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C. Abstract: 

Persistent pain leads to alterations in ion channel expression in neurons along the 

pain-axis. Ion channels provide neurons with a mechanism to detect and respond to 

changes in their environment. Adaptive changes in ion channel expression are major 

driving factors for the increased neuronal excitability seen in pain states. Understanding 

the molecular mechanisms underlying alterations to ion channel expression in pain-

sensing neurons (nociceptors) during pain signaling is essential for the development of 

novel analgesics. Two critical subsets of ion channels necessary for the detection and 

transmission of painful stimuli are the voltage-gated sodium channels (Navs) and sodium-

activated potassium channels (KNa) family. This study will focus on Nav1.8, which is 

preferentially expressed in pain-sensing Dorsal Root Ganglion (DRG) neurons along with 

the KNa channel subunits called Slack and Slick. The membrane expression of Nav1.8 

channels (promotes nociceptor excitability) and KNa channels (decrease nociceptor 

excitability) are altered during pain signaling, the expression of Nav1.8 channels increase 

whereas KNa channels decrease. Studies have suggested that Navs are functionally 

coupled to the KNa channel Slack; however, the molecular machinery responsible for this 

coupling is relatively unknown. In this study, I have identified the Membrane-associated 

Guanylate Kinase with PDZ and WW containing domain protein 1 (Magi-1), an 

understudied scaffolding protein, as a novel interacting partner for the KNa channels 

Slack/Slick, and Nav1.8. To determine whether Magi-1 is essential for DRG neuronal 

excitability, siRNA silencing strategies were used to knockdown Magi-1 expression in 

cultured embryonic DRG neurons. A significant decrease in neuronal excitability was 

observed after Magi-1 knockdown as measured by the ability of the neurons to fire action 
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potentials (AP). In addition, Nav1.8, and Slack KNa channel membrane expression was 

significantly decreased after Magi-1 knockdown. To determine the physiological role of 

Magi-1 in vivo, I first characterized the expression of Magi-1 in primary sensory neurons 

of the DRG. Abundant expression of Magi-1 was observed, especially in small- and 

medium-sized DRG neurons. The highest expression of Magi-1 immunoreactivity in the 

spinal cord was detected in the superficial lamina of the spinal dorsal horn were 

nociceptive DRG neurons project their afferents. Next, to identify a specific role of Magi-1 

in pain, I performed a novel spinal nerve injection technique of shRNAs targeted against 

Magi-1, a method I modified for mice, achieving long-lasting Magi-1 knockdown in DRG 

neurons. To this extent, profound alterations in thermal nociception and inflammatory pain 

behaviors were observed. Moreover, after Magi-1 knockdown, an almost complete loss of 

Nav1.8 expression was detected, indicating that Magi-1 is an obligate protein interacting 

partner for this channel. In a neuropathic pain model, significant upregulation of Magi-1 

protein expression was seen in the sciatic nerve and DRGs. These results suggest that 

Magi-1 is critical to the development and maintenance of both inflammatory and 

neuropathic pain. 

Nav1.8 channels are targeted for proteasome degradation through binding and 

subsequent ubiquitination by the Neural Precursor Cell Expressed, Developmentally 

Down-Regulated 4 (Nedd4) family of E-3 ubiquitin ligases, specifically Nedd4-2. Nedd4-

2 interacts with Nav1.8 through WW (Tryptophan- Tryptophan) domain-binding to an 

evolutionarily conserved PY motif (PPXY) in the C-terminus of Nav1.8 channels. Similarly, 

Magi-1 proteins contained two WW domains that have approximately 60% homology to 

Nedd-2 WW domains. Furthermore, the Magi family of proteins have been previously 
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shown to protect proteins from Nedd4-2 mediated ubiquitination and subsequent 

degradation. Therefore, to further investigate the interaction between Magi-1/Nav1.8 we 

designed a competing, cell-penetrating peptide mimetic derived from the Nav1.8 PY motif. 

Incubation of competing peptide mimetic designated PY peptide, decreased sodium 

currents, reduced Nav1.8 protein expression, and produced hypoexcitability in cultured 

DRG neurons. Remarkably, a phosphorylated variant (phospho-PY peptide) of the very 

same peptide caused an opposing increase in Nav1.8 surface expression and repetitive 

action potential firing. To next assess the role of our competitor peptides in a model of 

acute inflammatory pain the formalin assay was performed. To this extent, both peptides 

were shown to alter pain responses in mice, the PY peptide decreased pain responses, 

whereas the phosphorylated increased pain responses when compared to controls. 

In summary, this study provides evidence that Magi-1 is widely expressed in 

sensory neurons regulating ion channel trafficking, stability and plasma membrane 

expression. Furthermore, Magi-1 deficiency decreased pain responses through decreases 

in membrane scaffolding of Nav1.8 and Slack KNa channels. Here we demonstrate the 

ability to modulate Nav1.8 plasma membrane expression and protein stability, and Slack 

channel membrane expression using peptide mimetics to compete with PY motif binding 

and PDZ binding respectively. These effects may have therapeutic relevance given the 

established role of Nav1.8 and the Slack KNa channels in clinical pathologies such as 

chronic pain and epilepsy. Overall, this thesis provides evidence suggesting that Magi-1 

is an essential scaffold for ion transport in DRG neurons and is a central player in pain. 

IX 



  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. Question: 

The goal of this thesis project was to determine the role of Magi-1 in dorsal root 

ganglion neuronal excitability and pain. Specifically, to identify Magi-1 protein targets and 

their role in regulating DRG neuronal excitability and pain signaling. 

E. Hypothesis: 

Magi-1 is an essential scaffolding protein for the membrane localization of ion 

channels in DRG neurons and is essential for normal pain processing. 
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F. Introduction: 

I. Pain 

Pain is the most common debilitating symptom associated with injury and most 

diseases. Symptoms related to persistent pain represents a significant and ever-

increasing clinical problem worldwide. These symptoms include sleeplessness, social 

withdrawal, a weakened immune system and changes in mood that includes 

hopelessness, fear, depression, irritability, anxiety, and stress. In the US, pain represents 

the number one cause of long-term disability and is the most common reason for doctor 

visits by patients seeking treatment. According to the Institute of Medicine of The National 

Academies, an estimated 100 million Americans suffer from chronic pain. In the US, the 

cost of pain related healthcare is an estimated $560-635 billion; this includes the medical 

expenses of pain care and the economic costs associated with disability days, lost wages 

and overall productivity. Over the last three decades’ significant advances have been 

made in understanding the molecular mediators that contribute to pain signaling along the 

pain axis. A limited number of these discoveries have transitioned from developmental 

stages to new treatment therapies in the clinic. However, chronic pain states such as 

neuropathic pain that develops as a result of nerve damage or nerve degeneration remains 

largely untreatable. Currently, there is no valid, long-lasting treatment for neuropathic pain 

and therefore it is sometimes classified as an incurable disease. 

Prescription opioids (opioid agonists; hydrocodone, oxycodone, and morphine), 

now represent one of the largest group of pharmacotherapies for the treatment of 

persistent pain. According to a study by the American Pain Foundation, only about 23% of 

patients found opioids effective. Opioids have a myriad of adverse effects, as their 
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mechanism of action is localized to the Central Nervous System (CNS). Adverse effects 

include sedation, dysphoria, constipation, nausea and in cases of overdose, respiratory 

depression. Currently, in the US there is a public health emergency related to the overuse 

of opioids, according to Center for Disease Control (CDC), every day, more than 115 

Americans die from opioids overdose. Currently, there is a great need for the development 

of alternative pain targeting strategies. To this point, the National Institute on Drug Abuse 

(NIDA) has outlined several different areas of focus in response to this health crisis, one 

of which includes safe, effective, and non-addictive development of strategies to manage 

chronic pain. 

To date, research strategies targeting ion channels along the pain axis; dorsal root 

ganglion, spinal dorsal horn, brainstem, and pain-related cortex of the brain, have shown 

tremendous promise in animal models; however, few of these strategies have been 

successfully translated clinically for the treatment of pain. Ion channels perform essential 

roles along the pain pathway including the initial detection of noxious stimuli, the 

propagation and transmission of electrical impulses in to the CNS at the level of the spinal 

cord, relaying this signal to higher brain regions, and the interpretation and subsequent 

modulation of this painful signal. Ion channels have diverse and distinctive properties that 

influence pain processing through mediating the excitability of specialized neurons 

(nociceptors) in the pain pathway. The targeting of ion channels exclusively expressed in 

sensory neurons of DRG are principal candidates for the development of pain treatment 

strategies without CNS effects. However, this approach can be limited by several factors 

such as isoform selectivity. This can be particularly seen, with strategies targeting the 

voltage-gated sodium channels that are critical for the initiation and propagation of 
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electrical impulses. Several Nav channel isoforms (Nav1.3, 1.7-19) are predominately 

expressed in the Peripheral Nervous System (PNS), (Goldin et al., 1999; Catterall et al., 

2005) (described further in the section on Navs) each contributing to the phenotypes 

associated with the pathophysiology of pain. The targeting these channels can be difficult 

since they share a high degree of sequence homology, ~70% with individual isoforms 

(Goldin et al., 2000). Despite some essential drugs (lidocaine, bupivacaine) in clinical use 

today that target Navs function, Nav channels remain underexploited in drug discovery 

because of the non-selective nature of drugs for the various members of this class of ion 

channels. Therefore, it is clear that understanding the molecular mechanisms underlying 

Nav channel trafficking and subsequent internalization from the plasma membrane of 

neurons could provide critical insight into essential protein mediators required for Nav 

channel modulation and function. 

Alterations in ion channel expression and function in neurons, leads to changes in 

intrinsic excitability and drive diverse action potential firing properties that underlies 

nociception (Raouf et al., 2010). Persistent pain states result in increased neuronal 

excitability and spontaneous AP firing as a result of plastic changes in the expression of 

ion channels and signaling molecules. Ion channels provide a mechanism for acute 

response to intra- and extra-cellular changes within their environment. Disruption in ion 

channel expression, trafficking and membrane localization have been implicated in many 

diseases. Several ion channels have been implicated in neuronal excitability after nerve 

injury or inflammation, ion channels that have altered expression and membrane localization 

includes the sodium-activated potassium channels and voltage-gated sodium channel. 
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II. The Pain Pathway 

Neurons of the dorsal root and the trigeminal ganglia that are specialized for the 

detection of harmful stimuli are referred to as nociceptors (damage-sensing neurons).  

Nociceptors are specialized peripheral sensory neurons responsible for the detection of 

noxious mechanical, thermal and chemical stimuli. These sensory are highly enriched with 

receptors and ion channels that serve to modulate their function. Nociceptors are widely 

distributed throughout the body innervating target tissue such as muscle, viscera, joint, 

and skin. These neurons have a pseudo-unipolar morphology, extending one process to 

the periphery and the other to dorsal horn of the spinal cord or the trigeminal subnucleus 

caudalis, with the cell bodies of these neurons located in the Dorsal Root Ganglion (DRG) 

or Trigeminal ganglion (Li et al., 1993; Mirnics and Koerber, 1995; Basbaum et al., 2009; 

Dubin et al., 2010). The Dorsal Root Ganglion (DRG) neurons constitute a heterogeneous 

population of neurons with distinctive properties for the transmission of nociceptive, 

proprioceptive, pruriceptive, and mechanoreceptive stimuli from distant tissues to the 

central nervous system. Structural, biochemical and biophysical differences are typically 

used to classify DRG neurons into distinct subgroups. DRG neurons can be classified 

based on degree of myelination, cell body (soma) size, protein composition and dorsal 

horn projection (Scheme 1) (Price, 1985; McCarthy and Lawson, 1990; Scott, 1992; 

Lawson, 1995; Jackman and Fitzgerald, 2000; Priestley et al., 2002). DRG neurons are 

described by the degree of myelination in to Aβ, Aδ and C fibers. Aβ fibers account for 

~30% of all DRG neurons and are heavily myelinated which allows for rapid signal 

conduction. They have very low activation threshold and usually respond to non- noxious 

stimuli and light touch. The Aδ fibers are thinly myelinated, and conduct signals slower 
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than Aβ fibers ~5–30 m/s. They respond to both mechanical and thermal stimuli and are 

responsible for the initial reflex response to acute pain. C-fibers are unmyelinated and 

therefore conduct signals much slower than both Aδ and Aβ 0.4–1.4 m/s. C-fibers respond 

to chemical and high threshold mechanical stimuli; the activation of C-fibers leads to slow 

burning pain. C-fibers and Aδ fibers can be further subdivided by their neuropeptide 

expression pattern (see scheme 1 for further detail). 

Many extrinsic factors influence nociceptor function. They are activated by a variety 

of inflammatory mediators and trophic factors such as bradykinin, serotonin, 

prostaglandins, cytokines, H+, and Nerve growth factor (NGF). The activation of 

nociceptive DRG neurons leads to alterations in ion channel expression and signaling 

molecules. Changes to ion channel expression have profound effects on adaptional 

responses within these neurons. The increased trafficking and membrane expression of 

pronociceptive ion channels such as the voltage-gated sodium channels, contribute to an 

increase in pain response with concurrent increase in neuronal excitability as result of 

decrease in the threshold required to fire an action potential. In contrast, potassium 

channels are known to negatively mediate neuronal excitable and limit AP firing frequency. 

