulfate 

Proteoglycans (CSPGs) in the cardiac scar (infarct) (Gardner & Habecker, 2013). In many 

contexts, CSPGs elicit effects via Chondroitin Sulfate Glycosaminoglycan (CS-GAGs) 

sugar side chains attached to the core protein (E. J. Bradbury et al., 2002; Massey et al., 

2008). CS-GAGs can be post-translationally modified by sulfation at the 4th and 6th 

position carbons of sugars that form the GAG (Miller & Hsieh-Wilson, 2015). Sulfated CS-

GAGs bind Receptor Protein Tyrosine Phosphatase Sigma (PTP𝜎), which suppresses 

axon outgrowth signaling (C. H. Coles et al., 2011; Faux et al., 2007). Here we 

demonstrate that 4,6-sulfated CS-GAGs are enriched in the infarct. We found that CSPG 

tandem-sulfation enzyme (CHST15) is increased after MI and that CSPG 4-sulfatase 

(ARSB) is decreased after MI, suggesting a mechanism of CS-GAG sulfation production 

and maintenance after MI. Reducing 4,6-sulfation of CS-GAGs by knockdown of Chst15 

restored sympathetic nerves to the infarct and reduced arrhythmia susceptibility after MI. 

Despite data in support of sympathetic reinnervation after MI, we asked whether 

regeneration of the infarct immediately after MI had long-term negative consequences, 

given evidence that excess norepinephrine (NE) after MI can lead to heart failure (Florea 
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& Cohn, 2014). We wondered if reinnervation of the infarct would amplify the effects of 

excess NE after MI and reduce cardiac pump function at later time points post-injury. For 

this experiment, we compared the cardiac outcomes of mice at 40 days after MI that were 

treated with Intracellular Sigma Peptide (ISP; promotes reinnervation) or with vehicle.  

When we examined reinnervation 40 days after MI to verify that ISP was effective, we 

found that vehicle-treated mice had infarcts with restored sympathetic nerves, similar to 

animals treated with ISP. This complicated our interpretation of the results, but broadly 

speaking, we found that 40 days after MI, animals had restored cardiac performance, 

similar to sham-surgery animals from previous studies (Gardner et al., 2015). These data 

provide evidence that reinnervation of the infarct is not deleterious for cardiac 

performance at later time points. In looking for a possible explanation for spontaneous 

regeneration in 40-day post-MI vehicle-treated animals we examined 4,6-sulfation of CS-

GAGs. We found that 40-day post-MI vehicle-treated animals had reduced 4,6-sulfation 

of CSPGs and reduced core proteoglycan Neuron-glial Antigen 2 (NG2) levels, similar to 

healthy unoperated left ventricle. These results suggest that, in mice, cardiac remodeling 

after MI leads to a permissive environment for sympathetic axon outgrowth. With the 

evidence that CSPGs suppress sympathetic nerve regeneration in the heart after MI, we 

sought to develop new therapeutics to promote reinnervation. Two novel small molecules, 

HJ-01 and HJ-02, disrupted PTP𝜎 interactions with Tropomyosin-related Kinase A (TrkA), 

which promoted axon outgrowth signaling and enhanced sympathetic axon outgrowth 

across CSPGs (Blake et al., 2022). This dissertation also describes an attempt to use 

genetically encoded FRET-biosensors to understand signaling pathways downstream of 
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TrkA altered by CSPGs. Due to a number of technological challenges, we limited our 

assessment to Protein Kinase A (PKA) and Protein Kinase C (PKC) sensors in primary 

sympathetic neurons but we did not observe any significant responses to CSPGs.  
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Chapter 1 

Introduction 

 

I.  The Big Picture 

Cardiovascular disease (CVD) is the leading cause of pre-mature mortality 

globally. A recent 2019 analysis from over 271 countries estimated the prevalence of CVD 

at over 500 million cases (Roth et al., 2020).   A critical contributor to this disease burden 

is the approximately 1.2 million people in the U.S. who suffer a myocardial infarction (MI; 

heart attack) each year (Roger et al., 2012). Improved treatment via reperfusion of 

coronary artery blockage has saved many lives, but this presents a paradoxical 

relationship, since following reperfusion patients have increased risk of arrhythmias and 

sudden cardiac arrest (Pouleur et al., 2010; Solomon et al., 2005).  These secondary 

adverse cardiac events claim the lives of more than 300,000 people each year, illustrating 

the need for effective interventions aimed at reducing arrhythmia risk (Solomon et al., 

2005). Research in both animals and humans suggests that arrhythmias following MI are 

the result of the inconsistent nerve distribution and activity in the damaged myocardium 

known as the infarct. Specifically, loss of sympathetic nerves in the infarct predicts the 

risk of ventricular arrhythmias after MI (Barber, Mueller, Henry, Felten, & Zipes, 1983; 

Boogers et al., 2010; Fallavollita et al., 2014; La Rovere, Bigger, Marcus, Mortara, & 

Schwartz, 1998; Rubart & Zipes, 2005; Stanton et al., 1989; Vaseghi et al., 2014). Given 

the evidence that arrhythmias following MI are driven by heterogeneous patterns of 

sympathetic innervation, reinnervation of the damaged myocardium represents a feasible 
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strategy to reduce arrhythmias (Gardner, Ripplinger, Myles, & Habecker, 2016). The 

objective of this dissertation is to better understand the molecular details underlying 

sympathetic denervation in the heart after MI.  The ultimate goal of this work is to inspire 

better therapeutic strategies to promote sympathetic nerve regeneration after MI, reduce 

cardiac arrhythmias, and diminish risk of sudden cardiac arrest. 

II.  Interplay of Nervous and Cardiovascular Systems 

A. Composition of the nervous system 

The mammalian nervous system can be divided into two branches: the central 

nervous system (CNS), composed of the brain and spinal cord, and the peripheral 

nervous system (PNS), composed of both somatic and autonomic nerves. Distinguishing 

the CNS and PNS can in part be done by the anatomical distribution of each respective 

branch: CNS nerves are confined to brain and spinal cord, while PNS nerves are 

distributed across the body, where they affect physiology locally. In the PNS, somatic 

nerves include those involved in recognizing and transmitting sensory input, in addition 

to controlling voluntary motor activity. The autonomic branch of the PNS controls 

involuntary physiological responses to external stimuli including; breathing rate, 

perspiration, digestion, and heart function (Martin, 2021).   

B. Autonomic branch of the peripheral nervous system 

The autonomic nervous system is made up of two distinct branches, one 

composed of sympathetic nerves and the other parasympathetic nerves. Both branches 

consist of CNS-originating preganglionic fibers that synapse with post-ganglionic nerves 
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in PNS-residing ganglia. Post-ganglionic nerves proceed to innervate a variety of target 

tissues where they control physiological homeostasis (Figure 1.1,1.2). For example, post-

ganglionic sympathetic nerves that innervate the heart largely emanate from the stellate 

ganglia.  

 
Figure 1.1: Autonomic neural input from the CNS is translated to tissue targets (effector organs) by secretion of 
neurotransmitters which facilitate rapid propagation of action potentials across nerves. Preganglionic sympathetic 
nerves, originating in the CNS, transmit signals across the synapse via secreted acetylcholine (ACh) which interacts 
with Nicotinic Cholinergic receptors on postganglionic sympathetic nerves in paravertebral ganglia. These signals 
induce an action potential across the axon where secretion of Norepinephrine (NE) stimulates adrenergic receptors on 
effector organs (e.g., heart). Preganglionic parasympathetic nerves, originating in the CNS, at the synapse transmit 
signals via secretion of acetylcholine (ACh) which interacts with Nicotinic Cholinergic receptors on postganglionic 
parasympathetic neurons in the ganglia near the effector organ. These signals induce an action potential across the 
axon where secretion of ACh stimulates Muscarinic Cholinergic receptors on effector organs (e.g., heart).  
 

Aside from the spatial distinction, the two branches of the autonomic nervous 

system can be distinguished biochemically. The pre-ganglionic nerves of both autonomic 

branches accomplish neurotransmission via release of the neurotransmitter Acetylcholine 

(ACh), which then activates nicotinic ACh receptors of the post-ganglionic neurons. Post-

ganglionic nerves of the parasympathetic nervous system also release Ach, activating 
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muscarinic ACh receptors on target cells (Figure 1.1). By contrast, the majority of post-

ganglionic sympathetic nerves synthesize and release norepinephrine (NE), activating 𝛽-

adrenergic receptors (𝛽-AR) on target cells (Figure 1.1). It is worth noting that a small 

subset of sympathetic nerves release ACh as well in select circumstances. The heart 

provides an excellent example of the functional distinction between these two branches 

of the autonomic nervous system. Parasympathetic stimulation of the heart slows the rate 

of depolarization in cardiac myocytes, thereby reducing heart rate; sympathetic 

stimulation of the heart increases the rate and magnitude of depolarization in cardiac 

myocytes, thus raising heart rate (Figure 1.2). This functionality is colloquially referred to 

as the “rest and digest” response for parasympathetic activation and the “fight or flight” 

response for sympathetic activation” (Kandel, 2013). 
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Figure 1.2: Autonomic control of the cardiac function is accomplished by the sympathetic and parasympathetic nerves 
that innervate the heart. Sympathetic nerves stimulate increased heart rate, conduction velocity, and contractility which 
enables adaptation to increased cardiac demands. Parasympathetic nerves on the contrary reduce heart rate and 
conduction velocity which enables the heart function to slow as needed. Proper autonomic neural control of the heart 
is critical for overall physiological adaptability, since this system effects perfusion of tissues across the body. 

 

C.  Excitation-Contraction Coupling 

Understanding the ways that sympathetic stimulation of the heart augments 

cardiac contractility requires a brief overview of cardiac excitation-contraction coupling 

(ECC).  The cardiac electrical conduction system translates electrical input into physical 

changes in myocyte structure. Electrical activity in the heart (Figure 1.3) begins with 

pacemaker cells of the Sino-Atrial (SA) node. From the SA node, a wave of electrical 

activity propagates through the atrium to the Atrial-Ventricular (AV) node. From the AV 
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node, action potentials propagate rapidly to the apex of the heart via Purkinje fibers. From 

the apex, activity conducts back towards the base through the walls of the myocardium, 

triggering the cardiomyocytes to contract. Cardiomyocytes are physically connected in 

fiber arrangements via structural proteins and electrically conductive gap junctions 

(connexin proteins), enabling action potentials to rapidly fire from one myocyte to the next. 

The conduction system travels fast, particularly in Purkinje cells, leading to rhythmic 

depolarization first in the Atria and then in the Ventricles. Autonomic nerves in the heart 

act, in part, by modulating this endogenous conduction system which functions to move 

blood into circulation.  

 
Figure 1.3: A sequence of depolarization events in the heart lead to synchronous contraction of cardiac chambers. 
Depolarization of cells at the Sinoatrial (SA) node propagates an action potential and subsequent depolarization in the 
atria. Shortly after, the Atrioventricular (AV) node depolarizes which propagates rapid depolarization of Purkinje fibers. 
These events culminate with a rapid depolarization of the ventricles. A summation of depolarization events is modeled 
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by the electrocardiogram (ECG) where the P-wave indicates atria depolarization and simultaneous contraction. QRS 
wave complex indicates the rapid ventricular depolarization and contraction while the T-wave represents repolarization 
of the ventricles. Repolarization of the atria is not appreciable by the ECG.  

At the cellular level, ECC is the coordinated movement of ions, notably K+, Na+, 

Ca2+, which rapidly alter the resting membrane potentials in myocytes. In ECC, 

depolarization of a cardiac myocyte is the result of rapid elevation in cytosolic intracellular 

calcium concentrations (from 0.1𝜇M to 100𝜇M), which spreads to adjacent myocytes. The 

initial release of this calcium occurs when Ca2+ ions flow into the cytoplasm via L-Type 

calcium channels, across the membrane, and into a specialized structure called the t-

tubule, which brings the sarcoplasmic reticulum (SR) into close contact with the 

membrane. Ca2+ in the cytosol binds to the SR which releases Ca2+ into the cytosol, 

leading to high intracellular concentrations of the ion (Figure 1.4). High intracellular Ca2+ 

induces transient linkages between actin proteins on thin filaments and myosin proteins 

on thick filaments. An assembly of filaments is known as a sarcomere, and multiple 

sarcomeres form a myofibril leading to a bundle of contractile fibers. This bridged unit 

physically contracts when actin-bound myosin undergoes ATP-dependent movement, 

leading to shortened sarcomere structure. This cycle repeats iteratively at new actin sites 

to sufficiently contract a myofibril. The myosin-actin interaction is blocked in the relaxation 

phase by two proteins; Troponin and Tropomyosin. Ca2+ interactions with Troponin-C 

allows actin accessibility, enabling myosin interactions and subsequent contractile motor 

activity. Following the contraction phase, repolarization of myocytes enables relaxation 

via redistribution of intracellular Ca2+. To accomplish this, Phospholamban-activated Ca2+ 

pumps rapidly sequester ~80% of the calcium back into the SR while Na+-Ca2+ exchange 
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(NCX) pumps on the cell membrane extrude much of the rest back into the extracellular 

space (Figure 1.4). One key way that ECC in cardiac myocytes differs from skeletal 

muscle is that the amount of Ca2+ reaching the myofilament can alter the level of 

contractility, making the contraction highly adaptable, which is critical for autonomic 

modulation of cardiac contractility (Mohrman & Heller, 1997). 

 
Figure 1.4: Excitation-Contraction Coupling is the process by which chemical excitation in the form of cellular membrane 
depolarization is translated into mechanical contraction of cardiac nerve fibers. Cardiac myocyte excitation is 
exemplified in the wave form on the top left corner. Excitation occurs by inward flow of Ca2+ ions into the cellular 
cytoplasm via L-type Ca2+ channels. Elevated cytoplasmic Ca2+ causes the sarcoplasmic reticulum (SR) to release a 
flood of Ca2+ increasing intracellular concentrations of the ion from 0.1𝜇M to 100𝜇M. Increased Ca2+ at the sarcomere 
changes molecular interactions which enable repeated ATP-facilitated actin-myosin interactions that contract 
sarcomere units. Sarcomere relaxation is initiated by a reversal of this process. Activation of the protein 
Phospholamban promotes Ca2+ reuptake by the SR while Na+-Ca2+ exchange (NCX) pumps, Na+-K+ exchange pumps, 
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and other Ca2+ pumps at the membrane extrude Ca2+ out of the cytoplasm to repolarize the membrane for the next 
round of depolarization and also prevent contractile actin-myosin interactions. 
 

D.  Sympathetic activation of cardiac myocytes 

The biochemical basis of sympathetic activation of cardiac myocytes hinges on 

synaptic release of NE,   activating  𝛽-adrenergic receptors (𝛽-AR) on cardiomyocytes 

(Figure 1.5) (Wilson-Pauwels, Stewart, & Akesson, 1997). The 𝛽-AR family of proteins 

are G-protein-coupled receptors (GPCR) that achieve intracellular signaling via a 

collection of heterotrimeric G-proteins (Vassilatis et al., 2003).  The effect of NE on cardiac 

contractility is primarily the result of 𝛽1-AR signaling (Figure 1.5).   𝛽1-AR activation 

releases the Gs subunit protein of this signaling complex, activating the G𝛼s protein which 

in turn activates Adenylate Cyclase (AC). AC produces cyclic Adenosine Mono-

Phosphate (cAMP), which acts as second messenger to stimulate cAMP-dependent 

Protein Kinase A (PKA). PKA phosphorylates Troponin I, the L-type Ca2+ channel, 

Ryanodine receptor (RyR), and Phospholamban (PLB) (Freedman & Lefkowitz, 2004; 

Mohrman & Heller, 1997). This cascade results in an increased amplitude of intracellular 

Ca2+ and reuptake by the SR, enhancing the magnitude of the next depolarization and 

quickening the rate of relaxation(Mohrman & Heller, 1997).  

𝛽2-AR signaling is coupled to the Gs and Gi subunit proteins, activating AC via Gs 

but also inhibiting AC via Gi, which in turn downregulates cAMP and PKA (Figure 1.5). 

The inhibitory effect of 𝛽2-AR is a critical difference in the divergent physiological 

outcomes of each respective 𝛽-receptor. Signaling by these receptors leads to efficient 

changes in intracellular Ca2+, which promotes increased cardiac contractility (Pavoine & 

Defer, 2005). Suppression of 𝛽-AR is accomplished by the G-protein Receptor Kinase 2 
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(GRK2). Desensitization of 𝛽-AR is initiated by free G𝛽𝛾 subunit of the G-protein released 

into cytoplasm following 𝛽-AR activation; this subunit binds to GRK2 and brings it to the 

plasma membrane. At the plasma membrane, GRK2 is able to phosphorylate specific 

sites of the 𝛽-AR c-terminal tail, recruiting the 𝛽-Arrestin protein to the signaling complex, 

which promotes endocytosis and desensitization of the signaling complex (Claing, 

Laporte, Caron, & Lefkowitz, 2002). 

 
Figure 1.5: 𝛽-Adrenergic receptor (𝛽-AR) signaling is the molecular mechanism by which sympathetic neurons, via 
norepinephrine (NE) secretion, stimulate changes in target organs like the heart. NE stimulation of 𝛽-AR on cardiac 
myocytes accelerates the magnitude and duration of the Excitation-Contraction coupling complex in Figure 1.4. 
Neurotransmitter activated G-protein Coupled Receptor, 𝛽-AR, activates G-protein subunits, notably Gs which activates 
Adenylyl Cyclase (AC) to produce cyclic-AMP which acts as a second messenger to activate Protein Kinase A (PKA). 
PKA phosphorylates critical ECC proteins including; L-type Ca2+ channels, Phospholamban, and Troponin which 
enables these proteins to have downstream effects on ECC. 𝛽2-AR has an additional negative feedback pathway via 
the Gi subunit protein which downregulates AC and AC-stimulated pathways. 𝛽-ARs are desensitized by GRK2 which 
phosphorylates the 𝛽-AR c-terminal tail, recruiting 𝛽-Arrestin, which promotes internalization of the receptor and 
subsequently degradation. 
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E. Sympathetic nerves in the heart after myocardial infarction 

Sympathetic nerves are thought to be the most significant regulator of cardiac 

contractility (Mohrman & Heller, 1997). Following MI, consensus has emerged that 

arrhythmogenicity is caused by a pathological distribution of sympathetic nerves in the 

heart. Early observations of large denervated regions in the infarcted myocardium 

suggested a role for improper distribution of nerves (Dae, O'Connell, Botvinick, & Chin, 

1995). This discovery was facilitated by PET-imaging techniques utilizing iodine-123-

metaiodobenzylguanidine (123-MIBG) to label sympathetic nerves and examine post-MI 

patients (Stanton et al., 1989). The relative area of denervated myocardium, assessed by 

123-MIBG labeling of nerves, correlated with increased risk of sudden cardiac arrest in 

humans (Fallavollita et al., 2014; Simula et al., 2000; Stanton et al., 1989).  This led to a 

hypothesis that promoting sympathetic reinnervation of the denervated infarct might 

reduce arrhythmias and risk of sudden cardiac arrest after MI. This idea is somewhat 

counterintuitive, given that sympathetic input by norepinephrine (NE) promotes post-MI 

arrhythmias, while blocking sympathetic nerve activity (either pharmacologically with 

beta-blockers or physically by severing the sympathetic ganglia) represent effective 

treatments to reduce post-MI arrhythmias (Barwad et al., 2021; Dae et al., 1995; 

Freemantle, Cleland, Young, Mason, & Harrison, 1999; Meredith, Broughton, Jennings, 

& Esler, 1991; Ziegler et al., 2018). Despite the efficacy of these interventions, they have 

the downside of reduced sympathetic activity overall and decreased ability of the heart to 

adapt to changing demands. Taken together, these observations suggest that the 

heterogeneity of sympathetic input is the culprit for arrhythmia generation, not the 
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denervation itself, as such, therapeutics which reduce heterogeneity of sympathetic 

neurotransmission and do not reduce cardiac adaptability are highly desirable.  

1. Generation of ventricular arrhythmias by sympathetic stimulation 

Arrhythmias generated by improper activation of 𝛽-AR are the result of 

pathological remodeling of sympathetic nerves in the post-MI heart (Zipes & Rubart, 

2006). As previously mentioned, sympathetic nerves in the heart enable adaptation to 

increased cardiac demands via stimulation of 𝛽-AR by the sympathetic neurotransmitter 

NE, a change which increases heart rate, conduction velocity, and contractility (Mohrman 

& Heller, 1997). Changes to the distribution of sympathetic nerves after MI alter this 

adaptive response, such that some regions of the heart respond to NE while other regions 

cannot (Lorentz et al., 2010). Arrhythmogenic sympathetic remodeling can be divided into 

four categories: hyperinnervation (too many nerves), denervation (too few nerves), 

altered neurotransmitter or neuropeptide secretion, and improper neuronal excitability 

(Zipes & Rubart, 2006).  

Exactly how sympathetic nerve remodeling causes ventricular arrhythmias is 

unknown, but the heterogeneity in neurotransmitter release between hyperinnervated and 

denervated regions clearly plays a role (Lorentz et al., 2010). One result of this 

heterogeneous innervation density is the remodeling of viable cardiac myocytes that 

remain after MI. Electrical remodeling in the cardiomyocytes of  hyperinnervated regions 

can produce increased L-type Ca2+ channel current density and decreased K+ current 

density, which would prolong action potential duration (Cutler, Jeyaraj, & Rosenbaum, 
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2011). Cardiac remodeling can also result in increased NCX expression or decreased 

cell-cell gap junction coupling, due to cell composition changes which can alter action 

potential duration (Poelzing & Rosenbaum, 2004; Pogwizd, Qi, Yuan, Samarel, & Bers, 

1999). Excess release of NE can occur following increased physical demand, inducing 

heterogeneous depolarization responses in various regions of the myocardium and thus 

triggering an arrhythmia. This is primarily thought to be propagated at the cellular level 

via delayed after depolarizations (DAD), which are spontaneous depolarizations that 

occur during the repolarization phase of cardiac action potentials (Figure 1.6) (Pogwizd 

& Bers, 2004). The direct cause of these events is increased calcium load in both the 

cytosol and SR, which can cause spontaneous opening of Ryanodine receptors (RyR), 

and activation of the NCX exchanger. If 

stimulated sufficiently, this chain of events can 

lead to spontaneous propagation of an action 

potential (Pogwizd, Schlotthauer, Li, Yuan, & 

Bers, 2001). If enough cells experience this 

spontaneous DAD at the same time, a focal 

arrhythmia can occur. Regional cardiomyocyte 

remodeling due to hyperinnervation is often 

able initiate DAD, causing reentrant 

arrhythmias in response to sympathetic 

neurotransmitter surges (Figure 1.6) (Xie, Sato, 

Garfinkel, Qu, & Weiss, 2010). Denervated 

Figure 1.6: Acute effects of sympathetic stimulation 
on arrhythmia generation. NE stimulation decreases 
action potential duration (APD). In pathological 
settings, excess NE stimulates inappropriate levels of 
cytosolic Ca2+ which can trigger early after 
depolarizations (EAD) or delayed after 
depolarizations (DAD) which can trigger arrhythmias. 
(Ripplinger, Noujaim, & Linz, 2016) 
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regions are also critical in generation of post-MI arrhythmias. Regions of viable 

myocardium that exist next to scar tissue can be denervated, and display hypersensitive 

responses to 𝛽-AR stimulation which can occur following a surge in NE release. This 

super-sensitivity is likely the result of reduced GRK2, which leads to reduced SR Ca2+ 

and increased cytosolic Ca2+, which can initiate DAD (Raake et al., 2012). At the tissue 

level, this hypersensitivity to 𝛽-AR makes propagating arrhythmias increasingly likely. 

Calcium handling studies in animal models have demonstrated this effect, where 

heterogeneous regions of innervation cause non-uniform distribution of calcium 

transients, which is highly arrhythmogenic (Myles, Wang, Kang, Bers, & Ripplinger, 2012; 

Vaseghi, Lux, Mahajan, & Shivkumar, 2012).  

2. Current standard of care to treat ventricular arrhythmias 

Given this background information, it is easy to understand why 𝛽-AR blockade 

remains one of the most effective treatments to reduce arrhythmia risk after MI. All these 

arrhythmia-generating pathways essentially converge on heterogenous 𝛽-AR stimulation, 

such that broad disruption of the pathway reduces arrhythmias. Decades of using β-

Blockers has significantly reduced mortality from sudden cardiac death across almost all 

types of coronary artery disease (Herring, Kalla, & Paterson, 2019). Sympathectomy, or 

physical removal of sympathetic nerves, has also emerged as a treatment to reduce the 

risk of reentrant arrhythmias and has shown promise clinically in reducing mortality 

(Barwad et al., 2021). Despite the clinical benefit of 𝛽-AR blockade (Lopez-Sendon et al., 

2004), it is also obvious why these treatments have downsides for patient quality of life, 
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as they reduce the ability of the heart to react to increased demand. Since 𝛽-AR blockade 

reduces 𝛽-AR-induced heterogeneous electrical activity, therapies restoring uniform 

distribution of nerves after MI might normalize electrical activity and preserve cardiac 

responses to increasing demand (Figure 1.7). Animal studies support this hypothesis with 

genetic and pharmacological interventions that restore nerves in the damaged 

myocardium, normalizing Ca2+ transients in the heart and reducing arrhythmia 

susceptibility in response to the 𝛽-AR agonist isoproterenol (Gardner et al., 2015). Given 

these results, it is of great clinical interest to find novel strategies that promote 

reinnervation of the damaged myocardium. 

 
Figure 1.7: Sympathetic nerve regeneration in the heart after MI hypothesis graphic. Healthy hearts generate cyclical 
depolarization and contraction of the Atria and Ventricle which is exemplified by the normal ECG trace. After a 
myocardial infarction (MI), nerves are pathologically redistributed such that damaged myocardium is denervated of 
sympathetic nerves while regions of hyperinnervation exist in adjacent viable myocardium. This atypical distribution of 
sympathetic nerves leads to arrhythmogenic depolarizations of the heart in response to 𝛽-AR stimulation exemplified 
by the premature ventricular complex shown in the ECG trace below the MI heart. We hypothesize that reinnervation 
of the damaged myocardium reduces arrhythmia risk, an idea that has been demonstrated in our animal model of MI. 
The goal of this dissertation is to outline novel strategies to promote sympathetic nerve regeneration in the infarcted 
myocardium. 
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III.  Nerve Regeneration 

A. History of nerve growth research 

Peripheral nerve outgrowth is a well-studied phenomenon, owing to the fact that 

these neurons were used in many of the earliest studies dissecting the mechanisms of 

nerve growth. Early developmental studies examined the distance that peripheral axons 

traveled to innervate target tissues and concluded that a precise mechanism of attractive 

cues must govern such consistent patterning. This led to the hypothesis that a secreted 

factor in target tissues was responsible for nerve route finding (V. Hamburger, 1934; V.  

Hamburger, 1939). This work came to a forefront when Rita Levi-Montalcini and Viktor 

Hamburger discovered this secreted factor from mouse salivary gland and dubbed it 

Nerve Growth Factor (NGF) (V Hamburger & Levi-Montalcini, 1949; Levi-Montalcini & 

Hamburger, 1953). The seeds to this discovery were sewn just over a decade earlier by 

Viktor Hamburger, who had shown that removal of wing buds in developing chick embryos 

reduced both the number of neurons that developed in the lateral motor column within the 

spinal cord and the number of sensory neurons of the dorsal root ganglion (DRG), while 

adding additional wing buds to the developing embryo produced more motor and sensory 

neurons (V. Hamburger, 1934; V.  Hamburger, 1939). This observation led to the 

formation of the “Neurotrophic Factor Hypothesis”, and subsequently the development of 

an entire field of neurobiology. The discovery of a secreted factor in the mouse salivary 

gland and cobra venom led to the purification and identification of NGF by Stanley Cohen 

(Cohen, 1960; Cohen & Levi-Montalcini, 1956). This work demonstrated the significance 

of the secreted factor in vivo: treating developing rodents with the anti-serum against NGF 
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caused massive neuronal die off. This led to the idea that NGF promoted neuronal 

differentiation and survival instead of causing neurogenesis. Work demonstrating that 

NGF only effected some neurons and not others led to discovery of other neurotrophic 

factors. Today we now know these as Brain Derived Neurotrophic Factor (BDNF) (Barde, 

Edgar, & Thoenen, 1982), Neurotrophin-3 (NT3) (Hohn, Leibrock, Bailey, & Barde, 1990; 

K. R. Jones & Reichardt, 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990), and 

Neurotrophin-4/5 (NT4) (Berkemeier et al., 1991; Ip et al., 1992). 

 
Figure 1.8: Neurotrophins and their cognate receptors. P75NTR binds all neurotrophins and all unprocessed 
proneurotrophins (PRO-NT). TrkA binds NGF and NT3. TrkB binds BDNF and NT4. TrkC binds NT3.  
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B.  Extracellular activation of neurotrophin signaling 

Neurotrophins are synthesized as dimeric propeptides in the endoplasmic 

reticulum, where they are packaged into secretory vesicles.  Cleavage of the prodomain 

by several different proteases produces an active c-terminus of the protein, which remains 

in dimeric form throughout signaling (Seidah, Benjannet, Pareek, Chretien, & Murphy, 

1996). Active neurotrophins exist as dimers that approximate 13.5 kDa and have 

picomolar affinities for their respective receptors (M. A. Bothwell & Shooter, 1977). The 

discovery of each neurotrophin led to a parallel search for their receptors, which we know 

now to be P75NTR and the Tropomyosin-receptor kinase (Trk) family; TrkA, TrkB, and 

TrkC. TrkA binds to NGF; TrkB binds BDNF and NT4; TrkC binds NT3 (Figure 1.8). In 

some cases, NT3 also binds and activates TrkA or TrkB, but is not the signaling equivalent 

of NGF or BDNF respectively (Clary & Reichardt, 1994; Harrington et al., 2011). P75NTR 

binds to all pro and mature neurotrophins. In neurons expressing the Trk receptor and 

P75NTR, both receptors can interact to form functional signaling complexes (Figure 1.9) 

(M. Bothwell, 1991; Hempstead, Martin-Zanca, Kaplan, Parada, & Chao, 1991). These 

receptors are responsible for the relay of extracellular neurotrophic signaling to 

intracellular targets. In response to neurotrophin binding, neurotrophin receptors dimerize 

and autophosphorylate intracellular domains, enabling signaling activity (Figure 1.10). 

Despite the fact that these are all considered neurotrophin receptors, their functions within 

the neuron can be quite divergent (Figure 1.9).  Trk receptor promotion of axon growth 

and survival remains the most often discussed signaling outcome (Huang & Reichardt, 

2003); NGF expressed in the developing heart promotes innervation of TrkA expressing 
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sympathetic neurons, and this signaling pathway sustains sympathetic innervation 

throughout life. Diverging outcomes occur when proneurotrophins bind P75NTR, an 

interaction that has been shown to induce apoptosis and cell death (Figure 1.9) (F. S. 

Lee, Rajagopal, & Chao, 2002; R. Lee, Kermani, Teng, & Hempstead, 2001). For this 

apoptotic pathway to initiate, the interaction of the c-terminal domain of the 

proneurotrophin interacts with P75NTR, while the pro-domain interacts with the protein 

Sortilin, forming a signaling complex (Figure 1.9) (Teng et al., 2005). This pathway plays 

a critical role in neuronal development, where apoptosis is critical for proper target 

innervation (Naumann et al., 2002) and in neuronal cell death after CNS injury (Harrington 

et al., 2004). Proneurotrophin-P75NTR signaling has also been proposed as a contributing 

factor during aging, since proneurotrophin expression increases and is thought to induce 

neuronal cell loss (Al-Shawi et al., 2008). Put simply, P75NTR signaling has a complicated 

role in neuronal survival. One well-supported model suggests that actively growing 

neurons secrete the opposing neurotrophin to stimulate death of adjacent neurons 

(Deppmann et al., 2008). The mechanistic basis for such interactions suggested that 

trans-neurotrophin (e.g., BDNF binding P75NTR on a TrkA expressing neuron) binding 

leads to P75NTR induction of neuronal cell death (Bamji et al., 1998). For the purposes of 

this dissertation. However, the most critical role of proneurotrophins is the interaction 

between P75NTR and proNGF following myocardial infarction, where proNGF is produced 

by damaged cardiomyocytes and contributes to sympathetic denervation of the ischemic 

zone (Lorentz et al., 2010). 
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Figure 1.9: Proneurotrophins and P75NTR in axon degeneration and extension. Proneurotrophins are processed into 
mature dimeric proteins by caspases. Dimeric neurotrophins bind and stimulate their cognate receptors as described 
in Figure 1.8. Proneurotrophins stimulate axon degeneration via P75NTR binding in complex with the receptor Sortilin. 
P75NTR can also induce cell death if a neurotrophin from a non-cognate receptor binds P75NTR (e.g. BDNF binding 
P75NTR in neurons that express TrkA). P75NTR can also complex with Trk forming active neurotrophin signaling 
complexes which promote axon extension (e.g. TrkA- P75NTR binding NGF). 

 

C.  Neurotrophin-induced intracellular signaling 

The divergent pathways of neurotrophin signaling and subsequent dramatic effects 

on physiology have made them the focus of decades of research. Recently, technological 

advances have led to an exponential increase in our understanding of the intracellular 

signaling cascades stimulated by neurotrophins. Trk receptors share many of the same 

downstream signaling partners, owing to their significant homology and intracellular 

scaffolding nature (Grimes et al., 1996). The phosphorylated intracellular domains of 
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neurotrophin-bound dimerized Trk receptors serve as signaling scaffolds for a diverse 

array of molecules that dock and propagate signaling in several canonical pathways 

(Huang & Reichardt, 2003). These pathways are often subdivided into 3 branches (Figure 

1.10); the Map kinase associated pathway, the PI3-kinase/AKT pathway, and the 

PLC𝛾/PKC pathway. In response to neurotrophin signaling, Map kinase pathway 

activation propagates a phosphorylation cascade activating Ras-Raf-MEK-ERK1/2, 

ultimately enabling CREB translocation to the nucleus, where it promotes axon 

differentiation and extension via induction of transcriptional networks (Finkbeiner et al., 

1997; Howe, Valletta, Rusnak, & Mobley, 2001). PI3-kinase pathway activation 

suppresses the cell death-associated protein BAD and induces phosphorylation of AKT, 

enhancing pro-survival cell signaling at the transcriptional level (York et al., 2000).  