The physiological function of pain-sensing neurons is dictated by their ion channel 

repertoire, which is further regulated by protein mediators that influence the trafficking, 

membrane localization, and internalization/endocytosis of these ion channels. Disruption 

of ion channel function contributes to the many symptoms associated with the 

pathophysiology of pain and are therefore therapeutic targets for the treatment of pain. 
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Scheme 1. Myelinated AJ3-fibres from medium-sized DRG neurons are low threshold 
mechanoreceptors that mediate sensations of touch, pressure and vibration. These AJ3-
fibres terminate on interneurons in laminas Ill and IV of the dorsal horn as well as 
projecting rostrally through the dorsal columns. Thin, myelinated Ao-fibres and thin, 
unmyelinated C-fibres from small DRG neurons mediate pain or nociceptive responses to 
thermal (cold, heat) and punctate stimuli. These Ao- and C-fibres terminate in laminas I, II 
and V of the dorsal horn on second-order neurons that give rise to the ascending 
spinothalamic tract (STT). Small DRG neurons express different subsets of 
neurotransmitters (substance P (SP), calcitonin gene-related peptide (CGRP)) and 
neurotransmitter receptors (vanilloid receptor subtype 1 (VR 1 ), ATP-gated ion channel 
(purinoceptor) subtype (P2X3)). Small DRG neurons can also be classified on the basis of 
their receptors for nerve growth factor (NGF) (neurotrophic tyrosine kinase receptor type 1 
(TRKA)), glial-derived neurotrophic factor (GDNF) (GFRa1, RET) and artemin (ART) 
(GFRa3, RET). Of the small DRG neurons that give rise to C-fibres, one subset expresses 
TRKA, whereas the other subset binds the isolectin I 84 and contains the enzyme thiamine 
monophosphatase (TMP), with small overlap between these two subsets. Adapted from 
Sah et al., 2003. 
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III. Voltage- Gated Ion Channels 

The first description detailing voltage-gated ion channels were conducted on squid 

axons by John. Z Young in the early 1930’s. This initial work was further advanced by 

studies in the 1950’s and 60’s by Hogkin, Huxley, Katz and Hille who described the role of 

voltage-gated ion channels in the nervous system. These initial groundbreaking studies 

formed the basis of the discovery for different classes of voltage ion channels and their 

spatial and temporal distribution through the CNS and PNS. In the peripheral nervous 

system, the distribution of different classes of voltage-gated potassium (KV) and voltage-

gated sodium channels have been described. Nociceptive neurons of the dorsal root 

ganglion expressed an array of both Navs and Kv channels that are essential for the 

initiation and propagation of action potentials, the regulation of resting membrane potential 

and action potential firing frequency. This section will outline two different classes of 

voltage-gated ion channels that are essential for to the regulation of DRG neuronal 

excitability. We will explore these ion channel family subtypes, along with their structure 

and spatial localization in the nervous system. 

IV. Sodium-activated Potassium (KNa) channels 

Sodium-activated potassium (KNa) channels are encoded by two genes termed Slack 

(Slo2.2, Kcnt1) and Slick (Slo2.1, Kcnt2) and were first described in cardiomyocytes in the 

early 1980s (Kameyama et al., 1984). KNa channels are outward rectifying potassium 

channels that are activated by cytoplasmic increases in sodium [Na+] concentration (Dryer, 

1994; Bhattacharjee et al., 2003). Since the initial discovery of KNa channels, several 

studies have extensively characterized the tissue expression profile of KNa channels in the 
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mammalian nervous system, and in non-neuronal tissue such as cardiomyocytes and 

skeletal muscle (Kameyama et al., 1984; Bader et al., 1985; Dryer et al., 1989, Schwindt 

et al., 1989; Bischoff et al., 1998; Luk and Carmeliet, 1990). These unique and 

characteristically distinct potassium channels are critical mediators of cellular physiology 

within cells where they are expressed. In excitable cells such as neurons, KNa channels 

modulate physiological properties such as resting membrane potential, action potential 

repolarization, burst firing, and provide firing accommodation to maintained depolarization, 

in addition to regulating synaptic transmission (Haimann et al., 1992; Koh et al., 1994; 

Bischoff et al., 1998; Bhattacharjee and Kaczmarek, 2005; Evely et al., 2017). The 

expression of KNa channels in cardiomyocytes, has been shown to play a crucial role in 

protecting cells from injury during ischemic conditions. Gain of function mutations in KNa 

channels have been implicated in numerous disease states such as epilepsy and various 

intellectual disabilities. Recent studies of in the peripheral nervous system have implicated 

KNa channels as key mediators along the pain-axis. Animal knockout and knockdown 

models of KNa channels have suggested a key role for both Slack and Slick KNa channels 

during pain transmission. 

The structure of KNa channels is similar to that of the voltage-dependent potassium 

channel family consisting of an alpha-subunit that assembles in a tetrameric membrane 

protein complex to form physiological functioning channels. The alpha subunit of KNa 

channels are comprised of a cytosolic N-terminal and C-terminal third, and a hydrophobic 

core region (middle third) consisting of six alpha-helical transmembrane domains 

designated S1-S6. Within this core region, the pore-lining domain or P-region is formed by 

a membrane re-entrant hydrophobic loop along with the S5 and S6 transmembrane 
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segments (Chen et al., 2009). Unlike other voltage-gated potassium channels, KNa 

channels differ by possessing no charged residues in the S4 transmembrane domain that 

usually confers voltage sensitivity to these ion channels. The predicted length of KNa 

channels is 1237 amino acids, which is significantly larger than any of the Kv subunits. 

The core region of the Slack KNa channel only makes up one-seventh of the total protein 

size (Kaczmarek, 2013). The majority of the channel (~70%) is comprised of a vast C-

terminal which is essential for neuromodulatory functions. Within this expansive C-terminal 

region, there are two predicted regulators of the conductance of K+ (RCK) domains that 

are similar to those found in Slo1 channels (the large-conductance Ca2+-activated channel, 

BK). Furthermore, the C-terminus contains numerous modulatory sites such as a Na+ 

binding region, an NAD+ binding site which allosterically regulates channel opening 

(Tamsett et al., 2009), Protein Kinase A and C (PKA/PKC) phosphorylation sites, an 

Adaptor protein (AP-2) binding site for channel internalization (Gururaj et al., 2017) and a 

distal C-terminal Post Synaptic/Disc Large/ZO-1 (PDZ) binding motif, amongst others. The 

presence of these regulatory motifs suggests that KNa channel function is tightly regulated 

in the tissues where they are expressed. 

i. Slack KNa Channels 

Slack “sequence like a Ca2+-activated K+ channel” KNa channels have very large unitary 

conductance of ~180pS which is similar to that of Slo1 channels and significantly higher 

than Kv channels (~10 times higher) (Bhattacharjee et al., 2002). Slack channels have 

multiple sub-conductance states with an EC50 of 41mM for activation by Na+ (Yuan, et al., 

2003). When compared with Slick KNa channels (described below), Slack channels display 
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slower activation kinetics in response to cytosolic increases in Na+ concentration and are 

weakly dependent on intracellular Cl- (Bhattacharjee et al., 2003; Bhattacharjee & 

Kaczmarek, 2005, Tamsett et al., 2009). 

Changes in Slack expression dramatically influence neuronal excitability and synaptic 

function (Kaczmarek, 2013; Nuwer et al., 2010, Gururaj et al., 2017, Evely et al., 2017). 

Physiologically, Slack channels are key regulators of neuronal plasticity by; (1) influencing 

the resting membrane potential and (2) providing adaptation to high frequency firing by 

affecting the slow afterhyperpolarization (sAHP) in neurons. Factors which are critical for 

synaptic transmission, and hormone release in neuroendocrine cells (Bhattacharjee and 

Kaczmarek, 2005). Under normal physiological conditions the resting membrane [Na+]i in 

neurons ranges between 4mM and 15mM. Neuronal stimulation can drive sodium influx to 

as high as 100mM, which is sufficient to activate KNa channels. Furthermore, high 

frequency AP firing in neurons can increase the local intracellular [Na+]i concentration, 

which is critical for activation of Slack KNa channels. The two modes of Na+ entry during 

neuronal stimulation are persistent voltage-gated sodium channels and the ionotropic 

ligand gated glutamate channels i.e. AMPA and NMDA receptors. Therefore, it is thought 

that KNa channels are functionally coupled to these Na+ sources. 

Recent studies, proposed that Na+ influx through voltage-gated Na+ channels during 

action potential firing produces transient activation of KNa channels (Bader et al., 1985; 

Dryer et al., 1989). However, the precise sodium source for Slack channel activation is 

relatively unknown. Electrophysiological evidence has suggest that Slack KNa channels 

are localized in close proximity and are functionally coupled to Nav channels (Hage and 

Salkoff, 2012). This is further supported by DRG immunohistochemistry that demonstrated 
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overlapping expression of Slack KNa channels with Nav1.8 (Lu et al., 2015). Moreover, 

Slack channel immunoreactivity has been described at the internodes of myelinated axons 

which express high levels of sodium channels. These studies suggest that Slack channel 

function is potentially coupled to sodium channel function. 

As mentioned earlier, the extensive C-terminal of Slack KNa channels is comprised of 

several protein modulatory binding motifs. Various intracellular signaling pathways have 

been associated with the regulation of KNa channels in neurons (Bhattacharjee and 

Kaczmarek, 2005). Activated PKA and PKC can modulate the current amplitude of Slack 

channels when expressed in Xenopus oocytes and several mammalian cell lines. PKC, 

Nicotinamide Adenine Dinucleotide (NAD+), and phosphatidylinositol 4,5-biphosphate 

(PIP2) are known to increase Slack channel current amplitudes through direct interaction 

or via phosphorylation of specific amino acid residues (Santi et al., 2006; Tamsett et al., 

2009; Barcia et al., 2012). The action of PKA to reduce Slack channel amplitude is thought 

to be indirect; activation of PKA affects Slack channel plasma membrane expression. 

Indeed, it was demonstrated that PKA activation promotes Slack channel internalization 

and this process was dependent upon adaptor protein 2/clathrin-mediated endocytosis 

(AP2-CME) (Nuwer et al., 2010; Gururaj et al., 2016). Of note, decreased membrane Slack 

channel expression in neurons is associated with loss of firing accommodation and 

neuronal hyperexcitability. Furthermore, p38 mitogen-activated protein kinase (p38-

MAPK) phosphorylation was shown to be both necessary and sufficient for Slack channel 

membrane expression. These findings highlight the importance of cellular regulations that 

affect Slack channel function, trafficking, and membrane localization. It also provides a 
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basis for the overall function of these channels under distinctive disease pathologies where 

numerous intracellular signaling pathways are dysregulated. 

Recently, studies have implicated Slack KNa channel in various disease pathologies 

which include neuropathic and inflammatory pain, epilepsy, and intellectual disabilities 

(Kim & Kaczmarek, 2014; Lu et al., 2015; Møller et al., 2015, Evely et al., 2017). In Slack 

knockdown/out animal models, mice displayed increased mechanical allodynia and 

neuropathic pain behaviors (Lu et al., 2015). Moreover, in humans’ single amino acid 

mutations in Slack channels have produced devastating effects on development and 

intellectual function (Hille, 2001; Barcia et al., 2012). Noted Slack channelopathies include 

autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), which is a childhood-onset 

focal epilepsy syndrome in which motor seizures arise during sleep, and malignant 

migrating partial seizures of infancy (MMPSI), which is a disease characterized by 

pharmacoresistant seizures in the first months of life that arise randomly and “migrate” 

from one brain region to another (Kaczmarek et al., 2013). Current data suggests heavily 

traffic to and from plasma membrane in neurons to effectively regulate neuronal 

excitability. Understanding the trafficking mechanism underlying Slack dysregulation may 

lead to new targets to treat different diseases where Slack channel function is affected. 

ii. Slick KNa channels 

Slick ‘sequence like an intermediate conductance potassium channel’ (Kcnt2, Slo2.1, 

KNa1.2) is the second member of the KNa channel family and shares approximately 74% 

homology to Slack channels (Scheme 2). Like Slack, Slick channels have a very large 

unitary conductance of ~140pS and display rapid activation kinetics in response to a 
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depolarizing stimulus. Slick channels have a basal level of activity in the absence of Na+ 

whereas Slack channels have an absolute requirement on Na+ for activation. The EC50 for 

Na+ is significantly higher for Slick than Slack channels and the overall electrophysiological 

properties and cellular modulation of Slick are very distinct from Slack. Slick channels 

contain a consensus ATP binding site downstream of the second RCK domain that can 

regulate Slick current amplitude. Slick channels are strongly regulated by ATP, the addition 

of 5mM ATP potently inhibit Slick channel activity by approximately 80%. Slick channels 

also differ from Slack in their sensitivity to intracellular Cl- ([Cl-]i), the effect of increased 

[Cl-]i concentration was shown to be greater for Slick channel activation than for Slack 

channel (Kaczmarek, 2013). 
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Scheme 2. Principal domains within Slack and Slick subunits, and 
characteristics of Slack and Slick channels at the macroscopic and single
channel levels. A. There are two Slack isoforms (Slack-A and Slack-8). Slack-A 
has an N terminus that is almost identical to that of Slick (represented by the 
gray oval). Both Slack-A and Slack-8 have a large C-terminal region containing 
two regulators of K+ conductance (RCK) domains, an ATP-binding domain and 
a PDZ domain. B. The loci and kinetics of Slack-8 and Slick. Whole-cell 
currents (upper insets) were recorded in response to 200ms pulses to 
potentials between -120 and +120mV. Single-channel records (lower insets) 
are at a membrane potential of +80mV. Whole-cell currents and single-channel 
records. Adapted from Bhattacharjee and Kaczmarek, 2005. 

Structurally, Slick channels differ from Slack channels mostly in their N-terminus 

sequence. Slick contains a putative PY (PPXY) (where ‘x’ can be any amino acid) motif in 

its N-terminus. PY motif is the consensus binding site for WW (Tryptophan-Tryptophan) 

domain containing proteins, such as the E-3 ubiquitin ligase Nedd4-2. Slick channels are 
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notoriously difficult to express in heterologous expression as compared with the Slack 

channels. This may be due to the presence of the PY motif, which could make Slick 

channels more vulnerable to ubiquitination and subsequent proteasomal degradation. Like 

Slack, Slick contains an evolutionarily conserved putative PDZ-binding domain in the distal 

C-terminal that could potentially localize the channel to specific subcellular locations in 

neurons by associating with PDZ domain-containing scaffolds. 

Slick channels are dysregulated in numerous physiological and pathophysiological 

states. Recent studies have suggested a role for Slick channels in rodent models of 

inflammatory and neuropathic pain (Tomasello et al., 2017). Mutations in human Slick 

channels have been associated with epileptic encephalopathy. Indeed, Gururaj et al., 

(2017) demonstrated that Phe240Leu rSlick and hSLICK mutant channels have altered 

selectivity resulting in a change in channel function that produces profound neuronal 

hyperexcitability. Overall, Slick channel functions are distinct and diverse, affecting 

different neuronal physiological properties such as neuronal excitability and plasticity. 

iii. Slack and Slick channel localization 

KNa channels demonstrate ubiquitous expression throughout the mammalian nervous 

system with both Slack and Slick mRNA immunoreactivity showing similar significant 

expression in different regions of the rodent brain. Overlapping expression was found 

within the brainstem, vestibular and oculomotor nuclei, auditory system, olfactory bulb, red 

nucleus, deep cerebellar nuclei, thalamus, substantia nigra, and amygdala (Bhattacharjee 

et al., 2002). Recent studies have demonstrated high expression of the KNa channels, 

Slack and Slick in the PNS, i.e., trigeminal and dorsal root ganglion. Slack channels are 
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ubiquitously expressed in cell bodies and axonal tracts of both peptidergic and non-

peptidergic DRG neurons (Nuwer et al., 2009; Lu et al., 2013). Whereas, Slick channels 

were shown to be preferentially expressed in CGRP-positive peptidergic DRG neurons 

(Tomasello et al., 2017). The expression of Slack and Slick are not only limited to the 

central and peripheral nervous system, Slack and Slick channels are also expressed in 

the heart and kidneys where they have distinct and diverse physiological function 

(Bhattacharjee et al., 2005; Brown et al., 2008; Joiner et al., 1998; Yuan.et al., 2003). 

Despite similarities in sequence, structure, and tissue localization profile, Slack and 

Slick channels appear to have very different roles in physiological as well as 

pathophysiological conditions (Bhattacharjee et al., 2002, Bhattacharjee et al., 2003, Rizzi 

et al., 2016, Tomasello et al., 2015; Martinez-Espinosa et al., 2015; Tomasello et al., 

2017). Overall, Slack and Slick are very broadly expressed in the CNS and PNS, where 

they are key determinants of firing patterns of various neuronal subpopulations. The 

expression profile, along with recent physiological and pathophysiological studies, suggest 

that Slack and Slick channels influence the normal development of neurons, synaptic 

plasticity, and shape neuronal function. Studying the regulatory mechanisms that influence 

Slack and Slick channel membrane expression and trafficking should provide greater 

insight on factors that influence these ion channels’ function. 

V. Voltage-gated Sodium Channels 

Voltage-gated sodium channels are essential for the rapid increase in sodium 

conductance in excitable cells that occurs during the initial upstroke phase of an action 

potential. The increased Na+ influx is essential for the initiation and propagation of action 
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potentials in neurons and other excitable cells including muscle, and neuroendocrine cell 

types. Voltage-gated sodium channels are also known to be expressed in non-excitable 

cells; however, their physiological function is unclear. These channels exist in three states: 

open, closed, and the inactivated state. At resting membrane potentials, these channels 

reside in a closed conformation and are activated by membrane depolarization resulting 

in a voltage-dependent conformational change that increases sodium permeability. Nav 

channels inactivate in response to prolonged depolarization, these channels are refractory 

to activation until the cell is repolarized thereby allowing the channels to return to the 

resting state. 

The voltage-gated sodium channel subfamily consists of ten distinctive members 

that have been cloned from cDNAs and genomic DNAs. Nine members have been 

functionally characterized (Nav1.1-1.9) that are encoded by the SCN1A-SCN5A and 

SCN8A-SCN11A genes. Pharmacologically Navs can be divided into two subtypes based 

on their sensitivity to Tetrodotoxin (TTX): (1) TTX- sensitive Navs (Nav1.1-1.4, 1.6 and 

1.7; IC50-nano molar range), display activation at around -40mV and have fast inactivation 

kinetics; and (2) TTX-resistant Navs (Nav1.5, 1.8 and 1.9; IC50-micro molar range). In 

comparison to Nav1.5 and 1.9 which activates at more hyperpolarized voltages and 

inactivates more slowly, Nav1.8 channels activate and deactivate at more depolarized 

voltages. 

Structurally, Navs are composed of a single pore-forming α-subunit of 

approximately 260 kDa and one or more auxiliary β-subunits of approximately 33-36 kDa 

(Catterall, 2001). The α-subunit of Navs consists of four homologous domains (I–IV), each 

of these domains consists of six transmembrane segments designated S1–S6 which are 
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Scheme 3. Structure and distribution of mammalian voltage-gated sodium channel a
subunits. A. General structure of the voltage-gated sodium channel. B. Table of the 
mammalian voltage-gated sodium channel a-subunits and their distribution in various 
tissues. Adapted from Sean Freeman, 2015. 

connected by three cytoplasmic linker regions (L1-L3). The S4 transmembrane segment 

contained within each domain contains positively charged amino acids (Arg or Lys) at 

every third amino acid residue that act as the voltage sensor. The membrane re-entrant 

hydrophobic loop (P-loop) along with the S5 and S6 transmembrane segments forms the 

pore of the channel that is responsible for ion conduction. The inactivation of sodium 

channels is facilitated by a short intracellular loop (L3) located between domains III and 

IV, in this region the critical amino acids sequence IFM acts to block the channel pore 

thereby producing the rapid inactivation seen in the activation state. 

The distinctive expression profiles and the varying subcellular localization is 

consistent with the diverse roles for individual Nav channels in mammalian physiology. In 

the adult CNS, Nav1.1, Nav1.2, and Nav1.6 are abundantly expressed. Furthermore, 

Nav1.1 and Nav1.2 are localized to the cell bodies of neurons, where they function to 
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regulate neuronal excitability. This happens through the integration of synaptic impulses, 

thereby setting the threshold for action potential initiation and propagation to the dendritic 

and axonal compartments. During early development, Nav1.2 is highly expressed at nodes 

of Ranvier, however its expression at the nodes is replaced by Nav1.6 at the maturing 

nodes. Tissue expression of Nav1.1, Nav1.3 and Nav1.6-1.9 have been described 

throughout the PNS. However, the expression of Nav1.7-1.9 is restricted to the PNS 

(Akopian et al., 1996; Toledo-Aral et al., 1997; Dib-Hajj et al., 1998). The expression of 

Nav1.7 channels, in the PNS, localizes to axons and is essential for the initiation and 

conduction of the action potential, chiefly by amplifying small depolarizing inputs (Black et 

al., 2012). Nav1.8 channel expression is restricted to small and medium-diameter neurons 

that are thought to sub-serve nociception. Nav1.8 is crucial for the depolarizing phase of 

action potentials in nociceptive DRG neurons accounting for approximately ~90% of the 

upstroke of the AP in neurons where they are expressed. Nav1.9 channels are 

predominantly expressed in small diameter, non-peptidergic DRG neurons. The other 

voltage-gated sodium channels, Nav1.4 and Nav1.5 are predominately expressed in 

skeletal and cardiac muscles, regulating the properties of action potential firing. Though 

most voltage-gated sodium channels share similar sequence homology, small differences 

in sequence and distinct cellular and tissue localization of the various isoforms contribute 

to specialized functional characteristics in physiology and pharmacology. Understanding 

the modulators that regulate trafficking and membrane expression of sodium channels are 

of utmost importance in developing a better understanding of the pathophysiological 

process underlying pain. 

i. Role of Voltage-gated sodium channel in Pain 
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Multiple studies have supported one or more dysregulated isoforms of voltage-gated 

sodium channels along the nociceptive pathway. Both human and animal studies have 

pointed to several critical sodium channels that are essential for signal transmission during 

pain processing such as Nav1.3, and Nav1.7-1.9 (Levinson et al., 2012). In animal models 

of nerve injury and inflammation, sodium channel genes are transcriptionally regulated in 

DRG neurons (Waxman et al., 2001). An example of transcriptional regulation is the 

expression of Nav1.3; during development Nav1.3 is highly expressed in DRG neurons, 

however in adult DRG neurons the expression of Nav1.3 is undetectable. After nerve 

damage or degeneration the expression of Nav1.3 can be detected, contributing 

significantly to the development neuropathic pain (Waxman et al., 1994; Dib-Hajj et al., 

1996, Black et al., 1999; Hains et al., 2005). Sodium channel dysregulation has been 

associated with numerous painful neuropathies. Nav1.7-Nav1.9 have been linked to 

Inherited erythromelalgia (IEM) Paroxysmal, extreme pain disorder and congenital 

insensitivity to pain (CIP), painful peripheral neuropathy, familial episodic pain, and the 

inability to experience pain with self-mutilation (Dib-Hajj et al., 2007; Drenthe and 

Waxman, 2007; Leipold, E. et al., 2013; Zhang, X. Y. et al., 2013; Huang, J. et al. 2014). 

ii. Nav1.8 in pain processing 

Nav1.8 is predominantly expressed in small and medium diameter neurons in the 

dorsal root ganglia, which are thought to subserve nociception. Nav1.8 plays a crucial role 

in nociceptor excitability at low temperatures and thereby is an essential component in 

detection and propagation of cold stimuli (Zimmerman et al., 2009). A role for Nav1.8 in 

inflammatory pain has been well established in animal’s studies. In Nav1.8 knockdown 
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studies using RNAi or antisense oligonucleotides, loss of Nav1.8 was shown to reduce 

pain sensitivity. In Nav1.8 knockdown rodent models, complete loss of Nav1.8 reduced 

thermal hypersensitivity and inflammatory pain behaviors in the Complete Freund’s 

Adjuvant (CFA) model. While the role for Nav1.8 in inflammatory pain is well stablished, 

the role of Nav1.8 in neuropathic pain is unclear. In Nav1.8 antisense targeting studies, 

knockdown of Nav1.8 attenuates the development and maintenance of neuropathic pain 

in rats. On the other hand, Nav1.8 knockout mice, as well as Nav1.7-1.8 double knockout 

mice, showed normal pain behavior in neuropathic pain models. Human gain-of-function 

mutations associated with Nav1.8 channels induces mechanical hypersensitivity in 

patients with small fiber neuropathies. These mutations result in increased excitability of 

nociceptors characterized by decreased activation threshold, increased firing frequency, 

and increased spontaneous firing. 

An increasing number of neurological and psychiatric disorders have been found to 

result from alterations in the interaction between ion channels and scaffolding/modulatory 

proteins. Alteration of ion channels and modulatory proteins can result in dysregulated ion 

channel trafficking and subcellular localization. Understanding the molecular mechanisms 

underlying ion channel trafficking can provide new tools for therapeutic intervention. 

Several studies have investigated the association between ion channels and pain 

pathologies and demonstrated that in many instances the interaction between the channel 

and a modulatory protein are responsible for the underlying pathophysiology. For example, 

it has been demonstrated that the interaction of Shank3 protein with TRPV1 is associated 

with pain insensitivity (Han et al., 2016). Similarly, the interaction of proteins and 

specifically Shank3 with mGluRs receptor is associated with autism (Durand et al., 2007). 
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In addition, the interaction between mGluR7 and PICK1 (protein interacting with C kinase 

1) is implicated with neurological disorders like epilepsy and in fact, in vivo studies showed 

that injecting rats and mice with a cell permeable mimetic peptide to specifically disrupt 

this interaction, display a phenotype characteristic of absence seizures. 

VI. Membrane-associated Guanylate Kinase Homologue (MAGUKs) 

The family of Membrane-Associated Guanylate Kinase (MAGUKs) are multi-

domain-containing scaffolding proteins in a structure protein network that are responsible 

for spatial organization at regions of cell contact such as epithelial tight junctions and 

neuronal synaptic junctions (presynaptic and postsynaptic compartments) (Dunn and 

Ferguson, 2015). MAGUKs are critical for mediating a variety of cellular processes, 

including cell-cell communication, the establishment and maintenance of cell polarity, and 

cellular signal transduction (Fanning et al., 1998; Aoki et al., 2001; Tanentzapf and 

Tepass, 2003; de Mendoza et al., 2010; Mino et al., 2000). These scaffolding proteins are 

characterized by multiple protein-protein interacting domains that enables the macro-

complexing of cell adhesion molecules, cytoskeletal proteins, receptors, ion channels and 

intra-cellular signaling molecules at defined plasma membrane locations. MAGUKs are 

key regulators of normal cellular physiology by influencing the trafficking, localization and 

endocytosis of ion channels and receptors. The MAGUK family have a large and diverse 

set of protein interaction domains that allows for heterogeneity in their interactions with 

target proteins. The protein-protein interacting domains varies among individual MAGUKs 

and are key determinants of their function. These scaffolding proteins generally interact 
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with a specific set of target proteins, however in several cases different MAGUKs can 

interact with similar proteins oppositely regulating their function (Xu et al., 2001). 

Structurally the MAGUK family of proteins can be divided into several subfamilies 

based on common protein-interacting domains shared. Common structural features 

amongst all MAGUKs includes the presence of one or multiple PDZ domains, Guanylate 

Kinase (GK) domains, and Src Homology (SH3) or WW domains. Individual subfamilies 

are distinct in the presence of protein interacting domains. Subfamilies of MAGUKs 

includes the palmitoylated proteins (MPPs), zona occludens (ZO), caspase recruitment 

domain-containing MAGUK protein (CARMA), discs larges (DLGs) and MAGUK with 

inverted orientation PDZ proteins (MAGIs) (Oliva et al., 2012). Within each subfamily, 

similarities between protein interacting domains can often lead to redundancy in function. 