Activation of PLC𝛾 induces signaling by producing diacylglycerol (DAG) and inositol-3-

phosphate (IP3) to alter cellular Ca2+, activate CAM kinases as well as PKC-ERK 

signaling to augment synaptic plasticity and differentiation (Chuang et al., 2001). 

Activation of all these pathways relies upon assembly of highly coordinated active 

signaling complexes, the details of which remain to be fully understood.  
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Figure 1.10: Simplified Trk-Neurotrophin signaling cascade. NGF bound TrkA dimers autophosphorylate tyrosines on 
cytoplasmic tails, enabling formation of an active Trk signaling complex which includes many effector proteins. These 
effector proteins lead to a cascade that activates three canonical downstream signaling pathways. The First is 
stimulation of phospholipase C (PLC), which alters calcium handling and promotes axon outgrowth by activating Protein 
Kinase C (PKC). Second is the Ras-MEK-ERK pathway, where a cascade of kinase activation and phosphorylation 
leads to transcriptional changes that promote neurite differentiation and outgrowth. The third pathway is the PI3-kinase 
– AKT pathway, which promotes survival by suppressing cell death signaling. 

 

Dissecting the nuances of neurotrophin signaling has been facilitated by the 

development of the compartmentalized cell-culture chamber; originally the Campenot 

chamber, and more recently various microfluidic designs, that isolate cell body (soma) 

and axonal compartments. These chambers enable the addition of stimuli to distinct 

cellular compartments, which has been particularly insightful to understand how axonal 

stimulation imparts cell soma effects. A traditional view of neurotrophin signaling is that 

neurotrophin, secreted from cellular targets of the nerve, binds to neurotrophin receptor 
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on the tip of axonal growth cones to elicit a cellular effect; notably axon growth and 

survival (Huang & Reichardt, 2003; Levi-Montalcini & Angeletti, 1968). This effect relies 

upon the efficient transmission of signaling across huge distances relative to the size of 

a cell, due to the highly polarized nature of the neuron (Horton & Ehlers, 2003). For 

example, lumbar motor neuron axons can extend up to 10,000 times the length of the cell 

soma (Ibanez, 2007). Thus, mechanisms must be in place to transmit signals rapidly 

across such distance.  This system relies on trafficking of neurotrophin-bound active 

signaling receptors from the distal axon back towards the cell body, and efficient 

mechanisms to replenish neurotrophin receptors in the distal axon depending upon the 

needs of the cell (Figure 1.11) (Hendry, Stockel, Thoenen, & Iversen, 1974; Horton & 

Ehlers, 2003). A complex system of trafficking proteins exists within the polarized neuron 

to facilitate such movement. Kinesins are a family of motor proteins that traffic cargo from 

the cell soma out towards the distal axon in a movement known as anterograde transport 

(Hirokawa, Noda, Tanaka, & Niwa, 2009). In contrast, dynein family motor proteins traffic 

proteins from the distal axon towards the cell soma in what is called retrograde transport 

(Heerssen, Pazyra, & Segal, 2004; Kardon & Vale, 2009). Trk receptors utilize these 

pathways to transport active signaling receptor complexes from the distal axon to the 

soma, to recycle and degrade inactivated receptors, and to replenish Trk receptors in the 

distal axon (Ibanez, 2007).  
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Figure 1.11: Neurotrophin signaling across the polarized neuron requires efficient translation of signaling over a 
distance. This is catalyzed by an assembly of motor proteins that transport cargo from the distal axon to the cell soma 
(retrograde) or from the soma out to the distal axon (anterograde). Retrograde transport is accomplished by Dynein 
motor proteins whose cargo includes active Trk signaling endosomes that are taken back to the cell soma where they 
can affect dendrite formation and transcriptional changes like increased expression of the TrkA gene. Anterograde 
transport is catalyzed by Kinesin motor proteins whose cargo can include TrkA mRNA which is taken out to the distal 
axon for local translation. This transport example enables efficient replenishment of TrkA at the membrane and enables 
neurotrophic signaling continuity. This cartoon exemplifies a TrkA expressing peripheral neuron that is attempting to 
innervate a cardiac myocyte thanks to release of NGF. 

 

Active neurotrophin-bound Trk receptor complexes are internalized into endocytic 

vesicles and trafficked through the axon (Figure 1.11). After internalization, these active 

Trk complexes continue to propagate positive signaling in endosomes (Howe & Mobley, 

2004). Signaling endosomes undergo retrograde transport via dynein motor proteins 

through the axon back to the cell soma, where they propagate neurotrophic signaling 

(Kuruvilla et al., 2004). Increasing evidence suggests that this retrograde Trk signaling is 
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also important for proper dendrite function (B. Zhou, Cai, Xie, & Sheng, 2012). Many 

tyrosine kinase receptors are internalized in active signaling endosomes and most, like 

Epidermal Growth Factor Receptor (EGFR), are targeted to the proteasome for rapid 

degradation, in turn ending the active signaling complex (Haglund, Shimokawa, 

Szymkiewicz, & Dikic, 2002). Trk receptors avoid this fate (to some extent) by employing 

a more complicated mechanism of proteasomal degradation involving multi-step 

ubiquitination, in essence requiring more steps to degrade an active signaling complex 

(Georgieva, de Pablo, Sanchis, Comella, & Llovera, 2011; Marmor & Yarden, 2004). A 

complex series of steps and interacting proteins enable efficient anterograde and 

retrograde signaling of neurotrophin-bound Trk receptor complexes, the extent of which 

is only starting to be understood, thanks to new molecular tools and imaging techniques. 

Increasing evidence suggests a critical role for the local translation of axon-targeted 

mRNAs, including a recent paper describing locally translated and modified prenylated-

Rac1 in promoting NGF-dependent axon outgrowth and proper trafficking of TrkA 

signaling endosomes (Kuruvilla et al., 2004). Additional evidence has shown that the Trk 

receptors can recycle back to the membrane and again form active signaling complexes 

(Chen, Ieraci, Tanowitz, & Lee, 2005; Saxena et al., 2005). Anterograde trafficking is 

equally important as retrograde to manage Trk receptor signaling. In response to 

retrograde neurotrophin signaling, anterograde transport of nerve growth-associated 

mRNAs is increased and targeted to the axonal growth cone via kinesin motors for local 

translation (Figure 1.11) (Willis et al., 2007). Impairment of anterograde mRNA transport 

in response to neurotrophin stimulus can cause neuronal cell loss (Andreassi et al., 2010). 
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D.  Neurotrophins in the heart 

In addition to effecting nervous system development, neurotrophins play important 

roles in development and maintenance of various organ systems, including the 

gastrointestinal tract, kidney, lungs, and most importantly for this dissertation, the heart 

(Huang & Reichardt, 2001). Neurotrophic signaling has broad reaching effects on both 

angiogenesis and cardiac myocytes across developmental stages and in various 

pathologies. In heart development BDNF, NT3, and Trk receptors B and C have been 

shown to play critical roles using knockout animals (Donovan, Hahn, Tessarollo, & 

Hempstead, 1996; Hiltunen, Arumae, Moshnyakov, & Saarma, 1996; Tessarollo et al., 

1997; Wagner et al., 2005). Lack of BDNF-TrkB signaling reduces endothelial cell-cell 

adhesion, subsequently reducing the number of blood vessels in the heart (Donovan et 

al., 2000; Wagner et al., 2005). NT3-TrkC signaling is required for proper atria and cardiac 

outflow tract development, and absence of this signal impairs cardiac morphology 

(Donovan et al., 1996). The role of P75NTR in cardiac development is complicated, but its 

critical role in proper development of cardiac vasculature is clear (von Schack et al., 

2001). Much of the work focusing on TrkA centers on its significance in proper 

development of the sympathetic nerves that innervate the heart. The post-ganglionic 

nerves that innervate the heart initially require NT3 signaling via TrkA to reach the heart, 

where the shift to NGF is required for proper target innervation and survival (Glebova & 

Ginty, 2005; Kuruvilla et al., 2004). NGF signaling via TrkA in sympathetic neurons of the 

heart ensures proper synapse formation, homogenous innervation density in atria and 

ventricle, and regulates levels of the sympathetic neurotransmitter Norepinephrine (NE) 



 30 

(Glebova & Ginty, 2004; Habecker et al., 2008; Lorentz et al., 2010). Beyond their role in 

proper development, neurotrophin signaling has been shown to be a critical player in 

cardiac pathologies. Ischemic insult to the heart is perhaps the most well studied of these 

pathologies and also the most important for this dissertation. Following cardiac ischemia, 

NGF is upregulated both at the transcriptional level (Hiltunen, Laurikainen, Vakeva, Meri, 

& Saarma, 2001) and protein level, in addition to increased TrkA expression (Meloni et 

al., 2010). The production and secretion of mature NGF via infiltrating and resident 

macrophages and myofibroblasts during the post-ischemia inflammatory phase enables 

NGF activity on a host of cell types (Hasan et al., 2006). NGF activation of TrkA and 

VEGF in endothelial cells after injury enables proliferation and survival by promoting 

angiogenesis following hind limb ischemia (Emanueli et al., 2002), and likely following MI 

(Meloni et al., 2010). Increased angiogenesis is known to promote healing of the infarcted 

myocardium. In other ischemic muscle injuries, BDNF-TrkB and NT3-TrkC promote 

recovery in the vasculature by acting on endothelial cells that express each respective 

Trk receptor (Cristofaro et al., 2010; Kermani et al., 2005). P75NTR plays an important role 

after MI in pericytes, binding to proNGF (upregulated after MI) and reducing pericyte 

function, increasing vascular permeability, and increasing size of the cardiac infarct (Siao 

et al., 2012).  

Given these observations, promoting mature neurotrophin signaling in the heart 

after ischemia-reperfusion injury is a compelling therapeutic target.  In theory, enhanced 

neurotrophin signaling could promote angiogenesis to damaged tissue, reduce 

deleterious inflammation, and also promote nerve regeneration after MI. Work in the 
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Habecker group has contributed to our understanding of the mechanism of NGF-induced 

sympathetic axon signaling after MI, demonstrating that NGF-TrkA signaling is vital for 

proper regeneration of the sympathetic nerves. TrkA activation in sympathetic nerves 

leads to phosphorylation of the Signal Transducer and Activator of Transcription 3 

(STAT3), which is important for its downstream signaling activation. STAT3 signaling is 

also affected by cytokine release converging on the gp130 receptor; cytokines like 

Leukemia Inducible Factor (LIF) and Ciliary neurotrophic factor (CNTF) activate gp130 

and stimulate tyrosine phosphorylation of STAT3. This work demonstrated that STAT3 

phosphorylation at critical serine and tyrosine residues are required for induction of NGF-

TrkA stimulated sympathetic axon extension (Pellegrino & Habecker, 2013). As 

mentioned previously, NGF is increased in the heart after MI, and it is worth noting that 

increased NGF signaling via TrkA in sympathetic nerves attempting to regrow in the 

cardiac scar leads to hyperinnervation of the border zone region outside the infarct but 

does not restore nerves to the infarct (Meloni et al., 2010; S. Zhou et al., 2004). This local 

hyperinnervation coupled with denervation of the  infarct promotes focal arrhythmias and 

likely increases risk for sudden cardiac arrest after MI (Zipes & Rubart, 2006), 

emphasizing the need to promote proper innervation of sympathetic nerves in the heart 

after MI (Gardner et al., 2016). 

 

 



 32 

E.  Clinical modulation of Trk signaling 

Since their discovery and classification as neurotrophic factors, neurotrophins 

have been thought of as molecules with therapeutic potential, given their dysregulation 

or disfunction in many pathologies. However, decades of work have shown that their 

therapeutic use is complicated. One of the more interesting applications of neurotrophins 

in the clinic has been in modulating pain sensitivity. Early studies showed that infusion of 

NGF to regenerate peripheral nerves promoted severe mechanical and thermal allodynia 

(hyper sensitive pain response) (Lewin & Mendell, 1993; Petty et al., 1994).  Interestingly, 

this observation might explain why NGF is enriched in both rodent salivary glands and 

viper venom, since NGF enrichment may be an evolutionary adaptation to  rapidly induce 

pain (Jackson, 2007). In response to these observations, however, NGF blocking 

strategies have been used to reduce hyperalgesia in peripheral neuropathic pain and 

various other pain-related pathologies without affecting normal pain sensation. 

Unfortunately, due to some adverse events in clinical trials, a monoclonal antibody 

(Tanezumab) developed for this purpose was not approved by the FDA this past year (B. 

Zhang, Tian, Qu, Liu, & Yang, 2021). Other clinical applications of neurotrophin signaling 

are TrkB and TrkC agonist antibodies, which have been proposed to treat nerve 

degeneration and neuropathy. However, no candidate has successfully reached clinical 

trials. A host of clinically approved small molecules are known Trk receptor modulators, 

including selective serotonin reuptake inhibitors and tricyclic anti-depressants, which all 

serve to increase neurotrophin expression (Price, Milne, Sharkey, & Matsuoka, 2007). 

One small molecule, xaliproden, enhances NGF action and also serves to stimulate 5-



 33 

HT1a receptors. It has been shown to improve outcomes in chemotherapy-induced 

sensory neuropathy but has had limited success in treating Alzheimer’s disease-related 

cognitive decline (Andoh, Sakamoto, & Kuraishi, 2013; Douillet & Orgogozo, 2009). 

Generally speaking, promoting neurotrophin signaling has not served as a feasible 

strategy to promote nerve regeneration, which may be the result of other factors that 

potently suppress neurotrophic signaling. Ultimately, nerve regeneration is a balance of 

intrinsic and extrinsic cues, where the relative abundance of one cue can dominate the 

other. This is typified after MI, where an abundance of NGF is present in the heart but 

nerves do not regenerate into the scar. We now understand that negative growth cues in 

the extracellular matrix that forms the scar prevents nerve regeneration, much like the 

scar that forms after spinal cord injury. Therapies to promote nerve regeneration may be 

best achieved by targeting inhibitory factors of neurotrophin signaling. 

IV. Chondroitin Sulfate Proteoglycan roles in axon outgrowth 

A. Inhibitory scar tissues 

In past decades, examining the factors preventing nerve regeneration following 

injury has been the focus of many research groups. Much of this work has focused on 

spinal cord injury, where physical trauma causes complete or partial severance of nerves, 

resulting in significant physical impairment. The resulting site of injury undergoes a wave 

of inflammation, which repairs the tissue until homeostasis is reached. The ultimate 

physical result of this is stable scar tissue, known as the glial scar, that forms and persists 

long after inflammation is resolved. The glial scar plays a critical role in the healing 

process, acting as a scaffold for infiltrating astrocytes, monocytes, and other leukocytes 
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in an effort to resolve the injury (Anderson et al., 2016). This scaffold is composed of a 

myriad of extracellular matrix proteins including chondroitin sulfate proteoglycans 

(CSPGs). CSPGs have been appreciated for inhibitory effects on nerve growth for over 

30 years, making them a key research focus and therapeutic target to promote axon 

regeneration (E. J. Bradbury et al., 2002; Busch & Silver, 2007; L. L. Jones, Margolis, & 

Tuszynski, 2003; McKeon, Schreiber, Rudge, & Silver, 1991; Snow, Lemmon, Carrino, 

Caplan, & Silver, 1990).  

B. CSPG family proteins 

CSPGs are a family of proteins characterized by post-translational attachment of 

glycosaminoglycan (GAGs) side chains to a core protein. The most widely studied 

proteoglycans in the CNS include; the Letican family (Versican, Brevican, Neurocan, and 

Aggrecan), Phosphocan, and the structurally distinct protein NG2, also known as CSPG4 

(Bandtlow & Zimmermann, 2000). These proteoglycans each have distinct GAG 

attachment sites, leading to varying degrees of glycosylation, and the non-templated 

nature of GAGs makes for an incredibly diverse set of proteins.   

Adding to this complexity is the further modification of the sugar n-acetyl-

galactosamine (Gal-N-Ac) which, along with glucuronic-acid, makes up the sugar 

backbone of GAGs (Miller & Hsieh-Wilson, 2015). Gal-N-Ac can be modified by covalent 

addition of a sulfate to the 4th (4S, CS-A) or 6th (6S, CS-C) position hydroxyls of the sugar 

via sulfotransferase enzymes (Figure 1.12). Specifically, chondroitin-4-sulfotransferase 

(CHST11) adds 4S to GAGs, while chondroitin-6-sulfotransferase (CHST3) adds 6S to 

GAGs. GAGs can be tandem sulfated at the 4 and 6 positions of Gal-N-Ac by the 4-



 35 

sulfation-dependent 6-sulfotransferase (CHST15), which adds 6S to previous 4-sulfated 

GAGs (4S,6S, CS-E). Sulfation can also be added to the 2nd position of glucuronic-acid 

(2S,6S CS-D) (Mencio, Hussein, Yu, & Geller, 2021; Miller & Hsieh-Wilson, 2015). 

Collectively, these side chains are referred to as CS-GAGs. While some core proteins, 

including Aggrecan and NG2, have been shown in certain contexts to suppress axon 

outgrowth; the primary inhibitory effect is thought to come from CS-GAGs (Dou & Levine, 

1994; L. S. Sherman & S. A. Back, 2008; Ughrin, Chen, & Levine, 2003).  

 

Figure 1.12: Simplified diagram of Chondroitin Sulfate Proteoglycan (CSPG) sulfation patterning by select enzymes. 
As example, CSPG glycosaminoglycans (CS-GAGs) can be post-translationally modified by sulfation on the sugar N-
Acetyl-Galactosamine (Gal-N-Ac) at the 4th position carbon (4S, CS-A) by the chondroitin-4-sulfotransferase (CHST11) 
or at the 4th and 6th position carbons (4S,6S, CS-E) by 4S-dependent 6-sulfotransferase (CHST15). An endogenously 
expressed 4-sulfatase, ARSB, can remove 4S in the cytosol, extracellularly, or at the membrane. CS-A and CS-E have 
been shown to inhibit axon outgrowth in specific disease contexts and neuronal subtypes. ARSB has been shown to 
promote axon outgrowth in certain contexts as well. We hypothesized that CS-E is the predominant inhibitor of 
sympathetic axon outgrowth in the infarcted myocardium after an MI. 

 

C. CSPG interacting molecules 

CS-GAGs bind many cell surface receptors implicated in axon outgrowth inhibition, 

including Protein-Tyrosine Phosphatase Receptor Sigma (PTPσ) and Leukocyte 

Common Antigen Related (LAR) Protein-Tyrosine Phosphatase (Fisher et al., 2011; Shen 
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et al., 2009b). Additionally, CS-GAGs bind many other molecules including Nogo 

receptors (NgR1 and NgR3), Semaphorin 5a (Sem5a), Semaphorin 3a (Sem3a), 

Integrins, EGFR, Trk receptors, as well as NGF (Bhattacharyya, Feferman, & Tobacman, 

2014; Dick et al., 2013; Dickendesher et al., 2012; Kantor et al., 2004; Miller & Hsieh-

Wilson, 2015). The diverse nature of these interactions is thought to be driven by ionic 

interactions between negatively charged sulfates on CS-GAGs and positively charged 

receptor binding domains (Gama et al., 2006).  

D. CSPG signaling in axon regeneration 

Given the critical role of CSPGs in various pathologies, many groups have 

examined signaling pathways activated by their stimulation. PTPσ and LAR represent two 

prominent CSPG-stimulated receptors that affect axon outgrowth via similar downstream 

signaling pathways (Ohtake, Wong, Abdul-Muneer, Selzer, & Li, 2016). CSPG stimulation 

of PTPσ/LAR activates the Rho/ROCK kinase pathway, inducing cytoskeletal 

rearrangements that cause growth cone collapse and inhibit AKT activation to suppress 

axon outgrowth. Active PTPσ can bind to all Trk receptors, suppressing Trk 

phosphorylation and downstream neurotrophin signaling, resulting in suppression of axon 

outgrowth(Faux et al., 2007). This phosphatase activity leads to reduced ERK 

phosphorylation and subsequently diminishes axon outgrowth (Ohtake et al., 2016). 

Chemorepulsive stimulation of other CSPG receptors (NgR1, NgR3, Sem3a, Sema5a) 

suppresses axon outgrowth by similar pathways as PTPσ/LAR, whereas Integrin binding 

of growth promoting molecules is blocked by CSPGs (Dick et al., 2013; Dickendesher et 

al., 2012; Kantor et al., 2004; Ohtake & Li, 2015). 
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E. Prominent roles for Chondroitin Sulfate GAGs 

Much debate has surfaced about how specific CS-GAG patterns inhibit axon 

outgrowth. This debate is primarily due to methodological differences, antibodies used, 

and subsequent interpretation of results. One thing certain from all reports, is that the 

injury context and neuronal subtype involved seem to dictate the effect of the CS-GAG. 

For example, CS-A (4S) is thought to be the primary inhibitor of axon outgrowth after 

cortical impact and optic nerve crush injury (Pearson, Mencio, Barber, Martin, & Geller, 

2018; H. Wang et al., 2008; Yi et al., 2012), while CS-E (4S,6S) has been shown to inhibit 

axon extension in spinal cord injury and in DRG neurons (Brown et al., 2012; Gilbert et 

al., 2005). CS-C (6S) has even been shown to promote axon outgrowth in the context of 

spinal cord injury (Lin, Rosahl, Whiting, Fawcett, & Kwok, 2011). It is worth noting that 

much of our understanding of CS-GAGs comes from the field of neurodevelopment. In 

development, CSPG sulfation has been shown to regulate neurogenesis(Gates et al., 

1995), proper patterning of the retina (Brittis, Canning, & Silver, 1992),  axon midline 

crossing(Pires-Neto, Braga-De-Souza, & Lent, 1998), and assist in proper pathfinding 

during assembly of the corticospinal tract (Hsu, Stein, & Xu, 2005). In the adult brain, CS-

GAGs are enriched the peri-neuronal nets (PNNs) (Deepa et al., 2006), where they 

augment circuit stability and play a role in suppression of neuronal plasticity (Smith et al., 

2015). In addition to the effect of CSPGs on nerves, they have also been shown to play 

a role in cancer-cell motility, fibrosis and inflammation during colitis, and even in the heart 

during heart failure (Bhattacharyya, Feferman, Terai, Dudek, & Tobacman, 2017; Suzuki 

et al., 2016; Suzuki et al., 2017; Watanabe et al., 2015). 
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F. CSPGs in the heart after Myocardial Infarction 

Given the significant body of literature demonstrating the critical role of CSPGs in 

preventing axon extension, it seemed logical that a similar cue from the extracellular 

matrix might play a role in the denervation that exists in the cardiac scar after myocardial 

ischemia-reperfusion injury. Unlike the glial scar, which primarily helps to contain the 

inflammatory response (Anderson et al., 2016), the cardiac scar plays an additional role 

in maintaining the rigidity of the heart after MI and ensures adequate left-ventricular 

function (Fomovsky & Holmes, 2010; Fomovsky, Thomopoulos, & Holmes, 2010). This 

rigidity is largely accomplished by deposition of collagen, a molecule also known to 

promote axon extension. The abundance of a growth promoting molecule only suggested 

the presence of a more potent inhibitor of axon outgrowth, perhaps similar to the glial 

scar. This led members of our lab to hypothesize and determine that CSPGs were 

enriched in the cardiac scar, and played a key role in preventing sympathetic axon 

extension back into the scar (Gardner & Habecker, 2013). This work demonstrated that 

CSPG interaction with PTPσ was necessary and sufficient to prevent sympathetic nerve 

growth back into the scar after MI (Gardner et al., 2015). This was an interesting 

observation on several points. First, the data showed that CSPGs were the key reason 

for axon outgrowth inhibition, ruling out other ECM molecules enriched in the scar (e.g., 

low and high molecular weight hyaluronic acid). Second, the data showed that a single 

CSPG receptor was responsible for mediating this inhibitory response (Gardner & 

Habecker, 2013). In other nerve injury paradigms, multiple CSPG receptors, including 

PTP𝜎 and LAR, likely need to be suppressed to achieve complete regeneration (Fisher 
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et al., 2011; Ohtake et al., 2016; Shen et al., 2009b; Y. Zhang et al., 2005). Finally, the 

data showed that it was the CS-GAGs specifically that played an inhibitory role in CSPG 

suppression of sympathetic axon outgrowth. CSPGs treated with chondroitinase ABC 

(chABC) to remove CS-GAGs from the core protein did not inhibit sympathetic axon 

outgrowth (Gardner & Habecker, 2013). 

The observation that CS-GAGs were the primary inhibitors of growth was not 

entirely surprising, given the previously mentioned observations that some sulfation 

patterns of CS-GAGs possess inhibitory activity (Brown et al., 2012; Gilbert et al., 2005; 

Pearson et al., 2018; H. Wang et al., 2008). In hindsight, what was surprising is that the 

main core proteoglycan enriched in the scar after MI is NG2 (Tian et al.).  NG2 has been 

shown to mediate much of its inhibitory effect via the core proteoglycan despite 

possessing CS-GAGs (Dou & Levine, 1994; Ughrin et al., 2003). The data to follow in 

Chapter 2 of this dissertation suggest that in the case of the cardiac scar, NG2 elicits its 

effect primarily through attached CS-GAGs. The fact that CS-GAGs play such a critical 

role in the scar is in line with our previous observations that inhibiting PTPσ in an animal 

model of MI restored axon outgrowth (Gardner & Habecker, 2013; Gardner et al., 2015). 

The extracellular domain of PTPσ binds with high affinity to heavily sulfated CS-GAGs, 

specifically CS-E (Brown et al., 2012).  CS-GAGs bind PTPσ and physically prevent its 

ability to form homodimers, resulting in active PTPσ monomers. Dimeric PTPσ 

intracellular phosphatase domain is inhibited by homotypic interactions between wedge 

domains of other PTPσ molecules (Majeti, Bilwes, Noel, Hunter, & Weiss, 1998; Shen et 

al., 2009b; Wu et al., 2017). Interestingly, this strategy was used when designing the 
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therapeutic Intracellular Sigma Peptide (ISP), which disrupts PTPσ interactions but does 

not inhibit phosphatase activity (Lang et al., 2015). By contrast, Heparin sulfate 

proteoglycans (HSPGs) are thought to bind and cluster PTPσ molecules together, 

preventing phosphatase activity on its targets (Aricescu, McKinnell, Halfter, & Stoker, 

2002).  In the absence of intervention, sulfated CSPGs deposited in the ECM interact in-

trans with PTPσ receptors on the surface of extending axons (Lang et al., 2015). This 

enables monomeric PTPσ activity in the membrane with target receptors like TrkA, TrkB, 

and TrkC (Faux et al., 2007). PTPσ phosphatase activity on Trk receptors ultimately 

reduces Trk phosphorylation, blocking neurotrophin signaling, suppressing axon 

outgrowth(Faux et al., 2007) via augmentation of the cytoskeleton, and ultimately leading 

to growth cone collapse. While playing a crucial role in disease states like SCI, TBI, and 

MI, this interaction also enables appropriate axon guidance during development and in 

maintaining PNN structure in the brain (Deepa et al., 2006; Smith et al., 2015). However, 

for the purposes of this document we will focus on the more deleterious side of these 

interactions following MI (Figure 1.13).  
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Figure 1.13: CSPG sulfation hypothesis overview in the context of regenerating sympathetic nerves in the presence of 
highly 4,6-sulfated CSPGs in the infarcted myocardium. Top panel, 4,6-sulfated CSPGs in the infarcted myocardium 
interact with PTPσ on the tip of regenerating sympathetic axons leading to PTPσ phosphatase activity. PTPσ activity 
downregulates active NGF-bound TrkA signaling complexes, blocking sympathetic axon extension into the infarcted 
myocardium. Lower Panel, reducing 4,6-sulfated CSPGs in the infarcted myocardium prevents activation of PTPσ 
which enables continued NGF-TrkA signaling, subsequently promoting sympathetic axon extension in the infarcted 
myocardium. 

 

Perhaps the most critical finding from previous work in the Habecker Lab is the 

discovery that inhibiting CSPG signaling restored sympathetic nerves to the infarct and 

normalized cardiac electrophysiology after MI (Gardner et al., 2015). As mentioned 

earlier, reinnervation of the infarct has been hypothesized as a strategy to reduce post-
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MI arrhythmias. Data from our animal model of myocardial infarction suggests that 

restoration of sympathetic nerves reduces arrhythmias in the heart, as measured by 

generation of premature ventricular complexes (PVCs) and normalizes calcium handling 

in the post-MI heart (Gardner et al., 2015). The process by which restored nerves in the 

infarct normalize electrophysiology is not well understood, but it is likely that differentiated 

myofibroblasts that replace much of the necrotic cardiomyocytes are able to passively 

propagate action potentials and reduce the electrically insulating properties of the scar 

tissue (Rog-Zielinska, Norris, Kohl, & Markwald, 2016). Much remains to be understood 

on this topic but the results clearly demonstrate sympathetic nerve restoration as a viable 

strategy to normalize cardiac electrophysiology after MI. 

V. Dissertation overview 

The overarching goal surrounding the work summarized in this dissertation is 

aimed at improving our understanding of the molecular basis for CSPG suppression of 

sympathetic nerve regeneration after MI. While previous work showed that ISP might be 

a therapeutic strategy to promote nerve regeneration in the heart, peptide-based 

therapeutics have downsides in terms of cost, administration, and persistence of 

therapeutic effects. This led us to attempt developing a small-molecule therapeutic that 

could replicate these results. What follows in Chapter 4 is the description of the in vitro 

work to characterize novel small molecules HJ-01 and HJ-02, which promote sympathetic 

axon outgrowth across CSPGs. These novel small molecules elicit effects through 

disruption of PTP𝜎-Trk interactions, thereby promoting axon outgrowth and growth 

signaling. Work that is documented elsewhere demonstrates how these small molecules 



 43 

promote nerve regeneration after MI in vivo (Sepe, 2022). In Chapter 2 of this dissertation, 

the molecular basis of CSPG inhibition is explored in greater detail. This work 

demonstrates how specific sulfation patterns on CS-GAGs (most likely CS-E) inhibits 

sympathetic axon outgrowth. We show that this CS-GAG sulfation pattern is upregulated 

after MI and that reducing CS-E by transient knockdown of the CSPG 4,6-sulfation 

enzyme Chst15, sympathetic nerve regeneration in the infarct is restored. This work 

provides two new potential mechanisms to restore nerves in the cardiac scar. Chapter 3 

describes the interesting phenomena of spontaneous nerve regeneration in our murine 

MI model, wherein aged animals eventually regrow axons in the infarct. This work also 

demonstrates that early restoration of sympathetic neurotransmission in the heart with 

ISP has no deleterious effects on cardiac function in aged MI animals. Chapter 5 and 

appendix A, describe two “misadventures” during this dissertation, which hopefully 

provide insight for future experiments aimed at understanding CSPG signaling and 

sympathetic nerve regeneration in the heart after MI. 
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Abstract  

Sympathetic denervation of the heart following myocardial infarction (MI) is 

sustained by chondroitin sulfate proteoglycans (CSPGs) in the cardiac scar, and 

denervation predicts risk of sudden cardiac death. Blocking CSPG signaling restores 

sympathetic axon outgrowth into the cardiac scar, decreasing arrhythmia 

susceptibility. Axon growth inhibition by CSPGs is thought to depend on the sulfation 

status of the glycosaminoglycans (CS-GAGs) attached to the core protein. Tandem 

sulfation of CS-GAGs at the 4th (4S) and 6th (6S) positions of n-acetyl-galactosamine 

inhibits outgrowth in several types of neurons within the central nervous system, but 

it is not known if sulfation is similarly critical during peripheral nerve regeneration. We 

asked if CSPG sulfation prevented sympathetic axon outgrowth.  Sympathetic neurite 

outgrowth across purified CSPGs is restored in vitro by reducing 4S with the 4-sulfatase 

enzyme Arylsulfatase-B (ARSB). Additionally, we co-cultured cardiac scar tissue with 

sympathetic ganglia ex vivo and found that reducing 4S with ARSB restored axon 

outgrowth to control levels. We examined levels of the enzymes responsible for adding 

and removing sulfation to CS-GAGs by western blot to determine if they were altered in 

the left ventricle after MI. We found that CHST15 (4S dependent 6-sulfotransferase) was 

upregulated, and ARSB was downregulated after MI. Increased CHST15 combined with 

decreased ARSB suggests a mechanism for production and maintenance of sulfated 

CSPGs in the cardiac scar. We altered tandem sulfated 4S,6S CS-GAGs in vivo by 

transient siRNA knockdown of Chst15 and found that reducing 4S,6S restored Tyrosine 

Hydroxylase (TH) positive sympathetic nerve fibers in the cardiac scar after MI and 

reduced arrhythmias. Overall, our results suggest that modulating CSPG-sulfation after 
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MI may be a therapeutic target to promote sympathetic nerve regeneration in the cardiac 

scar and reduce post-MI cardiac arrhythmias. 

 

I. Introduction 

Sympathetic denervation following myocardial infarction (MI) is well documented 

in both animal models and in humans, and highly predictive of ventricular arrhythmias 

and sudden cardiac death (Boogers et al., 2010; Fallavollita et al., 2014; Nishisato et al., 

2010). Following an early period of axon degeneration after MI, sympathetic nerves grow 

back through undamaged myocardium but do not enter the scar due to the presence of 

chondroitin sulfate proteoglycans (CSPGs) (Gardner & Habecker, 2013).  This 

heterogeneity in sympathetic innervation increases risk for arrhythmias and sudden 

cardiac death, and blocking sympathetic transmission with beta receptor antagonists or 

surgical sympathectomy prevents arrhythmias and prolongs life (Herring et al., 2019). 

However, beta blockers and surgical sympathectomy have unwanted side effects and a 

therapeutic intervention restoring sympathetic innervation in the cardiac scar by 

modulating CSPGs may improve health outcomes for patients suffering post-MI 

arrhythmias.  