One of the most important members of the MAGUK family is the membrane-associated 

guanylate kinase, WW and PDZ domain-containing proteins (MAGIs). The Magi proteins 

are unique because of their structural arrangement of PDZ and WW domains. In Magi 

proteins, the SH3 domain present in all other MAGUKs is replaced by two tryptophan-

tryptophan (WW) domains. Vertebrates express several isoforms of Magi proteins: Magi-

1 (BAI-1), Magi-2 (SSCAM) and Magi-3 which have distinct subcellular localization and 

binding partners. Sequence alignment of the different isoforms demonstrates that Magi-1 

shares approximately 48% and 50% sequence homology with Magi-2 and Magi-3, 

respectively. 
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i. Membrane-associated guanylate kinase, WW and PDZ domain-containing 

protein (Magi) 

The Magi family are multi-domain-containing scaffolding proteins that contain six PDZ 

domains, a catalytically inactive guanylate kinase domain and two WW domains 

(Debrosotskaya et al., 1998; te Velthuis et al., 2007; Oliva et al., 2012; Dunn and Ferguson, 

2015). The Magi’s are the only known protein family with the unique combination of a GK 

domain, two WW domains and 6 PDZ. There are three known isoforms of Magi, Magi 1-3, 

which share similar structure and function. Furthermore, these proteins show distinct 

cellular localization. In the nervous system, Magi-1 localizes with presynaptic proteins such 

as synaptophysin whereas Magi-2 and Magi-3 localize to the postsynaptic density (Ito et 

al., 2012). Magi proteins, through their multiple protein-interacting domains can participate 

in the assembly of as many as nine proteins. These proteins are considered to be essential 

for assembly and the organization of multiple proteins (receptors and ion channels), 

signaling molecules and cell adhesion molecules at regions of cell-cell contact (gap 

junctions, tight junctions and synapses). 

The Magi proteins play key roles in several cellular processes such as cell adhesion, 

neuronal death, protein complex formation, protein stability and intracellular signaling (Pim 

et al., 2002; Shiratsuchi et al., 1998; Rovelet-Lecrux et al., 2011; Kremerskothen et al., 

2006; Wu et al., 2000). Therefore, it is not surprising that Magi proteins have been 

associated with several pathophysiological states. Recent studies have described distinct 

roles for Magi proteins in renal diseases, cancers and physciatric disorders such as 
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schizophrenia and bipolar affective disorders (Tanemoto et al., 2015; Karlsson et al., 2012; 

Li et al., 2017; Piluso et al., 2017; Bierzynska et al., 2017). 

Magi-1, also known BAI-1 associated protein or atrophin interacting protein -3 (AIP-3), 

is widely expressed in most tissues with the exception of skeletal muscle (Laura et al., 

2002; Ito et al., 2012). Several studies have addressed the importance of Magi-1, as an 

essential protein scaffold for numerous tight junction related proteins and intracellular 

signaling molecules. Magi-1 has been previously shown to interact, through its PDZ and 

WW domains with the distal C-terminal PDZ motif and PY motifs of ion channels, 

receptors, and signaling molecules. The list of proteins which interact with Magi-1 includes: 

the acid-sensing ion channel 3 (ASIC3), calcium- activated potassium channel subunit 

Slo1 and the p75 Neurotrophic Receptor (p75-NTR), KCNJ10/KCNJ16 heteromer, 

amongst others. Many of these proteins are highly expressed in the nervous system and 

are key determinants of neuronal excitability. However, most of these interactions were 

studied in over-expression studies and their function in the nervous system remains to be 

resolved. Most of what we know about Magi-1 function and protein interactions comes 

from non-neuronal tissue and heterologous expression system. 

Until recently, Magi-1 was thought to be predominately expressed in non-neuronal 

tissue. Utilizing biochemical and immunohistochemical approaches Ito et al., (2012) 

detected high expression of Magi-1 in different neuronal tissues of the PNS and CNS. 

Magi-1 was reported to be highly expressed in Purkinje cells, hippocampal neurons (CA1 

region), the olfactory bulb, and at the dorsal root entry zone in the rat embryonic spinal 

cord. The tissue profile expression software BioGPS likewise supports the expression of 

Magi-1 in the PNS and CNS, with highest expression in the dorsal root ganglion and 
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hippocampus. The neurophysiological roles of Magi-1 is relatively unknown; however, 

recent human genetic studies have recently identified MAGI-1 mutations in psychiatric 

disease, particularly schizophrenia and bipolar affective disorders (Karlsson et al., 2012; 

Li et al., 2017; Piluso et al., 2017). This suggests that Magi-1 may play a pivotal role in the 

excitability of neurons. 

Magi-2, also known as Synaptic Scaffolding Molecule (SSCAM), serves to assemble 

synaptic multiprotein complexes which are critical for the development and maintenance 

of synapses. The highest expression of Magi-2 was found in the kidney and brain, followed 

by skeletal muscle, pancreas, ovary, and heart. Magi-2 is highly enriched in neuronal 

tissues, and have been found to localize preferentially to postsynaptic regions (both 

excitatory and inhibitory synapses) where it interacts with the glutamate receptor N-methyl-

d-aspartate (NMDA) (Hirao et al., 2000). Magi-2 plays an essential role in postendocytotic 

trafficking of receptors and ion channels and also serves a protective role for proteins 

targeted for degradation by the E-3 ubiquitin protein ligase Nedd4-2 (Xu et al., 2001; 

Shirata et al., 2017). Magi-2 is critical for development of neurons and dendritic processes 

and is thought to be the most significant Magi isoform in renal tissue. Magi-2 knockout 

mice suffer neonatal lethality as a result of serve renal dysfunction and have abnormal 

elongated dendritic spines (Iida et al., 2007; Balbas et al., 2014; Ihara et al., 2014). 

Magi-3 is ubiquitously expressed in in the PNS and CNS. Immunohistochemical 

analysis of adult mouse brain detected Magi-3 in subclasses of neurons that also showed 

high TGF-alpha, including neurons in the cortex and dentate gyrus, ependymal cells, and 

some astrocytes (Franklin et al., 2005). Magi-3 is known to regulate numerous cellular 

signal transduction pathways such Rho and extracellular signal-regulated kinase 1 and 2 
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(ERK1/2) (Zhang et al., 2007). Recent studies have demonstrated that Magi-3 but not 

Magi-2 expression increases after siRNA mediated knockdown of Magi-1 (Hammad et al., 

2018). This suggest a compensatory role may exists for Magi proteins. Therefore, when 

studying knockout models of individual Magi’s, the expression of other Magi-1 family 

proteins should be assessed. The role of Magi proteins as essential scaffolds has been 

demonstrated for ion channels, receptors and signaling pathways. However, the neuronal 

role of Magi-1 proteins still remains poorly understood. In this study, we will explore the 

role of Magi-1 on DRG neuronal function and the contribution of Magi-1 to pain processing.  

In the following chapters, we will present data demonstrating that KNa channels are 

coupled to Nav channels by Magi-1 scaffolding. Previously it was proposed that KNa 

channels are coupled to Nav channels and in these studies, we demonstrate functional 

coupling between KNa channels and Nav channels through Magi-1 binding. The results 

demonstrate that Magi-1 scaffolding of KNa and Nav channels are essential for regulating 

DRG neuronal excitability. Furthermore, we demonstrate that Magi-1 was essential for 

inflammatory and neuropathic pain processing in mice. While Magi-1 is known to scaffold 

ion channels in non-neuronal tissue, a functional role for Magi-1 and ion channel function 

in the nervous system was previously unknown. Our results are the first to describe a 

Magi1 function in the DRG neurons and the pathophysiology of pain. 
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G. Chapter 1: Magi-1 scaffolds Nav1.8 and Slack KNa channels in dorsal root 

ganglion neurons regulating excitability and pain. 

Kerri D. Pryce1, Dalia Agwa2, Katherine M. Evely2, Rasheen Powell1, Garrett D. Sheehan1, 

Allan Nip1, Danielle L. Tomasello2, Sushmitha Gururaj1 and Arin Bhattacharjee1,2. 

1Pharmacology and Toxicology, The State University of New York at Buffalo, Buffalo, New 

York, USA. 

2Program of Neuroscience, The State University of New York at Buffalo, Buffalo, New 

York, USA. 

I. Abstract 

Nav1.8 channels regulate action potential generation in nociceptive neurons identifying 

them as putative analgesic targets. Here we show that Nav1.8 channel plasma membrane 

localization, retention, and stability occur through a direct interaction with the PDZ- and 

WW-domain containing scaffold protein called Magi-1. Dorsal root ganglion specific 

knockdown of Magi-1 attenuated thermal nociception and inflammatory pain and produced 

deficits in Nav1.8 protein expression. A competing, cell-penetrating peptide mimetic 

derived from the Nav1.8 WW binding motif decreased sodium currents, reduced Nav1.8 

protein expression, and produced hypoexcitability. Remarkably, a phosphorylated variant 

of the very same peptide caused an opposing increase in Nav1.8 surface expression and 

repetitive firing. Likewise, in vivo the peptides produced diverging effects on nocifensive 

behavior. Additionally, we found Magi-1 bound to Slack KNa channels demonstrating 

macro-complexing with Nav1.8 channels. Taken together, these findings suggest that 
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Magi-1 is an essential scaffold for ion transport in DRG neurons and a central player in 

pain. 

II. Introduction 

Nociceptive neurons are endowed with a specific subset of voltage-dependent 

sodium channels allowing neurons to uniquely respond to noxious and inflammatory 

stimuli. Therefore, a current strategy for new analgesic development relies on targeting 

nociceptor-specific sodium channels. For example, the Nav1.8 channel (SCN10A) has 

distinctive biophysical properties (Akopian et al., 1999) permitting nociceptive neurons to 

repetitively fire action potentials under compromised conditions associated with tissue 

damage (Cummins et al., 2007). This has led to the clinical testing of Nav1.8 channel 

specific blockers for pain relief. Because channels also traffic to the membrane during 

inflammatory signaling (Liu et al., 2009; Vijayaragavan et al., 2004), an alternative 

approach to affect Nav1.8 channel functioning would be to perturb their trafficking. 

However, the precise molecular mechanisms controlling Nav1.8 channel trafficking are not 

completely understood (Bao, 2015). Nav1.8 channels like many potassium channels, 

including Slack sodium-activated channels (Kcnt1), contain putative post-synaptic density-

95/discs large/zonula occludens-1 (PDZ) binding motifs (Joiner et al., 1998; Shao et al., 

2009) and there is evidence that ion channels can associate with PDZ containing scaffolds 

to boost membrane expression (Uchino et al., 2003). Additionally, membrane regulation 

of Nav1.8 channels was shown to be dependent upon ubiquitin ligases (ULs) (Fotia et al., 

2004; Laedermann et al., 2013). ULs, use WW binding domains to bind to recognition sites 

in proteins for subsequent ubiquitination and degradation (Ingham et al., 2004). WW 

domains are 40 amino acid protein modules that mediate protein-protein interactions 
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through recognition of proline-rich peptide motifs and phosphorylated serine/threonine-

proline sites (Ingham et al., 2005). Group 1 WW domains bind the motif PPXY where X 

can be any amino acid. Interestingly, most of the Nav pore-forming subunits, including 

Nav1.8, contain highly conserved PPXY motifs in their respective C-termini (Fotia et al., 

2004), serving as sites for WW domain interaction. An effective scaffold protein should be 

able to anchor Nav1.8 channels at the membrane and shield channels against ULs. 

Repetitive firing during inflammatory signaling can also be facilitated by a decrease 

in potassium channel activity. For example, protein kinase A-mediated internalization of 

Slack KNa channel in DRG neurons resulted in a loss of firing accommodation and 

hyperexcitability (Nuwer et al., 2010). This channel internalization process was recently 

shown to be dependent upon adaptor protein 2/clathrin-mediated endocytosis (AP2-CME) 

(Gururaj et al., 2017). Inhibiting AP2-CME with a cell-penetrating peptide prevented PKA-

induced repetitive firing of DRG neurons (Gururaj et al., 2017). Importantly, 

immunohistochemistry studies found Slack KNa channels to be co-localized with Nav1.8 

channels in DRG neurons (Lu et al., 2015) and electrophysiological studies suggested that 

KNa channels reside in close proximity and possibly are functionally coupled to Nav 

channels (Hage and Salkoff, 2012). The scaffolding mechanism anchoring Slack KNa 

channels at the DRG neuronal membrane is unknown, but Slack and the other KNa channel 

subunit called Slick (Kcnt2) contain identical Class I PDZ binding motifs at the ends of their 

respective C-termini (Bhattacharjee and Kaczmarek, 2005). Using web-based 

bioinformatics tools (Kundu and Backofen, 2014), we determined that Membrane-

Associated Guanylate Kinase with Inverted Orientation 1 (Dobrosotskaya et al., 1997), a 
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protein with multiple PDZ domains, was a potential binding partner to both Slack and Slick 

KNa channels. 

In addition to containing PDZ domains, the Magi family of scaffold proteins is unique 

amongst all other PDZ scaffolding proteins because they also contain WW domains 

(Zheng et al., 2011). Sequence alignment demonstrated that Magi-1 WW domains are 

highly homologous to Nedd4-2 WW domains (Martinez-Rodriguez et al., 2015), and the 

WW domains of Magi-1 have an absolute requirement for a PPXY motif for protein 

interaction compared to other WW domain-containing proteins (Yazicioglu et al., 2013). 

While there are many PDZ binding proteins known to associate with Magi-1, it remains 

unclear as to why Magi-1 contains WW domains. Indeed, there are only a few WW domain-

containing proteins that do not have UL activity, but their function may be to protect other 

proteins against UL-dependent degradation. For instance, the YAP1 protein and Magi-2, 

through its WW domain, was shown to protect against Nedd4-2 mediated protein 

degradation (Skouloudaki and Walz, 2012, Shirata et al., 2017). 

The neurophysiological roles of Magi-1 are largely unknown; however, human 

genetic studies have revealed that MAGI-1 mutations are associated with psychiatric 

disease, particularly schizophrenia (Karlsson et al., 2012; Li et al., 2017; Piluso et al., 

2017). Notably, the extensive and diverse literature of clinical and experimental reports 

suggests that many individuals with schizophrenia are less sensitive to pain than normal 

individuals (Dworkin, 1994). Moreover, this appears not to be dependent upon the 

psychotic state but is trait-dependent since family members of schizophrenic patients also 

exhibit pain insensitivity (Hooley and Delgado, 2001). Here we studied the consequences 

of Magi-1 deficiency on pain sensitivity. We demonstrated that membrane targeting of 
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Nav1.8 and KNa channels is dependent upon Magi-1. We characterized the expression 

and distribution of Magi-1 in DRG neurons and found that knockdown of Magi-1 caused a 

reduction in sodium (INa) and potassium (IK) currents and diminished excitability in neurons. 

We also determined that Nav1.8 and Slack KNa channels are complexed together. In vivo 

knockdown of Magi-1 suppressed pain behaviors and produced a significant loss of 

Nav1.8 channel protein expression. Finally, using WW motif cell-penetrating 

peptidomimetics, we showed that Nav1.8 channel trafficking can be pharmacologically 

manipulated. 

III. Materials and methods 

Animals 

All animals used in the present study were housed at the University at Buffalo (UB) 

Laboratory Animal Facility on a 12/12 light/dark cycle with free access to food and water. 

All experimental procedures were in accordance with the guidelines in “Guide for the Care 

and Use of Laboratory Animals” from the National Institute of Health and were approved 

by the University at Buffalo Institutional Animal Care Use Committee. 

Primary DRG neuronal cultures 

Timed-pregnant Sprague–Dawley rats (Harlan, Indianapolis, IN) were used for 

culturing neurons. On the day of the dissection, rats were euthanized by CO2 asphyxiation 

and embryos were extracted at embryonic day 15 (E15). DRG neurons were dissected 

from the embryos and enzymatically digested with Trypsin (2.5mg/ml) at 37°C for 45min, 

followed by dissociation and plating. DRG neurons were plated onto poly-D-lysine (Sigma; 

100ug/ml) and laminin (Invitrogen; 3ug/ml) coated coverslips. Neurons were maintained 

at 37°C in a 7% CO2 humidified incubator in serum-free medium, comprised of the trophic 
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factors N2 (Gemini Bio products; 1%), l-Glutamine (Invitrogen; 200μg/ml), and NGF 

(Harlan; 100ng/ml; essential for embryonic neuronal survival) in 50% DMEM and 50% F-

12 (Nuwer et al., 2010). The reliance of embryonic DRG neurons on NGF selects for the 

small-diameter population that is thought to underlie nociception and thermoception (Ruit 

et al., 1992). Two days after DRG dissection, DRG neurons were cultured in C2 media 

containing the anti-mitotic agent cytosine β-d-arabinofuranoside hydrochloride (Sigma; 

3uM). This was followed by two days of recovery were neurons received regular serum 

free media before neurons were used for experiments. All subsequent experiments using 

embryonic cultures were performed on days 5–10 of neuronal culture. 

Cell culture 

Chinese Hamster Ovary (CHO) cells were cultured at 37°C in 5% CO2 in Iscove's 

Modified Dulbecco's Medium (IMDM) supplemented with 10% FBS, 1% 

hypoxanthine/thymidine (HT) supplement (Life Technologies) and 1% penicillin-

streptomycin. CHO cells were plated on 12mm coverslips for immunolabeling 

experiments, in 35mm dishes for all electrophysiology experiments, and in six-well culture 

plates for biochemical experiments. Cells were co-transfected with either 0.5ug Slick 

(pTRACER) or 0.5ug Slack (pTRACER) plus 0.5ug Magi-1 (pcDNA3.1; Addgene) or 0.5ug 

empty vector using lipofectamine (ThermoScientific) as per manufacture’s guidelines. The 

Magi-1 clone was mutated to include a Kozak sequence at the 5’ end to boost protein 

expression. 

DRG siRNA Transfection 

Small interfering RNA (siRNA) directed against Magi-1 was purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). A negative control siRNA composed of a 
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scrambled sequence was obtained from the same vendor. For each experiment, neurons 

were transfected with Magi-1 siRNA or a non-targeting control siRNA. Cultured DRG 

neurons (described above) were transfected using lipofectamine 2000 (ThermoScientific) 

following the manufacturer’s protocol. Briefly, 300pmoles of Magi-1 targeting siRNA or 

non-targeting (scrambled) siRNA was used to transfect DRG neurons plated on 12mm 

coverslips in 24 well plate for electrophysiology recordings or in six well plates for 

biochemical analysis. siRNA transfected DRG neurons were used in experiments 48-

72hrs. post-transfection. 

Electrophysiology 

All data was acquired using the Axopatch 200B amplifier (Molecular Devices,) and 

Multiclamp-700B (Molecular Devices, Sunnyvale, CA), digitized and filtered at 5 kHz. Data 

acquisition was monitored and controlled using pClamp 10 (Molecular Devices). Whole-

cell patch-clamp recordings were performed on cultured DRG neurons, and CHO cells 

transiently transfected with WT or mutated Slack with Magi-1. Glass electrodes were 

pulled using a vertical pipette puller (Narishige International USA, Amityville, NY) and fire 

polished to be of 5-8MΩ resistance. Pipettes were filled with solution containing (in mM) 

124 K-gluconate, 2 MgCl2, 13.2 NaCl, 1 EGTA, 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP 

at pH 7.2 for neuronal recordings, and with 32.5 mM KCl, 97.5 mM potassium gluconate, 

5 mM EGTA and 10 mM HEPES (pH 7.2) (Joiner et al., 1998) for CHO cell Slack and Slick 

recordings. The bath solution for all cells contained (in mM) 140 NaCl, 5.4 KCl, 1 CaCl2, 1 

MgCl2, 10 HEPES, and 10 glucose (pH 7.4). Identical bath and pipette solutions were used 

in both the voltage-clamp and current-clamp modes. In voltage-clamp mode, macroscopic 

currents were recorded at voltages ranging from -120 to +120. Cells were clamped at -
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70mV and voltage steps of 20mV applied for 200ms durations. A current-clamp protocol 

consisting of depolarizing steps in increments of 10pA from 10 to 200pA (20ms duration) 

was used to examine action potential firing. Firing frequency of individual neurons was 

assessed by measurement of repetitive discharge upon injecting of a supra-threshold 

stimulus of 400pA for 1000ms. For INa recordings, the pipette solution contained (in mM): 

130 CsCl, 13 CsF, 10 tetraethylammonium chloride, 1 MgCl2, 1 EGTA, 2.5 Na2ATP, 10 

HEPES, pH was adjusted to 7.2 with CsOH. The bath solution contained (in mM) 140 

NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose (pH 7.4). For TTX-resistant 

INa, DRG neurons were recorded in a bath solution containing 250nM TTX. DRG neurons 

were recorded at voltages ranging from -60 to +60mV. Cells were held at -70mV and INa 

was evoked by incremental 10mV depolarizing steps for 50ms duration. 

Immunohistochemistry 

Sciatic nerve (SN), lumbar spinal cord (SC), lumbar, and thoracic DRGs were 

isolated from adult mouse. Briefly, animals were anesthetized with fetal plus, perfused 

transcardially with iced cold PBS containing heparin (50ug/ml) and sodium nitrite (5mg/ml) 

followed by cold 4% paraformaldehyde (PFA). DRGs, SN, and SC were subsequently 

removed, cleaned of surrounding tissue and post-fixed in 4% PFA overnight at 40C. The 

following day, SN and DRGs were transferred to 20% sucrose (Cryoprotect). After two 

days DRGs, SN and SC were removed from sucrose and embedded in freezing media 

and store at -800C for future use. 16um sections of DRGs, 10μm sections of SN, and 20um 

sections of SC were made using a cryostat. Slices were permeabilized with a PBS solution 

containing 0.4% Triton X-100. Sections were then blocked for 2h at room temperature with 

PBS containing 5% BSA. Then sections were incubated with a mixture of primary 
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antibodies in PBS containing 5% BSA overnight at 4°C. All primary antibodies were 

previously validated which included: mouse anti-Nav1.8 antibody (1:250; NeuroMab) 

(Ritter et al., 2015), rabbit anti-Magi-1 antibody (1:100; Abcam) (Ridgway et al., 2009), 

mouse anti-Magi-1 antibody (1:100; Novus Biochemical) (Xu et al., 2008), rabbit anti-

Caspr (1:250; Abcam) (Gonzalez et al., 2016) and chicken anti-Slack antibody (1:750) 

(Bhattacharjee et al., 2002). After several rinses, secondary antibodies Alexa Fluor 633 

goat anti-mouse, Alexa Fluor 488 goat anti-rabbit, and Alexa Fluor 546 goat anti-chicken 

were added (1:1000) overnight. Coverslips were then mounted on slides using Prolong 

Gold antifade reagent with 4′,6′-diamidino-2-phenylindole dihydrochloride. Cell size 

characterization of Magi-1 immunolabelling was analyzed using the MetaMorph software 

(Molecular Devices). 

Western Blot Analysis 

Total proteins were collected from transfected CHO cells, spinal cord and DRG. 

Tissue was homogenized in RIPA buffer supplemented in protease inhibitor cocktail 

(Sigma). Immunoblotting was performed as previously described (Nuwer et al., 2010). 

Briefly, proteins were separated on 4-15% Mini-PROTEAN TGX Precast Gel (Bio-Rad) 

and transferred to a 0.45μm nitrocellulose membrane (BioRad). Membranes were probed 

overnight at 4°C with antibodies against Slack anti-mouse (1:500; NeuroMab) (Gururaj et 

al., 2016), rabbit anti-β-Actin (1:500; Millipore), rabbit anti-Magi-1 (1:100; Abcam), mouse 

anti-Magi-1 (1:100; Novus Biochemical), mouse anti-Nav1.8 (1:200; NeuroMab), mouse 

anti-Flag (1:500; Sigma) in 5% milk prepared in 1X Tris-buffered saline tween (TBST). On 

the following day, the membrane was washed three times for five minutes in 1X TBST 

before being incubated for 1hr at room temperature in Anti-mouse or Anti-rabbit 
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horseradish peroxidase conjugate (1:5000; Promega) and 0.1% BSA prepared in 1X PBS. 

The membrane was again washed three times for five minutes before being developed 

and imaged. Bands were visualized with enhanced chemiluminescence (Thermo 

scientific) and quantified with Image J Software (NIH). Each experiment was repeated at 

least three times. 

Co-Immunoprecipitation 

CHO cells in six-well plates were transiently transfected with WT or mutated Slack 

with or without Magi-1 plasmids respectively. Cells were then lysed with 100μl/well ice-

cold RIPA buffer supplemented with protease inhibitor cocktail (Sigma). 60μl/well of 

Protein G-linked Sepharose bead slurry (GE Healthcare) was washed three times with ice-

cold lysis buffer and incubated on a rotator overnight at 4°C with 4μg of rabbit Magi-1 

antibody (Abcam) or mouse anti-Slack antibody (neuroMab) in PBS with 0.1% Tween-20 

and cell lysate (3 wells/sample). On the following day, samples were centrifuged and 

supernatants were stored separately. Pellets were washed three times with cold lysis 

buffer and bound protein was eluted via boiling three times at 9°C for 8 min each. Samples 

were centrifuged to separate proteins into the supernatant, which was then denatured with 

Sodium Dodecyl Sulfate (SDS) and loaded onto a Ready Gel (Bio-Rad) (4-15% Tris–HCl) 

as the immunoprecipitate. The supernatants collected and whole cell lysate (total input) 

were also denatured with SDS and run as controls. Samples were probed for Slack or 

Nav1.8 and actin protein by western blot, as described above. 

Surface Protein Biotinylation 

Plasma membrane protein expression was detected using a protein biotinylation 

assay. Briefly, CHO cells or DRG neurons in six-well plates were used at 48hrs after 
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transient transfection of plasmid constructs or Magi-1 targeting siRNA respectively. For 

peptide incubation, neurons were incubated for 24hrs. 160μl of 10mM Sulfo-NHS-SS-

Biotin (Thermo Scientific) was added to each well and incubated at room temperature for 

45min. The biotinylation reaction was terminated using 10mM glycine (Quenching 

solution). Cells were harvested, washed in TBS and lysed on ice for 30min in a lysis 

buffer/protease inhibitor cocktail. Lysates were collected and incubated with 500uL of 

NeutrAvidin Agarose for 60min at room temperature with rotation. Following incubation, 

the column underwent centrifugation to collect the unbiotinylated protein. To elute the 

biotinylated proteins, sodium dodecyl sulfate (SDS) and dithiothreitol (DDT) were added 

to column membrane and incubated with rotation for 1hr at room temperature. Biotinylated 

and unbiotinylated samples were probed for Slack or Nav1.8 and Actin protein by Western 

blot, as described above. 

Nociception Testing 

Baseline thermal nociceptive behavior was measured using the automated 

Hargreaves Apparatus by Ugo Basile (Varese, Italy). Naïve C57Bl/6 Mice (8–10 weeks) 

(Envigo) underwent two days of habituation followed by three days of measurements. On 

days 1 and 2 (habituation), mice spent 30min in homecages adjusting to the testing room 

and were then transferred to testing chambers for 1hr. On days 3 through 5, mice 

underwent testing. An infrared stimulus (IR 40) was delivered through the plexiglass floor 

to the plantar surface of the hind paw, and the latency to withdrawal was measured 

automatically. For each subject, three to six measurements per hind paw were taken and 

used to calculate the average latency to withdraw (seconds). A maximum IR exposure 
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time of 15s was established to ensure no tissue damage occurred, and at least 5min was 

allowed between measurements taken from the same mouse. 

In vivo transfection with jetPEI®/Magi-1 shRNA plasmid DNA polyplexes 

The spinal nerve injection protocol was adopted from (Chang et al., 2016) and 

optimized for spinal nerve injection in mice. Three days after baseline thermal behavior 

was established, mice were anesthetized using isoflurane (induction: 4% and 

maintenance: 2%), and placed in a prone position. A 3-cm posterior longitudinal skin 

incision was made at the lumbar segment of the spine. The ipsilateral paraspinal muscles 

were carefully separated, using a pair of sterile toothpicks, from their attachments at the 

L4~S1 levels of the vertebral column. 1.5ul of PEI/shRNA plasmid DNA polyplexes at an 

N/P ratio of 6 were injected directly in the spinal nerve of the right hind paw slowly using a 

syringe connected to a 26-gauge needle (Hamilton 80030, Hamilton, Reno, NV). Magi-1 

shRNAs and control shRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA, USA) and were identical to the siRNA sequences described above. After injection, the 

needle was held at the spinal nerve for 1min to prevent leakage. Complete hemostasis 

was confirmed, and the wound was sutured with wound clips. Mice were allowed to recover 

for 7 days before thermal nociceptive behavior was tested again. 