CSPGs are a diverse family of extracellular matrix proteins modified by chondroitin 

sulfate (CS) side chains that inhibit nerve regeneration in numerous injury paradigms 

including MI, spinal cord injury, and traumatic brain injury (Brown et al., 2012; Gardner & 

Habecker, 2013; Lang et al., 2015; McKeon, Jurynec, & Buck, 1999; Miller & Hsieh-

Wilson, 2015; Yi et al., 2012). CSPGs are heterogeneous but all are composed of a core 
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protein that is covalently linked to repeating disaccharide side chains known as 

glycosaminoglycans (GAGs). While some evidence suggests that the CSPG core protein 

itself plays a role in regulating axon outgrowth (Dou & Levine, 1994; Ughrin et al., 2003), 

the primary effect is thought to occur via the post-translational addition of sulfate to GAGs  

(Mencio et al., 2021; Miller & Hsieh-Wilson, 2015). CS-GAGs in scar tissues bind CSPG 

receptors like PTPσ (protein tyrosine phosphatase receptor sigma) on regenerating axons 

(C. H. Coles et al., 2011; Shen et al., 2009b).  CSPG sulfation is attached to specific 

locations of the CS-GAG by sulfotransferase enzymes, yielding unique structures that 

differentially affect axon outgrowth. Specifically, 4-sulfation (4S) and 6-sulfation (6S) of n-

acetyl-galactosamine are critical regulators of axon outgrowth (Brown et al., 2012; Gilbert 

et al., 2005; H. Wang et al., 2008). 4S CS-GAGs are produced by the chondroitin-4-

sulfotransferase, CHST11, while 4,6 tandem sulfated GAGs (4S,6S) are produced by a 

4S dependent chondroitin-6-sulfotransferase, CHST15 (Miller & Hsieh-Wilson, 2015). 4S 

CS-GAGs can also be removed by an endogenously expressed 4-sulfatase, 

Arylsulfatase-B (ARSB) (Figure 2.1A) (Pearson et al., 2018; H. Wang et al., 2008). 

Evidence from spinal cord injury (SCI) and traumatic brain injury (TBI) indicate that 

tandem sulfated 4S,6S CS-GAGs potently suppress axon outgrowth (Brown et al., 2012; 

Gilbert et al., 2005). Removal of all CS-GAGs from cardiac scar tissue by treatment with 

the enzyme chondroitinase ABC (chABC) restores sympathetic axon outgrowth in vitro 

(Gardner & Habecker, 2013) but it remains unknown whether CSPG sulfation is critical to 

inhibit regeneration of peripheral nerves.  
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Here we show that 4,6 tandem sulfated CSPGs are enriched in the cardiac scar 

after MI, and that this sulfation is important for preventing nerve regeneration in the heart. 

Sulfation-related enzymes are altered in the heart after MI, and reducing sulfation of CS-

GAGs by transient siRNA knockdown of Chst15 promotes reinnervation of the cardiac 

scar. Reinnervation decreases isoproterenol-induced arrhythmias. 

 

II. Results 

A. 4,6-sulfation of CS-GAGs increased in the heart after MI 

To establish whether CSPG sulfation occurs after MI we used antibodies specific 

to 4S and 6S CS-GAGs (Yi et al., 2012) to compare CSPG sulfation in unoperated left 

ventricle to day 14 post-MI scar tissue. Day 14 represents a time point when scar tissue 

is relatively stable and sympathetic nerves are excluded from entering the scar. 

Myocardial infarction led to increased 4,6 sulfation of CSPGs in the cardiac scar (Figure 

2.1B-D). 
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Figure 2.1:  CSPG 4,6 Sulfation increases in the cardiac scar after MI. (A) CSPG-sulfation patterning schematic with 
key enzymes. (B) 4-sulfation (4S CS-GAGs) or (C) 6-sulfation (6S CS-GAGs) quantification assessed by western blot 
in the healthy myocardium (unoperated) or cardiac scar 14 days after MI (MI).  Quantification of n=6 animals per 
treatment group, statistics; student t-test (Welch’s test), **p-value<0.01,  ****p-value<0.0001 (D) Example blot images 
for 4S CS-GAGs, 6S CS-GAGs, and total protein from two unoperated and two MI animals.  
 

B. Reducing 4-sulfation with ARSB promotes sympathetic neurite outgrowth in vitro 

To test whether 4-sulfation of CS-GAGs prevented neurite outgrowth across 

CSPGs we enzymatically removed 4S from purified CSPGs using the 4-sulfatase, ARSB. 

An effective ARSB dose was identified in pilot studies to remove 4S while leaving 6S 

intact (Figure 2.8).  Sympathetic neurons were then grown on CSPGs treated with vehicle 

or ARSB. Sympathetic neurite extension across untreated CSPGs was suppressed 40 

hours post-plating compared to laminin alone, while ARSB treatment restored neurite 

outgrowth in a dose-dependent manner (Figure 2.2A,B). These results indicate that 4-

sulfation of CS-GAGs inhibits sympathetic neurite extension. 
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Figure 2.2: Reducing CS-GAG 4-sulfation promotes sympathetic neurite outgrowth in vitro. (A) Example of neurite 
outgrowth experiment with ARSB. Data are mean neurite-length ± SD at 9 locations per well and 3 wells per condition. 
(B) Removal of 4-sulfation with ARSB restores neurite outgrowth to control levels. Quantification of dissociated 
sympathetic neurite length at 40 hours post-plating on indicated plate coatings. Statistics; one-way ANOVA, (Dunnett’s 
post-test). All comparisons made to neurite outgrowth on Laminin + CSPG coated wells, ns - not significant, *p<0.05, 
n=4 experiments. 
 

C. Reducing 4-sulfation of cardiac scar tissue with ARSB restores sympathetic axon 

outgrowth ex vivo 

We treated cardiac scar tissue with ARSB to test whether removing 4-sulfation 

from CS-GAGs in cardiac scar tissue could restore sympathetic axon outgrowth in explant 

co-cultures. Ganglion explants co-cultured (Figure 2.3A) with unoperated left ventricle 

(Figure 2.3B) displayed uniform axon outgrowth in all directions while explants cultured 

alongside cardiac scar tissue (10-14 days post-MI) exhibited shorter axons growing in the 

direction of the scar tissue (Figure 2.3C). Interestingly, ARSB treatment (0.6µg/mL) of 

scar tissue fully restored axon outgrowth towards the scar (Figure 2.3D), while growth 

away from the scar tissue was normal in all conditions (Figure 2.3E). These data suggest 

that reducing 4-sulfation of CS-GAGs in the cardiac scar is sufficient to enable 

sympathetic axon regeneration. 
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Figure 2.3: Reducing CS-GAG 4-sulfation in cardiac scar tissue ex vivo restores sympathetic axon outgrowth. (A) 
Explant co-culture schematic. Ganglion axon extension towards (0 degree) and away from (180 degree) myocardium 
was measured. (B) Example images of ganglia axon outgrowth in the presence of healthy LV tissue (Unop) or (C) 
cardiac scar tissue (MI) treated with or without ARSB. Gray circle approximates boundary of axon extension 48 hours 
after plating. (D) Quantification of ganglion axon outgrowth towards myocardium of either healthy tissue (Unop) or scar 
tissue (MI) treated with vehicle (5% DMSO) or ARSB (0.6μg/mL). (E) Quantification of ganglion axon outgrowth away 
from myocardium of either healthy tissue (Unop) or scar tissue (MI) treated with vehicle (5% DMSO) or ARSB 
(0.6μg/mL). Statistics for D, E; one-way ANOVA (Dunnett’s post-test), comparisons made to vehicle treated MI tissue; 
ns - not significant, p<0.0001, n=13 animals control tissue and n=9 MI tissue. 
 

D. Expression of CSPG sulfation enzymes is altered after MI 

To understand the mechanisms by which CS-GAG sulfation increases after MI we 

examined protein levels of three critical CSPG sulfation enzymes, comparing post-MI 
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expression to unoperated left ventricle. We examined chondroitin-4-sulfotransferase 

CHST11, 4S-dependent chondroitin-6-sulfotransferase CHST15 (4,6 tandem sulfation 

enzyme), and 4-sulfatase ARSB (Figure 2.1A). CHST11 levels decreased significantly 

within 24 hours, persisting until day 7 (Figure 2.4A,D), while CHST15 was increased 

significantly at days 7 and 14 post-MI (Figure 2.4B,D). ARSB levels decreased 

significantly by day 3 and remained low through day 14 (Figure 2.4C,D).  

 
Figure 2.4: CSPG-sulfation enzyme expression is altered after MI. Western blot quantification of protein expression for 
(A) chondroitin-4-sulfotransferase (CHST11), (B) chondroitin-6-sulfotransferase (CHST15) and, (C) 4-sulfatase 
(ARSB) protein expression in control left-ventricle (Unop), or in the days after MI (24hr, D3, D7, or D14). Statistics; one-
way ANOVA (Dunnett’s post-test); ns- not significant, *p-value<0.05, **p-value<0.01, comparisons to unoperated 
tissue, n=5 animals per group. (D) Example western blot images for CSPG-sulfation enzymes.   
 

In light of protein changes in CSPG sulfation enzymes after MI, we examined CS-

GAG sulfation at these same time points. 4S and 6S CS-GAGs are significantly increased 

in the infarct by day 7 post-MI extending through day 14 (Figure 2.5A,B,E). We also asked 
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if the CSPG core protein NG2 (also called CSPG4) was altered after MI, and found that 

NG2 was increased in the infarct by 7 days after MI (Figure 2.5C,E). Thus, core proteins 

and sulfation of CS-GAG side chains are both in greater abundance. We chose to look at 

NG2 because it was prominently expressed in a recent glycoproteomics analysis of 

cardiac scar tissue whereas another commonly studied core proteoglycan, Aggrecan, 

was not detected (Tian et al., 2014). In an effort to better understand how this process 

may be coordinated, we examined the expression of a key wound healing regulator, 

Galectin-3, which has also been connected to CSPG sulfation and ARSB expression 

(Bhattacharyya et al., 2020; Bhattacharyya et al., 2017; Bhattacharyya et al., 2014; 

Bhattacharyya et al., 2015). Galectin-3 was increased significantly by 24 hours after MI, 

which may contribute to altered expression of CSPG sulfation enzymes at later time 

points (Figure 2.5D,E). These data suggest that increased CHST15 and decreased ARSB 

expression contribute to increased 4,6 sulfation of CS-GAGs observed by day 7 post-MI. 
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Figure 2.5: Time course of CSPG sulfation and core protein expression after MI in cardiac scar tissue. Western blot 
quantification of (A) 4-sulfation (4S CS-GAGs), (B) 6-sulfation (6S CS-GAGs), (C) NG2 core protein, and (D) Galectin-
3 in the days after MI. Statistics; one-way ANOVA (Dunnett’s post-test), ns- not significant, *p-value<0.05, **p-
value<0.01, ***p-value<0.001, ****p-value<0.0001, comparisons to unoperated tissue, n=5 animals per group.  (E) 
Example western blot images of A-D.  
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E. siRNA knockdown of Chst15 reduces 4,6 tandem sulfation of CSPGs and restores 

sympathetic axons in the cardiac scar after MI  

To determine if CSPG sulfation suppresses sympathetic nerve regeneration after 

MI we decreased 4,6-tandem sulfated CS-GAGs in vivo by reducing the expression of the 

Chst15 gene using silencing RNA (siRNA). After identifying siRNA that decreased Chst15 

mRNA in myoblast-like C2C12 cells (Figure 2.9A,B), we tested the efficacy of our Chst15 

siRNA in vivo. Intravenous delivery of 100µg siChst15 reduced CHST15 protein 

compared to non-targeting control siRNA (Figure 2.9C). Mice were then treated with 

100µg siChst15 on days 3, 5, and 7 post-MI, leading to a significant reduction in 4S,6S 

CS-GAGs.  Specifically, siChst15 reduced the amount of 6S present 10 days post-MI 

compared to non-targeting siRNA control (Figure 2.6A). By 10 days after MI, CHST15 

protein levels had returned to normal suggesting that transient knockdown of CHST15 is 

sufficient to alter 4,6 sulfation of CS-GAGs (Figure 2.9D,E).  Interestingly, siChst15 

knockdown led to increased NG2 core protein expression compared to non-targeting 

siRNA control (Figure 2.6C). The sympathetic neuron marker Tyrosine Hydroxylase (TH), 

was increased significantly in cardiac scar tissue from siChst15 treated animals compared 

to non-targeting siRNA control animals (Figure 2.6D), suggesting successful sympathetic 

reinnervation of the cardiac scar. Neuronal norepinephrine (NE) content was not 

increased (Figure 2.9F), consistent with previous studies showing regulation of NE 

synthesis and reuptake by inflammatory cytokines (Parrish et al., 2010). 
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Figure 2.6: Reducing CS-GAG 4,6 tandem-sulfation in vivo promotes sympathetic nerve regeneration into the cardiac 
scar after MI. Western blot quantification of (A) 6-sulfation (6S CS-GAGs), (B) 4-sulfation (4S CS-GAGs), (C) NG2 core 
protein and, (D) the sympathetic neuron marker Tyrosine Hydroxylase (TH) in the cardiac scar after transient Chst15 
knockdown or treatment with a non-targeting siRNA control. Tissue was collected 10 days after MI, n=7 animals per 
group; student t-test (Welch’s test), ns - not significant, *p-value<0.05, **p-value<0.01.  (E) Western blot images of A-
D.   
 

To ensure that reinnervation of the cardiac scar occurred after Chst15 knockdown 

we examined the cardiac scar (labeled by fibrinogen) for TH positive sympathetic nerve 
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fibers by immunohistochemistry (IHC). IHC analysis in animals treated with a non-

targeting siRNA control showed clear denervation of the infarct (Figure 2.7A) compared 

to the peri-infarct region adjacent to the scar (Figure 2.7B).  Animals treated with an siRNA 

targeting Chst15 had restored TH positive fibers in the infarct (Figure 2.7C) at the same 

innervation density as the peri-infarct region (Figure 2.7D).  TH innervation density was 

significantly higher in the infarct of Chst15 targeted animals compared to non-targeting 

siRNA treated animals (Figure 2.7E). Cardiac scar size was examined between the two 

groups and no significant difference existed (Figure 2.7G,H). To examine whether 

restoration of nerves reduced arrhythmia susceptibility we examined arrhythmias by ECG 

after administration of the 𝛽-agonist Isoproterenol(Gardner et al., 2015). Restoration of 

nerves with Chst15 siRNA treatment reduced arrhythmias when compared to non-

targeting siRNA control treated animals (Figure 2.7F).  These results indicate that 

reducing 4,6 tandem sulfated CS-GAGs in the cardiac scar after MI promotes sympathetic 

nerve regeneration back into the cardiac scar and reduces arrhythmia susceptibility after 

MI.  
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Figure 2.7: Reducing 4,6 tandem-sulfation of CS-GAGs in vivo promotes sympathetic nerve regeneration into the 
cardiac scar. Fibrinogen was used to label scar (magenta) and TH was used to label sympathetic neurons (cyan).  
Example image of (A) denervated infarct in non-targeting control treated animal versus (B) normal density of TH+ fibers 
in the peri-infarct region adjacent to the scar. Systemic delivery of siRNA against Chst15 post-MI restored TH+ fiber 
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density in (C) the cardiac infarct similarly to (D) the peri-infarct region. (E) Quantification of TH innervation density (% 
area, 20x field of view) 10 days after MI. n=4 animals for non-targeting controls and n=5 for Chst15 siRNA treated 
animals. Two-way ANOVA, Tukey’s post-test to compare all groups, select comparisons shown, ns - not significant, 
****p-value<0.0001.  (F) Arrhythmia scores based on the most severe arrhythmia observed in each heart after injection 
of isoproterenol and caffeine (0=no PVCs, 1=single PVCs, 2=bigeminy or salvos, 3= non-sustained ventricular 
tachycardia) See methods for details. Treatment with siRNA against Chst15 reduced arrhythmias compared to non-
targeting controls. n=4 animals for non-targeting controls and n=5 animals for Chst15 siRNA. Statistics; student t-test 
(Mann-Whitney test), *p<0.05.  (G) Cardiac scar size assessed as a % area of total left ventricle (LV) area was unaltered 
in Chst15 siRNA treated animals compared to non-targeting controls. Quantification of n=4 animals for non-targeting 
controls and n=5 for Chst15 siRNA treated animals. Statistics; student t-test (Welch’s test), ns - not significant. (H) 
Example 2x image of cardiac scar in Chst15 siRNA treated heart using autofluorescence, absence of autofluorescence 
indicates region of the infarct, outlined in white.  
 

III. Discussion 

This study investigated the role of CS-GAG side chain sulfation in preventing 

sympathetic axon regeneration in the heart after MI. We found that the CSPGs present in 

the cardiac scar after ischemia-reperfusion were enriched with sulfation at the 4 and 6 

positions of CS-GAGs, which is often referred to as chondroitin sulfate E (CS-E) (Miller & 

Hsieh-Wilson, 2015). CS-E inhibits the outgrowth of several types of neurons in the CNS 

(Brown et al., 2012; Gilbert et al., 2005), and our data indicate that it also prevents growth 

of sympathetic axons, since decreasing either 4 or 6 sulfation allowed axon regeneration. 

Nerve regeneration was confirmed by histology and by expression of the neuronal protein 

Tyrosine Hydroxylase in cardiac scar tissue. Reinnervation throughout the left ventricle 

decreased isoproterenol induced arrhythmias, consistent with previous studies targeting 

the CSPG receptor PTPσ (Gardner et al., 2015). 

The core protein NG2 is an important source of CSPGs in the cardiac scar  (Tian 

et al., 2014), and there is evidence that the NG2 core protein can inhibit sensory neurite 

extension independent of CS sulfation in certain contexts (Dou & Levine, 1994; Ughrin et 
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al., 2003). Modulating the cardiac scar is of interest as a strategy to improve outcomes 

after MI, but removing matrix proteins presents a challenge since the scar plays an 

important role in maintaining structural integrity. Given the critical role of CSPG sulfation 

in other contexts (Brown et al., 2012; Gilbert et al., 2005; Miller & Hsieh-Wilson, 2015; 

Pearson et al., 2018; H. Wang et al., 2008; Yi et al., 2012) we postulated that this might 

present an intervention point. While our data indicate that NG2 expression increases 

following MI, we found that removing or preventing sulfation of CS-GAG chains was 

sufficient to allow axon regeneration into the cardiac scar. Thus, NG2 prevents 

sympathetic axon regeneration in the heart exclusively through 4,6 tandem sulfation of 

CS side chains.   

Increased 4,6 sulfation of CS-GAGs coincided with increased expression of the 

4S-dependent 6-sulfotransferase CHST15, which is the final enzyme in the production of 

CS-E, and depletion of the sulfatase ARSB which removes 4 sulfation.  These changes 

in enzyme expression provide a potential mechanism for the shift to highly sulfated GAG 

side chains after MI. Regulation of these proteins is also linked in the context of traumatic 

brain injury and other diseases with a downregulation of ARSB leading to increased 

CHST15 (Bhattacharyya et al., 2020; Bhattacharyya et al., 2017; Bhattacharyya et al., 

2014; Bhattacharyya et al., 2015). Hypoxia reduces ARSB activity, increasing the 

abundance of 4 sulfated CS-GAGs which enables Galectin-3 mediation of transcriptional 

changes (Bhattacharyya et al., 2014). Therefore, we asked if galectin-3 expression was 

altered in the heart after ischemia-reperfusion. To our surprise, we found that Galectin-3 

increased before changes were observed expression of sulfation-related enzymes. This 
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suggests that increased Galectin-3 may be an early driver of the accumulating highly 

sulfated CS-GAGs observed by day 7 post-MI. 

The inhibitory effects of CS-E on axon outgrowth in certain neuronal subtypes led 

many to hypothesize that reducing CHST15 activity would restore nerve growth across 

CSPGs (Brown et al., 2012). To that end at least one group has even generated a novel 

small molecule to inhibit CHST15 and promote nerve growth (Cheung et al., 2017); 

However, since no commercially available inhibitor exists to our knowledge, we sought a 

different method. Targeting Chst15 gene expression with siRNA decreased 4,6 tandem 

sulfation of CS-GAGs and allowed nerve regeneration into the cardiac scar. We were 

inspired to test chst15 siRNA by a colitis study in mouse showing that siRNA knockdown 

of chst15 reduced CS-E (Suzuki et al., 2016; Suzuki et al., 2017). More importantly, 

Chst15 siRNA has been tested in a Phase 1 Clinical for Crohn’s Disease patients with 

active mucosal lesions, and a Phase I/IIa trial for patients with pancreatic cancer(Tsuchiya 

et al., 2021), and has a good safety profile (Suzuki et al., 2017). Thus, siRNA knockdown 

of Chst15 is potentially translatable to large animals and eventually human studies. We 

treated mice on days 3, 5, and 7 post-MI with siRNA as we wanted to intervene while the 

cardiac scar was forming. We assessed nerve regeneration into the scar and CSPG 

sulfation on day 10, which is 3 days after the final injection of siRNA. Three days after the 

last siRNA injection, CHST15 levels were similar in non-targeting siRNA and Chst15 

siRNA hearts despite a significant reduction in 6-sulfation and reinnervation of the infarct 

in Chst15 siRNA treated animals. These data indicate that a transient decrease in 

CHST15 protein and depletion of CS-GAG sulfation is sufficient to allow nerve restoration 
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in the cardiac scar where NGF is abundant. We also attempted to use an adeno-

associated virus 9 (AAV9) virus to elevate ARSB expression after MI, since explant 

studies showed that ARSB could promote axon outgrowth in the presence of scar-derived 

CSPGs. However, we were unable to increase ARSB expression in the heart, although 

the AAV9-GFP (green fluorescent protein) control generated good expression in 

myocardium. ARSB is an FDA approved therapeutic (NaglazymeTM) to treat 

Mucopolysaccharidosis IV disease (P. Harmatz et al., 2005; P. Harmatz et al., 2004; 

Munoz-Rojas et al., 2010), which may be of use in the therapeutic context of the post-MI 

heart. Ultimately this work demonstrates the critical nature of 4, 6 sulfation of CS-GAGs 

in preventing reinnervation of the heart after MI and provides two strategies to promote 

reinnervation by modulating CSPG sulfation. 

 

IV. Methods 

Western blotting: Cardiac scar tissue from the left ventricle was dissected at 24 hours, 3 

days, 7 days and 14 days following MI, and control left ventricle tissue from unoperated 

animals. Heart tissue was pulverized in a glass douncer in NP40 lysis buffer [50mM Tris 

(pH 8.0), 150mM NaCl, 2mM EDTA, 10mM NaF, 10% glycerol, and 1% NP-40] containing 

complete protease inhibitor cocktail (Roche), phosphatase inhibitor cocktails 2 and 3 

(Sigma).  Lysates sat on ice for 30min with intermittent vortexing. Lysates were 

centrifuged (13k rpm, 10min, 4°C) and resolved on 4-12% Bis-Tris gradient gel (3-8% 

Tris-Acetate gel for Figure 5 sulfation studies) by SDS/PAGE, transferred to nitrocellulose 

membrane (GE Life Sciences), blocked in 5% nonfat milk, probed with either CHST11 
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(1:500; Invitrogen: PA5-68129), CHST15 (1:1000; Proteintech: 14298-1-AP), ARSB 

(1:500; Proteintech: 13227-1AP), NG2/CSPG4 (1:1000; Millipore: AB5320), Tyrosine 

Hydroxylase (1:1000; Millipore: AB1542), or Galectin-3 (1:500; Abcam: AB2785) then 

probed with goat anti-rabbit (or mouse) HRP-conjugated secondary antibody (1:10,000; 

Thermo), and detected by chemiluminescence (Thermo Scientific). For chondroitin-

sulfate proteoglycan detection, lysates were treated according to the detailed 

deglycosylation protocol from Mariano Viapiano Ph.D. lab website (Massey et al., 2008). 

Briefly, 50-100µg of protein lysate was treated for 6-8hrs with chABC (100 µU/mL; R&D 

systems) before being subjected to traditional western blotting, probed with anti-

chondroitin-4-sulfate (1:1000; Millipore: MAB2030) or anti-chondroitin-6-sulfate (1:1000; 

Millipore: MAB2035). Protein expression was quantified with ImageJ densitometry and 

normalized to total protein as measured by ponceau staining. 

Sympathetic outgrowth assay: Cultures of dissociated sympathetic neurons were 

prepared from superior cervical ganglia (SCG) of newborn rats as described (Dziennis & 

Habecker, 2003).  Cells were pre-plated for 1 hour to remove non-neuronal cells, and 

then 5,000 neurons/well were plated onto a 96 well plate (TPP) coated with (poly-L-lysine 

PLL, 0.01%, Sigma-Aldrich) and either laminin (10 μg/mL, Trevigen), laminin and CSPGs 

(2μg/mL; Millipore), or laminin and CSPGs pre-treated with ARSB (0.3 or 0.6µg/mL; R&D 

systems) for 6-8hrs. Neurons were cultured in serum free C2 medium (Pellegrino, Parrish, 

Zigmond, & Habecker, 2011) supplemented with 10 ng/mL NGF (Alomone Labs), 100 

U/mL penicillin G, and 100 μg/mL streptomycin sulfate (Invitrogen). Live cell imaging was 

carried out using an Incucyte Zoom microscope (Essen BioScience), with 20x phase 
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images acquired every 2hrs over a 40hr period.  Neurite length was measured using Cell 

Player Neurotrack software (Essen BioScience) and was used to calculate the neurite 

growth rate.   

Myocardial ischemia/reperfusion surgery: Anesthesia was induced with 4% isoflurane 

and maintained with 2% isoflurane. Mice were restrained supine, intubated, and 

mechanically ventilated. Core body temperature was monitored by a rectal probe and 

maintained at 37°C throughout the surgery. The left anterior descending coronary artery 

(LAD) was reversibly ligated for 40 minutes and then reperfused by release of the ligature. 

LAD occlusion was verified by a persistent S-T wave elevation, region specific cyanosis, 

and wall motion abnormalities. Reperfusion was confirmed by return of S-T wave to 

baseline level and re-coloration of ventricle region distal to occlusion(Gardner & 

Habecker, 2013; Parrish et al., 2010). 

Explant Co-culture Assay: Explants were generated as previously described (Gardner & 

Habecker, 2013). Briefly, newborn mouse superior cervical ganglia were explanted and 

placed into culture 1mm from left ventricle tissue – either cardiac scar tissue (10-14 days 

post-MI) or unoperated control tissue. Cardiac tissue from a single animal was split in half 

and cultured with the left or right ganglia from a single animal, this enabled tissue from 

the same mice to be treated with either vehicle (5% DMSO) or ARSB to remove 4S-CS 

GAGs. The ganglia and the cardiac tissue were co-cultured inside a Matrigel bubble 

surrounded by C2 media supplemented with 2ng/mL NGF.  ARSB was added directly to 

the media (0.6 µg/mL) at the time of plating and again 24hrs later. At 48hr the explants 

were imaged by phase microscopy with a Keyence BZ-X microscope. Neurite length from 
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the edge of the ganglia to the most distal tip of visible neurites was measured using 

ImageJ. 

siRNA pool knockdown efficiency screen: A pool of 4 siRNAs targeting the Chst15 gene 

were purchased from Horizon Discovery (formerly GE Dharmacon) and were tested for 

their efficacy in reducing gene expression in C2C12 myoblasts. C2C12 myoblasts were 

plated on 12-well plates coated with collagen and were transfected with the various 

targeting and control siRNAs using the Dharmafect transfection reagent (3µL of 

Dharmafect reagent per well with 120nM siRNA). The next day wells were split using 

Versene (Gibco), 1/3 of the cells were collected for a 24-hour time point and the other 2/3 

were split into 2-wells for 48hr and 72hr knockdown timepoints. Cells were processed 

using an RNA Mini-kit (Qiagen) to purify RNA. 1µg of RNA was loaded into the cDNA 

reaction with the iScript cDNA synthesis kit. Gene expression was examined with 

multiplexed Taqman probes targeting Chst15 and Gapdh using 2µL of cDNA template 

and Taqman reagents and measured with an ABI7500 Thermocycler. The delta delta ct 

method was used to calculate knockdown efficiency. Once an effective siRNA against 

Chst15 was identified, knockdown efficiency was measured at the protein level with 

C2C12 myoblasts 48hr post-knockdown. CHST15 expression was assessed via western 

blot with a CHST15 antibody (1:1000; Proteintech: 14298-1-AP) normalized to GAPDH 

(1:1000; Thermo Scientific: MA1-16757); siRNA Chst15-2 was selected for larger scale 

production and used for in vivo studies. 

In vivo siRNA treatment: After MI surgery mice were treated with 100µg of siRNA targeting 

Chst15 or a non-targeting control. siRNA was delivered systemically via tail-vein injection 
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on days 3, 5 and 7 following MI. Tissue was collected at day 10 post-MI for western blot 

analysis of CSPG sulfation and the sympathetic neuron marker TH. siRNA used for this 

experiment was custom synthesized by Horizon Discovery; siAccell in vivo formulation. 

NE content by High-Performance Liquid Chromatography: NE levels in heart tissue were 

measured using HPLC with electrochemical detection (Li, Knowlton, Van Winkle, & 

Habecker, 2004). Frozen, pulverized tissue was weighed, and then homogenized in 0.2M 

perchloric acid and 0.5 mM dihydroxybenzylamine (DHBA). The tissue was refrigerated 

for 1hr and centrifuged at 14,000 rpm for 4min. Supernatant was adsorbed on alumina, 

followed by 15min of tumbling. The alumina was washed twice with 1.0mL of H2O with 

centrifugations in between. The NE was desorbed from the alumina with 150 ml of 0.1M 

perchloric acid. 50µL aliquots were fractionated by reversed-phase HPLC (C18; 5 mm 

particle size, Rainin) using a mobile phase containing 75mM sodium phosphate (pH 3.0), 

360mg l 1 of sodium octane sulfonate, 100mL l 1 triethylamine and 3.0% acetonitrile. A 

coulometric detector (Coulchem, ESA) was used to detect and quantify NE and DHBA. 

NE standards (0.5 mM) were processed in parallel with tissue samples and interspersed 

throughout the HPLC run. Retention time for NE was 5.0min and for DHBA was 8.5min. 

Immunohistochemistry: Tyrosine hydroxylase (TH; sympathetic nerve fibers) and 

fibrinogen (Fib; infarct/scar) staining was carried out as described previously (Gardner et 

al., 2015). Tissue was collected 10 days after surgery, fixed in 4% paraformaldehyde, 

frozen and 12µm sections generated. To reduce autofluorescence sections were rinse 3 

x 10 minutes in 10mg/mL Sodium Borohydride and rinsed for 3 x 10 minutes in PBS.  

Slides were placed in 2% BSA, 0.3% Triton X-100 in PBS for 1 hour and then incubated 
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with rabbit anti-TH (1:1000; Millipore: AB1542) and sheep anti-fibrinogen (1:300; BioRad: 

4400-8004) overnight.  The following day the slides were incubated with Alexa-Fluor IgG-

specific antibodies (Molecular Probes, 1:1000) for 1.5 hr and rinsed 3 x 10 minutes in 

PBS. Background autofluorescence was reduced further with a 30min incubation in 10mM 

CuSO4 (diluted in 50mM Ammonium Acetate). Following this, slides were rinsed 3 x 10 

minutes in PBS before mounting in 1:1 glycerol:PBS and visualized by fluorescence 

microscopy. Threshold image analysis of TH staining has been described previously 

(Gardner et al., 2015) but briefly, the threshold function in ImageJ was used to generate 

black and white images discriminating TH+ nerves for 6 sections spanning 200µm of the 

infarct/scar or peri-infarct region from each heart. Percent area TH+ fiber density (20x 

field of view) was quantified within the infarct and the area immediately adjacent to the 

infarct (peri-infarct). Images were acquired with a Keyence BZ-X 800 microscope. 

Quantification of Cardiac Scar (infarct) size: Infarct size was determined 10 days after 

myocardial ischemia-reperfusion injury and tissue was prepared for 

immunohistochemistry as previous mentioned omitting the steps to reduce 

autofluorescence. Autofluorescence in the GFP channel was used to image the infarct 

size. Scar tissue is notably lacking autofluorescence enabling easy identification of the 

infarct. Images were acquired with a Keyence BZ-X 800 microscope at 2x magnification 

and analyzed using Image J freehand selection tool. Left ventricle (LV) and infarct was 

outlined, measured and the percent area of cardiac scar was determined by (infarct area/ 

LV area) x 100. The scar was imaged in 6 sections across 200µm of the infarct as 

previously described(Gardner et al., 2015). 
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Arrhythmia Assessment: Anesthesia was induced with 4% isoflurane and maintained with 

2% isoflurane in day 10 post-MI animals treated with siRNA. ECG leads were connected 

to monitor arrhythmias and animals were maintained at 37°C throughout the analysis. All 

parameters were monitored with Powerlab LabChart software (AD Instruments). A 30-

minute baseline was used to assess spontaneous arrhythmia susceptibility prior to 

administration of 𝛽-agonist Isoproterenol (50µg) and caffeine (3mg) as described 

previously(L. Wang et al., 2014). Arrhythmias were measured for 30 minutes following 

drug administration and scored according to the modified Lambeth conventions (Curtis et 

al., 2013) on a scale of 0-4. Individual animals received a single score based on the most 

severe arrhythmia observed. 0 indicates no arrhythmia. 1 indicates 1-2 premature 

ventricular contractions (PVCs) followed by normal sinus rhythm of at least 2 beats. 2 

indicates bigeminy (1 PVC followed by one normal sinus beat, repeating for 4 or more 

continuous cycles) or salvo (3-5 PVCs in a row). 3 indicates non-sustained ventricular 

tachycardia (nsVT) defined as 6 or more PVCs in a row lasting less than 30 seconds. 4 

indicates sustained VT (>30 seconds) or Torsades de Pointes. 

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 or the Dunnet’s post-test when comparing to a single control 

group. Data with multiple variables was analyzed by two-way ANOVA.  All statistical 

analyses were carried out using Prism 9. 
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V. Supplemental Data 

 
Figure 2.8: ARSB removes 4S CS-GAGs and leaves 6S CS-GAGs intact. (A) Western blot of 4S content using purified 
CSPGs upon treatment of increasing concentrations of ARSB; vehicle, 0.3μg/mL, 0.6μg/mL, and 1.2μg/mL respectively 
left to right. (B) Western blot of 6S using purified CSPGs upon treatment of increasing concentrations of ARSB; vehicle, 
0.3μg/mL, 0.6μg/mL, and 1.2μg/mL respectively left to right. (C) Total protein loaded of purified CSPGs treated with 
increasing concentrations of ARSB; vehicle, 0.3μg/mL, 0.6μg/mL, and 1.2μg/mL respectively left to right.  