Formalin test 

Mice were habituated in the behavior room for 15min, then 30min in the formalin 

chamber before formalin injection. 20mL of 5% formalin (in sterile saline) was injected 

intraplantarly into the right hind paw and mice were placed back in chamber for video 

recording. The total time spent lifting, the total number of licks, and the number of flinches 

were recorded in 5min intervals for 60min. The measurements from two observes blinded 
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to the experimental condition for each video recording was average to get final 

measurements at each time point. 

RNA Extraction and cDNA Synthesis 

RNeasy Micro Kit (Qian) was used for total RNA extraction from mouse lumbar 

DRG neurons. RNA was reverse transcribed with SuperScript III Reverse Transcriptase 

(Life Technologies). Polymerase chain reaction was performed using this cDNA as the 

template with previously validated primers against Magi-1 (Xu et al., 2008) and Nav1.8 

(Kerr et al., 2004). Transcriptional abundance was measured by thermocycler using SYBR 

Green PCR Master Mix. For quantification, a 50 cycle two step denaturing and annealing 

protocol was used, with a 15sec absorbance reading on BioRad iQ5 cycler. Each sample 

was performed in triplicates. 

Peptides 

We designed the N-terminal myristoylated PDZ peptide peptidomimetic 

NPETRDETQL based upon the C-terminal sequence of the rat Slack channel. This peptide 

and the scrambled variant peptide, QPNTRLDETE, were synthesized by GenScript. 

Similarly, the PY peptide SATSFPPSYDSVTRG and the phospho-PY peptide 

SATSFPPSYDSV(pT)RG were designed based upon the WW binding domain in rat 

Nav1.8 channels. These peptides and the scrambled peptide SDRPVTSYSFSAPG were 

also synthesized by GenScript. Intraplantar dosing was chosen based on a prior study 

demonstrating the analgesic effects of hindpaw intradermal injections of a different 

myristoylated peptide (Weng et al., 2015). 

Data Analysis 
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Clampfit (Molecular Devices) and Origin 8.0 (Origin Lab) software were used for all 

electrophysiology data analysis. Densitometry analyses of Western blots were done using 

Image J (NIH) software. Statistical analysis was done using GraphPad Prism 4 (GraphPad, 

San Diego, CA). Single between group comparisons were made using Student's t-test. 

Multiple comparisons were investigated using one-way or two-way ANOVA followed by 

Bonferroni’s test to detect pair wise between-group differences. Data are presented as 

mean +/- SEM. 

IV. Results 

Evolutionarily conserved type 1 PDZ motif regulates Slack and Slick channel 
membrane expression. 

Our interest in Magi-1 arose from a search of putative PDZ domain containing 

proteins that could bind to the Slack KNa PDZ binding motif that is evolutionarily conserved 

(Figure 1A). As we have previously demonstrated Slack KNa channel trafficking is a 

determinant of DRG neuronal excitability (Gururaj et al., 2017; Nuwer et al., 2010) and 

identifying the anchoring protein at the plasma membrane could serve as a novel analgesic 

target. Using the PDZ protein interactive predictor (PDZPedInt, University of Freiburg), 

and inputting the Slack amino acid sequence we identified Magi-1 as a potential Slack 

channel interactor, specifically the second and fifth PDZ domain of Magi-1 (Kundu and 

Backofen, 2014; Kundu et al., 2014). To first characterized the significance of the Slack 

PDZ motif in a neuronal system, we designed a PDZ peptide mimetic identical to the Slack 

PDZ motif to compete with Slack channel PDZ binding (myristoyl-NPETRDETQL). Adding 

a myristoyl group to the N-terminus of peptides facilitates cell penetration (Nelson et al., 

2007) and uptake into DRG neurons (Gururaj et al., 2017). DRG neurons were pre-
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incubated for 24hrs with the PDZ peptide or a scrambled peptide control (myristoyl-

QPNTRLDETE). Slack knockdown, Slack knockout and Slack internalization in DRG 

neurons have all been shown to cause repetitive firing (Gururaj et al., 2017; Lu et al., 2015; 

Nuwer et al., 2010) and current-clamp recordings showed that incubation with the PDZ 

peptide triggered similar repetitive AP firing (Figure 1B). We found that the competitor 

PDZ peptide significantly reduced the plasma membrane expression of Slack KNa 

channels compared to a scrambled peptide control in biotinylation assays (Figure 1C). 

These results demonstrate that PDZ binding is essential for anchoring Slack channels at 

the neuronal membrane. 
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Figure 1: A. Amino acid alignment of orthologous Slack subunits (Xenopus, chicken, rat, and human 
Slack) and the rat Slick subunit distil C-termini. The final four amino acid (ETQL) represents a 
consensus Type 1 PDZ motif (X-S/T-X-V/L/I) that is evolutionarily conserved in Slack and Slick KN, 
channels. B. DRG neurons treated with a PDZ peptide mimetic derived from the Slack C-terminal 
sequence. Scrambled peptide (23/23) and untreated neurons (17/17) fire one action potential followed 
by firing accommodation, whereas neurons treated with PDZ peptide exhibited repetitive firing (>3 
APs) (11/21) during suprathreshold stimulation (400 pA) for 1000 ms). C. Representative 
immunoblots of surface biotinylation assays from DRG neurons 24hrs after PDZ peptide incubation 
compared to a scrambled peptide (bottom left). Quantification of surface Slack expression is shown on 
the right. Values expressed as+/- SEM. (14 = 2.987, *p<0.0405, n=3 independent cultures per group, 
two-tailed t test). D. Representative current traces of Slack and Slack PDZ Mut when recombinantly 
expressed in CHO cells with or without Magi-1 (top). Current density analysis for each experimental 
conditions (bottom). For each experimental condition currents from 20-25 cells were analyzed and 
values expressed as +/- SEM, *p<0.05, vs. respective controls. E. Representative immunoblot of 
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We next confirmed that Magi-1 interacted with Slack channels in DRG neurons. To 

this extent, we performed co-immunoprecipitation (Co-IP) assay from DRG tissue lysates 

(Sup. Figure 1A). Double-immunolabeling studies depicted co-localization between Magi-

1 and Slack KNa channels in cultured and intact DRG neurons, and spinal cord sections 

(Supplemental 1B). We also confirmed the binding of Magi-1 to Slack KNa channels during 

heterologous expression (Sup. Figure 1C-D). Co-expression of Magi-1 and the Slack-B 

subunit (Brown et al., 2008), increased Slack current density in Chinese hamster ovary 

(CHO) cells (Figure 1C), however, co-expression of Magi-1 with a mutated Slack construct 

with a truncated PDZ motif did not affect Slack current density (Figure 1D). This suggested 

that the Slack PDZ binding motif was essential for mediating the interaction with Magi-1. 

Indeed, Co-IP assays confirmed that Slack KNa channels interacted with Magi-1 via its C-

terminal PDZ motif (ETQL) (Sup. Figure 1D). To verify the role of Magi-1 on Slack channel 

membrane expression, we performed surface biotinylation and confirmed that co-

expression of Magi-1 with Slack increased slack channel expression at the plasma (Figure 

1E). Furthermore, we demonstrated co-localization between Magi-1 and Slack during 

heterologous expression (Sup. Figure 1E). Slick, the other member of the KNa family of 

channels, which shares approximately 74% sequence homology to Slack, has the same, 

evolutionarily conserved, Class 1 PDZ binding motif (ETQL) (Figure 1A). We assessed 

whether Magi-1 also modulated Slick channel activity in CHO cells by co-expressing Magi-

1 and Slick. Western Blot analysis and patch-clamp recordings revealed that Magi-1 

potentiated Slick current density, but differing with Slack-B, it also increased total Slick 

protein expression by 8-fold (Figure 2A and B). Magi-1 was also shown to co-localize with 

Slick channels when heterologously expressed in CHO cells (Sup. Figure 1F). Taken 
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together, Magi-1 influence Slack KNa currents through increase Slack channel membrane 

expression. As it relates to Slick, Magi-1 seems to serve a stabilizing function as Magi-1 

expression resulted in increased Slick channel protein expression. 
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Figure 2: Magi-1 increased Slick current density. A. Representative current traces of Slick 
currents when recombinantly expressed with or without Magi-1 in CHO cells (top), (bottom) current 
density analysis of Slick currents for each condition. 25 cells were analyzed and values expressed as 
+/- SEM, *p<0.05, vs. respective controls. B. Representative immuoblot depicting total Slick protein 
expression. Results were taken from three independent cultures and values are expressed as mean 
+/- SEM (t4 = 6.152, **p<0.0021 , n=3 cultures per group, two-tailed t test). 
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Sup. Figure 1: Slack interacts with Magi-1 via PDZ Evolutionarily 
conserved PDZ motif. A. Representative immunoblots of co
immunoprecipitation (Co- IP) assay between Magi-1 and Slack from 
intact adult mice DRG neurons. B. Double immunolabelling experiments 
depicting co-localization between Magi-1 (green) and Slack (red) in 
cultured DRG neurons (panel 1 ), intact DRG neurons (panel 2), and the 
Spinal cord (Panel 3). Scale bar, 50um. C. Representative immunoblots 
from Co-IP between Magi-1 and Slack when recombinantly expressed in 
CHO cells. D. Representative blot of Co-IP between Magi-1 and mutant 
Slack with truncated PDZ motif. Truncation of the Slack PDZ motif 
abolished the binding between Magi-1 and Slack E. Double 
immunolabelling experiments showing overlapping expression between 
Magi-1 (green) and Slack (red) and F. Magi-1 (green) and Slick (red) in 
CHO cells. 

Magi-1 knockdown suppresses IK and produces hypoexcitability in cultured DRG 

neurons. 

Next, we examine the physiological function of Magi-1, therefore we used 

previously validated small interfering RNA (siRNAs) (Ridgway et al., 2009; Zou et al., 

2011) to knockdown Magi-1 in cultured DRG neurons. We verified Magi-1 knockdown by 

immunolabeling and Western blot analyses (Figure 3A and B) using a previously 

validated Magi-1 antibody (Ridgway et al., 2009). Significant Magi-1 knockdown was 

observed, we achieved approximately 70-75% when compared to a non-coding scrambled 
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control siRNA 72hrs after transfection. (Figures 3A-B). To evaluate the effect of Magi-1 

knockdown on DRG neuronal excitability we performed current clamp recordings. Magi-1 

knockdown resulted in DRG hypoexcitability with neurons failing to fire APs (Figure 3C 

and Sup. Figure 2A). Voltage-clamp recordings showed a significant reduction in outward 

IK density after Magi-1 knockdown although the transient outward current was still present 

(Figure 3D). We, therefore, examined the effect of Magi-1 knockdown on KNa Slack 

channel surface levels. Membrane biotinylation assays revealed a substantial decrease 

in membrane Slack channel expression ~70% compare to controls (Figure 3E). However, 

unlike previous results that showed decrease Slack channel membrane expression 

produce DRG hyperexcitability (Nuwer et al., 2010), we observed the opposite. Taken 

together, these results suggest that Magi-1 scaffolding was essential for Slack membrane 

expression, however other Magi-1 binding proteins also play a significant role in regulating 

neuronal excitability. 
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~ Magi-1 knockdown decreases DRG neuronal excitability. A. Representative Magi-1 
immunolabeling from cultured DRG neurons 3 days after transfection with Magi-1 targeting siRNA 
and non-targeting scrambled siRNA (left). Quantification of Magi-1 immunoreactivity shown on the 
right. Values from four independent DRG neuronal cultures per experimental condition were 
analyzed and values and expressed mean +/-SEM. (A NOVA, F " ·'" = 32.25, p<0.0003, ... p<0.001 
vs. respective controls. B. Representative immunoblots demonstrating depicting Magi-1 
expression after siRNA mediated Magi-1 knockdown. Magi-1 antibody detects multiple splice 
variants as indicated by multiple bands on western blot. Quantification of Magi-1 knockdown in 
DRG neurons (right). Three different cultures per experimental condition were analyzed and 
values expressed as mean+/- SEM. (AN OVA, F ,,., = 42.94, p=0.0003, ... p <0.001 vs. respective 
controls. C. Representative AP firing from neurons after siRNA mediated Magi-1 during 
suprathreshold current stimulation (400 pA) for 1000 ms, untransduced (10/10), scrambled DRG 
neurons 12/12 fire 1 AP whereas 12/18 neurons transfected with Magi-1 siRNA failed to fire a 
single AP. D. Representative current traces of IK in DRG neurons after Magi-1 knockdown (top). 11-
12 neurons/experimental condition were analyzed and values expressed as mean +/- SEM. 
"p=<0.05. E. Representative immunoblots of surface biotinylation from DRG neurons after Magi-1 
knockdown (left). Quantification of Slack channel surface expression is shown on the right. Three 
independent cultures were analyzed and values expressed as mean+/- SEM. (ANOVA, F " ·"= 
10.84, P=0.0102, --p<0.01 vs respective controls. 
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used to elicitAPs. Magi-1 knockdown caused graded potentials rather 
than typical APs. B. Measurements of AP height in untreated (n = 10), 
scrambled siRNA: (n = 12), and Magi-1 siRNA n = 18 neurons. AP 
amplitudes were analyzed for these experimental conditions and values 
are expressed as mean+/- SEM. (ANOVA, F (2,321 =39.64, P<0.001 , 
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Magi-1 knockdown decreases Nav1.8 plasma membrane expression in DRG 

neuronal cultures. 

To test the idea that Magi-1 scaffold other ion channels in DRGs we decided to 

focus on Voltage-gated sodium channels (Navs) that are critical determinants of neuronal 

excitability. To assess the physiological function of Magi-1 knockdown on the inward 

sodium current (INa) in DRG neurons we used whole-cell voltage-clamp recordings. 