 



 70 

 
Figure 2.9: Identification of an effective siRNA against Chst15. (A) qPCR knockdown of siRNA pool in C2C12 cells in 
3 days after knockdown. Data shown fraction of transcript remaining, siChst15-2 was most effective in knockdown of 
Chst15. This transcript was selected for in-vivo studies (B) Western blot of CHST15 protein knockdown in C2C12 cells 
to confirm efficacy of siChst15-2, comparison to Non-Targeting controls (C) Tail vein injection in mouse to determine 
ideal dosing for in-vivo siChst15 knockdown. Western blot of tail vein injection dosing trial for siChst15 with either 1 day 
or 3 days of injections. CHST15 protein in left ventricle (LV) 48hr after final tail vein injection, comparison to Non-
Targeting controls, all unoperated (non-MI) animals. (D) Full siRNA CHST15 experimental trial, CHST15 protein 
expression on D10 post MI quantified, siRNA injection D3, 5, 7 post-MI, n=7 animals per treatment group, statistics; 
student t-test (Welch’s test), ns – not significant. (E) Western blot of CHST15 protein expression D10 post-MI in siRNA 
treated animals. (F) NE content in the cardiac scar following siRNA treatment. Quantification of n=6 animals for non-
targeting controls and Chst15 siRNA treatment. Statistics; student t-test (Welch’s test), n.s.- not significant. 
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I. Introduction 

Coronary artery disease is a leading cause of mortality in the United States, and a 

critical contributor to this is the approximately 1.2 million Americans who suffer a 

myocardial infarction (MI) each year (Roger et al., 2012). Those who survive an MI have 

increased risk of sudden cardiac arrest (Pouleur et al., 2010; Rubart & Zipes, 2005; 

Solomon et al., 2005). The amount of sympathetic denervation in the damaged 

myocardium predicts the risk of ventricular arrhythmias that often follow MI (Boogers et 

al., 2010; Fallavollita et al., 2014; Nishisato et al., 2010; Vaseghi et al., 2014).  

Sympathetic denervation after MI is sustained by chondroitin sulfate proteoglycans 

(CSPGs) in the cardiac scar (Gardner & Habecker, 2013). CSPGs are a component of 

the extra-cellular matrix (ECM) (Gilbert et al., 2005) that bind Protein Tyrosine 

Phosphatase Receptor Sigma (PTPσ) on sympathetic neurons, suppressing nerve 

regeneration (Gardner & Habecker, 2013; Gardner et al., 2015). We previously showed 

that blocking PTPσ interactions using Intracellular Sigma Peptide (ISP) or the compounds 

HJ-01 and HJ-02 restores sympathetic nerve regeneration into the cardiac scar (infarct) 

and prevents cardiac arrhythmias after MI (Blake et al., 2022; Gardner et al., 2015; Sepe, 

2022). This demonstrates that reinnervation as a therapeutic strategy reduces 

arrhythmias, but raises questions about longer-term consequences of increasing 

sympathetic neurotransmission after MI, given the many pathological effects of excessive 

sympathetic stimulation of the heart (Florea & Cohn, 2014; Lopez-Sendon et al., 2004; 

Meredith et al., 1991; Vaseghi et al., 2014).  
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 We asked whether reinnervation of the infarct immediately after MI had long-term 

negative consequences, given evidence that excess norepinephrine (NE) after MI can 

lead to heart failure (Florea & Cohn, 2014). We wondered if reinnervation of the infarct 

would amplify the effects of excess NE after MI and reduce cardiac pump function at later 

time points post-injury. To answer that question, we compared cardiac function 40 days 

after MI in mice treated with vehicle or with ISP to promote reinnervation. We also 

assessed nerve density to confirm that reinnervation was maintained in ISP treated 

animals. To our surprise, vehicle and ISP treated animals both had normal innervation 

density in the infarct 40 days after ischemia-reperfusion. Cardiac function and arrhythmia 

susceptibility in both groups of day 40 post-MI animals were similar to sham-surgery 

animals from previous studies (Gardner et al., 2015). In looking for a mechanism behind 

reinnervation of infarct in vehicle treated animals, we found that 4,6-sulfation of CSPG 

sugar side chains (Chondroitin Sulfate Glycosaminoglycans (CS-GAGs)) was reduced to 

unoperated left-ventricle levels in the infarcts of 40-day post-MI animals. Our previous 

work showed that 4,6-sulfation of CS-GAGs suppressed sympathetic nerve regeneration 

after MI.  These data suggest that nerve regeneration after MI does not lead to reduced 

cardiac function at later time points, and that the factors preventing nerve regeneration 

ultimately resolve and allow for delayed reinnervation without intervention in our mouse 

model. 
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II. Results  

A. Day 40 post-MI vehicle and ISP treated animals have restored sympathetic 

innervation of the infarct 

We examined sympathetic innervation of the infarcted myocardium in animals 

treated with ISP 40 days (D40) after MI to see if innervation was sustained similarly to 14 

days after MI (Gardner et al., 2015). To our surprise, D40 post-MI vehicle treated animals 

had innervation densities similar to ISP treated animals and significantly more than day 

10 (D10) post-MI animals (Figure 3.1A-D). No significant difference was observed 

between vehicle and ISP treated groups but, sympathetic reinnervation of the infarct in 

D40 vehicle treated animals was more heterogeneous than animals treated with ISP 

(Figure 3.1D).  We examined NE content in the infarct of D40 vehicle treated animals to 

confirm whether or not nerves in D40 vehicle treated animals were functional and found 

that NE content was restored to levels similar to unoperated LV tissue (Figure 3.1G). 

Cardiac scar (infarct) size was not significantly different between vehicle and ISP treated 

groups and was similar to D10 post-MI animals (Figure 3.1E-F). Innervation density in the 

D40 ISP treated animals was similar between the infarcted myocardium and peri-infarct 

(Figure 3.1D) supporting that notion that ISP promotes reinnervation of the scar and is 

maintained after injury.    
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Figure 3.1: Sympathetic nerve regeneration into the infarct occurs spontaneously without interventions like ISP 40 
days after MI. Fibrinogen was used to label scar (magenta) and TH was used to label sympathetic neurons (cyan).  (A) 
Example image of D40 post-MI innervation density after treatment with vehicle.  Innervation density of TH+ fibers in the 
infarct is restored to similar levels as the peri-infarct.  (B) Example image of D40 post-MI innervation density after 
treatment with ISP.  Innervation density of TH+ fibers in the infarct is restored to similar levels as the peri-infarct. (C) 
D10 post-MI untreated hearts have denervated infarcts as opposed to the normal distribution of TH+ nerve fibers in the 
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peri-infarct. (D) Quantification of TH+ nerve fiber density in the infarct versus peri-infarct region of D40 post-MI vehicle 
treated, D40 post-MI ISP treated, or D10 post-MI animals.  TH innervation density expressed as % area, 20x field of 
view. n=6 animals D40 post-MI + vehicle, n=5 for D40 post-MI + ISP, and n=3 D10 post-MI. Two-way ANOVA, Tukey’s 
post-test to compare all groups, select comparisons shown, ns - not significant, ****p-value<0.0001.  (E) Example image 
of infarct (cardiac scar) at 2x magnification, absence of autofluorescence (outlined by white line) indicates cardiac 
scar/infarct. (F)   Cardiac scar size assessed as a % area of total left ventricle (LV) area was similar in D40 post-MI 
vehicle treated, D40 post-MI ISP treated and D10 post-MI vehicle control animals. Quantification of n=6 animals for 
D40 post-MI vehicle treated animals, n=5 for D40 post-MI ISP treated animals, and n=3 for D10 post-MI animals. 
Statistics; one-way ANOVA with Tukey’s post-test, ns - not significant. Select comparisons shown (G) Norepinephrine 
content in D40 post-MI vehicle treated animal infarct tissue is similar to unoperated left-ventricle tissue. Statistics; 
student t-test (Welches test), ns- not significant. 
 

B. Cardiac function of Day 40 post-MI vehicle and ISP treated animals is the same 

We assessed cardiac function by echocardiography to see if ISP treatment, which 

restores sympathetic neurotransmission by 14 days after MI, led to reduced cardiac 

function by 40 days after MI. Increased sympathetic neurotransmission after MI can 

reduce cardiac function towards heart failure (Florea & Cohn, 2014) and we wondering if 

reinnervation would accelerate this phenotype. We found that ISP animals had similar 

ejection fraction and cardiac output when compared to vehicle treated animals (Figure 

3.2A,B). Interpreting these results is confounded by the fact that vehicle treated animals 

had reinnervated infarcts by D40. None of the typical metrics of cardiac function i.e. 

ejection fraction, stroke volume, heart rate, or LV mass were different between the two 

groups (Figure 3.2A-F).  Previous work from our lab showed that 14 days after MI, animals 

had significantly reduced cardiac function compared to sham surgery animals, while ISP 

reinnervated day 14 post-MI animals with had restored cardiac function similar to sham 

surgery animals (Gardner et al., 2015). Both vehicle and ISP treated Day 40 post-MI 

animals had cardiac performance (cardiac output and ejection fraction) that closely 

resembles sham-surgery animals from previous studies (Gardner et al., 2015). Together 
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these data suggest that restoring sympathetic neurotransmission to the infarcted 

myocardium promotes normal cardiac function that is sustained after the injury and does 

not induce the hallmark reduction in cardiac pump function associated with heart failure 

40 days post-MI. 

 
Figure 3.2: Cardiac function by echocardiography 40 days post-MI is the same regardless of innervation time. (A) 
Cardiac ejection fraction is the same in D40 post-MI animals treated with vehicle or ISP. N=5 animals assessed for D40 
post-MI vehicle or ISP treatment. Statistics; student t-test (Welches test), ns- not significant. (B) Cardiac output is the 
same in D40 post-MI animals treated with vehicle or ISP. N=5 animals assessed for D40 post-MI vehicle or ISP 
treatment. Statistics; student t-test (Welches test), ns- not significant. (C) Fraction shortening is the same in D40 post-
MI animals treated with vehicle or ISP. N=5 animals assessed for D40 post-MI vehicle or ISP treatment. Statistics; 
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student t-test (Welches test), ns- not significant. (D) Stroke volume is the same in D40 post-MI animals treated with 
vehicle or ISP. N=5 animals assessed for D40 post-MI vehicle or ISP treatment. Statistics; student t-test (Welches test), 
ns- not significant. (E) Baseline heart rate (HR) is the same in D40 post-MI animals treated with vehicle or ISP. N=5 
animals assessed for D40 post-MI vehicle or ISP treatment. Statistics; student t-test (Welches test), ns- not significant. 
(F) Left ventricle (LV) mass is the same in D40 post-MI animals treated with vehicle or ISP. N=5 animals assessed for 
D40 post-MI vehicle or ISP treatment. Statistics; student t-test (Welches test), ns- not significant. 
 

C. Day 40 post-MI vehicle and ISP treated animals have similar arrhythmia 

susceptibility 

We assessed whether innervation immediately after MI with ISP effected 

arrhythmia susceptibility 40 days after MI. We found that both vehicle and ISP treated 

animals had similar susceptibility to arrhythmias induced by isoproterenol and caffeine 

(Table 3.1, Figure 3.3). Compared to animals 14 days post-MI these animals had reduced 

arrhythmia susceptibility(Gardner et al., 2015). Unexpectedly, animals reinnervated 

immediately after MI with ISP had a significantly lower average change in heart rate 

following isoproterenol administration when compared to vehicle treated animals 40 days 

after MI. Taken together these data suggest that reinnervation after MI with ISP or without 

intervention have reduced arrhythmia susceptibility, in line with previous work that 

suggests that reinnervation of the infarct reduces arrhythmia susceptibility. 
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Table 3.1: Arrhythmia susceptibility is similar 40 days post-MI +/- ISP. We assessed heart rate pre and post 
administration of the 𝛽-agonsist Isoproterenol (ISO).  Following ISO administration, we looked at the arrhythmia 
susceptibility of D40 post-MI animals treated with vehicle or ISP and counted Premature ventricular complex (PVC) 
formation. Arrhythmia scores based on the most severe arrhythmia observed in each heart after injection of 
isoproterenol and caffeine (0=no PVCs, 1=single PVCs, 2=bigeminy or salvos, 3= non-sustained ventricular 
tachycardia). *- outlier not included in analysis and graph in Figure 3.3. 
 

 
Figure 3.3: Arrhythmia susceptibility similar 40 days post-MI +/- ISP (A) Example PVC in ECG trace after administration 
of the 𝛽-agonsist Isoproterenol in a D40 post-MI vehicle treated animal (B) Arrhythmia scores were similar in D40 post-
MI animals treated with vehicle or ISP. Arrhythmia scores based on the most severe arrhythmia observed in each heart 
after injection of isoproterenol and caffeine (0=no PVCs, 1=single PVCs, 2=bigeminy or salvos, 3= non-sustained 
ventricular tachycardia) See methods for details. Vehicle treated animals compared to ISP treated animals. n=5 animals 
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for vehicle controls and n=6 animals for ISP treatment. Statistics; student t-test (Welch’s test), ns- not significant.  (C) 
Heart rate change (% change of baseline) after administration of 𝛽-agonsist Isoproterenol was significantly reduced in 
D40 post-MI ISP treated animals when compared to vehicle treated animals. n=6 animals for vehicle controls and for 
ISP treatment. Statistics; student t-test (Welch’s test), ** - p-value<0.01. 
 

D. Day 40 post-MI animals have reduced levels of Chondroitin Sulfation in the infarct 

Our previous work demonstrated that 4,6-sulfation of CS-GAGs is a critical inhibitor 

of sympathetic axon regeneration in the infarct after MI (Chapter 2). In light of the 

spontaneous sympathetic nerve regeneration that occurred 40 days after MI in mice, we 

wondered if CS-GAG sulfation levels were altered. Using antibodies specific to 

chondroitin 4 and 6-sulfation we found that sulfation was reduced in the infarct (scar 

tissue) 40 days post-MI and similar to unoperated LV tissue. Interestingly levels of the 

core proteoglycan NG2 in the infarct 40 days post-MI were reduced to levels significantly 

lower than unoperated LV (Figure 3.4). Taken together, these data provide a plausible 

explanation about how sympathetic nerves regenerate into the infarct 40 days after MI 

without ISP treatment in mice. 
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Figure 3.4: Chondroitin 4,6-sulfation reduced to unoperated levels 40 days after MI.  Western blot quantification of (A) 
4-sulfation (4S CS-GAGs), (B) 6-sulfation (6S CS-GAGs), and (C) NG2 core protein and in the infarct 40 days after MI 
compared to unoperated left-ventricle tissue. For visual comparison, two samples in the blots are from D7 post-MI when 
sulfation levels are high in the infarct, these were quantified but not used for statistical comparison due to sample size. 
n=8 animals for D40 post-MI vehicle treated and n=4 animals for unoperated left-ventricle group; student t-test (Welch’s 
test), ns - not significant, *p-value<0.05, **p-value<0.01.  (E) Western blot images of A-C.   
 

III. Discussion 

Promoting sympathetic nerve regeneration in the heart after MI has proven to be 

a feasible strategy to reduce arrhythmias in animal models of MI (Gardner et al., 2015), 

a result that may one day translate into humans where denervation of the infarct promotes 

arrhythmia susceptibility and increases risk of sudden cardiac arrest (Boogers et al., 
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2010; Fallavollita et al., 2014; Vaseghi et al., 2014). Despite this promising result we 

wondered if increased sympathetic neurotransmission via excess NE in reinnervated 

hearts has long term deleterious effects.  This question is pertinent given that excess NE 

after MI promotes arrhythmias (Meredith et al., 1991) and often leads to reduced cardiac 

function and heart failure (Florea & Cohn, 2014). Thus, we examined post-MI hearts 

treated with vehicle or with ISP to promote reinnervation 40 days after injury. Much to our 

surprise, both vehicle and ISP treated animals had reinnervated infarcts at 40 days post-

MI compared to denervated infarcts 10 days post-MI. This was an interesting observation 

pointing to the regenerative capacity of peripheral nerves and potentially to remodeling of 

the infarct following MI. We examined cardiac function 40 days after MI in vehicle and ISP 

treated animals, and compared those data to our previously reported values 14 days post-

MI (Gardner et al., 2015). Day 40 post-MI animals had similar cardiac function (ejection 

fraction and cardiac output) compared to sham-surgery animals from previous 

echocardiography studies (Sepe, 2022). Furthermore, we examined arrhythmia 

susceptibility in Day 40 post-MI vehicle and ISP treated animals and found that animals 

had similar arrhythmia susceptibilities to ISP reinnervated animals 14 days post-MI and 

sham-surgery animals (Gardner et al., 2015). This data provides functional evidence that 

similar reinnervation occurred in both vehicle and ISP treated animals 40 days after MI. 

More importantly, day 40 post-MI data suggests that reinnervation after MI, and thus 

increased NE in the infarct, does not reduce cardiac function and progress the heart 

towards heart failure at later time points post-injury. 
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We previously showed that 4,6-sulfation of CS-GAGs prevented nerve 

regeneration in the heart after MI (Chapter 2), so we asked if sulfation was altered 40 

days after MI. We found that CS-GAG 4,6-sulfation was reduced in day 40 post-MI hearts 

treated with either vehicle or ISP. Interestingly, the core proteoglycan NG2 onto which the 

majority of CS-GAGs are attached in the heart was also reduced in all day 40 post-MI 

animals. This data suggests that significant remodeling occurs in the infarct ECM after 

MI, this result is likely driven by matrix metalloproteinase secretion from innate immune 

cells like Mast cells in the scar (Gentek & Hoeffel, 2017). In previous studies we examined 

the heart 14 days post-injury (Gardner et al., 2015). At day 14 post-MI the infarct is 

considered more stable than at earlier time points but this data from 40 days post-MI 

suggests that significant remodeling occurs long after the injury.  The data provides some 

mechanistic explanation about why 40-day post-MI vehicle treated animals have 

reinnervated infarcts. The obvious question raised by this observation is; to what extent 

does similar remodeling occur in the human infarct? It is well established that minimal 

reinnervation occurs in human infarcts even after one year (Hartikainen, Kuikka, 

Mantysaari, Lansimies, & Pyorala, 1996), unlike the 40-day post-MI vehicle treated hearts 

described here. It would be interesting to examine the sulfation status of CS-GAGs in 

post-mortem human MI hearts to see if changes to CS-GAGs occur. If levels of CS-GAG 

sulfation remain high it could explain why reinnervation does not occur in humans and 

may support the idea that modulating sulfation of CS-GAGs after MI could promote 

sympathetic nerve regeneration in the infarct. 
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IV. Methods 

Animals: C57BL/6J mice obtained from Jackson Laboratories West (Sacramento, CA) 

were used for all experiments.  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. Animals were treated daily for 7 days with vehicle (5% 

DMSO/saline) or ISP (10μM) via IP injection beginning 3 days post-MI. 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). 

Myocardial Ischemia Reperfusion procedure: Anesthesia was induced with 4% isoflurane 

and maintained with 2% isoflurane. The left anterior descending coronary artery (LAD) 

was reversibly ligated for 40 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.  

Left ventricle tissue collection/processing: At the indicated time point, left ventricle tissue 

was collected and processed for downstream analysis. Either MI animals or unoperated 

WT control animals were euthanized and the heart was excised and rinsed in saline 

solution to remove as much blood as possible. With the heart tissue cleaned, the heart 

was placed into a brain slicer and sectioned into 1mM sections. Infarct tissue was 

dissected from left ventricle (LV) of post-MI hearts and tissue from a similar region was 



 85 

dissected from unoperated control heart. Tissue was processed for 

immunohistochemistry, western blot, or norepinephrine content. For western blot and NE 

content, tissue was snap frozen in LN2 and stored at -80C for batch processing. For 

immunohistochemistry, hearts were excised and fixed for 1hr in 4% paraformaldehyde, 

rinsed in PBS, cryoprotected in 30% sucrose overnight and frozen in mounting media for 

sectioning. 

NE content by High-Performance Liquid Chromatography: NE levels in heart tissue were 

measured by HPLC with electrochemical detection (Li et al., 2004). Frozen, pulverized 

tissue was weighed and homogenized in 300 µL of 0.1 M perchloric acid (PCA) containing 

0.5 µM dihydroxxybenzylamine (DHBA, internal standard). The homogenate was 

centrifuged and NE in 100 µL of the supernatant was adsorbed onto 15 mg alumina. The 

alumina was washed twice with ddH2O and the catechols desorbed with 150 µL of 0.1 M 

PCA. The catechols were separated by reversed-phase HPLC on a C18 column (Agilent 

Microsorb, 150x4.6 mm, 5 μm) and measured by an electrochemical detector 

(Coulochem III; ESA, Bedford, MA) with the electrode potential set at +180 mV as 

described previously (Parish et al. 2010). The mobile phase used consisted of 75 mM 

sodium phosphate (pH 3.0), 1.7 mM sodium octane sulfonate, 3.0% acetonitrile. NE 

standards (0.5 µM were processed in parallel with the tissue samples. 

Cardiac tissue Immunoblotting: Infarct tissue was collected at several time points 

following MI or left ventricle tissue from unoperated animals. Heart tissue was pulverized 

in a glass douncer in an NP40 lysis buffer [50mM Tris (pH 8.0), 150mM NaCl, 2mM EDTA, 

10mM NaF, 10% glycerol, and 1% NP-40] containing complete protease inhibitor cocktail 
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(Roche), phosphatase inhibitor cocktails 2 and 3 (Sigma).  Lysates were centrifuged (13k 

rpm, 10min, 4°C) and resolved by SDS/PAGE, transferred to nitrocellulose membrane 

(GE Life Sciences), blocked in 5% nonfat milk, probed with primary antibody, then probed 

with goat anti-mouse HRP (1:10,000; Thermo) and detected by chemiluminescence 

(Thermo). For chondroitin-sulfate proteoglycan detection, lysates were first treated for 6-

8hrs with chABC before being subjected to traditional western blotting, probed with mouse 

anti-chondroitin-4-sulfate (1:1000; Millipore), mouse anti-chondroitin-6-sulfate (1:1000; 

Millipore) or rabbit anti- NG2/CSPG4 (1:1000; Millipore) and developed with 

chemiluminescence.  Protein expression was quantified with ImageJ densitometry and 

normalized to total protein in each well as measured by ponceau staining. 

Immunohistochemistry: Tyrosine hydroxylase (TH; sympathetic nerve fibers) and 

Fibrinogen (Fib; infarct/cardiac scar) was carried out as described previously (Lorentz et 

al., 2010). Hearts were collected 40 days after surgery, and processed as described 

above. 10µm transverse sections were thaw-mounted onto charged slides. To reduce 

fixative-induced fluorescence, sections were treated with a 10mg/mL solution of sodium 

borohydride in 1X PBS, 3 times for 10 minutes.  The slides were then rinsed in PBS and 

blocked in 2% B.S.A, 0.3% Triton X-100 in PBS at room temperature for 1 hour.  Sections 

were then incubated with either rabbit anti-Tyrosine Hydroxylase (Chemicon, 1:1000) or 

sheep anti-fibrinogen (1:300) overnight.  The following day the slides were incubated with 

Alexa-Fluor IgG-specific antibodies (Molecular Probes, 1:1000) and visualized by 

fluorescence microscopy. Staining was quantified using ImageJ in a least 6 sections 



 87 

across 200µm from each infarct. Percent area of TH+ fiber density was quantified within 

the infarct and the area adjacent to the infarct (peri-infarct). 

Quantification of Cardiac Scar (infarct) size: Sections analyzed for innervation density 

were stored at -20°C for two weeks to allow recovery of autofluorescence. Scar tissue is 

notably lacking autofluorescence enabling easy identification of the infarct (Gardner et 

al., 2015). Images were acquired with a Keyence BZ-X 800 microscope at 2x 

magnification and analyzed using Image J freehand selection tool. Left ventricle (LV) and 

cardiac scar (infarct) were outlined and measured. The percent area of the infarct was 

determined by calculating (infarct area/ LV area) x 100. 6 sections across 200µm of the 

LV-infarct were imaged, which was established in previous studies as sufficient to 

measure infarct size. 

Echocardiography: Cardiac function was assessed using echocardiography. High-

frequency fundamental imaging (Vevo 2100) was performed between 25 and 40 MHz. 

Mice were sedated with inhaled isoflurane (1.0%–1.5%). Cardiac function was analyzed 

under basal conditions and in response to the β-adrenergic agonist isoproterenol 

(10 μg or ~0.5 mg/kg). Images were obtained in the parasternal long-axis plane and 

parasternal short-axis planes at the midpapillary level.  LV function was assessed by 

measurement of LV end-diastolic, end-systolic area (short axis) and end-diastolic, end-

systolic length (long axis). Stroke volume was determined using the left ventricular outflow 

tract area and time-velocity integral on pulsed-wave Doppler.  
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Arrhythmia Assessment: Anesthesia was induced with 4% isoflurane and maintained with 

2% isoflurane in day 40 post-MI animals treated with vehicle or ISP. ECG leads were 

connected to monitor arrhythmias and animals were maintained at 37°C throughout the 

analysis. All parameters were monitored with Powerlab LabChart software (AD 

Instruments). A 30-minute baseline was used to assess spontaneous arrhythmia 

susceptibility prior to administration of 𝛽-agonist Isoproterenol (50µg) and caffeine 

(100µg) as described previously (L. Wang et al., 2014). Arrhythmias were measured for 

30 minutes following drug administration and scored according to the modified Lambeth 

conventions(Curtis et al., 2013) on a scale of 0-4. Individual animals received a single 

score based on the most severe arrhythmia observed. 0 indicates no arrhythmia. 1 

indicates 1-2 premature ventricular contractions (PVCs) followed by normal sinus rhythm 

of at least 2 beats. 2 indicates bigeminy (1 PVC followed by one normal sinus beat, 

repeating for 4 or more continuous cycles) or salvo (3-5 PVCs in a row). 3 indicates non-

sustained ventricular tachycardia (nsVT) defined as 6 or more PVCs in a row lasting less 

than 30 seconds. 4 indicates sustained VT (>30 seconds) or Torsades de Pointes. 

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’s post-hoc test to 

compare all conditions. For experiments comparing different surgical groups and a 

second variable (drug treatment, surgical group) two-way ANOVA was carried out using 

the Tukey’s post-hoc test.  All statistical analyses were carried out using Prism 9. 
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Abstract 
Chondroitin Sulfate Proteoglycans (CSPGs) prevent sympathetic nerve 

regeneration in the heart after myocardial infarction, and prevent central nerve regrowth 

after traumatic brain injury and spinal cord injury. Currently there are no small molecule 

therapeutics to promote nerve regeneration through CSPG-containing scars. CSPGs bind 

to monomers of receptor protein tyrosine phosphatase sigma (PTPσ) on the surface of 

neurons, enhancing the ability of PTPσ to bind and dephosphorylate Trk tyrosine kinases, 

inhibiting their activity and preventing axon outgrowth. Targeting PTPσ—Trk interactions 

is thus a potential therapeutic target. Here we describe the development and synthesis of 

small molecules (HJ-01, HJ-02) that disrupt PTPσ interactions with tropomyosin receptor 

kinases (Trks), enhance Trk signaling, and promote sympathetic nerve regeneration over 

CSPGs. 
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I. Introduction 

The lack of nerve regeneration after spinal cord injury, traumatic brain injury, 

extremity injury, and even myocardial infarction is due, in part, to inhibitory extracellular 

matrix components including chondroitin sulfate proteoglycans (CSPGs). A current 

approach to overcoming CSPG inhibition of axon outgrowth focuses on enzymatic 

degradation of chondroitin sulfate side chains using chondroitinase ABC (ChABC). 

Intrathecal treatment with ChABC (E.J. Bradbury et al., 2002), local injection of the 

enzyme near nerve grafts (Tom, Kadakia, Santi, & Houle, 2009; Tom et al., 2013), or viral 

expression of modified ChABC (Zhao et al., 2011) has proven successful in restoring 

nerve regeneration after spinal cord injury. However, the need to express or inject a 

functional enzyme in vivo, and maintain levels for an extended period of time, raises 

concerns about safety and applicability to humans. Recent studies identified protein 

tyrosine phosphatase receptor sigma (PTPσ) as a receptor for CSPGs (Shen et al., 

2009a), and showed that knockout of PTPσ in mice enhanced nerve regeneration after 

spinal cord injury (Fry, Chagnon, Lopez-Vales, Tremblay, & David, 2010) or myocardial 

infarction (Gardner & Habecker, 2013). Likewise, modulating PTPσ activity with 

intracellular sigma peptide (ISP), a cell permeable peptide that disrupts PTPσ-substrate 

binding (Lang et al., 2015) enhanced nerve regeneration after spinal cord injury in rats 

(Lang et al., 2015) and restored nerve regeneration after myocardial infarction in mice 

(Gardner et al., 2015). Development of the therapeutic peptide was a significant milestone 

but no small molecule therapeutics exist to overcome CSPG inhibition of nerve 

regeneration.  
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The mechanisms by which PTPσ and homologues such as LAR (Leukocyte 

common antigen-related receptor) inhibit axon outgrowth are not fully understood, but 

interactions with Trk neurotrophin receptors (TrkA, TrkB, and TrkC) are thought to play a 

key role (Faux et al., 2007; Xie et al., 2006). PTPσ and LAR both bind to and 

dephosphorylate Trk receptors, inhibiting their kinase activity and decreasing axon 

outgrowth (Faux et al., 2007). Removing PTPσ or disrupting phosphatase binding to Trk 

receptors enhances Trk signaling (Xie et al., 2006) and axon outgrowth (Gardner et al., 

2015; Lang et al., 2015). These studies suggest that inhibiting PTPσ or disrupting the 

interaction between PTPσ and TrkA should enhance sympathetic axon outgrowth across 

CSPGs.   

Here, we describe small molecules (HJ-01 and HJ-02) inspired by illudalic acid, a 

natural product shown to inhibit PTPσ catalytic activity (Fulo et al., 2021; Ling et al., 2008; 

McCullough, Batsomboon, Hutchinson, Dudley, & Barrios, 2019).  Surprisingly, HJ-01 and 

HJ-02 do not inhibit PTPσ activity, but instead disrupt the interaction between PTPσ and 

TrkA. HJ-01 and HJ-02 enhance Trk signaling and restore sympathetic axon outgrowth 

across CSPGs. 

 

II. Results  

A. Design and Synthesis of a PTPσ inhibitor 

We sought to identify an inhibitor of PTPσ catalytic activity and were inspired by 

the natural product Illudalic acid (Figure 4.1) which inhibits PTPσ and the related 

phosphatase LAR. Illudalic acid exhibits an IC50 of <<250 nM against PTPσ catalytic 
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activity in vitro (Fulo et al., 2021). Illudalic acid contains an aldehyde as well as a hemi-

acetal lactone that opens up to an aldehyde at physiological pH; the bis-aldehyde is 

required for activity, presumably because it is required to form a stable covalent bond with 

the active site cysteine of LAR/PTPσ. Because of (i) potential cellular instability of the bis-

aldehyde and (ii) the complex, multi-step synthesis of illudalic acid we envisaged a 

simpler analog with better physiochemical properties for in cell and in vivo studies. 

Inspired by illudalic acid and closely related analogs, we rationally designed two small 

molecules, HJ-01 and HJ-02 (Figure 4.1). Similar to illudalic acid analogs, HJ-01 and HJ-

02 are based on p-hydroxy benzoic acid scaffold, however, the bis-aldehyde was 

replaced with an acrylamide group designed to react with the catalytic cysteine in PTPσ. 

HJ-01 and HJ-02 could be synthesized in four steps from commercially available starting 

material (Scheme S1, Supporting Information).   

 
Figure 4.1. Structures of HJ-01 and HJ-02 and the natural product that inspired their design, Illudalic acid.  For full 
synthesis scheme and chemical products, refer to Supplemental Scheme 1.  The unmasked acid and electrophiles (bis-
aldehyde for illudalic acid and acrylamide for HJ-01/2) are in blue.   
 

B. HJ-01 and HJ-02 rescue neurite and axon outgrowth over CSPGs 

CSPGs are potent inhibitors of central and peripheral neuron outgrowth. The 

primary CSPG receptor in sympathetic neurons is PTPσ, and deleting PTPσ or disrupting 

PTPσ-substrate interactions with ISP enhances sympathetic axon growth across CSPGs 
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(Gardner & Habecker, 2013; Gardner et al., 2015). We asked if our small molecules could 

restore sympathetic axon outgrowth over inhibitory CSPGs, performing live cell imaging 

of neurons grown on plates coated with laminin or a combination of laminin and CSPGs. 