Notably, Magi-1 knockdown produced a significant reduction in total INa (Figure 4A-C). 

The peak tetrodotoxin (TTX)– sensitive and the TTX–resistant components of INa were 

both significantly reduced compared to neurons treated with control siRNA. This decrease 
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in INa was sufficient to explain the hyoexcitability phenotype seen in DRG neurons during 

Magi-1 knockdown in the presence of decreased membrane Slack. Of note, the culture 

conditions of our DRG neurons favor the TrkA positive, small and medium diameter 

nociceptive subtype of DRG neurons (see methods) that expressed high levels of Nav1.8. 

In nociceptive DRG neurons that expressed Nav1.8, Nav1.8 accounts for up to 90% of the 

upstroke of the action potential (Renganathan et al., 2001). Since Magi-1 knockdown 

reduces the TTX–resistant component of the inward sodium current, of which Nav1.8 is a 

significant contributor, we next investigated the surface expression of Nav1.8 after Magi-

1 knockdown. Indeed, using biotinylation assays, we found decreased membrane 

expression of Nav1.8, ~50%, after Magi-1 knockdown (Figure 4D). Together, these results 

suggest that Magi-1 is an essential scaffold for the membrane localization of both Nav1.8 

and Slack channels in sensory neurons. 
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Magi-1 is expressed small- and medium- sized DRG neurons, in their axonal tracts 

and at nodes of Ranvier. 

We next sought to verify the expression of Magi-1 in subsets of DRG neurons as 

an indication of its broader physiological function. The Allen Mouse Spinal Cord Atlas and 

BioGPS support high Magi-1 message within DRG neurons. According to BioGPS DRG 

neurons has the second highest Magi-1 mRNA tissue expression profile, with the 

hypothalamus accounting for the highest expression. Moreover, the Allen Atlas depicts 

differential Magi-1 expression in small- and medium-sized, presumably nociceptive DRG 

neurons. Magi-1 immunolabeling was also previously shown in the growth cones of 

cultured DRG neurons and within the dorsal root entry zone of embryonic spinal cords (Ito 

et al., 2012). We confirmed Magi-1 expression in adult mouse DRG neurons and spinal 

cord tissue by Western blot (Figure 5A) and immunohistochemistry analyses (Figure 5B). 

Furthermore, histological examination of the sciatic nerve showed high Magi-1 

immunoreactivity along axonal fibers, and at the Nodes of Ranvier using the paranodal 

marker Caspr (Figure 5C). Cell size analysis indicated highest distribution of Magi-1 in 

DRG neurons within small- and medium-sized DRG neurons (<600 um2) (Figure 5D) 

similar to the data found in the Allen Mouse Spinal Cord Atlas. The tissue expression 

profile of Magi-1 in small- and medium-size DRG neurons and the dorsal horn of the Spinal 

cord points to a potential function for Magi-1 in pain. 

53 



 

 

  

 

A. 

B. 

DRG Control 

137 kDa =~====::::::: 
42 kDa 

Spinal 
Cord Control 

Magi-1 

Actin 

Magi-1 Dapi Merge 
• -• 

, ~-
' D. 

,:::r'v~~ ~~~ ~'j:,~I;::, f:,'J>~I;::, _,'b~I;::, 

'\,,;s b<<:::i focy 

Area of Neurons (um2) 

Figure 5: Magi-1 is expressed in DRG neurons, spinal cord, sciatic nerve and at Nodes of Ranvier. A. 
Representative immunoblots depicting Magi-1 expression in intact DRG neurons (left) and spinal cord (right) 
B. Representative immunolabeling images showing Magi-1 (green) expression in cultured DRG neurons 
(panel 1), DRG sections (panel 2) and the spinal cord (panels 3 and 4). Panel 3 demonstrates control 
immunolabeling, stained with secondary antibody only. Dapi (blue) labels all nuclei of cells. Scale bars, 50um. 
C. Double irnmunolabeling depicting Magi-1 (red) and the paranodal marker Caspr (green) in sciatic nerve 
sections (top). Scale bar, 50um. Arrows indicate Magi-1 labeling at nodes of Ranvier. Bottom, insets 
represents high magnification images of Magi-1 immunoreactivity at nodes. Scale bar, 10um. D. Frequency 
distribution of Magi-1 in intact DRG neurons of varying cell body (soma) size. A total of735 neurons from four 
mice were analyzed. 

Magi-1 mediates coupling between Slack KNa channels and Nav1.8 in DRG neurons. 

Previous reports showed that neuronal KNa channel activity decreases when 

sodium entry pathways are blocked, suggesting that Nav channels reside in proximity to 

KNa channels (Hage and Salkoff, 2012; Takahashi and Yoshino, 2015). Moreover, a co-

immunolocalization was previously observed between the Slack KNa channel and Nav1.8 

in DRG neurons (Lu et al., 2015). Our data also suggest a possible coupling as indicated 

by decreased membrane localization of Nav1.8 and Slack channels after Magi-1 

knockdown. We therefore, examined the possibility of Magi-1 interacting with Nav1.8 in 

DRG neurons and whether Magi-1 facilitated a coupling of Nav1.8 with Slack KNa 

channels. In Co-IP assays, we confirmed that Magi-1 interacted with Nav1.8 channels 

(Figure 6A). Double immunolabeling studies also depicted a co-localization between 

Magi-1 and Nav1.8 in cultured and intact DRG neurons and within the spinal cord (Figure 

6B). We also verify that Nav1.8 and Slack KNa channels localized together in DRG 
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neurons (Figure 6D). To further test the possibility that Magi-1 was responsible for 

functionally coupling Nav1.8 with Slack, we performed Co-IP experiments with Slack and 

Nav1.8 from DRG lysates. To this extent, we successfully co-immunoprecipitated Slack 

with Nav1.8 (Figure 6C) indicating that Nav1.8 and Slack KNa channels are complexed 

together in DRG neurons. Overall, these results suggest that Magi-1 scaffolds both Slack 

and Nav1.8 in sensory neurons localizing their function. 
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Figure 6: Magi-1 increased Slick current density. A. Representative current 
traces of Slick currents when recombinantly expressed with or without Magi-1 in 
CHO cells (top), (bottom) current density analysis of Slick currents for each 
condition. 25 cells were analyzed and values expressed as+/- SEM, *p<0.05, vs. 
respective controls. B. Representative immuoblot depicting total Slick protein 
expression. Results were taken from three independent cultures and values are 
expressed as mean+/- SEM (t4 = 6.152, **p<0 0021 , n=3 cultures per group, two
tailed t test). 
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In vivo Magi-1 knockdown in DRG neurons causes pain insensitivity. 

Since Magi-1 was critical for ion channel membrane localization within DRG 

neurons, we hypothesized that in vivo knockdown of Magi-1 should attenuate pain 

behavior. To test this hypothesis, we used a novel spinal nerve injection technique of non-

viral vectors (Chang et al., 2016) containing short hairpin RNA (shRNA) sequences. This 

in vivo transfection method, adapted for mice allowed shRNA plasmid uptake by DRG 

sensory neurons via axonal retrograde transport and did not require paraspinal muscle 

dissection that is necessary for rats (Chang et al., 2016). The schematic representation 

of our experimental outline is depicted in Figure 7A. Intra-spinal nerve injection of Magi-1 

shRNAs in naïve mice induced a marked and persistent reduction in thermal nociception 

compared to control shRNA (Figures 7B and C). To assess the intra-differences in 

withdrawal latency within animals we subtracted the contralateral (un-injected) paw 

withdrawal latency (PWL) from the ipsilateral (injected) PWL. Within individual animals, 

there was a significant ~3-second increase in PWL in mice injected with Magi-1 shRNA as 

compared with paw injected with non-targeting shRNA. We next examined the effects of 

Magi-1 knockdown in an acute inflammatory pain model (formalin assay) (Hunskaar and 

Hole, 1987). Intraplantar (I.pl.) injection of 5% formalin induced the typical biphasic 

inflammatory pain responses associated with this acute inflammatory pain model. The first 

phase of the formalin test last for ~10 minutes and is believed to result from direct 

stimulation of nociceptors. The second phase formalin response last from 15-60 mins and 

is believed to be a combination of inflammation in the peripheral tissue and plastic changes 

in the dorsal horn of the spinal cord. To this extent, fifteen days (15) after injection with 

Magi-1 shRNA, the second phase formalin-induced inflammatory pain was significantly 
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reduced as measured across all three nocifensive behaviors measured (Figure 7D and 

Sup. Figure 4A). 

Fifteen days after in vivo transfection, we confirmed Magi-1 knockdown in the DRG 

and sciatic nerve of shRNA injected mice by immunohistochemical and biochemical 

analysis. We observed a significant loss of Magi-1 immunoreactivity in the ipsilateral DRG 

and sciatic nerves from mice injected with Magi-1 shRNA as compared to contralateral 

DRG from the same mouse, as well as mice injected with control shRNA (Figure 8A). We 

also verified Magi-1 transcript knockdown using RT-PCR (Sup. Figure 3B). Magi-1 protein 

knockdown was confirmed by western blot (~70-75%) (Figure 8B) and was comparable 

to the knockdown achieved in vitro (Figure 3A-B). Together, these results suggest that 

Magi-1 was critical to the development of acute nociception and formalin induced 

inflammatory pain. 
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Figure 7: In vivo Magi-1 knockdown attenuates thermal nociception and inflammatory pain behavior. A. 
Experimental timeline before and after Magi-1 knockdown in vivo. B. Hargreaves test for thermal nociception 
showed reduced paw withdrawal threshold in ipsilateral paw injected with Magi-1 targeting shRNA when 
compared to the contralateral paw. No significant difference was seen in paw withdrawal threshold between 
paws in mice injected with non-targeting sh RNA. Behavior was taken from nine (9) different animals (3 females 
and 6 males) per experimental condition and analyzed. Values are expressed as mean+/-SEM. (2 way Mixed 
ANOVA, F<3.144i=36.18, p<0.0001,***p<0.001 vs respective controls). C. Difference score analysis showing ~3 
sec difference in withdrawal latency between ipsilateral and contralateral paw after Magi-1 shRNA in vivo 
transfection (Days 7, 11 and 15). (2 way AN OVA, F <1.aoi =66.32, p<0.0001, *p<0.05 vs control). Values are 
expressed as mean+/- SEM. D. Formalin induced second-phase inflammatory pain as measured by three 
nocifensive behaviors (paw licking (left), lifting (middle) and whole body flinches (right)) in each interval of 5 mins, 
is reduced in mice injected with Magi-1 targeting shRNA after 15 days as compared to controls. Behavior from 
nine different animals (n=9) per experimental condition was analyzed and values are expressed as mean+/
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Figure 8: Verification of Magi-1 knockdown in vivo. A. Representative Magi-1 immunolabelling in DRG 
sections obtained from a mouse injected with Magi-1 targeting shRNA (left bottom) compared to a mouse 
injected with non-targeting scrambled sh RNA (left top). Magi-1 immunoreactivity was significantly reduced in 
ipsilateral paw from mice injected with Magi-1 sh RNA as compared to contralateral paw (right). No significant 
change in immunoreactivity was observed in mice injected with non-targeting scrambled sh RNA. DR Gs from 
three different animals were analyzed and values expressed as mean +/-SEM (ANOVA, F c320i = 9.872, 
p=0.0003, **p<0.01 vs. respective controls). B. Western blot confirmation of Magi-1 knockdown in DRGs 15 
days after in vivo transfection of Magi-1 targeting sh RNA (left). Quantification of Western blot is shown on the 
right. Intact DRGs from three different animals were analyzed and values expressed as mean +/-SEM. 
(AN OVA, F (3.ai=5.161 *p=0.0282, *p<0.05 vs respective controls. 
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Sup. Figure 3: Magi-1 in vivo knockdown. A. Time course of inflammatory pain 
responses after 5% formalin mJect1on. Nocifensive behaviors were measured over a 
period 0160 minutes in mice injected with Magi-1 shRNA or control shRNA Injection 
with formalin produced the typical biphasic response of this model for inflammatory pain. 
Mice injected with shRNA showed significant reduction in phase II (10-60 minutes) 
inflammatory pain. B. Non-quantitative qRT-PCR confirmed reductions in Magi-1 RNA 
in ipsilateral paw injected w~h Magi-1 shRNAas compared to contra lateral paw from the 
same mice and animals injected with control sh RNA. C. No change in Nav1 .8 
transcripts in ipsilateral paw inJected w~h Magi-1 shRNA was observed compared to 
contra lateral paw from the same mouse and an animal injected with control sh RNA. 

Nav1.8 expression decreases after Magi-1 knockdown in vivo. 

Immunohistochemical analyses of the sciatic nerve and at the Nodes of Ranvier 

also revealed an unexpected but significant reduction of Nav1.8 immunoreactivity after 

Magi-1 shRNA treatment when compared to non-coding scrambled shRNA control (Figure 

9A). This finding was corroborated by an observed 75% decrease in Nav1.8 protein 

expression in DRG neurons after Magi-1 in vivo knockdown (Figure 9B) as determined by 

western blot analysis. These data revealed that in addition to scaffolding channels at the 

membrane, perhaps Magi-1 is required for Nav1.8 channel stability. Recent studies have 

demonstrated a protective role for Magi-2 in preventing the dendrin from Nedd4-2 

mediated protein degradation via a WW mediated interaction (Shirata et al., 2017). 