Additional cells were treated with HJ-03, a structural analog of HJ-01 and HJ-02 in which 

the acrylamide was replaced with a non-reactive ethylamide isostere (Scheme S1, 

Supporting Information), illudalic acid, or ISP. CSPGs significantly limited axon outgrowth 

as expected, and HJ-01 and HJ-02 restored axon outgrowth in a dose dependent manner 

(Figure 4.2). HJ-01 and HJ-02 fully restored growth at 100 nM. ISP also restored axon 

growth over CSPGs at 1 µM, but HJ-03 and illudalic acid did not (Figure 4.2). These 

results show that HJ-01 and HJ-02 promote sympathetic axon outgrowth across CSPGs, 

and their activity is dependent on the acrylamide electrophile, consistent with covalent 

inhibition.   
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Figure 4.2. Compounds restore sympathetic neurite outgrowth over CSPGs in vitro. (A) Illustration of a single 
well, the 9 fields of view/well that were photographed repeatedly, and a representative phase image of dissociated 
sympathetic neurons.  Neurons are “masked” by the NeuroTrack software, cell bodies (yellow) and neurites (purple) 
are identified, and neurite length normalized to cell body area is calculated by the software. (B, C) Quantification of 
sympathetic neurite growth on Laminin only or Laminin and CSPGs in the presence of vehicle (5% DMSO), HJ-01, HJ-
02, HJ-03, ISP, or Illudalic acid.  (B) Representative growth curves from individual experiments are mean neurite length 
± SEM of 9 locations/well and 3 wells per condition. Similar results were obtained in at least 3 independent experiments. 
(C) Data shown are the average of at least 3 experiments expressed as a percent of laminin-only vehicle (5% DMSO) 
treated controls; mean neurite length ± SD. Statistics: one-way ANOVA (Tukey’s post-test), comparisons are to Laminin 
only control unless indicated by brackets *p<.05, **p<.01, ***p<0.001, ****p<0.0001. 
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CSPGs inhibit axon outgrowth in vivo through interaction with the distal axon. To 

confirm that these compounds acted on axons, we cultured sympathetic neurons in 

microfluidic chambers to separate the cell bodies from the axons, with treatments 

confined to the axon compartment. The distal axon compartment was coated with either 

collagen or collagen and CSPGs prior to adding neurons. After axons had extended into 

the distal compartment, the axon compartment was treated for 3 hours with vehicle (5% 

DMSO), 100 nM HJ-01, 100 nM HJ-02, or 4 µU/mL chondroitinase ABC as a positive 

control to disrupt CSPGs. Acute treatment with the small molecules (Figure 4.3) or the 

positive control chondroitinase ABC (data not shown) stimulated the defasiculation of 

axon bundles growing over CSPGs and enhanced the rate of axon outgrowth. These 

results suggest HJ-01 and HJ-02 target axons to promote outgrowth across CSPGs.   

 
Figure 4.3. Axonal application of HJ-01 and HJ-02 is sufficient to promote sympathetic axon growth over 
CSPGs (A) Illustration of microfluidic chambers, where whole ganglia are cultured in the cell body compartment and 
axons extend into the coated compartment where treatments are added to the media. (B) Representative images of 
axons in microfluidic chambers coated with CSPGs, taken at t=0 and t=3 hrs. Axons were treated with vehicle (5% 
DMSO), 100nM compound HJ-01, or HJ-02.  Triangles identify the leading edge of the axon at t=0, and the asterisks 
identify the final position of the axon at t=3 hrs. (C) Quantification of axon growth rate in microfluidic chambers across 
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collagen-only treated with vehicle, collagen and CSPGs treated with vehicle or, collagen and CSPGs treated with HJ-
01 or HJ-02. Data are mean ± SEM of at least 8 axons per conditions across 3 separate experiments. Statistics; one-
way ANOVA, (Tukey’s post-test), Comparisons directly to collagen + CSPG treated samples, *p<.05, **p<.01, 
***p<0.001. 
 

C. HJ-01 and HJ-02 do not inhibit phosphatase activity 

 Based on the mechanism of action of illudalic acid, we hypothesized that HJ-01 

and HJ-02 would irreversibly inhibit the catalytic activity of PTPσ by reacting with the 

active site cysteine in the D1 catalytic domain via a Michael addition with their acrylamide. 

To test the hypothesis that these compounds inhibit PTPσ D1 catalytic activity, we 

expressed and purified a peptide including the D1 domain and the inactive D2 

pseudocatalytic domain. We used the compound p-nitrophenol phosphate (p-NPP) to 

monitor phosphatase activity through a colorimetric reaction. We incubated D1D2 peptide 

with either vehicle (5% DMSO), 1 µM HJ-02, or the phosphatase inhibitor orthovanadate 

(10 mM) as a negative control in the presence of either 2 mM or 10 mM p-NPP. HJ-02 

did not inhibit D1 phosphatase activity at 1 µM concentration, even though lower doses 

restored axon outgrowth in vitro. Samples treated with orthovanadate had negligible 

phosphatase activity as expected (Figure 4.4A,B). We also tested higher doses of HJ-01 

and HJ-02 against a panel of protein phosphatases and found minimal inhibition of 

phosphatase activity with 100 µM HJ-01 or HJ-02 (Figure 4.4C,D), which is three orders 

of magnitude higher than the dose needed to restore axon outgrowth. These results show 

that HJ-01 and HJ-02 do not inhibit the catalytic activity of PTPσ at biologically relevant 

concentrations and conditions and suggest that they affect PTPσ function via a different 
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mechanism.  In contrast, illudalic acid fully inhibited PTPσ activity at 1 µM (Figure 4.4E) 

but had no effect on axon outgrowth at concentrations up to 10 µM. 

 
Figure 4.4. HJ-01 and HJ-02 do not inhibit PTPσ phosphatase activity at biologically relevant concentrations. 
(A,B) PTPσ phosphatase activity was quantified in the presence of 1µM HJ-02 using purified PTPσ D1D2 phosphatase 
domain. HJ-02 did not inhibit D1D2 phosphatase activity at any time point or substrate concentration, while the 
phosphatase inhibitor orthovanadate significantly reduced phosphatase activity at all times and substrate 
concentrations. Data are absorbance at 405nm mean ± SD, n=3 experiments, ***p<0.001, ****p<0.0001, two-way 
ANOVA (Dunnett multiple comparisons test). (C-E) PTP protein family members were screened to examine the ability 
of HJ-01 (C), HJ-02 (D), or Illudalic Acid (E) to inhibit enzymatic activity; PTPRδ (PTPRD, dark blue), PTPσ (PTPRS, 
blue), LAR (light blue), CD45 (black), SHP2 (dark grey), and PTP1B (light grey). Data are mean ± SEM of three 
independent experiments.  

D. HJ-01 and HJ-02 disrupt TrkA—PTPσ interactions 

 Interaction of PTPσ with its protein substrates is required for efficient 

dephosphorylation. Trk tyrosine kinase receptors are critical substrates of PTPσ in 
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neurons, and disrupting PTPσ binding to Trk receptors enhances Trk signaling (Xie et al., 

2006) and axon outgrowth (Gardner et al., 2015; Lang et al., 2015). Thus, we asked if HJ-

01 and HJ-02 altered the interaction between PTPσ and TrkA, the Trk receptor present 

in sympathetic neurons.  

We transfected HEK 293T cells with PTPσ and TrkA tagged with red fluorescent 

protein (TrkA-RFP), and examined the ability of HJ-01 and HJ-02 to disrupt TrkA—PTPσ 

binding. Cells were treated with vehicle (DMSO), HJ-01, HJ-02, or the biologically inactive 

compound HJ-03 and were stimulated simultaneously with NGF and CSPGs. These 

conditions were used to mimic the environmental conditions present during sympathetic 

nerve regeneration in our experimental model. We immunoprecipitated TrkA-RFP using 

an RFP-nanobody and compared the PTPσ pulled down following HJ-01 or HJ-02 

treatment (100 nM and 1 µM) with the amount pulled down in vehicle treated cells. The 

small molecules HJ-01 and HJ-02 disrupted TrkA—PTPσ interactions as measured by 

pulldown efficiency, while the biologically inactive structural analog, HJ-03, did not disrupt 

TrkA—PTPσ binding (Figure 4.5A-C).  To further test the specificity of these compounds, 

we asked if HJ-02 disrupted TrkA interactions with the p75 neurotrophin receptor 

(p75NTR), which together form the high-affinity binding site for NGF. Addition of HJ-02 

did not alter the ability of TrkA-RFP to pull down p75NTR (Figure 4.5D), suggesting 

selectivity for disrupting TrkA—PTPσ interactions.  These data support the model that HJ-

01 and HJ-02 promote axon outgrowth by disrupting the interaction between PTPσ and 

TrkA, but the concentration required to break Trk—PTP complexes was higher than the 

concentration that restored axon outgrowth. This suggests that HJ-01 and HJ-02 
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modulate Trk—PTPσ interactions and subsequent Trk signaling at lower concentrations 

than are necessary to significantly disrupt Trk—PTPσ complexes.  

 
Figure 4.5. HJ-01and HJ-02 reduce the interaction between PTPσ and TrkA. Representative western blots (left) 
probing for PTPσ and TrkA following TrkA-RFP immunoprecipitation.  HEK-293t cells were transfected with TrkA-RFP 
and PTPσ, treated with either vehicle (DMSO), (A) HJ-01, (B) HJ-02, or (C) HJ-03 then stimulated with CSPGs and 
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NGF.  Quantification (right) of PTPσ that co-immunoprecipitated with TrkA-RFP normalized to vehicle treated cells. 
HJ-01 and HJ-02 reduced the amount of PTPσ that bound to TrkA-RFP at 1µM, but HJ-03 had no effect. (D) HEK-293t 
cells were transfected with TrkA-RFP and p75NTR, treated with vehicle (DMSO) and HJ-02, then stimulated with 
CSPGs and NGF. Quantification (right) of p75NTR that co-immunoprecipitated with TrkA-RFP normalized to vehicle 
treated cells. Data are mean ± SD, n=5-9 experiments; n.s.- not significant, *p<.05, **p<.01 vs. vehicle treated control, 
one-way ANOVA (Dunnett multiple comparisons post-test). 
 

E. HJ-01 and HJ-02 reverse PTPσ-inhibition of Trk signaling  

PTPσ dephosphorylates Trk receptors (Faux et al., 2007) and the absence of 

PTPσ enhances Trk signaling, noted by increased phosphorylation of downstream 

signaling proteins including ERK1/2 and Akt (Sapieha et al., 2005).  To determine if 

disruption of Trk—PTPσ complexes by HJ-01 and HJ-02 prevented PTPσ inhibition of Trk 

signaling, we used HEK 293T cells stably expressing TrkB (HEK-TrkB). Co-expression of 

full-length PTPσ in HEK-TrkB cells decreased BDNF-induced ERK1/2 phosphorylation, 

and addition of HJ-01 or HJ-02 restored ERK1/2 phosphorylation to normal BDNF-

stimulated levels (Figure 4.6A,B). Similar to the neurite outgrowth data in TrkA-expressing 

sympathetic neurons, HJ-02 was slightly more potent than HJ-01 in rescuing PTPσ-

suppressed ERK1/2 phosphorylation. Likewise, both compounds restored ERK 

phosphorylation at 100 nM, consistent with the dosing that restored axon outgrowth in 

neurons, but lower than the dose needed to significantly disrupt TrkA—PTPσ binding in 

pull-down experiments.  Taken together these results support the notion that HJ-01 and 

HJ-02 prevent PTPσ-mediated dephosphorylation of Trk receptors by modulating the 

interaction between PTPσ and Trks. Since HJ compounds did not inhibit PTPσ activity, 

but did inhibit downstream signaling, we asked if HJ-01 or HJ-02 disrupted signaling 

downstream from tyrosine phosphatase PTP1B and its substrate the insulin receptor (IR-
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β) (Boutselis, Yu, Zhang, & Borch, 2007). Both receptors are present in the human hepatic 

cell line HepG2. Insulin stimulation of IR-β in HepG2 cells increased phosphorylation of 

ERK1/2, and inhibiting PTP1B with CinnGel 2ME further enhanced ERK signaling. 

Conversely, HJ-01 and HJ-02 had no effect on ERK1/2 phosphorylation in insulin-

stimulated HepG2 cells, indicating they do not disrupt PTP1B dephosphorylation of IR-β 

(Figure 4.6C,D). 

 
Figure 4.6. HJ-01 and HJ-02 block PTPσ reduction in TrkB signaling (A) Representative Western blot of TrkB 
downstream signaling in the presence of PTPσ. Addition of PTPσ decreased BDNF-stimulated ERK1/2 
phosphorylation. Both HJ-01 and HJ-02 restored ERK1/2 phosphorylation in response to BDNF. (B) Quantification of 
Phospho-ERK1/2 relative to Total-ERK1/2.  Data are graphed as percent of vehicle control (BDNF stimulated cells); 
mean ± SD, n=3 experiments, ***p<0.001, ****p<0.0001 as noted by lines, one-way ANOVA (Tukey multiple 
comparisons test). (C,D) Western blot analysis examining potential effect of HJ-01 or HJ-02 on PTP1B/IR- β signaling 
in response to insulin. Mean ± SD, n=3 experiments, *p<0.05 vs. insulin control, one-way ANOVA, (Tukey multiple 
comparisons test). 
 

III. Discussion 

There is a great need for therapeutics that can facilitate axon regeneration and cell 

migration through CSPG-laden scar tissue. Small molecules that promote axon outgrowth 
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through inhibitory environments are promising therapeutics for spinal cord injury, 

traumatic brain injury, or myocardial infarction (Gardner et al., 2015; Lang et al., 2015; 

Shen et al., 2009a; L.S. Sherman & S.A. Back, 2008). In this study, we synthesized two 

natural product-inspired, acrylamide-based compounds, HJ-01 and HJ-02, which were 

designed to covalently inactivate PTPσ activity. HJ-01 and HJ-02, restored axon 

outgrowth across inhibitory CSPGs in vitro. A compound (HJ-03) lacking an acrylamide 

had no biological activity, suggesting that covalent binding was important for function. Our 

experiments with primary neurons found no evidence of non-specific binding or toxicity. 

Importantly, there are several examples of FDA approved drugs (e.g., BTK inhibitor, 

Ibrutinib) that contain acrylamides, demonstrating that compounds with this type of 

electrophile are effective in vivo. 

PTPσ regulation of axon dynamics depends on its ability to bind to and 

dephosphorylate substrate proteins including Trk tyrosine kinases (Faux et al., 2007). 

Modulation of substrate binding can occur through two distinct mechanisms, one 

extracellular and one intracellular. Extracellular CSPGs bind to PTPσ monomers, which 

can then bind to and dephosphorylate substrate proteins like Trk receptors, decreasing 

axon outgrowth. In contrast, extracellular heparin sulfate proteoglycans (HSPGs) 

stimulate oligomerization of PTPσ into aggregates sequestered from Trk receptors, 

promoting axon outgrowth (Charlotte H. Coles et al., 2011). Intracellular binding of 

peptides like ISP or small molecules to the D2 pseudocatalytic domain of PTPσ can also 

disrupt substrate binding and enhance axon outgrowth (Xie et al., 2006). Unexpectedly, 

we found that HJ-01 and HJ-02 did not block PTPσ phosphatase activity, but rather 
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modulated PTPσ—Trk receptor signaling, and at higher doses disrupted the PTPσ—Trk 

complex. Interestingly, the PTPσ inhibitor illudalic acid did not rescue axon outgrowth, in 

distinct contrast to ISP, HJ-01, and HJ-02 which do not inhibit the phosphatase but 

modulate PTPσ—Trk interactions. The disruption of the interaction between PTPσ—TrkA 

by HJ-01 and HJ-02 in a cysteine-dependent manner may be similar to the disruption of 

IRAK4—MyD88 interactions by the multiple sclerosis drug dimethyl fumarate (DMF) (Zaro 

et al., 2019). These results suggest that HJ-01 and HJ-02 elicit their effects via altering 

PTPσ—Trk interactions by covalently binding to either PTPσ or Trk; however, due to the 

lack of direct binding data, we cannot rule out that HJ-01 and HJ-02 bind to an unidentified 

protein involved in PTPσ—Trk complex formation.  

  We generated novel small molecules designed to target PTPσ in order to promote 

nerve regeneration through CSPG-containing scars. Two compounds that we generated 

restore nerve growth in vitro at nanomolar concentrations. Although our focus was on 

sympathetic neurons, CSPGs in the glial scar inhibit nerve regeneration after traumatic 

brain injury and spinal cord injury, preventing cognitive or motor recovery (L.S. Sherman 

& S.A. Back, 2008). CSPG-PTPσ interactions also disrupt myelin repair in multiple 

sclerosis by inhibiting oligodendrocyte precursor cell (OPC) migration into demyelinated 

regions and preventing differentiation of OPCs into oligodendrocytes (Luo et al., 2018; 

Ohtake, Saito, & Li, 2018; Pu, Stephenson, & Yong, 2018). HJ-01 and HJ-02 may prove 

useful for ameliorating disease progression in these situations. Small molecules are 

simpler to produce and easier to administer than the peptide (ISP) and enzyme 

(chondroitinase ABC)-based strategies that are the primary current focus of therapeutic 
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development. Thus, HJ-01 and HJ-02 are an important advance in the development of 

therapies designed to overcome CSPG actions.  

 

IV. Methods 

General Chemistry methods: Found in published paper  

 

Animals: Pregnant Sprague Dawley rats were obtained from Jackson Laboratories West 

(Sacramento, CA).  Rats were kept on a 12h:12h light-dark cycle with ad libitum access 

to food and water.  Superior cervical ganglia from male and female neonatal rats were 

used for microfluidic 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).    

Sympathetic outgrowth assay: Cultures of dissociated sympathetic neurons were 

prepared from superior cervical ganglia (SCG) of newborn rats as described (Dziennis & 

Habecker, 2003).  Cells were pre-plated for 1 hour to remove non-neuronal cells, and 

then 5,000 neurons/well were plated onto a 96 well plate (TPP) coated with poly-L-lysine 

(PLL, 0.01%, Sigma-Aldrich) and either laminin (2 μg/mL, Trevigen) or laminin and 

CSPGs (1-2 μg/mL, Millipore; concentration was calibrated to inhibit outgrowth by 40-

50% and differed between batches). Neurons were cultured in serum free C2 medium 

(Lein, Johnson, Guo, Rueger, & Higgins, 1995; Pellegrino et al., 2011) supplemented with 

10 ng/mL NGF (Alomone Labs), 100 U/mL penicillin G, 100 μg/mL streptomycin sulfate 

(Invitrogen), and 2μM 5-Fluoro-2’-Deoxyuridine (Sigma).  Neurons were treated with 
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either vehicle (DMSO) or the compounds HJ-01, HJ-02, HJ-03, ISP or Illudalic acid at 

various concentrations as described in figure legends.  Live-cell imaging was carried out 

using an Incucyte Zoom microscope (Essen BioScience), with 20x phase images 

acquired every 2 hrs over a 30 hr period.  Neurite length was measured using Cell Player 

Neurotrack software (Essen BioScience) and used to calculate the neurite growth.   

Compartmentalized cultures: Micro-fluidic chambers were generated by adding 

SYLGARD 184 silicone elastomer (Dow Corning) into a pre-cast mold, and heating 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 hours, or when axons were first visible in the 

axonal compartment, images were acquired (t=0) and vehicle (5% DMSO), 100nM HJ-

01, 100nM HJ-02, or 4µU/mL chondroitinase ABC were added to the axonal 

compartment. 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. 

Western blotting: Immunoblotting protein samples were prepared using 4x XT sample 

buffer and 20x XT reducing reagent (Biorad). Samples were boiled for 10 minutes at 95°C 

before being spun down and added to protein gels. To separate proteins by SDS-PAGE, 

Criterion pre-cast 4-12% gradient Bis-tris gels were used and run for 2 hours at 120V. 

Proteins were transferred to PVDF membranes by semi-dry transfer at 25V for 45 
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minutes. Protein laden PVDF membranes were blocked for 1 hour in 5% milk dissolved 

in TBST. Membranes were briefly rinsed with TBST and incubated with primary antibodies 

diluted in 5% BSA TBST for either 1 hour at room temperature or overnight at 4°C 

depending on the antibody. Following primary incubation blots were rinsed with TBST 3 

times for 10 minutes each and placed in HRP-conjugated Igg secondary diluted in 5% 

milk TBST for 1 hour at room temperature. Blots were rinsed 3 times for 10 minutes each 

and imaged using SuperSignal HRP chemiluminescent substrate (ThermoFisher 

Scientific). 

PTPσ D1 D2 protein purification: D1D2 plasmid was a gift from (Brad Lang and Jerry 

Silver, Case Western Reserve University).  Rosetta 2(DE3) competent cells (Novagen) 

were transformed with 1µL of D1D2 DNA and grown overnight at 37°C on LB agar plates 

supplemented with kanamycin and chloramphenicol. A ¼ swath of the bacteria from the 

LB agar plate was spiked into 50mL of LB media (with 50µg/mL kanamycin and 34µg/mL 

chloramphenicol) and grown at 37°C overnight with 225rpm shaking. The next day the 

50mL starter culture was pitched into 1L of terrific broth (TB) media (12 g bacto tryptone, 

24 g yeast extract, 0.4% glycerol, 17mM KH2PO4, 72mM K2HPO4, 1% glucose, 50 μg/ml 

Kanamycin, 34 μg/ml chloramphenicol) and grown at 37°C, 225rpm until reaching an 

OD600 reading of 0.6. At this point the TB media was placed on ice and the protein 

expression of D1D2 was induced with 0.4mM Isopropyl-β-thiogalactoside (IPTG, Sigma-

Aldrich) and grown at 37°C overnight, 225rpm. Cells were harvested by centrifugation at 

4000rpm 4°C for 15 min. The cell pellet was resuspended in 50mL of lysis buffer (20 mM 

HEPES, pH 7.5, 1 mM β-mercaptoethanol, 1 mM benzamidine, 0.2% NP-40, 0.2% 
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Tween-20, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 8.3 mg/L DNAse I) with a 

glass douncer and sonicated, on ice, 6 times for 30 seconds each time with 2 minutes 

rest between each cycle (Branson sonifier 450). The resulting lysate was cleared by 

centrifugation at 12,000 x G, 4°C, for 30 minutes. Purification of the D1D2 protein was 

achieved using the attached his-tag by Ni-NTA affinity chromatography (Ni-NTA resin, 

Qiagen). The resulting purified protein was verified by size using 10% SDS-PAGE before 

use in enzymatic activity assays. 

PTPσ D1 D2 catalytic activity assessment: The catalytic activity of purified PTPσ D1D2 

catalytic domain was assessed using p-nitrophenyl phosphate (p-NPP, Sigma-aldrich), a 

commonly used indicator of phosphatase activity. D1D2 is capable of using p-NPP as a 

substrate and catalysis of the phosphate group results in a colorimetric reaction that can 

be monitored by 405nm absorbance. The assay was conducted in ice cold 50mM MES 

buffer with either 2mM or 10mM p-NPP. To this reaction mixture 30nM of D1D2 protein 

were added with either vehicle, 1µM HJ-02, or 12.5mM of sodium-orthovanadate (Sigma-

Aldrich) as a control tyrosine phosphatase inhibitor. The reaction mixture was added to 

clear flat-bottom 96-well plates and kept on ice until the plate reading. A Spectra Max i3 

(Molecular Devices) multi-well plate reader was used to measure 405nm absorbance. 

The reaction was induced by incubation at 30°C and measured continuously for 3 

minutes.    

Phosphatase Inhibition Assays: The ability of compounds HJ-01, HJ-02, and Illudalic acid 

to inhibit a small panel of tyrosine phosphatase enzymes was investigated. The enzymes 

PTPσ, PTPRδ (protein tyrosine phosphatase receptor delta), LAR (leukocyte antigen-
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related tyrosine phosphatase), CD45 (cluster of differentiation antigen 45; also known as 

protein tyrosine phosphatase receptor C), SHP2 (Src homology 2 domain–containing 

phosphatase 2), and PTP1B (protein tyrosine phosphatase 1B) were incubated with 10 

mM DTT for 30 min on ice in a buffer containing 50 mM HEPES pH 7.5, 100 mM NaCl, 1 

mM EDTA, and 0.02% tween. The activity assays were performed in black 96-well plates 

in a total volume of 50 µL and 10% DMSO. The final concentration of enzyme in each 

reaction was180 pM for PTPσ, 9.7 nM for PTPRδ, 4.2 nM for LAR, 5 nM for CD45, 5 nM 

for SHP2, and 5 nM for PTP1B. Each enzyme was incubated with HJ-01 or HJ-02 for 30 

min at 37°C, after which time the reaction was initiated by addition of the fluorogenic 

substrate DiFMUP to a final concentration of 30 µM. Enzyme activity was measured 

relative to an inhibitor-free control by monitoring the increase in fluorescence as DiFMUP 

was hydrolyzed to DiFMU. The fluorescence (λex = 350 nm, λem= 455 nm) was 

measured every 30 s for 30 min at 37°C. Each concentration was tested in triplicate. 

Cell signaling: TrkB-HEK-293t cells (a kind gift from Dr. Moses Chao, NYU) were used to 

examine the effects of HJ-01 and HJ-02 on TrkB stimulated ERK phosphorylation. Cells 

were plated on 6-well plates in HG-DMEM (Gibco) with 10%FBS (Hyclone), 1% 

Penicillin/streptomycin (Gibco) and Geniticin (400 μg/mL; Life Technologies). At the 

appropriate density cells with rinsed twice with 1x PBS and media was replaced with Opti-

MEM (Gibco) containing 2%FBS. Cells were transfected with Lipofectamine 2000 (7µL 

per well) and with either 2.5µg full-length PTPσ plasmid or 1µg GFP control plasmid per 

well. After 6 hours cells were rinsed once with 1x PBS and replaced with regular growth 

media and grown for 12 hours. Cells were then serum starved for 2 hours in HG-DMEM 
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+ B27. Following serum starving cells were incubated with either HJ-01 or HJ-02 at 10nM, 

100nM, or 1μM for 1 hour and then stimulated with 5ng/mL human BDNF (Alomone Labs) 

for 5 minutes. Cells were then rinsed with ice-cold PBS and lysed on ice with intermittent 

agitation for 30 minutes with Erk lysis buffer [50mM Tris (pH 8.0), 150mM NaCl, 2mM 

EDTA, 10mM NaF, 10% glycerol, and 1% NP-40] containing protease inhibitor cocktail 

(Roche), phosphatase inhibitor cocktails (Sigma), and 5mM iodoacetamide.  Lysates sat 

on ice for 30min and were then treated with 10mM dithiothreitol to inactive any remaining 

iodoacetamide. Protein lysate was cleared by centrifugation at 13,000 x G for 10 minutes. 

The soluble fraction was removed and diluted with 4x XT sample buffer and 20x XT 

reducing reagent (Biorad) for western blot analysis as described above. Blots were 

probed with phospho-Erk1/2 (1:1000 Phospho-p44/42MAPK, Cell Signaling #9101) and 

Total-Erk1/2 (1:1000 p44/42MAPK, Cell Signaling #9102) antibodies. 

Immunoprecipitation assay: To test the hypothesis that small molecules HJ-01 and HJ-

02 disrupt the binding of TrkA and PTPσ, HEK-293t cells were transfected with full length 

PTPσ or p75NTR (Addgene plasmid # 24091) and TrkA-RFP plasmid (Addgene plasmid 

#24093), and pulled down using RFP-trap nanobody conjugated to magnetic agarose 

(Chromotek). HEK-293t cells were plated onto 6-well plates coated with 0.01% poly-l-

lysine (Sigma) in high-glucose DMEM (Gibco) supplemented with 10%FBS (Hyclone) and 

1%Anti-Anti (Gibco). 12 hours later cells were rinsed with 1x PBS and media was replaced 

with Opti-MEM (Gibco) containing 2%FBS. Cells were transfected using Lipofectamine 

3000 (Thermofisher Scientific). For transfection, 1µg of TrkA-RFP and 1µg of PTPσ 

plasmid, 6µL of P3000 reagent, and 5µL of lipofectamine reagent were added to each 
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well of the 6-well plate. 12-16 hours later cells were rinsed twice with 1xPBS and media 

was replaced with DMEM and B27 supplement (Gibco) and serum starved for 4 hours. 

Cells were then treated with small molecules or vehicle (DMSO) for 1 hour and stimulated 

for an additional hour with 50ng/mL NGF (Alomone Labs #N-100) + 2µg/mL Chondroitin 

Sulfate Proteoglycans (EMD-Millipore CC117). Cells were rinsed twice with ice-cold 1x 

PBS and lysed with IP lysis buffer (150mM NaCl, 50mM Hepes, 1.5mM MgCl2, 1mM 

EGTA, 1% Triton-X, 10% glycerol, 1x Roche complete protease inhibitor cocktail, and 1x 

Sigma phosphatase inhibitor cocktails 2 and 3). Two wells of each 6-well plate were 

pooled per condition, and cells were lysed for 30 minutes on ice with intermittent 

vortexing. Lysate was centrifuged at 13,000 x G for 10 minutes leaving the soluble 

fraction. 10% of this lysate was set aside as the input fraction. TrkA immunoprecipitation 

was accomplished using 15µL of RFP-trap magnetic agarose added to the remaining 

lysate and incubated overnight at 4°C on a rotator. The protein bound to the RFP-trap 

agarose was then separated using a magnet and rinsed 3 x 10 minutes. To remove the 

protein from the beads, 4x XT-sample buffer (Biorad) was diluted to 2x using the IP lysis 

buffer and XT reducing reagent was added the sample was then incubated at 95°C for 10 

minutes and separated from the beads using a magnet. Samples were subjected to the 

standard western blotting protocol and probed for TrkA (1:1000; Millipore Sigma #06-574) 

and PTPσ (1:500; Proteintech #13008-1-AP) or, p75NTR (1:1000; Cell Signaling, D4B3 

XP #8238S). To quantify pulldown of PTPσ (or p75NTR) by TrkA-RFP the levels of each 

protein in the pulldown were quantified by pixel density, normalized to the respective input 
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levels and then the ratio of PTPσ (or p75NTR) to TrkA was calculated and compared 

across samples. 

Statistics: Data with multiple groups and one variable were analyzed by one-way ANOVA 

using either Dunnett or Tukey post-tests to control for multiple comparisons.  Experiments 

with two variables were analyzed with two-way ANOVA using a Dunnett post-test. 

Statistical analyses were carried out using Prism version 8 or 9. 

Data Availability: The datasets generated during and/or analyzed during the current study 

are available from the corresponding author on reasonable request. 
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Abstract 

The mechanistic details of chondroitin sulfate proteoglycan (CSPG) signaling in 

sympathetic neurons are not well established. Understanding how CSPGs elicit repulsive 

cues in neurons would help develop new therapeutic approaches aimed at nerve 

regeneration.  We attempted to use live cell analysis with multiplexed Forster resonance 

energy transfer (FRET) probe imaging to examine downstream CSPG signaling in 

neurons, emphasizing pathways downstream of Tropomyosin-related kinase A (TrkA) 

due to the critical role of TrkA signaling during sympathetic axon regeneration. We used 

the sympathetic neuronal model cell line PC12 to examine a group of biosensors and 

found PKA and PKC signaling was altered by CSPGs and the TrkA ligand Nerve Growth 

Factor (NGF). Based on results from PC12 cells, we examined PKA and PKC biosensor 

responses to NGF and CSPGs in dissociated primary neurons from the superior cervical 

ganglia (SCG). Signaling events observed in PC12 cells did not replicate in sympathetic 

neurons, and PKA or PKC modulation did not promote neurite outgrowth across inhibitory 

CSPGs.  
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I. Introduction 

CSPG gradients are thought to facilitate neuronal axon guidance by stimulating 

several cell-surface receptors including receptor protein tyrosine phosphatase sigma 

(PTPσ) (Lang et al., 2015; Shen et al., 2009b). In general, CSPGs prevent dimerization 

of PTPσ, which enables activity of its catalytic phosphatase domain. When PTPσ 

monomers dimerize, the wedge domain of one receptor monomer physically blocks the 

enzyme active site of another monomer and prevents catalytic phosphatase activity (C. 

H. Coles et al., 2011; Majeti et al., 1998; Wu et al., 2017). PTPσ phosphatase activity is 

critical for its ability to inhibit nerve outgrowth by targeting a number of signaling pathways 

(Ohtake et al., 2016).  For example, PTPσ dephosphorylates the activated family of 

Tropomyosin receptor kinases (Trk), antagonizing neurotrophin signaling, a key pathway 

in axon outgrowth and survival (Faux et al., 2007). In sympathetic neurons Nerve Growth 

Factor (NGF) signaling via TrkA receptor is the key regulator of axon outgrowth(Glebova 

& Ginty, 2004) and is suppressed by PTPσ (Faux et al., 2007). Generally, PTPσ 

suppression of axon outgrowth is thought to suppress canonical growth promoting 

pathways downstream of TrkA including ERK and AKT activation mediated by PKA, PKC 

and Src (Lewin & Carter, 2014; Obara, Labudda, Dillon, & Stork, 2004; Sivasankaran et 

al., 2004). In addition to suppressing axon growth promoting pathways, PTPσ is thought 

to cause growth cone collapse by altering the cytoskeleton in a RhoA mediated 

mechanism (Ohtake & Li, 2015; Ohtake et al., 2016). While the Trk-PTPσ signaling axis 

has been studied in other neuronal sub-types, mostly of the central nervous system 

(Ohtake & Li, 2015), relatively little is known about this signaling pathway in peripheral 
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sympathetic nerves. One key limitation to understanding the large number of signaling 

effectors downstream of TrkA in sympathetic nerves is a lack of effective methods to study 

signaling in real-time.  Traditional methods like western blotting are restricted to few 

targets at predetermined time points. Real-time signaling analysis at the single cell level 

has long been considered preferential to traditional bulk cell methods and to this end, 

many have used genetically encoded Forster-resonance energy transfer (FRET) 

biosensors to study specific elements of a signaling cascade (Kuchenov et al., 2016; 

Regot, Hughey, Bajar, Carrasco, & Covert, 2014). One particularly innovative method that 

inspired this work, utilized DNA printing technology to “spot” multiple DNA-encoded 

FRET-biosensors in tandem with reverse transfection reagents on Labtek cell-culture 

dishes.  This setup enables transfection of cells grown on the culture dish and multiplexed 

analysis of signaling pathways. FRET-biosensors have been used in numerous cell types 

including sympathetic neurons, but technical limitations have prevented widespread use 

(Greenwald, Mehta, & Zhang, 2018; Nunes et al., 2012; Saucerman et al., 2006). 

FRET biosensors used in this study are engineered to indicate target protein 

activity and usually consist of a substrate domain and substrate-recognition domain. 

These domains are flanked by one protein of a fluorescent protein pair that can undergo 

FRET (e.g., CFP and YFP). One common sensor design utilizes a portion of the target 

protein that can be phosphorylated (similarly to the target protein and tied to protein 

activity). In this case the recognition domain changes proximity to the phosphorylated 

protein which alters FRET by changing the proximity of CFP and YFP. An alternative 

design used on modern FRET sensors utilizes a substrate domain that is altered by the 
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active target protein, this changes proximity of a recognition domain that “senses” the 

alteration, ultimately altering FRET by changing the proximity of CFP and YFP. For 

example, the PKA biosensor used in this study has a PKA pseudo-substrate domain that 

is phosphorylated by PKA. Phosphorylation of the substrate brings the sensing domain 

into closer proximity and subsequent flanking CFP and YFP proteins into closer proximity, 

increasing FRET. When phosphorylation of the PKA pseudo-substrate is reversed by 

phosphatase activity, the sensing domain stops interacting with the substrate domain and 

the CFP and YFP flanking proteins are further apart which reduces FRET (Figure 5.1B). 

These sensors enable live-cell monitoring of PKA activity in response to a stimulus. 

Examination of the FRET (YFP) to CFP ratio gives a glimpse at PKA activity across time. 

To quantify FRET, we utilized a FRET analysis platform developed previously which 

automates the entire process of segmentation and ratio analysis, enabling examination 

of large cell numbers relative to that typically examined manually.  

Here we utilized transiently transfected genetically encoded FRET-biosensors to 

better understand CSPG and NGF signaling. We used PC12 cells to screen a number of 

FRET-biosensor responses to CSPG and NGF stimulation. Our screen in PC12 cells 

identified PKA and PKC which we then tested in dissociated sympathetic neurons. In 

neurons we found that CSPG and NGF stimulus had little effect on PKA or PKC activity 

as detected by our FRET sensors. Furthermore, we established that modulation of these 

pathways in vitro did not restore neurite outgrowth across inhibitory CSPGs. We hope 

that this work improves experimental design for future use of FRET-biosensors in primary 

neurons and other difficult to transfect or highly polarized cell-types. 
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II. Results  

A. FRET biosensors screened to assess impact of NGF and CSPG stimulation 

In order to better understand how NGF driven TrkA signaling is affected by CSPGs 

acting via PTPσ, we used a number of FRET biosensors to monitor downstream signaling 

pathways including: ERK, RhoA, FAK, Src, PKA, and PKC (Figure 5.1A). PC12 cells 

express TrkA, respond to NGF by extending neurites, and retract neurites in response to 

CSPGs (Gopalakrishnan et al., 2008; Greene, 1978), so we started by testing the 

response of multiple FRET sensors to NGF and CSPGs in differentiated PC12 cells. The 

inspiration for this work utilized DNA-spotting to print DNA encoded FRET biosensors 

onto a culture dish such that cells seeded across the plate surface underwent reverse 

transfection and expressed the biosensor. Spotting plates with multiple biosensors 

allowed multiplexing of biosensor analysis.  We attempted to do this with PC12 cells and 

found that they are difficult to transfect using chemical methodologies like lipofectamine 

and thus were not amenable to reverse transfection on DNA-spotted plates. To overcome 

this, we utilized the NeonTM transfection system from Invitrogen which electroporates 

cells, enabling DNA-based FRET-biosensors to enter the cell and undergo gene 

expression. Using manufacturer recommended electroporation settings we achieved 

substantial improvement of transfection efficiency compared to lipofectamine with an 

eGFP control plasmid (Figure 5.1C).  With an efficient transfection method, we were able 

to express genetically-encoded FRET biosensors in PC12 cells. This method limited us 

to analyzing a much smaller number of sensors than we had planned. 
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When we examined these sensors (Figure 5.1A), we found fewer consistent 

changes than we expected (Figure 5.1D). This may be because we intended to examine 

later time points following stimulus with NGF/CSPGs and our sampling rate (every 5 

minutes) may have missed early signaling changes. Despite this shortcoming, we 

observed consistent changes in PKA and PKC FRET biosensors in response to NGF. 

NGF stimulated a significant reduction in PKA biosensor FRET. When cells were 

stimulated with NGF and CSPGs at the same time the decrease did not occur, suggesting 

alteration of NGF signaling by CSPGs (Figure 5.1E). A larger response occurred with the 

PKC biosensor. NGF reduced PKC biosensor FRET which was blocked when NGF and 

CSPGs stimulation occurred concurrently (Figure 5.1F). These data were consistent 

enough to warrant follow up validation in primary sympathetic neurons. 

 



 121 

 
Figure 5.1: PC12 cells have varied FRET biosensor responses to NGF and CSPGs. (A) Cartoon outlining the pathways 
downstream of TrkA examined using FRET biosensors which are colored turquoise. (B) Example of PKA FRET 
biosensor, illustrating when PKA phosphorylates a PKA pseudo-substrate, changing the conformation of the sensor 
and leading to increased FRET between CFP and YFP protein subunits on the sensor. (C) Example of transfection 
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efficiency of an eGFP control plasmid in differentiated PC12 cells with the Neon transfection system, top image is 
brightfield image, bottom image is of eGFP.  (D) Heatmap of FRET biosensors tested in screen of PC12 cell responses 
to NGF and CSPGs. Color change corresponds to FRET ratio across time left to right. Stimulus added at 30 minutes 
of imaging.  (E) PKA FRET biosensor response, NGF induces a significant difference in FRET response as compared 
to no stimulus control at 125 minutes. All other responses are not significantly different from no stimulus control. Plotted 
are mean FRET ratios at a given time point, statistics one-way ANOVA Dunnett’s post-test, comparison to no stimulus 
control, select comparisons shown. n>150 cells per conditions for each sensor. (F) PKC FRET biosensor response, 
NGF induces a significant difference in FRET response as compared to no stimulus control at 125 minutes. All other 
responses are not significantly different from no stimulus control. Plotted are mean FRET ratios at a given time point, 
statistics one-way ANOVA Dunnett’s post-test, comparison to no stimulus control, select comparisons shown, n>150 
cells per conditions. 
 

B. PKA biosensor FRET and PKA modulation in primary SCG neurons 

Given the robust response of PC12 cells to NGF and CSPGs we asked whether 

the same response occurred in sympathetic neurons. Neurons were transfected by 

electroporation, generating suitable expression of the PKA biosensor (Figure 5.2A). We 

intended to utilize the automated FRET analysis platform to quantify FRET in the neurons, 

but were unable to do so. We found that the highly polarized structure of the neuron, and 

the significant motility of neuronal processes across the approximately 2 hours of imaging, 

made it impossible to use the segmentation algorithms built in to the analysis platform. 

Therefore, we analyzed FRET(YFP) to CFP ratios manually using ImageJ. We visualized 

the change in FRET/CFP ratio normalizing to no stimulus control neurons (Figure 5.2B). 

There was a high degree of variability in the FRET ratio despite normalization, which can 

be seen in the fact that only the positive control, cAMP, significantly upregulated PKA 

biosensor FRET (Figure 5.2B). While these data indicate that the assay is working, they 

also indicate that NGF and CSPGs do not stimulate robust changes in PKA on the 

timescale that we examined. Additionally, we asked whether modulating PKA affected 

sympathetic neurite outgrowth across CSPGs in the presence of a small amount of NGF. 
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Sympathetic neurite outgrowth across Laminin and CSPGs was reduced roughly 50% 

compared to the laminin only control (Figure 5.2C). Addition of a PKA activator, cell 

permeable cAMP analog, or a PKA inhibitor, KT5720, had no positive or negative effect 

on neurite outgrowth in neurons grown on Laminin alone or Laminin and CSPGs (Figure 

5.2C). This suggests that PKA does not play a dominant role in CSPG suppression of 

neurite outgrowth in sympathetic neurons. 

Figure 5.2: PKA FRET biosensor response in primary sympathetic neurons. (A) Example image of YFP fluorescence 
(FRET) in primary sympathetic neurons. Cell bodies were manually analyzed in response to stimuli. (B) PKA FRET/CFP 
ratio normalized to baseline no-stimulus control measurements (acquired for 30 minutes before stimulus). The only 
significant response when compared to no stimulus controls was cAMP (10𝜇M) positive control cells. Mean FRET/CFP 
ratio fold-change over no stimulus control plotted at a given time point, statistics one-way ANOVA Dunnett’s post-test, 
comparisons to no stimulus control cells at 115 minutes post stimulus, select comparison shown, n=70, 65, 67, 67, 68, 
66 cells analyzed for no stim, NGF, CSPG, NGF+CSPG, KT5720, cAMP respectively. (C) Modulation of PKA does not 
restore primary sympathetic neurite outgrowth across CSPGs nor does it modulate neurite growth on Laminin alone. 
Soluble cAMP used to promote PKA activity at 1𝜇M and 10𝜇M. PKA inhibitor KT5720 used to reduce PKA activity at 
10nM and 100nM. Plotted is the mean neurite length as a percent of Laminin-only controls across 4 independent 
experiments. Statistics one-way ANOVA Tukey’s post-test, select comparisons shown. 
 

C. PKC biosensor FRET and PKC modulation in primary SCG neurons 

Given the significant PKC biosensor response to NGF in PC12 cells and the 

blockage of this response by CSPGs, we examined if this pathway was also affected in 

sympathetic neurons. We transfected sympathetic neurons with a PKC biosensor and 

examined the response to NGF and CSPGs (Figure 5.3A). We utilized the PKC agonist 
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PMA as a positive control and BIM as a negative control. Data were analyzed manually 

and normalized to no stimulus control neurons. Results were highly variable resulting in 

no significant difference between all groups with the exception of PMA which significantly 

increased PKC FRET as predicted (Figure 5.3B). These data suggest that the assay is 

working but that NGF and CSPGs do not stimulate significant PKC response on the 

timescale examined. We concurrently examined the ability of PKC modulation to alter 

sympathetic neurite extension across CSPGs. Data were normalized to Laminin only 

control neurons. Neurons grown on Laminin and CSPGs had an approximately 50% 

reduction in neurite outgrowth compared to Laminin alone (Figure 5.3C). Modulation of 

PKC with PMA or BIM did not lead to a positive or negative effect on neurite outgrowth in 

neurons grown on Laminin or Laminin and CSPGs. These data suggest that PKC 

modulation does not play a dominant role in mediating sympathetic neuronal response to 

CSPGs.  

 
Figure 5.3: PKC FRET biosensor response in primary sympathetic neurons. (A) Example image of YFP fluorescence 
(FRET) in primary sympathetic neurons, cell bodies were manually analyzed in response to stimuli. (B) PKC FRET/CFP 
ratio normalized to baseline no-stimulus control measurements acquired for 30 minutes before stimulus. The only 
significant response when compared to no stimulus controls was PMA (1𝜇g/mL) positive control cells. Mean FRET/CFP 
ratios fold-change over no stimulus control plotted at a given time point, statistics one-way ANOVA Dunnett’s post-test, 
comparisons to no stimulus control cells at 100 minutes post stimulus, select comparison shown, n=32 cells per 
condition. (C) Modulation of PKC does not restore primary sympathetic neurite outgrowth across CSPGs nor does it 
modulate neurite growth on Laminin alone. PMA was used to promote PKC activity at 100ng/mL and 1𝜇g/mL. PKC 
inhibitor BIM used to reduce PKC activity at 10nM and 100nM. Plotted is the mean neurite length as a percent of 
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Laminin-only controls across 4 independent experiments. Statistics one-way ANOVA Tukey’s post-test, select 
comparisons shown. 
 
 

III. Discussion 

The impetus for this project was the high-throughput FRET imaging platform used 

to study Epidermal Growth Factor Signaling developed by our Colleagues in the Carsten 

Schultz Lab (Kuchenov et al., 2016). This setup utilized DNA-based FRET biosensors 

that could be printed onto a surface which, when cells were seeded onto the culture dish, 

underwent reverse transfection so that multiplexed sensor analysis could be done in the 

same dish. In addition to the physical experimental setup, the platform also utilized a high-

throughput set of imaging analysis algorithms which could rapidly analyze large numbers 

of cells. Historically, use of FRET-biosensors required painstaking manual analysis since 

segmentation of cells presented a significant challenge for most cellular analysis 

programs.  Given these characteristics, this platform seemed ideal to examine signaling 

response to NGF and CSPGs in a more efficient way than was previously possible with 

western blotting, which has significant spatiotemporal limitations. Furthermore, much of 

the genetically-encoded biosensors available corresponded to important signaling 

pathways involved in NGF and CSPG signaling. NGF is known to activate a canonical set 

of downstream signaling pathways that promote axon outgrowth by altering transcriptional 

programs or changing cytoskeletal structure. We chose to focus on a small subset of 

these biosensors, focusing on ERK, PKA, PKC, and Src for downstream growth 

promoting pathways that alter transcriptional programs (Lewin & Carter, 2014; Obara et 

al., 2004; Sivasankaran et al., 2004). For signaling changes to cytoskeletal structure, we 



 126 

examined RhoA and FAK (Ohtake & Li, 2015; Ohtake et al., 2016). CSPGs are known to 

suppress TrkA signaling and therefore we hypothesized that these pre-selected pathways 

would be altered by CSPG antagonism of NGF signaling. We envisioned this platform as 

a way to examine real-time signaling changes in these important pathways but despite 

our best efforts we were unable to translate this theoretical promise into solid 

experimental data. 

To start, we were unable to utilize the DNA spotting method of reverse transfection 

with PC12 cells or sympathetic neurons, which are difficult to transfect. As such, we 

needed to use electroporation to achieve sufficient transfection efficiency, forcing use of 

a 96-well plate format which meant that monitoring multiple pathways in tandem had to 

be done across multiple wells.  Overall, this significantly reduced the number of sensors 

we could examine, forcing us to select specific ones (Figure 5.1A). When we began 

looking at signaling, we faced additional hurdles with our physical imaging setup. Adding 

multiple treatments to a 96-well plate takes time and this presented two separate issues. 

The first was that when pipetting a treatment, the environmental chamber that the cells 

were in had to be opened, leading to a significant drop in temperature which could be 

seen in FRET changes at the next sampling time point. This leads into the second issue, 

which was the amount of time it takes to add a treatment. Treatment with multiple stimuli 

(NGF and CSPG) across wells required a significant amount of time ~2 minutes and 

waiting for the temperature to recover required an additional 3-5 minutes meaning that 

signaling pathways were not assessed for 5-7 minutes after addition. This is problematic 

since some changes can occur rapidly (<1 minute).  
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PC12 cells and sympathetic neurons both express TrkA and respond to NGF by 

sending out neurites, which are reduced by CSPGs (Gopalakrishnan et al., 2008; Greene, 

1978). Given these characteristics we examined if FRET responses in PC12 cells were 

replicated in sympathetic neurons. We did not observe the same robust response to NGF 

and CSPGs in primary neurons for either PKA or PKC biosensors that we saw in PC12 

cells. Interpreting this result should be done with care as there are many reasons why this 

assay may not have measured any significant effect. First, electroporation of the FRET 

sensor may have led to saturating construct expression levels which could lead to lowered 

sensitivity in the assay. Evidence for this is that our positive controls had very slight 

changes in FRET. These amounts of both PMA and cAMP should have led to robust 

responses in FRET compared to the no stimulus control cells. NGF and CSPGs may 

simply have stimulated too subtle a change in too few biosensor molecules for us to 

observe a change. Perhaps the most likely reason for our results can be attributed to cell 

motility. Regenerating neurons send out neurites rapidly after injury. Our imaging took 

place approximately 18 hours after dissociation/transfection and by this time-point 

neurons are highly polarized (Figure 5.2A,5.3A).  Additionally, neuronal processes moved 

around a great deal during the 2-hour imaging time course. Thus, we manually 

segmented cells and measured FRET ratios in the cell body which might be different than 

what is occurring at the axon or growth cone. 

Given the evidence from the literature that PKA and PKC modulation promotes 

neurite outgrowth across inhibitory CSPGs (Sivasankaran et al., 2004; Udina et al., 2010) 

we examined this in primary sympathetic neurons. We found that neither positive or 
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negative stimulation of PKA and PKC led to altered neurite outgrowth. This result is 

confounding in context of the literature and we suspect that given the significant amount 

of CSPG inhibition, (~50%) neither pathway was able to overcome the inhibitory signaling. 

It is likely thar modulating PKA and PKC could promote axon outgrowth across CSPGs 

in the context of less CSPG or a secondary positive stimulus (Pearson et al., 2018).  

Taken together we hope that this information can be utilized by other researchers 

to design better FRET experiments to assess downstream signaling. If we were to do this 

experiment again, we would devote our efforts to using viral-based FRET biosensors to 

achieve stable expression so that neurons could be assessed at later time points after 

dissociation and plating.  This strategy would have produced more stable cell morphology 

and enabled more detailed examination of the FRET response in different cellular 

compartments like cell body versus axon responses which likely differ in this context and 

may provide greater assay sensitivity. This strategy has been used by several groups 

including one that examined PKA activity in primary sympathetic neurons (Nunes et al., 

2012). Another thing we would invest time in is finding an imaging setup that could sample 

at a faster rate and did not see such a temperature swing when the stimuli are added. 

This could reduce some of our largest shortcomings which were temperature drops and 

missed early signaling time points when significant changes may occur. 
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IV. Methods 

Cell lines and culturing:  PC12 cells were used to model some aspects of sympathetic 

nerve signaling. PC12 cells express TrkA, respond to NGF by neurite extension, and 

retract neurites in response to CSPG (Gopalakrishnan et al., 2008; Greene, 1978). PC12 

cells were maintained in RPMI-medium (ATCC) supplemented with 10% horse serum 

(HS, Hyclone), 5% FBS and 1% Anti-Anti. For experiments cells were differentiated for 5-

7 days in RPMI fortified with 2%FBS and 50ng/mL NGF (Alomone Labs), prior to 

experimentation cells were serum starved in RPMI + 2ng/mL NGF for 4 hours.  

Primary Neuron cell culture: Primary Sympathetic neurons were derived from P0-P2 

Sprague Dawley Rat pups(Blake et al., 2022). Superior Cervical Ganglia (SCG) were 

isolated and enzymatically dissociated for 30 minutes in 1mg/mL Collagenase and 

10mg/mL Dispase, this was followed by mechanical dissociation using a reduced bore 

size fire-polished borosilicate glass pipette. Once a homogenous solution was achieved, 

the enzymatic reaction was quenched using HG-DMEM fortified with 10% FBS, Cells 

were pelleted at 2000 RPM x 5 min, resuspended in growth medium and plated for 30 

minutes on a 10cm plate at 37°C, 5%CO2 to remove glial cells by sequential plating. The 

resulting growth medium was collected and the plate gently rinsed with growth medium 

to remove any neurons that may have settled during the plating, cells were pelleted and 

resuspended in C2 Media. C2 medium is a 50/50 mixture of F12 medium (Gibco) and 

low-glucose DMEM, fortified with 0.5mg/mL BSA, 30nM Selenium, 10 μg/mL Transferrin, 

and 10 μg/mL Insulin (Gibco). For long term culturing SCG neurons were plated onto 

poly-d-lysine and Laminin (2μg/mL, R&D Systems) coated plates in C2 medium fortified 
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with 10ng/mL NGF, 1%Penicllin/Streptomycin (Gibco) and 0.1% Fluorodeoxyuridine to 

kill dividing cells.  

Incucyte sympathetic axon outgrowth assay: Sympathetic neuron cultures were prepared 

as described above (Blake et al., 2022) and  5,000 neurons/well were plated onto a 96 

well plate (TPP) coated with poly-L-lysine (PLL, 0.01%, Sigma-Aldrich) and either laminin 

(2μg/mL, R&D Systems) or laminin and CSPGs (1-2 μg/mL, Millipore; concentration was 

calibrated to inhibit outgrowth by 50% and differed between batches). Neurons were 

cultured in serum free C2 medium supplemented with 10 ng/mL NGF (Alomone labs), 

1%Penicllin/Streptomycin (Gibco) and 0.1% Fluorodeoxyuridine.  Neurons were treated 

with either vehicle (5% DMSO) or the compounds cAMP, KT5720, PMA, or BIM at various 

concentrations as described in figure legends.  Live cell imaging was carried out using an 

Incucyte Zoom microscope (Essen BioScience), with 20x phase images acquired every 

2 hrs over a 40 hr period.  Neurite length was measured using Cell Player Neurotrack 

software (Essen BioScience) and used to calculate the neurite length(Blake et al., 2022). 

Transfections: To transfect PC12 cells, we used the Neon electroporation system (10𝜇L 

kit, Invitrogen). Cells were trypsinized, resuspended, pelleted, rinsed with PBS and 

resuspended in the transfection buffer. The cell density used in each 10uL reaction was 

1X107 cells/mL combined in solution with 0.75ug of biosensor DNA per reaction. 

Manufacturer recommended electroporation settings were used for PC12 cells: pulse 

voltage (1500 V), pulse width (10ms), and pulse number (3). Using these parameters, we 

achieved substantial improvement of transfection efficiency compared to lipofectamine 

2000 with an eGFP control plasmid (Figure 1C). Parameters used for primary sympathetic 
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neurons have been described previously (Pellegrino & Habecker, 2013) but briefly: 

voltage (1500 V), pulse width (20ms), and pulse number (1). 

FRET Biosensor screening and quantification: Initial FRET biosensor screening was 

accomplished using PC12 cells differentiated using the aforementioned protocol. Four 

identical transfections were completed as described above, and cells were pooled in a 

single well of a 12-well plate before being split into 12-wells of a 96-well glass bottom 

plate (Cellvis, 1.5H-N) coated with PDL and laminin. Cells were plated in an optimized 

media consisting of Fluorobrite media (Gibco) supplemented with 0.5mg/mL BSA, 3mM 

L-glutamine and 2ng/mL NGF. Fluorobrite media was used to reduce background 

autofluorescence during imaging. 12-16 hours after transfection, cells were imaged using 

an Olympus spinning disc confocal microscope housed in an environmental chamber held 

at 37C 5%CO2. Cells were excited with a 440nm LED (SpectraX), spectra passed 

through a bandpass filter, 425-452nm for CFP excitation. CFP fluorescence was then 

passed through an emission cube (483/32 (483 peak, 32 range)) for CFP image capture. 

YFP fluorescence was passed through an emission cube (542/27 (542peak, 27range)) 

for YFP image capture. The ratio of YFP/CFP was calculated to determine the FRET 

emission ratio. Cells were scanned every 5 minutes for 30 minutes to establish a baseline 

measurement before addition of stimulus. Various stimuli were added; vehicle (Fluorobrite 

media), 50ng/mL NGF (diluted in Fluorobrite media), or 2ug/mL purified CSPGs (diluted 

in Fluorobrite media). These stimuli were added in various combinations as indicated in 

the figure legends then imaged for approximately 2hr. PC12 cell FRET ratios were 

calculated using several algorithms developed by the Carsten Schultz Lab. The first 
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ImageJ macro combined all CFP and YFP images across the time course (Schindelin et 

al., 2012). The second ImageJ macro, FluoQ, analyzes FRET ratios and has been 

described in detail previously (Kuchenov et al., 2016; Stein, Kress, Reither, Piljic, & 

Schultz, 2013). Briefly, combined CFP-YFP images are thresholded with the Triangle 

method, smoothed, and segmented with the binary mask generated using the Huang 

fuzzy method. Segmented-image FRET ratios are calculated and low-expressing cells 

and cells with erroneous FRET ratios are discarded. FRET/CFP ratios across the 30-

minute baseline period are averaged and used to normalize FRET/CFP ratios after 

stimulus. FRET/CFP ratios for each cell measured are averaged at each time point and 

plotted in Figure 1. Automated FRET analysis was not possible when analyzing primary 

sympathetic neurons given the high motility and polarized nature of these neurons. To 

analyze primary neurons, we generated 16-bit tiff images of each respective channel 

(CFP and YFP-FRET) across the time course. The ImageJ “Math” tool was used to divide 

the FRET image by the CFP image generating a new image that corresponds to the 

FRET/CFP ratio. The ImageJ manual selection tool was then used to draw a region of 

interest (ROI) around a given cell body. Plotting the z-projection of this given ROI displays 

the FRET/CFP ratio over the time course which could be exported and used for analysis. 

The average FRET ratio across the 30-minute baseline was used to normalize the FRET 

ratios after cell stimulus. FRET ratios were averaged across each ROI (cell) for a given 

stimulus and plotted in Figures 2 and 3. Statistical analysis was done at the time point 

where the greatest difference was observed between stimuli. 
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FRET biosensors used: 

Target Sensor name Domains Name used Reference 

ERK EKAR2G1 WW (phosphopeptide 
binding domain)-Substrate 
domain 
(PDVPRTPVDKAKLSFQFP) 

ERK (Komatsu et al., 
2011) 

RhoA RhoA2G RhoA-binding domain (RBD) 
of  rhotekin– RhoA 

RhoA (Fritz et al., 2013) 

FAK FAK biosensor SH2(c-Srk) -substrate FAK (Seong et al., 
2011) 

Src Src biosensor CFP-SH2 (Src)- Substrate 
(synthetic) 

Src (Ouyang, Sun, 
Chien, & Wang, 
2008) 

PKA AKAR3EV FHA1 domain – PKA 
substrate (LRRATLVD) – 
NES 

PKA (Komatsu et al., 
2011) 

PKC Eevee-PKC PKCβ C1 domain – FHA1 
domain (phosphopeptide 
binding) – Substrate domain 
(KKKKKRFTFKDSFKL) NES 

PKC (Komatsu et al., 
2011) 

 

Animal welfare: Sprague-Dawley rats obtained from Jackson Laboratories West 

(Sacramento, CA) were used for all experiments. Rats were kept on a 12h:12h light-dark 

cycle with ad libitum access to food and water.  Ganglia from male and female P0-P2 

neonatal rats were used to generate dissociated primary sympathetic neurons.  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). 

Statistics: Statistical significance of FRET ratio data was analyzed at a given time point 

where the largest difference was observed (indicated in each respective figure).  One-
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way ANOVA and Dunnett’s post-hoc test was used to compare all conditions to no 

stimulus control cells. The sample sizes across each FRET experiment differs and is 

indicated in each figure legend. For sympathetic neurite outgrowth experiments one-way 

ANOVA and Tukey’s post-hoc test was used to examine differences in neurite outgrowth 

at the final time point.  All statistical analyses were carried out using Prism 9.  
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Chapter 6  

Discussion and conclusions 

 

I. Dissertation summary  

Sympathetic nerves are lost in the damaged myocardium (infarct) after myocardial 

infarction (MI) and the relative area of denervation predicts risk of sudden cardiac arrest 

due to arrhythmias (Boogers et al., 2010; Fallavollita et al., 2014; Nishisato et al., 2010; 

Stanton et al., 1989; Vaseghi et al., 2014; Zipes & Rubart, 2006) leading to the hypothesis 

that sympathetic reinnervation of the infarct could reduce arrhythmias. This dissertation 

has attempted to provide new insights on the molecular basis of sympathetic axon 

outgrowth inhibition after MI. Chapter 2 demonstrated that 4,6-sulfated CS-GAGs are 

enriched in the infarct 7 days after MI. We found expression differences in CS-GAG 

sulfation enzymes precede accumulation of sulfated CS-GAGs in the infarct. The CSPG 

tandem-sulfation enzyme, CHST15, is increased after MI and CSPG 4-sulfatase, ARSB, 

is decreased after MI; suggesting a mechanism of sulfation production and maintenance 

after MI. Reducing 4,6-sulfation of CS-GAGs by siRNA knockdown of Chst15 restored 

sympathetic nerves to the infarct and reduced arrhythmia susceptibility after MI. This 

additional layer of specificity provides another therapeutic target to alter the inhibitory scar 

and promote axon regeneration. Despite exciting data in support of sympathetic 

reinnervation after MI, in chapter 3 we asked whether reinnervation of the infarct 

immediately after MI had long-term negative consequences, given evidence that excess 
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norepinephrine (NE) after MI can lead to heart failure (Florea & Cohn, 2014). We 

wondered if reinnervation of the infarct would amplify the effects of excess NE after MI 

and reduce cardiac pump function at later time points post-injury. We compared cardiac 

function 40 days after MI in animals treated with Intracellular Sigma Peptide (ISP; 

promotes reinnervation) or with vehicle.  When we examined reinnervation 40 days after 

MI to verify that ISP had worked, we were surprised to find that vehicle treated animals 

had infarcts with restored sympathetic nerves similar to animals treated with ISP. This 

complicated interpretation of the results, but broadly speaking we found that 40 days after 

MI, animals had restored cardiac performance similar to sham-surgery animals from 

previous studies including reduced arrhythmia susceptibility (Gardner et al., 2015). These 

data provide evidence that reinnervation of the infarct is not deleterious for cardiac 

performance at later time points. In looking for a possible explanation for spontaneous 

regeneration in 40-day post-MI vehicle treated animals we were inspired by Chapter 2 

and examined 4,6-sulfation of CS-GAGs. We found that day 40 post-MI vehicle treated 

animals had reduced 4,6-sulfation of CS-GAGs and reduced core proteoglycan Neuron-

glial Antigen 2 (NG2) levels similar to healthy unoperated left ventricle; suggesting that in 

mice, cardiac remodeling after MI leads to a permissive environment for sympathetic axon 

outgrowth. With increasing evidence that CSPGs suppress sympathetic nerve 

regeneration in the heart after MI, we sought to develop new therapeutics to promote 

reinnervation in Chapter 4. Work with Michael S. Cohen Ph.D in Chapter 4 described 

novel small molecules, HJ-01 and HJ-02, that disrupt PTP𝜎 interactions with 

Tropomyosin-related Kinase A (TrkA). Targeting this interaction with HJ-01 and HJ-02 
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promoted axon outgrowth signaling and enhanced sympathetic axon outgrowth across 

CSPGs(Blake et al., 2022). Chapter 5 discussed our attempt to use genetically encoded 

FRET-biosensors to understand signaling pathways downstream of TrkA that are altered 

by CSPGs. A number of technological challenges limited our assessment to Protein 

Kinase A (PKA) and Protein Kinase C (PKC) sensors in primary sympathetic neurons and 

we did not observe any significant responses to CSPGs.  

 

II. Role of CSPG sulfation in sympathetic nerve regeneration 

We knew from previous work that CS-GAGs inhibited sympathetic axon outgrowth 

(Gardner & Habecker, 2013) but it was unknown if CS-GAG sulfation was the key 

mediator of inhibition, as is the case in other nerve injury models like spinal cord injury 

(SCI) or traumatic brain injury (TBI) (Brown et al., 2012; Gilbert et al., 2005; Pearson et 

al., 2018; H. Wang et al., 2008; Yi et al., 2012). Chapter 2 demonstrated that 4,6-sulfation 

of CS-GAGs inhibits sympathetic axon outgrowth after MI. We showed that 4-sulfated 

(4S) and 6-sulfated (6S) CS-GAGs are enriched in the infarct and that enzymes involved 

in CSPG sulfation are altered after MI. Notably, the 4,6-tandem sulfation enzyme CHST15 

is upregulated and the 4-sulfatase ARSB is downregulated after MI. These expression 

changes could explain increased 4 (4S) and 4,6-sulfated (4S,6S) CS-GAGs, providing a 

mechanism by which sulfation changes occur after MI. To test whether these sulfation 

patterns inhibited sympathetic axon outgrowth we used two strategies. The first used 

purified ARSB protein to remove 4S from CS-GAGs in an in vitro axon outgrowth assay. 

ARSB is endogenously expressed in the heart but can also be purchased as a purified 
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protein. Removing 4S from cardiac scar tissue with ARSB restored sympathetic axon 

outgrowth towards the infarct, suggesting that 4S CS-GAGs are a critical regulator of 

sympathetic axon outgrowth. ARSB is a clinically approved therapeutic NaglazymeTM for 

the treatment of mucopolysaccharidosis VI and may be of use in the heart after MI (P. 

Harmatz et al., 2004; P. R. Harmatz et al., 2014). The second method we used to 

modulate sulfation in vivo after MI, was transient knockdown of the tandem 4,6-sulfation 

enzyme, Chst15.  Transient knockdown of Chst15 reduced tandem 4,6-sulfated CS-

GAGs, restored sympathetic nerves to the infarct, and reduced arrhythmias; suggesting 

that reinnervation had functional consequences. Transient knockdown of Chst15 was 

inspired by pre-clinical models of colitis which utilized a similar siRNA oligo to knockdown 

Chst15 known as STMN01 (Suzuki et al., 2016; Suzuki et al., 2017). STMN01 has 

progressed to phase II clinical trials where it has displayed a good safety profile(Tsuchiya 

et al., 2021). Use of these two distinct approaches suggests that 4,6-tandem sulfated CS-

GAGs, also known as CS-E, are critical axon outgrowth inhibitors, since ARSB also 

reduces 4S on CS-E (See Introduction figure 1.12). CS-E has been shown to be a key 

inhibitor of axon outgrowth after spinal cord injury and reducing CS-E by targeting 

CHST15 promoted nerve regeneration (Brown et al., 2012).  

One result that is unique to the CS-GAG sulfation in the cardiac scar when 

compared to other CSPG laden scars is the enrichment of NG2 core proteoglycan. We 

found from the literature that NG2 (CSPG4) is the most abundant core proteoglycan in 

the infarct (Tian et al., 2014), this was confirmed in Chapter 2. Interestingly, NG2 has 

been shown in other systems to inhibit axon outgrowth via its core proteoglycan despite 
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possessing CS-GAG attachment sites (Dou & Levine, 1994; Ughrin et al., 2003). Our data 

suggest that NG2 elicits inhibitory effects in the cardiac scar exclusively through 4,6-

sulfation of its CS-GAGs since reducing 4,6-sulfation but leaving NG2 intact enabled 

sympathetic nerve regeneration in the infarct. Interestingly, transient knockdown of 

Chst15 led to increased NG2 expression in the infarct despite an overall reduction in 4,6-

sulfation, suggesting a feedback mechanism between CS-GAG sulfation and NG2 

expression.   

Perhaps the most exciting observation from chapter 2 is that promoting 

sympathetic reinnervation of the infarct by reducing 4,6-sulfation of CS-GAGs reduces 

arrhythmia susceptibility. Previous studies showed that reinnervation had the same effect 

(Gardner et al., 2015; Sepe, 2022), further supporting the hypothesis that sympathetic 

nerve regeneration in the infarct normalizes sympathetic neurotransmission; reducing 

arrhythmia susceptibility. In contrast to previous studies, we examined arrhythmia 

susceptibility at 10 days post-MI as opposed to 14 days post-MI. In studies where 

arrhythmias were assessed 14 days post-MI, sympathetic neurotransmitter NE content 

was restored in the infarct which provided a mechanism by which normalizing sympathetic 

neurotransmission reduced arrhythmias (Gardner et al., 2015). In chapter 2 however, NE 

content was not restored to control levels following Chst15 knockdown despite 

reinnervation. It is known that regenerating nerves undergo a switch from regeneration to 

neurotransmission once target reinnervation is stable (Kimura et al., 2007).  At 10 days 

post-MI it is likely nerves are still regenerating. Previous studies from our lab showed that 

tyrosine hydroxylase (TH; rate limiting enzyme in NE production) is still reduced while 
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nerves are regenerating towards the infarct (Parrish et al., 2010). This effect is the result 

of inflammatory cytokines in the damaged myocardium where Ciliary neurotrophic factor 

(CNTF) and Leukemia inhibitory factor (LIF) signaling via Glycoprotein 130 (gp130) 

receptors suppress TH activity and reduce NE production (Parrish et al., 2009; Shi & 

Habecker, 2012). This data explains why NE was not restored, but does not explain how 

these regenerating nerves reduce arrhythmia susceptibility. This is an area for follow up 

studies and will be discussed in the “Future directions” section to follow. Overall, data 

from this chapter provide evidence that 4,6-sulfation of CS-GAGs is the primary means 

by which CSPGs suppress sympathetic axon regeneration in the infarct after MI. Our 

results propose two new ways to promote reinnervation using clinically relevant 

therapeutics; NaglazymeTM (ARSB) or STMN01 (Chst15 siRNA). These interventions 

could reduce 4,6-sulfation of CSPGs in the infarct after MI, promote sympathetic nerve 

regeneration, reduce arrhythmias, and reduce risk of sudden cardiac death for patients 

who have suffered an MI. 

 

III. Long term effects of accelerated sympathetic nerve regeneration after MI 

Despite results to suggest that sympathetic reinnervation of the infarct is an ideal 

strategy to reduce post-MI arrhythmias, the long-term effects of reinnervation remain 

untested. In humans who have suffered an MI, decades of clinically positive outcomes 

using 𝛽-blockers support the notion that increased sympathetic neurotransmission 

promotes arrhythmias after MI (Lopez-Sendon et al., 2004). Additionally, research 

suggests that increased NE after MI accelerates the heart towards heart failure (Florea & 
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Cohn, 2014) and we wondered if reinnervation immediately after MI might exacerbate this 

effect. To better understand the problem, we designed an experiment to reinnervate the 

infarct using ISP starting 3 days after MI (as done previously (Gardner et al., 2015)) and 

then examined cardiac outcomes 40 days later. When we examined infarcts to validate 

sympathetic reinnervation by ISP we were surprised that vehicle treated animals also had 

reinnervated infarcts. This observation made interpretation of our cardiac function data 

convoluted but we found that cardiac performance was equivalent in vehicle and ISP 

treated groups (both reinnervated) and that these data were more similar to sham-surgery 

animals than 14 days post-MI animals from previous studies (Gardner et al., 2015). 14 

days post-MI, cardiac ejection fraction and cardiac output is reduced when compared to 

sham-surgery controls (Gardner et al., 2015). Importantly 40-day post-MI hearts with early 

reinnervation (ISP) did not possess any of the hallmarks of progression towards heart 

failure (e.g., reduced ejection fraction or cardiac output) which is one hypothesized 

outcome of increasing sympathetic neurotransmission in the infarct. Improved cardiac 

performance in reinnervated 40-day post-MI vehicle and ISP treated animals lends to the 

idea that promoting homogenous sympathetic neurotransmission after MI has long term 

benefits.  

Sympathetic reinnervation after MI in humans is limited to the region adjacent to 

the infarct, even after one year post injury the infarct remains denervated (Hartikainen et 

al., 1996). In light of this data, we were confounded by the spontaneous sympathetic 

nerve regeneration observed in vehicle treated animals. In looking for a more satisfying 

explanation to this observation than increased regenerative capacity in mouse, we 
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thought of our results front chapter 2 which suggested that 4,6-sulfation of CS-GAGs are 

the key inhibitors of sympathetic axon regeneration.  We hypothesized that cardiac 

remodeling after MI led to changes in the infarct extracellular matrix (ECM) that might 

include altered CS-GAG sulfation. To our surprise 4,6-sulfation of CS-GAGs was reduced 

to unoperated left ventricle levels. Core proteoglycan NG2 was also reduced to 

unoperated levels suggesting that significant remodeling of the ECM occurs long after the 

injury. This result will be discussed further in “Future directions” section to follow. 

 
Figure 6.1 – Working model of sympathetic nerve degeneration and regeneration after MI with the timeline of CSPG 
deposition and CS-GAG sulfation. 14 days post-MI, an infarct highly enriched with 4,6-sulfated CS-GAGs prevents 
sympathetic nerve regeneration into the infarct, promoting arrhythmias. In mouse, remodeling of the infarct occurs 
between days 14 and 40 post-MI that reduces the CSPGs in the infarct which enables nerve regeneration back into the 
infarct and reduces arrhythmia susceptibility. It is likely that this remodeling does not occur in humans since human 
infarcts stay denervated long after MI. 
 
 
IV.  Novel small Molecules to promote reinnervation 

After MI, CSPGs enriched in the infarcted myocardium stimulate PTP𝜎 which 

suppresses axon outgrowth(Gardner & Habecker, 2013; Gardner et al., 2015). This 
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observation identified MI as an ideal model to test PTP𝜎 targeting therapeutics. Early SCI 

experiments modulated CSPG-PTP𝜎 signaling with the bacterial enzyme chondroitinase 

ABC (chABC) which removes CS-GAGs from core proteoglycans (E. J. Bradbury et al., 

2002). This treatment prevents CSPG interactions with receptors including PTP𝜎, 

restoring axon outgrowth signaling (e.g., TrkA signaling (Faux et al., 2007)). chABC was 

thought to be a promising therapeutic to promote nerve regeneration after SCI but clinical 

trials failed to progress. Difficulty ensuring sufficient expression levels of the enzyme and 

immunogenicity of a bacterial protein presence in mammalian systems added to 

therapeutic challenges in regenerating CNS (Bradbury & Burnside, 2019). A search for 

new PTP𝜎 targeting therapeutics led to development of the peptide ISP which blocks 

PTP𝜎 association with its targets (Lang et al., 2015). ISP has successfully promoted 

nerve regeneration in animal models of SCI, Multiple Sclerosis (MS) and MI (Gardner et 

al., 2015; Lang et al., 2015; Niknam, Raoufy, Fathollahi, & Javan, 2019). ISP is currently 

being tested in Phase 1 clinical trials for MS and SCI under the name NVG-291. 

Regardless of the outcome of this trial, peptide-based therapeutics have downsides over 

small molecules in terms of cost of production and bioavailability and thus development 

of PTP𝜎 targeting small molecules is of interest. Our small molecule development project 

began when Dr. Michael Cohen, approached our group about testing Illudalic acid, a 

natural product that has been shown to inhibit PTP𝜎 (Ling et al., 2010). Illudalic acid did 

not promote neurite outgrowth across CSPGs but served to inspire two new PTP𝜎 

targeting molecules known as HJ-01 and HJ-02 described in detail in Chapter 4.  To our 

surprise these molecules did not inhibit PTP𝜎 enzymatic activity but rather disrupted 
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PTP𝜎 interactions with Trk receptors (Figure 6.2) (Blake et al., 2022).  This is a unique 

mechanism since it does not involve enzymatic inhibition of PTP𝜎 but rather its 

association with a specific target. It remains unknown whether this is specific to TrkA and 

TrkB but given the fact that it did not affect other PTP family members or TrkA association 

with another binding partner, P75NTR, suggests specificity.  

 
Figure 6.2- working model of how HJ-01 and HJ-02 promote axon outgrowth across CSPGs by reducing the interaction 
between TrkA and PTP𝜎, which enables axon outgrowth signaling and subsequently, axon outgrowth. 
 
 

It is worth noting that these small molecules have potential clinical benefit after MI 

owing to their efficacy in vivo (Sepe, 2022). Mice treated with HJ-01and HJ-02 for one 

week starting 3 days after MI had restored sympathetic nerves in the infarct similarly to 

ISP treated animals. HJ-01 and HJ-02 had a surprising effect of improving cardiac 

function; restoring cardiac output to sham-surgery levels and also reducing arrhythmia 

susceptibility. It is possible that improvements in cardiac physiology are the result of HJ-

01 and HJ-02 reducing the infarct size compared to vehicle controls. HJ-01 and HJ-02 

may alter the inflammatory environment after MI which may lead to reduced infarct size. 

A higher number of reparative M2 macrophages were present in the MI hearts of HJ-01 
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and HJ-02 treated animals compared to vehicle treated animals(Sepe, 2022). This data 

adds to the growing body of evidence that reinnervation of the infarct reduces arrhythmia 

susceptibility. Overall, we are excited by the potential therapeutic benefit these 

compounds might have after MI or in other pathologies where CSPGs play a role in 

preventing nerve regeneration like SCI and TBI. 

 

V.  Limitations and Future directions  

A. CSPG signaling in primary sympathetic neurons 

The intracellular signaling pathways modulated by CSPGs in regenerating 

sympathetic nerves remains an area for further study. Our attempt at exploring signaling 

pathways downstream of TrkA altered by CSPGs, and failure to do so, are discussed at 

length in Chapter 5. A recent paper from the Kuruvilla group provided inspiration about a 

methodology that might help increase our understanding of CSPG signaling events. In 

this work the group was studying local translation and post-translational modification of 

Rac1 in the axon, showing that the protein was critical for retrograde TrkA signaling and 

axon outgrowth (Scott-Solomon & Kuruvilla, 2020). They used a culture method with 

sympathetic ganglia similar to the co-culturing experiment in Chapter 2. The Scott-

Solomon et al. inspired experimental setup would co-culture sympathetic ganglia with or 

without reduced 4-sulfation of CS-GAGs (using ARSB) from infarct tissue and would 

examine the axonal protein environment 48 hours post plating. 48 hours is the time point 

we showed restoration of sympathetic axon outgrowth in the presence of Infarct treated 

with ARSB (Chapter 2). At 48 hours the cell soma could be excised and used for 
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transcriptomic analysis (TRAP-seq) to look at mRNA actively being transcribed (Reynoso 

et al., 2015). The remaining axons could be subjected to proteomic analysis to look at 

altered protein abundance in the axon (or, phospho-proteomics). This data wouldn’t 

provide information about dynamic changes in real-time induced by CSPGs, but would 

provide an unbiased view of protein changes in the axon and transcriptional changes in 

regenerating sympathetic nerves being stimulated by CSPGs. A slight variation of this 

approach could be used to examine changes to local axon protein translation. To do this, 

sympathetic ganglion would be cultured for 48 hours and then the cell soma would be 

excised. The remaining axons can survive and respond to stimuli for approximately 8 

hours (Andreassi et al., 2010). The axons could be treated with vehicle or soluble CSPGs 

and assayed approximately 6 hours later to examine changes in local protein translation 

(Scott-Solomon & Kuruvilla, 2020). Vehicle or CSPG stimulated axons would be 

additionally treated with or without cycloheximide (CHX) to block translation, enabling the 

comparison of CSPG stimulated changes to axon translated proteins using proteomics.  

This data wouldn’t isolate signaling downstream of TrkA but would provide a 

comprehensive look at protein changes induced by CSPGs, specifically changes to local 

translation of axonal mRNA. 

 

B. HJ-01 and HJ-02 Target Identification 

We spent a significant amount of time trying to find the exact target and mechanism 

by which HJ-01 and HJ-02 promoted axon outgrowth (Appendix A). Some evidence 

suggests that the putative target is located in the membrane and is an approximately 
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60kda protein. Despite our best efforts, we were never able to identify this target by click-

chemistry labeling with biotin, biotin enrichment and mass-spectrometry analysis. The 

fact that we were unable to do this could be the result of several factors. First, is that the 

protein target seems to be membrane enriched. This presents a challenge since our 

method for target identification has been optimized for soluble proteins. Membrane 

proteins are difficult to properly solubilize which presents a challenge since some 

detergents reduce the efficiency of our copper-catalyzed click-chemistry labeling. The 

second challenge is that the target appears to be of low abundance.  Our experiments 

primarily utilized non-neuronal cells because deriving sufficient protein material for mass-

spectrometry target identification is not really possible using primary sympathetic 

neurons. This may mean that a target abundantly expressed in neurons is not highly 

expressed in HEK-293t cells used for our experiments. Another possible reason for our 

inability to identify the target of HJ-01 and HJ-02 is that our small molecules, which are 

designed to interact with targets covalently, may under some conditions be reversible. 

The acrylamide electrophiles of HJ-01 and HJ-02 are designed to bind irreversibly to 

cysteines but some reports suggest it is possible that acrylamide addition to amines can 

be reversible under certain conditions (Zamora, Delgado, & Hidalgo, 2010). Overall, we 

think improvements in target identification methods and sensitivity will reveal the target of 

HJ-01 and HJ-02. A non-click chemistry target identification approach such as mass 

spectrometry-Cellular Thermal Shift Assay (MS-CETSA) may serve as an alternative 

approach in the future (N. Prabhu, Dai, & Nordlund, 2020). 
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C. CSPG origins 

One exciting future direction inspired by previous work (Gardner & Habecker, 

2013) and the results in Chapter 2 are the cellular origins of CSPGs enriched in the 

cardiac scar. It is probable that multiple CSPG origins exist, two likely candidates are 

resident fibroblasts in the heart and immune cells that migrate to the damaged tissue to 

resolve inflammation (Gentek & Hoeffel, 2017; Rog-Zielinska et al., 2016). Resident 

fibroblasts play many roles after MI, including deposition of ECM that maintains structural 

integrity of the heart after MI (Rog-Zielinska et al., 2016). Fibroblasts in the uninjured 

heart are activated in response to injury. Changes in mechanical stress and cytokine 

abundance promote fibroblast activation. These activated fibroblasts, also called 

myofibroblasts, possess contractile fibers and secrete ECM proteins which ultimately form 

an organized scar that replaces necrotic cardiomyocytes (Humeres & Frangogiannis, 

2019; Ivey & Tallquist, 2016). Given the role of activated fibroblasts in ECM deposition, 

which in vitro includes secretion of sulfated CSPGs (Pearson et al., 2018), it would be 

interesting to alter fibroblast activation and examine CSPG deposition and CS-GAG 

sulfation. Infusion of Angiotensin II (AngII) and phenylephrine (PE) causes rapid activation 

of fibroblasts and subsequent deactivation of fibroblasts upon AngII-PE withdrawal 

(Kanisicak et al., 2016), this could be used to prolong fibroblast activation after MI. 

Myofibroblast levels typically peak 7 days post-MI and then recede after a stable scar is 

formed, though myofibroblasts can reside in stable scars for decades (Kanisicak et al., 

2016). Interestingly, sulfation of CS-GAGs and proteoglycan NG2 expression peaked at 

day 7 post-MI and were maintained through day 14. By day 40 post-MI however we 
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observed a decrease in CS-GAGs and proteoglycan NG2 expression. It would be 

interesting to prolong fibroblast activation after day 14 post-MI and see if this altered 

CSPG deposition or sulfation of CS-GAGs. If AngII-PE infusion prolonged CSPG 

deposition and sulfation in the infarct, it would be fascinating to see if day 40 vehicle 

treated mice still had reinnervated infarcts like we observed in Chapter 3. This could be 

assessed by western blot with NG2 and CS-GAG sulfation antibodies. Fibroblast 

activation could be validated by western blot or histology using Periostin or 𝛼-Smooth 

Muscle Actin antibodies which are upregulated in myofibroblasts (Ivey & Tallquist, 2016). 

Depletion of fibroblasts after MI is a tempting strategy to assess the contribution of 

fibroblasts to CSPG deposition in the infarct, but given the multitude of important roles for 

fibroblasts after MI this strategy would lead to too many complicating factors to interpret 

the results (Rog-Zielinska et al., 2016). 

Another CSPG source may be several different types of immune cells that migrate 

to the injury site after MI. The initial role of these cells in the infarct is to phagocytize debris 

from necrotic tissue and to coordinate the inflammatory response. Immune cells secrete 

a diverse array of proteins including cytokines and ECM proteins (Gentek & Hoeffel, 

2017).  Mast Cells are one such secretory immune cell type involved in wound healing 

after MI(Bot, van Berkel, & Biessen, 2008). Mast cells respond to the MI injury where they 

can both deposit ECM and degrade it via secretion of matrix metalloproteases(Janicki, 

Brower, & Levick, 2015). Interestingly, Mast cell abundance in the heart peaks at 7 days 

after MI, the same time when CSPGs and CS-GAG sulfation is enriched in the infarct 

(Ngkelo et al., 2016). It would be interesting to see if depletion of Mast cells after MI 
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reduced CSPG deposition or CS-GAG sulfation in the infarct.  Mast cells could be reduced 

using “cre-master” mice that genotoxically deplete mast cells using the mast cell specific 

protease, carboxypeptidase A3 (Feyerabend et al., 2011). Another likely Immune cell 

source of CSPGs are resident or infiltrating macrophages that migrate to the infarct after 

MI and have been shown to secrete sulfated CSPGs (including NG2) in vitro and in vivo 

following spinal cord injury (Popovich et al., 1999; Uhlin-Hansen et al., 1993). 

Macrophages are a diverse set of cells that paradoxically have been categorized into 

“pro-inflammatory” M1 macrophages or “pro-healing” M2 macrophages. Much nuance 

exists in macrophage sub-classification but for the purposes of this discussion will remain 

simplified (S. D. Prabhu & Frangogiannis, 2016).  After MI, an initial wave of M1 

macrophages occurs early in the injury response which is followed by a wave of M2 

macrophages that promote repair and wound healing. It has been shown that promoting 

a transition towards M2 macrophages after MI improves cardiac outcomes (S. D. Prabhu 

& Frangogiannis, 2016). An interesting observation from our in vivo novel small molecule 

experiments, showed that HJ-01 and HJ-02 promoted an enrichment of M2 macrophages 

after MI (Sepe, 2022). HJ-01 and HJ-02 treated animals had reduced scar size when 

compared vehicle treated controls, which may be explained by the enrichment of M2 

macrophages. It would be interesting to see if promoting M2 macrophage abundance 

after MI with HJ-01 or HJ-02 altered CSPG deposition or CS-GAG sulfation. An alternative 

approach by infusing LPS to promote M1 macrophage expansion (Orecchioni, Ghosheh, 

Pramod, & Ley, 2019) could be an interesting way to look at M1 macrophage subtype 

effects on CSPG deposition and sulfation in the infarct.  Macrophages could also be 
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depleted at different stages of the wound healing response with clodronate liposomes 

(Aurora et al., 2014). It would be interesting to see if depletion of macrophages before 

day 7 post-MI altered CSPG deposition and sulfation in the infarct.  

With greater knowledge about the cellular origins of CSPGs one can envision 

designing cell-type specific knockout animals of either NG2 to prevent CSPG deposition 

or CHST15 to prevent tandem 4,6-sulfation of CS-GAGs. Modulating scar tissues has 

long been postulated as a possible method to reduce deleterious outcomes after spinal 

cord injury (McKeon et al., 1991; Sharma, Selzer, & Li, 2012). Despite our emphasis on 

the deleterious side effects of scars, it is important to remember they serve an important 

purpose for the wound healing response (Rog-Zielinska et al., 2016).  Scar tissues 

provide structural stability and act as a scaffold for inflammatory cells to coordinate wound 

healing, so altering scar composition remains a complicated therapeutic strategy. This 

consideration makes our data regarding CS-GAG sulfation all the more interesting. Our 

data suggests that CS-GAG sulfation status initiates inhibition of axon outgrowth in the 

infarct, likely by suppressing growth signaling via PTP𝜎 in regenerating sympathetic 

nerves. Reducing 4,6-sulfation of CS-GAGs in the scar might reduce the suppression of 

sympathetic nerve regeneration while preserving the positive attributes of the scar. In 

essence, this strategy could promote formation of better scars. 

 

D. How do nerves reduce arrhythmias after MI? 

We originally hypothesized that sympathetic reinnervation of the infarct promotes 

homogenous sympathetic neurotransmission by preventing heterogenous 𝛽-Adrenergic 



 152 

receptor signaling across areas of denervation and normal innervation that follow MI 

(Gardner et al., 2016; Zipes & Rubart, 2006). Data from chapter 2 challenges this notion 

given that reinnervation reduced arrhythmias before sympathetic neurotransmission was 

restored in the infarct. This raises the possibility that the physical presence of nerves may 

alter electrical conduction in the infarct in ways other than sympathetic neurotransmission. 

One plausible way this might occur, is that regenerating nerves may alter the makeup of 

the infarct by altering the inflammatory environment after MI. Data from the in vivo small 

molecule paper showed that HJ-01, HJ-02 and ISP all promoted an M2-like macrophage 

shift in the heart after MI (Sepe, 2022). This shift in the inflammatory environment could 

alter cellular composition by maintaining myofibroblasts in the infarct (Humeres & 

Frangogiannis, 2019). Myofibroblasts can form passive electrical cell-cell junctions (via 

Connexin proteins) with other myofibroblasts or even increased gap junctional coupling 

with surviving cardiomyocytes in the scar and border zone. The insulating nature or 

absence of electrical conductivity in the infract is thought to be pro-arrhythmogenic and 

thus, promoting passive electrical conduction may promote action potential propagation 

through the infarct (Rog-Zielinska et al., 2016). Given this hypothesis, it would be 

interesting to examine histological changes to fibroblasts in the infarct following 

reinnervation, specifically looking at gap junctional coupling between cells. Increased gap 

junction coupling between myofibroblasts or myofibroblast and surviving cardiomyocytes 

could reduce arrhythmia susceptibility even before sympathetic neurotransmission has 

been restored.  Histological examination of Connexin-40/43 staining in reinnervated 
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infarcts would be an ideal place to start, given that these proteins couple myofibroblasts 

and cardiomyocytes.  

VI.  Human considerations 

One observation from chapter 3 seems particularly relevant when considering 

therapeutic strategies to promote reinnervation. The final figure from this work looked for 

a plausible mechanism by which vehicle treated hearts 40 days post-MI were 

reinnervated. We examined CS-GAG sulfation in the infarct of day 40 post-MI animals 

and found that 4,6-sulfation of CS-GAGs was reduced to similar levels as healthy left 

ventricle tissue. This fit in with Chapter 2 findings that suggested that reducing 4,6-

sulfation of CS-GAGs could promote reinnervation. In humans who have suffered an MI, 

we know that very limited sympathetic nerve regeneration in the infarct ever occurs based 

on sympathetic nerve imaging studies using 123-MIBG (Hartikainen et al., 1996; Simula 

et al., 2000). This aligns with reduced regenerative capacity of nerves broadly in homo 

sapiens as compared to mus musculus. If the therapeutic interventions we propose here 

are to be translated to human subjects following MI, a couple things must first be verified. 

First, we need to validate that 4,6-sulfated CSPGs are enriched in human cardiac scars 

after MI. Second, we must validate that 4,6-sulfation (if enriched) persists in the scar in 

cases where denervation persists. In theory this could be accomplished with post-mortem 

tissue samples and western blotting. If these data can be replicated in humans, we think 

ISP, HJ-01, HJ-02, ARSB (NaglazymeTM), and Chst15 siRNA (STMN01) could have 

therapeutic value to reduce arrhythmias and risk of sudden cardiac arrest after MI. 
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VII.  Conclusion 

This dissertation builds upon decades of research described at length in the 

Introduction. Nervous system research from over 70 years ago laid the ground work for 

understanding peripheral sympathetic nerve regeneration (V.  Hamburger, 1939; V 

Hamburger & Levi-Montalcini, 1949). Cardiovascular research across the past 30 years 

has demonstrated that post-MI arrhythmias originate from sympathetic denervation of the 

infarct (Boogers et al., 2010; Lopez-Sendon et al., 2004; Meredith et al., 1991; Vaseghi 

et al., 2014). Decades of SCI research explained how ECM inhibits nerve regeneration, 

highlighting the role of CSPGs (E. J. Bradbury et al., 2002; McKeon et al., 1991). This 

observation inspired previous work in our lab which showed that the infarct is enriched 

with CSPGs, which prevent nerve regeneration in the heart after MI (Gardner & Habecker, 

2013; Gardner et al., 2015). Work from many other CNS nerve injury paradigms inspired 

us to look into CSPG sulfation in Chapter 2, which identified that 4,6-sulfation of CS-

GAGs in the infarct are the primary means by which CSPGs inhibit sympathetic axon 

regeneration after MI (Brown et al., 2012; Gilbert et al., 2005; Pearson et al., 2018; H. 

Wang et al., 2008). This additional layer of understanding enabled identification of several 

new therapeutic targets to promote sympathetic nerve regeneration after MI by altering 

CSPG sulfation, including ARSB and CHST15. Other research from the nerve injury field 

established the role of CSPG-PTP𝜎 signaling axis in suppression of axon outgrowth (C. 

H. Coles et al., 2011; Lang et al., 2015; Shen et al., 2009b) which our lab showed was 

the mediator of sympathetic axon outgrowth inhibition in the heart after MI (Gardner & 

Habecker, 2013). This work inspired the generation of two novel small molecules, 
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described in chapter 4, that promote sympathetic axon outgrowth across CSPGs in vitro 

(Blake et al., 2022), restore sympathetic nerves in the infarct, and reduce arrhythmias in 

vivo (Sepe, 2022). To be sure, there is still much to learn about how sympathetic nerve 

regeneration in the heart reduces arrhythmias. Furthermore, there is a tremendous 

amount we still do not understand about how sulfation of CS-GAGs alters signaling in the 

regenerating neuron. If this dissertation is anything, it is a document in praise of scientific 

incrementalism, each discovery mentioned above has built on the next moving us closer 

towards our goal to improve health outcomes for those who have suffered an MI. To this 

end, this dissertation provides evidence for several new promising therapeutic targets and 

it is my hope that these would one day be translated to humans. 
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Chapter 7 

Detailed methods 

Animals: C57BL/6J mice obtained from Jackson Laboratories West (Sacramento, CA) 

were used for all experiments.  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 myocardial-ischemia reperfusion surgeries, described 

below. For studies described in Chapter 2, animals were treated with 100𝜇g of siRNA 

(scramble non-targeting control or Chst15-targeting) administered via tail vein days 3, 5 

and 7 post-MI, detailed description below. For studies described in Chapter 3, animals 

were treated daily for 7 days with vehicle (5% DMSO/saline) or ISP (10μM) via IP injection 

beginning 3 days post-MI. Pregnant Sprague Dawley rats were purchased from Charles 

River Laboratories (Wilmington, MA) for experiments with sympathetic neurons. Superior 

cervical ganglia from male and female neonatal rats (P0-P2) were used to generate 

primary sympathetic neuron cultures and for microfluidic explant cultures. All rats were 

kept on a 12h:12h light-dark cycle with ad libitum access to food and water. 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). 

Myocardial Ischemia Reperfusion procedure: Anesthesia was induced with 4% isoflurane 

and maintained with 2% isoflurane. Myocardial infarction (MI) induced when left anterior 

descending coronary artery (LAD) was reversibly ligated for 40 minutes and then 
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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.  

Left ventricle tissue collection/processing: At the indicated time point left ventricle tissue 

was collected and processed for downstream analysis. Either MI animals or unoperated 

wild type (WT) control animals were euthanized and the heart was excised and rinsed in 

saline solution to remove as much blood as possible. With the heart tissue cleaned, the 

heart was placed into a brain slicer and sectioned into 1mM sections. Scar tissue was 

dissected from left ventricle (LV) of post-MI hearts, tissue from a similar region was 

dissected from unoperated control hearts. Tissue was processed for 

immunohistochemistry (IHC), western blot, or norepinephrine content. For western blot 

and norepinephrine (NE) content, tissue was snap frozen in liquid nitrogen and stored at 

-80°C for batch processing. For IHC, hearts were excised and fixed for 1 hour in 4% 

paraformaldehyde, rinsed in PBS, cryoprotected in 30% sucrose overnight at 4°C and 

frozen in OCT mounting media for sectioning. 

Cell line culturing:  In chapter 4 and Appendix A, HEK-293t cells were maintained in high-

glucose Dulbecco’s Minimum Essential Medium (HG-DMEM) supplemented with 10% 

Fetal Bovine Serum (FBS, Gibco) and 1% Anti-Anti (Gibco). For signaling experiments 

cells were split and plated on poly-d-lysine (Gibco) coated plates prior to transfection 

described in detail later in this methods section. In chapter 5, PC12 cells were used to 
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model some aspects of sympathetic nerve signaling. PC12 cells were maintained in 

RPMI-medium (ATCC) supplemented with 10% horse serum (HS, Hyclone), 5% FBS and 

1% Anti-Anti. For experiments, PC12 cells were differentiated for 5-7 days in RPMI 

fortified with 2%FBS and 50ng/mL NGF (Alomone Labs), prior to transfection (described 

later) cells were serum starved in RPMI + 2ng/mL NGF for 4 hours. In chapter 3 

differentiated C2C12 myoblasts were used to screen siRNA knockdown efficiency 

(described later). C2C12 myoblasts were maintained in HG-DMEM supplemented with 

10% FBS, 1% Penicillin/streptomycin (Gibco). For differentiation, C2C12 cells were 

culture in HG-DMEM (no sodium pyruvate) supplemented with 2% HS, 1% Glutamine 

(Gibco), and 1% Penicillin/streptomycin for 4 days. All cells were grown at 37°C and 5% 

CO2. 

Primary Neuron cell culture: Primary Sympathetic neurons were derived from P0-P2 

neonatal Sprague Dawley rats (Blake et al., 2022). Superior Cervical Ganglia (SCG) were 

isolated and enzymatically dissociated for 30 minutes in 1mg/mL Collagenase and 

10mg/mL Dispase, this was followed by mechanical dissociation using a reduced bore 

size fire-polished borosilicate glass pipette. Once a homogenous solution was achieved, 

the enzymatic reaction was quenched using HG-DMEM fortified with 10% FBS, Cells 

were pelleted at 2000 RPM for 5 min, resuspended in growth medium and plated for 30 

minutes on a 10cm plate at 37°C, 5% CO2 to remove glial cells by sequential plating. The 

resulting growth medium was collected and the plate gently rinsed with growth medium 

to remove neurons that may have settled during plating, cells were pelleted and 

resuspended in C2 Media. C2 medium is a 50/50 mixture of F12 medium (Gibco) and 
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low-glucose DMEM, fortified with 0.5mg/mL BSA, 30nM Selenium, 10 μg/mL Transferrin, 

and 10 μg/mL Insulin (Gibco). For long term culturing SCG neurons were plated onto 

poly-d-lysine and Laminin (2μg/mL, R&D Systems) coated plates in C2 medium fortified 

with 10ng/mL NGF, 1% Penicllin/Streptomycin (Gibco) and 20𝜇M Fluorodeoxyuridine to 

kill dividing cells.  

Incucyte sympathetic outgrowth assay: Cultures of dissociated sympathetic neurons were 

prepared from superior cervical ganglia (SCG) of neonatal rats as described above.  Cells 

were pre-plated for 30 minutes to remove non-neuronal cells, and then 5,000 

neurons/well were plated onto a 96 well plate (TPP) coated with (poly-L-lysine PLL, 

0.01%, Sigma-Aldrich) and either laminin (2μg/mL, R&D Systems), laminin and CSPGs 

(1-2μg/mL; Millipore). In Chapter 2, plates were also coated with laminin and CSPGs pre-

treated with ARSB (0.3 or 0.6µg/mL; R&D systems) for 6-8hrs. In Chapter 4 and appendix 

A, neurons plated on laminin and CSPGs were treated with compounds to promote 

neurite outgrowth including; vehicle (5% DMSO), HJ-01, HJ-02, HJ-03, HJ-04, ISP or 

Illudalic acid at various concentrations as described in the chapter. In chapter 5, neurons 

plated on laminin alone or laminin and CSPGs were treated with vehicle (5% DMSO), 

cAMP, KT5720, PMA, or BIM at various concentrations as described in the chapter. 

Neurons were cultured in serum free C2 medium (Pellegrino et al., 2011) supplemented 

with 10 ng/mL NGF (Alomone Labs), 100 U/mL penicillin G, and 100 μg/mL streptomycin 

sulfate (Invitrogen). Live cell imaging was carried out using an Incucyte Zoom microscope 

(Essen BioScience), with 20x phase images acquired every 2 hours over a 40-hour 
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period.  Neurite length was measured using Cell Player Neurotrack software (Essen 

BioScience) and was used to calculate the neurite length.  

Compartmentalized cultures: Micro-fluidic chambers were generated by adding 

SYLGARD 184 silicone elastomer (Dow Corning) into a pre-cast mold, and heating at 50-

60°C for 2 hours. Cleaned chambers were placed in 10cm culture dishes (Corning) pre-

coated with 0.01% Poly-L-Lysine. The axonal compartment was then coated with 

10μg/mL collagen or collagen + 1μg/mL CSPGs.  Explant superior cervical ganglia 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 hours, or when axons were first visible in the axonal compartment, images were 

acquired (t=0) and vehicle (5% DMSO), 100nM HJ-01, 100nM HJ-02, or 4µU/mL 

chondroitinase ABC were added to the axonal compartment. 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. 

Explant Co-culture Assay: Explants were generated as previously described (Gardner & 

Habecker, 2013). Neonatal mouse (P0-P2) superior cervical ganglia were explanted and 

placed into culture 1mm from left ventricle tissue – either cardiac scar tissue (10-14 days 

post-MI) or unoperated control tissue. Cardiac tissue from a single animal was split in half 

and cultured with the left or right ganglia from a single animal, this enabled tissue from 

the same mouse to be treated with either vehicle (5% DMSO) or ARSB to remove 4-

sulfated CS-GAGs. The ganglia and the cardiac tissue were co-cultured inside a 30𝜇L 
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Matrigel bubble which was set for 40 minutes at 37°C before addition of C2 media 

supplemented with 2ng/mL NGF.  ARSB was added directly to the media (0.6 µg/mL) at 

the time of plating and again 24 hours later. After 48 hours, the explants were imaged by 

phase microscopy with a Keyence BZ-X microscope. Axon length from the edge of the 

ganglia to the most distal tip of visible neurites was measured using ImageJ. 

Western blotting: Cardiac scar tissue from the left ventricle was dissected at 24 hours, 3 

days, 7 days, 14 days and 40 days following MI (depending on the chapter of this 

dissertation), and from control left ventricle tissue from unoperated animals. Heart tissue 

was pulverized in a glass douncer in NP40 lysis buffer [50mM Tris (pH 8.0), 150mM NaCl, 

2mM EDTA, 10mM NaF, 10% glycerol, and 1% NP-40] containing complete protease 

inhibitor cocktail (Roche), phosphatase inhibitor cocktails 2 and 3 (Sigma).  Lysates sat 

on ice for 30 minutes with intermittent vortexing. Lysates were centrifuged (13,000 rpm, 

10 minutes, 4°C) and resolved on 4-12% Bis-Tris gradient gel (3-8% Tris-Acetate gel for 

Chapter 2 sulfation studies) by SDS/PAGE, transferred to nitrocellulose membrane (GE 

Life Sciences), blocked in 5% nonfat milk, probed with either CHST11 (1:500; Invitrogen: 

PA5-68129), CHST15 (1:1000; Proteintech: 14298-1-AP), ARSB (1:500; Proteintech: 

13227-1AP), NG2/CSPG4 (1:1000; Millipore: AB5320), Tyrosine Hydroxylase (1:1000; 

Millipore: AB1542), or Galectin-3 (1:500; Abcam: AB2785) then probed with goat anti-

rabbit (or mouse) HRP-conjugated secondary antibody (1:10,000; ThermoFisher), and 

detected by chemiluminescence (Thermo Scientific). For chondroitin-sulfate proteoglycan 

detection, lysates were treated according to the detailed deglycosylation protocol from 

Mariano Viapiano Ph.D. lab website(Massey et al., 2008). 50-100µg of protein lysate 
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(depending on how much was available) was treated for 6-8hrs with chondroitinase ABC 

(100 µU/mL; R&D systems) before being subjected to traditional western blotting 

described above, probed with anti-chondroitin-4-sulfate (1:1000; Millipore: MAB2030) or 

anti-chondroitin-6-sulfate (1:1000; Millipore: MAB2035). Protein expression was 

quantified with ImageJ densitometry and normalized to total protein as measured by 

ponceau staining. 

ERK signaling Western blotting: TrkB-HEK-293t cells (a kind gift from Dr. Moses Chao, 

NYU) were used to examine the effects of HJ-01 and HJ-02 on TrkB stimulated ERK 

phosphorylation. Cells were plated on 6-well plates in HG-DMEM (Gibco) with 10% FBS 

(Hyclone), 1% Penicillin/streptomycin (Gibco) and Geniticin (400 μg/mL; Life 

Technologies). At the appropriate density, cells were rinsed twice with 1x PBS and media 

was replaced with Opti-MEM (Gibco) containing 2% FBS. Cells were transfected with 

Lipofectamine 2000 (7µL per well), with either 2.5µg full-length PTPσ plasmid or 1µg GFP 

control plasmid per well. After 6 hours cells were rinsed once with 1x PBS and replaced 

with regular growth media and grown for 12 hours. Cells were then serum starved for 2 

hours in HG-DMEM + B27. Following serum starving, cells were incubated with either HJ-

01 or HJ-02 at 10nM, 100nM, or 1μM for 1 hour and then stimulated with 5ng/mL human 

BDNF (Alomone Labs) for 5 minutes. Cells were then rinsed with ice-cold PBS and lysed 

on ice with intermittent agitation for 30 minutes in NP40 lysis buffer [50mM Tris (pH 8.0), 

150mM NaCl, 2mM EDTA, 10mM NaF, 10% glycerol, and 1% NP-40] containing 

complete protease inhibitor cocktail (Roche), phosphatase inhibitor cocktails 2 and 3 

(Sigma), and 5mM iodoacetamide.  Lysates sat on ice for 30min and were then treated 
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with 10mM dithiothreitol to inactive any remaining iodoacetamide. Protein lysate was 

cleared by centrifugation at 13,000 rcf for 10 minutes. The soluble fraction was retrieved 

and diluted with 4x XT sample buffer and 20x XT reducing reagent (Biorad) for western 

blot analysis as described above. Blots were probed with phospho-Erk1/2 (1:1000 

Phospho-p44/42MAPK, Cell Signaling #9101) and Total-Erk1/2 (1:1000 p44/42MAPK, 

Cell Signaling #9102) antibodies. 

TrkA immunoprecipitation assay: To test the hypothesis that small molecules HJ-01 and 

HJ-02 disrupt the binding of TrkA and PTPσ, HEK-293t cells were transfected with full 

length PTPσ or p75NTR (Addgene plasmid # 24091) and TrkA-RFP plasmid (Addgene 

plasmid #24093), and pulled down using RFP-trap nanobody conjugated to magnetic 

agarose (Chromotek). HEK-293t cells were plated onto 6-well plates coated with 0.01% 

poly-L-lysine (Sigma) and grown in HG-DMEM (Gibco) supplemented with 10% FBS 

(Hyclone) and 1% Anti-Anti (Gibco). 12 hours later cells were rinsed with 1x PBS and 

media was replaced with Opti-MEM (Gibco) containing 2% FBS. Cells were transfected 

using Lipofectamine 3000 (Thermo Scientific). For transfection, 1µg of TrkA-RFP and 1µg 

of PTPσ plasmid, 6µL of P3000 reagent, and 5µL of lipofectamine reagent were added to 

each well of the 6-well plate. 12-16 hours later cells were rinsed twice with 1x PBS and 

media was replaced with DMEM and B27 supplement (Gibco) and serum starved for 4 

hours. Cells were then treated with small molecules (HJ-01, HJ-02, or HJ-03) or with 

vehicle (5% DMSO) for 1 hour and stimulated for an additional hour with 50ng/mL NGF 

(Alomone Labs, #N-100) and 2µg/mL CSPGs (EMD-Millipore, CC117). Cells were rinsed 

twice with ice-cold 1x PBS and lysed with IP lysis buffer [150mM NaCl, 50mM Hepes, 
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1.5mM MgCl2, 1mM EGTA, 1% Triton-X, 10% glycerol, Roche complete protease inhibitor 

cocktail, and Sigma phosphatase inhibitor cocktails 2 and 3]. Two wells of each 6-well 

plate were pooled per condition, and cells were lysed for 30 minutes on ice with 

intermittent vortexing. Lysate was centrifuged at 13,000 rcf for 10 minutes leaving the 

soluble fraction. 10% of this lysate was set aside as the input fraction. TrkA 

immunoprecipitation was accomplished using 15µL of RFP-trap magnetic agarose added 

to the remaining lysate and incubated overnight at 4°C on a rotator. The protein bound to 

the RFP-trap agarose was then separated using a magnet and rinsed 3 x 10 minutes with 

IP lysis buffer. To remove the protein from the beads, 4x XT-sample buffer (Biorad) was 

diluted to 2x using the IP lysis buffer and XT reducing reagent was added, the sample 

was then incubated at 95°C for 10 minutes and separated from the beads using a magnet. 

Samples were subjected to the standard western blotting protocol and probed for TrkA 

(1:1000; Millipore Sigma #06-574) and PTPσ (1:500; Proteintech #13008-1-AP) or, 

p75NTR (1:1000; Cell Signaling, D4B3 XP #8238S). To quantify pulldown of PTPσ (or 

p75NTR) by TrkA-RFP the levels of each protein in the pulldown were quantified by pixel 

density, normalized to the respective input levels and then the ratio of PTPσ (or p75NTR) 

to TrkA was calculated and compared across samples. 

siRNA pool knockdown efficiency screen: A pool of 4 siRNAs targeting the Chst15 gene 

were purchased from Horizon Discovery (formerly GE Dharmacon) and were tested for 

their efficacy in reducing gene expression in C2C12 myoblasts. C2C12 myoblasts were 

plated on 12-well plates coated with collagen and were transfected with the various 

targeting and control siRNAs using the Dharmafect transfection reagent (3µL of 
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Dharmafect reagent per well with 120nM siRNA). The next day wells were split using 

Versene (Gibco), 1/3 of the cells were collected for a 24-hour time point and the other 2/3 

were split into 2-wells for 48-hour and 72-hour knockdown timepoints. Cells were 

processed using an RNA Mini-kit (Qiagen) to purify RNA. 1µg of RNA was loaded into the 

cDNA reaction with the iScript cDNA synthesis kit. Gene expression was examined with 

multiplexed Taqman probes targeting Chst15 and Gapdh using 2µL of cDNA template 

and Taqman reagents and measured with an ABI7500 Thermocycler. The delta delta ct 

method was used to calculate knockdown efficiency. Once an effective siRNA against 

Chst15 was identified, knockdown efficiency was measured at the protein level with 

C2C12 myoblasts, 48 hours post-knockdown. CHST15 protein expression was assessed 

via western blot with a CHST15 antibody (1:1000; Proteintech: 14298-1-AP) normalized 

to GAPDH (1:1000; Thermo Scientific: MA1-16757); siRNA Chst15-2 was selected for 

larger scale production and used for in vivo studies. 

In vivo siRNA treatment: After MI surgery mice were treated with 100µg of siRNA targeting 

Chst15 or a non-targeting control. siRNA was delivered systemically via tail-vein injection 

on days 3, 5 and 7 following MI. Arrhythmia assessment was done at day 10 post-MI 

before tissue collection. Tissue was collected at day 10 post-MI for either; western blot 

analysis of CSPG sulfation and the sympathetic neuron marker TH in the infarct, were 

processed to asses norepinephrine (NE) content in the infarct, or were fixed and mounted 

in OCT for immunohistochemistry. siRNA used for this experiment was custom 

synthesized by Horizon Discovery; siAccell in vivo formulation. 
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Norepinephrine content analysis by High-Performance Liquid Chromatography: 

Norepinephrine (NE) levels in heart tissue were measured by HPLC with electrochemical 

detection (Li, Knowlton et al. 2004). Frozen, pulverized tissue was weighed and 

homogenized in 300µL of 0.1 M perchloric acid (PCA) containing 0.5µM 

dihydroxxybenzylamine (DHBA, internal standard). The homogenate was centrifuged at 

14,000 rpm for 4 minutes and NE in 100µL of the supernatant was adsorbed onto 15mg 

alumina, followed by 15 minutes of tumbling. The alumina was washed twice with ddH2O 

and the catechols desorbed with 150µL of 0.1M PCA. The catechols were separated by 

reversed-phase HPLC on a C18 column (Agilent Microsorb, 150x4.6 mm, 5μm) and 

measured by an electrochemical detector (Coulochem III; ESA, Bedford, MA) with the 

electrode potential set at +180 mV as described previously (Parish et al. 2010). The 

mobile phase used consisted of 75 mM sodium phosphate (pH 3.0), 1.7 mM sodium 

octane sulfonate, 3.0% acetonitrile. NE standards (0.5µM) were processed in parallel with 

the tissue samples. 

Immunohistochemistry: Tyrosine hydroxylase (TH; sympathetic nerve fibers) and 

Fibrinogen (Fib; infarct/scar) staining was carried out as described previously (Gardner 

et al., 2015) 10 days (Chapter 2) or 40 days (Chapter 3) after MI. Tissue was collected 

10 or 40 days after surgery, fixed in 4% paraformaldehyde, frozen and 12µm sections 

generated. To reduce autofluorescence, sections were rinse 3 x 10 minutes in 10mg/mL 

Sodium Borohydride and rinsed for 3 x 10 minutes in 1x PBS.  Slides were placed in 2% 

BSA, 0.3% Triton X-100 in 1x PBS for 1 hour and then incubated with rabbit anti-TH 

(1:1000; Millipore: AB1542) and sheep anti-fibrinogen (1:300; BioRad: 4400-8004) 



 167 

overnight.  The following day the slides were incubated with Alexa-Fluor IgG-specific 

antibodies (Molecular Probes, 1:1000) for 1.5 hours and rinsed 3 x 10 minutes in 1x PBS. 

Background autofluorescence was reduced further with a 30-minute incubation in 10mM 

CuSO4 (diluted in 50mM Ammonium Acetate). Following this, slides were rinsed 3 x 10 

minutes in 1x PBS before mounting in 1:1 glycerol:PBS and visualized by fluorescence 

microscopy. Threshold image analysis of TH staining was done as described previously 

(Gardner et al., 2015), the threshold function in ImageJ was used to generate black and 

white images discriminating TH+ nerves for 6 sections spanning 200µm of the infarct or 

peri-infarct region from each heart. Percent area TH+ fiber density (20x field of view) was 

quantified within the infarct and the area immediately adjacent to the infarct (peri-infarct). 

Images were acquired with a Keyence BZ-X 800 microscope. 

Quantification of Cardiac Scar (infarct) size: Infarct size was determined 10 days (Chapter 

2) or 40 days (Chapter 3) after MI and tissue was prepared for immunohistochemistry as 

previous mentioned, omitting the steps to reduce autofluorescence. Autofluorescence in 

the GFP channel was used to image the infarct size. Scar tissue is notably lacking 

autofluorescence enabling easy identification of the infarct. Images were acquired with a 

Keyence BZ-X 800 microscope at 2x magnification and analyzed using Image J freehand 

selection tool. Left ventricle (LV) and infarct was outlined, measured and the percent area 

of infarct was determined by (infarct area/ LV area) x 100. The infarct was imaged in 6 

sections across 200µm of the infarct as done previously(Gardner et al., 2015). 

Arrhythmia Assessment: Anesthesia was induced with 4% isoflurane and maintained with 

2% isoflurane in animals 10 days (Chapter 2) or 40 days (Chapter 3) after MI. ECG leads 
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were connected to monitor arrhythmias and animals were maintained at 37°C throughout 

the analysis. All parameters were monitored with Powerlab LabChart software (AD 

Instruments). A 30-minute baseline was used to assess spontaneous arrhythmia 

susceptibility prior to administration of 𝛽-agonist Isoproterenol (50µg) and caffeine (3mg) 

as described previously(L. Wang et al., 2014). Arrhythmias were measured for 30 minutes 

following drug administration and scored according to the modified Lambeth conventions 

(Curtis et al., 2013) on a scale of 0-4. Individual animals received a single score based 

on the most severe arrhythmia observed. 0 indicates no arrhythmia. 1 indicates 1-2 

premature ventricular contractions (PVCs) followed by normal sinus rhythm of at least 2 

beats. 2 indicates bigeminy (1 PVC followed by one normal sinus beat, repeating for 4 or 

more continuous cycles) or salvo (3-5 PVCs in a row). 3 indicates non-sustained 

ventricular tachycardia (nsVT) defined as 6 or more PVCs in a row lasting less than 30 

seconds. 4 indicates sustained VT (>30 seconds) or Torsades de Pointes. 

Echocardiography: Cardiac function was assessed 40 days after MI (Chapter 3) using 

echocardiography. High-frequency fundamental imaging (Vevo 2100) was performed 

between 25 and 40 MHz. Mice were sedated with inhaled isoflurane (1.0%–1.5%). 

Cardiac function was analyzed under basal conditions and in response to the β-

adrenergic agonist isoproterenol (10 μg or ~0.5 mg/kg). Images were obtained in the 

parasternal long-axis plane and parasternal short-axis planes at the midpapillary 

level.  Left-ventricular (LV) function was assessed by measurement of LV end-diastolic, 

end-systolic area (short axis) and end-diastolic, end-systolic length (long axis). Stroke 
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volume was determined using the left ventricular outflow tract area and time-velocity 

integral on pulsed-wave Doppler.  

PTPσ D1 D2 protein purification: D1D2 plasmid was a gift from (Brad Lang and Jerry 

Silver, Case Western Reserve University).  Rosetta 2(DE3) competent cells (Novagen) 

were transformed with 1µL of D1D2 DNA and grown overnight at 37°C on LB agar plates 

supplemented with kanamycin and chloramphenicol. A ¼ swath of the bacteria from the 

LB agar plate was spiked into 50mL of LB media (with 50µg/mL kanamycin and 34µg/mL 

chloramphenicol) and grown at 37°C overnight with 225 rpm shaking. The next day the 

50mL starter culture was pitched into 1L of terrific broth (TB) media (12 g bacto tryptone, 

24 g yeast extract, 0.4% glycerol, 17mM KH2PO4, 72mM K2HPO4, 1% glucose, 50 μg/ml 

Kanamycin, 34 μg/ml chloramphenicol) and grown at 37°C, 225 rpm until reaching an 

OD600 reading of 0.6. At this point the TB media was placed on ice and the protein 

expression of D1D2 was induced with 0.4mM Isopropyl-β-thiogalactoside (IPTG, Sigma-

Aldrich) and grown at 37°C overnight, 225 rpm. Cells were harvested by centrifugation at 

4000 rpm 4°C for 15 minutes. The cell pellet was resuspended in 50mL of lysis buffer [20 

mM HEPES, pH 7.5, 1 mM β-mercaptoethanol, 1 mM benzamidine, 0.2% NP-40, 0.2% 

Tween-20, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 8.3 mg/L DNAse I] with a 

glass douncer and sonicated, on ice, 6 times for 30 seconds each time with 2 minutes 

rest between each cycle (Branson sonifier 450). The resulting lysate was cleared by 

centrifugation at 12,000 rcf, 4°C, for 30 minutes. Purification of the D1D2 protein was 

achieved using the attached his-tag by Ni-NTA affinity chromatography (Ni-NTA resin, 
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Qiagen). The resulting purified protein was verified by size using 10% SDS-PAGE before 

use in enzymatic activity assays. 

PTPσ D1 D2 catalytic activity assessment: The catalytic activity of purified PTPσ D1D2 

catalytic domain was assessed using p-nitrophenyl phosphate (p-NPP, Sigma-aldrich), a 

commonly used indicator of phosphatase activity. D1D2 is capable of using p-NPP as a 

substrate and catalysis of the phosphate group results in a colorimetric reaction that can 

be monitored by 405nm absorbance. The assay was conducted in ice cold 50mM MES 

buffer with either 2mM or 10mM p-NPP. To this reaction mixture 30nM of D1D2 protein 

were added with either vehicle (5% DMSO), 1µM HJ-02, or 12.5mM of sodium-

orthovanadate (Sigma-Aldrich) as a control tyrosine phosphatase inhibitor. The reaction 

mixture was added to clear flat-bottom 96-well plates and kept on ice until the plate 

reading. A Spectra Max i3 (Molecular Devices) multi-well plate reader was used to 

measure 405nm absorbance. The reaction was induced by incubation at 30°C and 

measured continuously for 3 minutes.    

Phosphatase Inhibition Assays: The ability of compounds HJ-01 and HJ-02 to inhibit a 

small panel of tyrosine phosphatase enzymes was investigated. The enzymes PTPσ, 

PTPRδ (protein tyrosine phosphatase receptor delta), LAR (leukocyte antigen-related 

tyrosine phosphatase), CD45 (cluster of differentiation antigen 45; also known as protein 

tyrosine phosphatase receptor C), SHP2 (Src homology 2 domain–containing 

phosphatase 2), and PTP1B (protein tyrosine phosphatase 1B) were incubated with 10 

mM DTT for 30 min on ice in an assay buffer [50 mM HEPES pH 7.5, 100 mM NaCl, 1 

mM EDTA, and 0.02% tween]. The activity assays were performed in black 96-well plates 
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in a total volume of 50 µL and 10% DMSO. The final concentration of enzyme in each 

reaction was 180pM for PTPσ, 9.7nM for PTPRδ, 4.2nM for LAR, 5nM for CD45, 5nM for 

SHP2, and 5nM for PTP1B. Each enzyme was incubated with HJ-01 or HJ-02 for 30 min 

at 37°C, after which time the reaction was initiated by addition of the fluorogenic substrate 

DiFMUP to a final concentration of 30µM. Enzyme activity was measured relative to an 

inhibitor-free control by monitoring the increase in fluorescence as DiFMUP was 

hydrolyzed to DiFMU. The fluorescence (λex = 350 nm, λem= 455 nm) was measured 

every 30 seconds for 30 minutes at 37°C. Each concentration was tested in triplicate. 

Click chemistry with HJ analogs: Compound HJ-04 is an HJ-01 and HJ-02 analog with a 

terminal alkyne that was used to identify binding targets of HJ-01 and HJ-02 following a 

copper catalyzed click chemical reaction and pulldown. HEK-293t cells were serum 

starved for 4 hours in HG-DMEM fortified with B27(Gibco) before the assay. Cells were 

then treated with either vehicle (5% DMSO), 1𝜇M HJ-04 for 30 minutes or with increasing 

doses of HJ-02 (100nM and 1𝜇M) for 30 minutes followed by 1𝜇M HJ-04 for 30 minutes. 

All cells were then stimulated with 50ng/mL NGF and 2 𝜇g/mL CSPGs for 1 hour. Cells 

were then rinsed twice with ice cold 1x PBS and then frozen at -80°C. Cells were thawed 

and lysed with “Cell Lysis Buffer” [1x PBS, 0.5% Triton-X, Roche complete protease 

inhibitor, and sigma phosphatase inhibitors 2 and 3], plates were scraped and lysis was 

allowed to proceed for 30 minutes on ice with intermittent agitation. Lysates were 

centrifuged at 2,000 rcf for 10 minutes at 4°C to clear cell debris. Supernatant was 

collected and used to isolate membrane and soluble fractions by ultracentrifugation; 

40,000 RPM for 1 hour at 4°C. Supernatant was used for soluble fraction analysis and 
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pellets were resuspended in Cell Lysis Buffer using an insulin syringe to properly 

solubilize pellets. Protein concentration of each respective sample/fraction were 

quantified using the Rapid Gold BCA assay (ThermoFisher). Protein concentrations were 

normalized across each sample to 2mg/mL of protein. Click chemistry biotin labeling was 

accomplished by combining 30µL protein lysate with 15µL “3x Click buffer” (combine 

300µM TBTA(dissolved in DMSO), 3mM CuSO4(make fresh in H2O), 0.15mM Biotin-

N3(dissolved in DMSO), 3mM TCEP(Make fresh in PBS) all combined in 1x PBS in the 

sequence listed). Protein + Click buffer was incubated at room-temperature with rotation 

for 1 hr. Following the reaction, 10% of the sample was set aside in 4x Sample buffer 

(http://cshprotocols.cshlp.org/content/2014/7/pdb.rec081125.full?text_only=true) diluted 

to 1x, for the input fraction. The remaining reaction mixture of biotinylated proteins were 

enriched by pulldown with streptavidin resin (Thermo Scientific) overnight at 4°C with 

rotation. Biotinylated protein-bound streptavidin resin was centrifuged for 2,000 rcf for 3 

minutes and supernatant was discarded. Streptavidin resin was then rinsed 3 times for 

10 minutes with 4M Urea (dissolved in 1x PBS); with 2,000 rcf, 3-minute centrifugation 

between rinses. Streptavidin resin was rinsed one last time with 1x PBS and then 

centrifuged at 2,000 rcf for 3 minutes. Proteins were removed by addition of 45𝜇L 2x 

Sample buffer (4x sample buffer diluted with PBS), boiled at 95°C for 5 minutes, and then 

centrifugated briefly to sediment the remain resin. The remaining protein-sample was 

removed leaving the resin in the tube and subjected to SDS-PAGE, ponceau staining, 

western blotting and probed with either anti-streptavidin-HRP (1:4000; Thermo Scientific) 
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or anti-Src (1:1000; Cell Signaling: 36D10) and visualized by chemiluminescent imaging 

as described in the western blotting section. 

FRET biosensor transfections: To transfect PC12 cells we used the Neon electroporation 

system (10𝜇L kit, Invitrogen). Cells were trypsinized, resuspended, pelleted, rinsed with 

PBS and resuspended in the neon transfection buffer. The cell density used in each 10uL 

reaction was 1X107 cells/mL combined in solution with 0.75ug of biosensor DNA per 

reaction. Manufacturer recommended electroporation settings were used for PC12 cells: 

pulse voltage (1500 V), pulse width (10ms), and pulse number (3). Parameters used for 

primary SCG neurons have been described previously (Pellegrino & Habecker, 2013) but 

briefly: voltage (1500 V), pulse width (20ms), and pulse number (1). 

FRET Biosensor screening and quantification: Initial FRET biosensor screening was 

accomplished using PC12 cells differentiated using the aforementioned protocol. Four 

identical transfections were completed as described above, and cells were pooled in a 

single well of a 12-well plate before being split into 12-wells of a 96-well glass bottom 

plate (Cellvis, 1.5H-N) coated with PDL and laminin. Cells were plated in an optimized 

media consisting of Fluorobrite media (Gibco) supplemented with 0.5mg/mL BSA, 3mM 

L-glutamine and 2ng/mL NGF. Fluorobrite media was used to reduce background 

autofluorescence during imaging. 12-16 hours after transfection, cells were imaged using 

an Olympus spinning disc confocal microscope housed in an environmental chamber held 

at 37C 5%CO2. Cells were excited with a 440nm LED (SpectraX), spectra passed 

through a bandpass filter, 425-452nm for CFP excitation. CFP fluorescence was then 

passed through an emission cube (483/32 (483 peak, 32 range)) for CFP image capture. 
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YFP fluorescence was passed through an emission cube (542/27 (542peak, 27range)) 

for YFP image capture. The ratio of YFP/CFP was calculated to determine the FRET 

emission ratio. Cells were scanned every 5 minutes for 30 minutes to establish a baseline 

measurement before addition of stimulus. Various stimuli were added; vehicle (Fluorobrite 

media), 50ng/mL NGF (diluted in Fluorobrite media), or 2ug/mL purified CSPGs (diluted 

in Fluorobrite media). These stimuli were added in various combinations as indicated in 

the figure legends then imaged for approximately 2hr. PC12 cell FRET ratios were 

calculated using several algorithms developed by the Carsten Schultz Lab. The first 

ImageJ macro combined all CFP and YFP images across the time course(Schindelin et 

al., 2012). The second ImageJ macro, FluoQ, analyzes FRET ratios and has been 

described in detail previously(Kuchenov et al., 2016; Stein et al., 2013). Briefly, combined 

CFP-YFP images are thresholded with the Triangle method, smoothed, and segmented 

with the binary mask generated using the Huang fuzzy method. Segmented-image FRET 

ratios are calculated and low-expressing cells and cells with erroneous FRET ratios are 

discarded. FRET/CFP ratios across the 30-minute baseline period are averaged and used 

to normalize FRET/CFP ratios after stimulus. FRET/CFP ratios for each cell measured 

are averaged at each time point and plotted in Figure 1 (chapter 5). Automated FRET 

analysis was not possible when analyzing primary sympathetic neurons given the high 

motility and polarized nature of these neurons. To analyze primary neurons, we generated 

16-bit tiff images of each respective channel (CFP and YFP-FRET) across the time 

course. The ImageJ “Math” tool was used to divide the FRET image by the CFP image 

generating a new image that corresponds to the FRET/CFP ratio. The ImageJ manual 
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selection tool was then used to draw a region of interest (ROI) around a given cell body. 

Plotting the z-projection of this given ROI displays the FRET/CFP ratio over the time 

course which could be exported and used for analysis. The average FRET ratio across 

the 30-minute baseline was used to normalize the FRET ratios after cell stimulus. FRET 

ratios were averaged across each ROI (cell) for a given stimulus and plotted in Figures 2 

and 3 (Chapter 5). Statistical analysis was done at the time point where the greatest 

difference was observed between stimuli. 

FRET biosensors used: 
Target Sensor name Domains Name used Reference 

ERK EKAR2G1 WW (phosphopeptide 
binding domain)-Substrate 
domain 
(PDVPRTPVDKAKLSFQFP) 

ERK (Komatsu et al., 
2011) 

RhoA RhoA2G RhoA-binding domain (RBD) 
of  rhotekin– RhoA 

RhoA (Fritz et al., 2013) 

FAK FAK biosensor SH2(c-Srk) -substrate FAK (Seong et al., 
2011) 

Src Src biosensor CFP-SH2 (Src)- Substrate 
(synthetic) 

Src (Ouyang et al., 
2008) 

PKA AKAR3EV FHA1 domain - PKA 
substrate (LRRATLVD) - 
NES 

PKA (Komatsu et al., 
2011) 

PKC Eevee-PKC PKCβ C1 domain - FHA1 
domain (phosphopeptide 
binding) - Substrate domain 
(KKKKKRFTFKDSFKL) NES 

PKC (Komatsu et al., 
2011) 

 

Statistics: Sample size is indicated in each figure legend.  Broadly speaking, animal 

experiments (arrhythmia assessment, immunohistochemistry, cardiac tissue western 

blotting, etc.) n-value corresponds to animal number used in experiment, other 

experiments utilizing cells (neurite outgrowth, western blotting, etc.) n-value corresponds 
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to number of individual experiments, for FRET-ratio quantification n-value corresponds to 

cell number quantified. 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’s post-hoc test to compare all conditions, in scenarios where samples are 

compared to a single control group (where appropriate) Dunnett’s post-test was used. For 

experiments comparing multiple variables (e.g., drug treatment, surgical group) two-way 

ANOVA was used. Statistical significance of FRET ratio data (Chapter 5) was analyzed 

at a given time point where the largest difference was observed (indicated in each 

respective figure).  One-way ANOVA and Dunnett’s post-hoc test was used to compare 

all conditions to no stimulus controls. All statistical analyses were carried out using Prism 

9. 
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Chapter 8 

Appendix 

 

HJ-04, Analog of HJ-01 and HJ-02 used for target identification:  

Novel small molecules generated by Michael S. Cohen Ph.D were discussed at 

length in Chapter 4 of this dissertation. Here we attempt a method intended to identify the 

protein target of these small molecules. HJ-04 is an analog of HJ-01 and HJ-02 with an 

attached alkyne handle that can undergo a bio-orthogonal click chemistry reaction to label 

the small molecule bound to protein target(s) in a lysate. We first tested the efficacy of 

this analog in promoting sympathetic neurite outgrowth to ensure that the small 

molecule’s biological activity was unaltered by addition of the alkyne chemical group. HJ-

04 restored neurite outgrowth across CSPGs similarly to HJ-01 and HJ-02(Figure 

8.1A,B).  

We then treated HEK-293T cells with 1𝜇M HJ-04 alone or HJ-02 at increasing 

doses 100nM and 1𝜇M for 30 minutes followed by 1𝜇M HJ-04 for 30 minutes. Cell lysates 

were then prepared and soluble and membrane enriched protein fractions were subjected 

to copper catalyzed click-chemistry biotinylation. Biotinylated proteins were enriched with 

streptavidin beads followed by stringent washing with 4M Urea. Protein lysates were 

placed in sample buffer and boiled for 5 minutes to remove proteins from streptavidin 

beads.  Protein samples were subjected to SDS-PAGE and western blotting followed by 

streptavidin-HRP probe chemiluminescent imaging. We found a band at approximately 
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60kDa enriched in HJ-04 treated samples that was competed away with increasing doses 

of HJ-02 in the membrane but not soluble fractions of protein lysate (Figure 8.1C). Based 

on a single previous observation from a heavy-isotope labeling click-chemistry labeling 

mass spectrometry experiment with the Cravatt Lab (Scripps) we suspected that the 

protein might be Src kinase (59 kDa) when we probed with a Src antibody however we 

found that Src was non-specifically pulled down in all conditions (Figure 8.1C) including 

negative control conditions (vehicle, 5% DMSO). We used this same approach, only at 

larger scale, to prepare samples for an unbiased mass-spectrometry approach to identify 

the target but were (much to our frustration) unable to identify a putative target for the 

novel small molecules HJ-01 and HJ-02. 

Brief discussion:  

This result is one of our most promising from hundreds of different iterations of this 

experiment. In other variations, we modulated cell-type, serum starving time, lysis buffer 

recipe, reducing reagent presence, click-chemistry reaction constituents, labeling 

technique, protein enrichment methods but were unable to identify the target. The 60kDa 

protein target was pulled down and labeled on a number of occasions (Figure 8.1C) but 

was never consistently enriched, suggesting that we do not understand some aspect of 

how this small molecule interacts with its target. A few problems might explain this, one 

is that the target seems to be lowly abundant and enriched in the membrane. We only 

recently began membrane enrichment experiments which may explain why we have failed 

to see this band in previous western blots. Another issue is that it is difficult, bordering on 

impossible, to get enough protein material from cultured sympathetic neurons for a 
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western blot experiment let alone mass-spectrometry target identification experiments. 

Not using the cells in which the small molecule displays biologically activity may mean 

that we have been looking at protein lysates without the target protein expressed. In future 

experiments, using cortical neurons might help alleviate this problem since these neurons 

are easier to culture and could supply sufficient protein for mass-spectrometry 

approaches. The last and most critical issue that may explain our failure to identify a target 

is the matter of reversibility in our covalent inhibitor. HJ-01, HJ-02 and HJ-04 were 

designed to form a covalent adduct between the acrylamide of the small molecules and 

a cysteine in the enzymatic pocket of PTP𝜎 via a Michael addition reaction. Recently, we 

became aware of a mechanism by which acrylamides may form adducts on amines in a 

structure that is reversible under certain conditions. It is possible that HJ-01, HJ-02 and 

HJ-04 bind to an amine on a protein target and that this adduct falls apart during our 

procedure for western blotting. Given these observations we think an experiment that 

utilizes lysate from neuronal cells treated with or without HJ-01 HJ-02 at increasing doses 

and utilization of a different approach like Cellular Thermal Shift Assay coupled to Mass-

spectrometry may identify of putative target. If click-chemistry based methods are to be 

utilized it may be beneficial to generate a photo-reactive crosslinking analog of HJ-01 and 

HJ-02 that could be utilized in a similar set of experiments to the one used in this appendix 

but would be ensured to form a stable adduct that could be used to identify the target.  

For a detailed explanation of the methods used in this appendix including a description of 

the click-chemistry protein preparation please see Chapter 7 – “Detailed Methods” section 

of the dissertation. 
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Figure 8.1: HJ-04, small molecules analog of HJ-01 and HJ-02. (A) HJ-04 promotes neurite outgrowth across CSPGs. 
Mean neurite length expressed as a percent of laminin only controls. Statistics one-way ANOVA Tukey’s post test, 
select comparisons shown; * p<0.05, ** p<0.01. N=5 independent experiments except at 1𝜇M HJ-04 which was only 
n=4. (C) Western blot experiment attempting to identify protein target of HJ-02 using competition labeling with alkyne 
analog HJ-04 + biotinylation using click-chemistry. Western blot shows first, total protein loading into each lane with 
ponceau. Second, streptavidin-HRP labeling of biotinylated proteins, blue arrow indicates the putative protein band that 
is labeled by HJ-04 and competed away by HJ-02. Third, Src immunoblot shows that Src is not selectively enriched 
and competed in small molecules treated lysates but rather is non-specifically pulled down in all samples. 
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