Furthermore, the loss of Nav1.8 protein and the concomitant reduction in phase II 

inflammatory pain behavior is consistent with the reduced phase II behavior seen in 

Nav1.8 knockout mice (Abrahamsen et al., 2008). Using RT-PCR, we confirmed that 

Nav1.8 message remained unchanged during Magi-1 knockdown reinforcing the notion 
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that Magi-1 regulates Nav1.8 protein stability (Sup. Figure 3C). These results suggest 

that Magi-1 proteins play a critical role in protein stability. 
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Figure 9: Nav1 .8 expression decreases after Magi-1 knockdown in vivo. A. Representative 
immunolabelling of sciatic nerve depicting Nav1 .8 (red) expression in paw injected with non-targeting sh RNA 
after 15 days (top), expression of Nav1 .8 at Nodes of Ranvier was detected using the paranodal marker Caspr 
(green). Boxed area is shown below as a high magnification image of Nav1 .8 and Caspr immunoreactivity. 
Bottom, Nav1 .8 immunoreactivity was absent in sciatic nerve and nodes in paw injected with Magi-1 targeting 
shRNA after 15 days. B. Representative immunoblots of Nav1 .8 expression from ipsilateral and contralateral 
paws of mice injected with non-targeting Magi-1 shRNA (scrambled) or Magi-1 targeting shRNA. 
Representative blot shown for each condition is taken from the same mice. Quantification of Nav1 .8 expression 
is shown of the right. DR Gs from three different animals were analyzed and values expressed as+/- SEM. 
(AN OVA, F <3 .ai = 6.402, p= 0.0161, *P<0.05 vs representative controls. 
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A. 
Residue # 

r avl . l STAACPPSYDRVTI<P 1978-1992 
r avl . 2 PSTTSPPSYDSVTKP 1967-1981 
r avl . 3 SSTTSP'PSYDSVTKP 1913-1927 
r avl . 5 SSTSFPPSYDSVTRA 1972-1986 
r avl . 7 ASTI SPPSYDSVTKP 1948-1962 
r avl . 8 SATSF.PPSYDSVTRG 1912-1926 

rNavl . 6 PSTASLPSYDSVTKP 1937-1951 

Sup. Figure 04: Evolutionarily conserved PY motif in Nav Channels and Slick channels. 
A. WW binding motifs in Nav channels. Sequence alignment of rat Nav channels that have the 
consensus WW binding motifs. Blue denotes WW motif. Phosphoproteomic data from 
PhosphSitePlus® on Nav1 .8 channel indicates that threonine1924 in rat, which is 
threonine1926 in mice (in red) is phosphorylated. 

PY motif mimicking peptides regulate Nav1.8 trafficking, DRG neuronal excitability 

and pain behavior. 

We have demonstrated that a PDZ mediated interaction was an absolute 

requirement for the Slack/Magi-1 interaction (Sup. Figure 1D). Nav1.8 channels were 

reported to contain multiple putative PDZ binding motifs of varying classes in an internal 

linker region (Shao et al., 2009) However, using the Slack channel-derived class 1 PDZ 

peptidomimetic we observed repetitive AP firing (Figure 3H) indicating that sodium 

channel function remained intact during this PDZ peptidomimetic treatment. On the other 

hand, Nav1.8 channels contain PY motifs (PPXY) (Fotia et al., 2004) (Sup. Figure 4A) at 

their distal C-termini that regulates interaction with Nedd4-2 for targeted protein 

degradation (Laedermann et al., 2015). Interestingly, the WW domain of Nedd4-2 shares 

high sequence homology with the WW domains in Magi-1. Furthermore, Magi proteins 

have been shown to protect Nedd4-2 target proteins from degradation via WW interaction 

64 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

(Shirata et al., 2017). To this end we opted to compete off WW domain binding of Nav1.8, 

using cell-penetrating PY motif peptide mimetics. We engineered two peptides of identical 

sequence based on the Nav1.8 WW binding motif except one of the peptides was 

phosphorylated (representing Thr1926 within the channel). This was done because 

scanning Nav1.8 with the PhosphoSitePlus® posttranslational modification resource tool 

revealed that Thr1926, four (4) amino acids adjacent to the PPXY domain, is 

phosphorylated (Sup. Figure 4A). Primary DRG neurons were then treated with 10uM of 

the unphosphorylated peptide (PY, myristoyl-SATSFPPSYDSVTRG) or phosphorylated 

peptide (phospho-PY myristoyl-SATSFPPSYDSV[pT]RG) to outcompete Nav1.8 channel 

WW domain binding. Neurons exposed to PY peptide for 24hrs resulted in an almost 

complete loss of total INa, while in contrast, the phospho-PY peptide strongly increased 

peak INa. The PY and phospho-PY peptide showed time-dependent decreases or 

increases in INa respectively (6hrs vs. 24hrs) (Figure 10A and B). PY peptide treatment 

(24hrs) almost completely abolished AP firing (10 of 11 neurons), whereas the phospho-

PY produced repetitive AP firing (7 of 12) (Figure 10B). We assessed surface expression 

of Nav1.8 channels after treatment with the PY peptide and found a substantial decrease 

of Nav1.8 channels at the plasma membrane while there was a significant increase of 

Nav1.8 membrane expression with phospho-PY peptide (Figure 10C). Moreover, we 

observed a substantial decrease in total Nav1.8 protein after incubation with PY peptide 

suggesting that Nav1.8 protein stability is dependent upon this WW binding motif. In 

summary, our results indicate that the phosphorylation state of our competitor Nav1.8 PY 

motif peptide was essential for the stabilization of Nav1.8 channels. Furthermore, our data 
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imply that other sodium channels are potently regulated by PY motif interactions (Figure 

10A-B). 

To assess the effects of disrupting sodium channel membrane localization on pain 

behavior we investigated the impact of our competing peptides in the formalin model of 

inflammatory pain. Mice were given a single i.pl. injection of either PY, phospho-PY, or a 

scrambled PY peptide (100uM, 20ul) to the right hindpaw, 24hrs before injection with 5% 

formalin into the same paw. Neither peptide, PY or Phospho PY, affected the initial phase 

formalin response in most nocifensive behaviors assessed. However, treatment of the PY 

significantly affected the initial phase formalin flinching behavior. Pretreatment with the PY 

peptide significantly reduced Phase II inflammatory pain, and the phospho-PY peptide 

pretreated mice displayed a heightened Phase II response when compared to scrambled 

peptide-treated mice (Figure 7D). These data corroborate what was observed during in 

vitro experiments and demonstrate a capability of routing Nav1.8 channels in and out of 

the neuronal membrane using peptidomimetics. Additionally, these data suggest that the 

phosphorylation state of Thr1926 determines Nav1.8 channel trafficking, neuronal 

excitability, and pain behavior. 
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Figure 10: Cell penetrating WW motif peptidomimetics alter neuronal excitability and affect pain behavior. 
A. Representative voltage-clamp reccrdings depicting decreased I, , (arrow) in cultured DRG neurons after 24hr 
pre-treatment with peptide mimetic designated PY peptide whereas the phospho-PY peptide increase I,. (top). 
Bottom, representative AP traces from cultured DRG neurons pretreated with PY peptide or phospho-PY peptide 
for 24hrs during suprathreshold stimulation (400 pA) for 1000 ms (bottom). B. Peak I,. with different peptide 
treatments in DRG neurons. Neurons were treated for 6hrs or 24hrs with PY peptide or phospho-PY peptide. 10-1 2 
DRG neurons/experimental condition were analyzed and values are expressed as mean +/-SEM. (AN OVA, F (4_,,) = 
19 11, P<0.0001 , 'p<0.05, "'p<0 001 vs respective controls). C. Nav1.8 protein expression was altered after 
peptidomimetic treatment). Representative western blot of total and surface Nav1.8 membrane expression after 
DRG neurons treated with PY peptide, phospho-PY peptide or a scrambled (left) for 24hrs. Quantification of 
Western blots shown to the right Treatment with the PY peptide produced a significant reduction of both total and 
surface Nav1.8 expression when compared to scrambled peptide. The phospho-PY peptide increased surface 
expression of Nav1 .8 when ccmpared to scrambled peptide. Data from three independent cultures were analyzed 
and values expressed as mean+/- SEM.'p<0.05. •• p<0.01 vs. central, # p<0.01 vs phospho-PYpeptide. D. Phase 
II formalin infiammatory pain was measured by nocifensive behaviors (paw licking (left), lifting (middle) and whole 
body flinches (right) in each interval of 5 min, is reduced by intraplantar pre-treatment (24hrs) with 100µM (20µ1), of 
PY peptide whereas phospho-PY peptide increased nocifensive behavioral responses ccmpared to scrambled 
peptide control. Peptides were administered 24hr before the formalin injection (5%, µI). Behavior from six different 
animals per experimental condition were analyzed and values are expressed as mean +/- SEM. (2 way ANOVA 
Licking, F ,, ,.,=6.22, p=0.011, Li fting, F ,,_,.=1 8.08, p=0.0005. Flinching, F o.-.=6.06, p=0.0168, 'p<0.05, .. p<0.01 
vsccntrols vs'p<0.05, "p<0 01 vsccntrols. #p<0.05, ##p<0.01 vs phospho-PY peptide). 
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A. 

MAGl1 

Figure 11: Proposed model for Magi-1 binding to Slack and Nav1 .8. A. Magi-1 constitutes 
the sodium signalosome in DRG neurons. Slack KNa channels were previously shown to 
internalize by adaptin2-dependent clathrin-mediated endocytosis AP-2 -adaptin complex, CL
clathrin, UL- ubiquitin ligase. 
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Sup. Figure 5: Representative full blots for membrane biotinylation experiments. DRG neuronal biotinylations for: A . 
(Fig. 3E) , B. (Fig. 4D) , and C. (Fig. 1 QC), and CHO cell biotinylation D. (Fig. 1 E). 
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V. Discussion 

Here we report that Magi-1 is highly expressed in the cell bodies and axons of 

nociceptive DRG neurons, we also observed Magi-1 immunoreactivity in the dorsal horn 

of the spinal cord. This immunolabeling pattern is consistent with other sensory systems 

as immunohistochemistry studies determined that Magi-1 localized to presynaptic 

compartments in retinal photoreceptor synapses, whereas the other Magi proteins, Magi-

2 and Magi-3 are expressed postsynaptically (Yamagata and Sanes, 2010). Moreover, we 

demonstrate that Magi-1 was a critical scaffold for the membrane localization of Nav1.8 

and Slack KNa channels in DRG neurons. Both Nav1.8 and Slack KNa channels have 

been previously implicated in rodent models of inflammatory and neuropathic pain (Gold 

et al., 2003; Gao et al., 2008., Abrahamsen et al., 2008; Tamsett et al 2009; Lu et al., 

2013; Huang et al., 2014). Furthermore, we show that Magi-1 interacts with both Slack 

and Nav1.8 and that siRNA-mediated Magi-1 knockdown produces deficits in DRG 

neuronal excitability. These results suggest that Magi-1 is critical for localizing ion channel 

function in DRG neurons. To assess the importance of Magi-1 in pain processing, we 

opted to use a spinal nerve injection technique of shRNA targeted against Magi-1 to 

achieve Magi-1 knockdown in vivo. In vivo Magi-1 knockdown resulted in decreased 

thermal nociception and inflammatory pain behaviors. 

In addition to localizing ion channels in sensory neurons thereby influencing pain 

processing, our findings indicate that Magi-1 is also crucial for ion channel stability. 

Previously Magi-2 was reported to protect dendrin from Nedd4-2 mediated ubiquitination 

via a WW domain interaction with a conserved PY motif in dendrin (Shirata et al., 2017). 

Like dendrin, Nav1.8 has an evolutionarily conserved PY motif that has been 
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demonstrated to be the binding site for Nedd4-2, targeting Nav1.8 for subsequent 

proteasomal degradation (Laedermann et al., 2015). During in vivo knockdown of Magi-

1, we observed an almost complete loss of Nav1.8 immunolabeling and protein expression 

as determined by immunoblotting (Figure 9A-B). Nonetheless, after 24hrs of PY peptide 

incubation in DRG neurons, we observed an almost complete loss of Nav1.8 expression. 

Indeed, INa density decreased by 50% after just 6 hours suggesting both TTX-resistant 

and TTX-sensitive Nav channel membrane expression is largely dependent upon the PY 

motif. Also, we observed that the Slick KNa subunit, which has a putative PY motif in its 

N-terminal, when recombinantly expressed with Magi-1, produced approximately 5-fold 

larger currents with concurrent increases in Slack channel protein levels than when the 

subunit was expressed alone (Figure 2A and B). This contrasted with the Slack-B subunit 

for which there is an absence of the PY motif (Brown et al., 2008); membrane currents 

increased to a lesser extent (2-fold), and no increase in Slack-B protein expression was 

observed. Indeed, the difficulty in expressing Slick channels compared to Slack channels 

in heterologous expression systems (Bhattacharjee et al., 2003) may be due to this WW 

binding motif and susceptibility to UL-dependent degradation. Therefore, our results 

suggest that in addition to membrane targeting Magi-1 also protects ion channels from 

degradation pathways. 

Although both Magi-1 knockdown and the PY peptide caused a reduction in INa, 

Nav1.8 channel stability and decreased pain behavior, the opposite effects produced by 

the phospho-PY peptide, specifically the increase in INa, repetitive firing and exacerbation 

of nocifensive responses, were unexpected. Phosphoproteomic data available online from 

PhosphoSitePlus® determined that Thr1926 in Nav1.8 channels are phosphorylated. We 
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used this information to design this second peptide, as Thr1926 is four amino acids 

downstream of the PY motif (Sup. Figure 3). Using the web-based software from Scansite, 

(MIT), Thr1926 is predicted to be either a Casein II kinase or a GSK-3β kinase consensus 

phosphorylation site. Both kinases are constitutively active kinases suggesting that 

Thr1926 is likely basally phosphorylated. We speculate that the phospho-PY peptide 

competed with phosphorylated Nav1.8 channels at ULs, preventing a significant proportion 

of Nav1.8 channels from being ubiquitinylated and retained within the cytosol (Figure 

10D). In addition, we did not observe a statistically significant increase in input levels of 

Nav1.8 protein over 24 hours, indicating that at least during this time window the majority 

of internally localized channels are likely in a monoubiquitinylated state (Abriel and Staub, 

2005; Pickart, 2001). Similarly, we speculate that dephosphorylated Thr1926 has a higher 

affinity for Magi-1, which would explain why the competing PY peptide caused a loss of 

Nav1.8 channels membrane expression. In this case, we observed a substantial decrease 

in total Nav1.8 channels protein levels, suggesting that within 24 hours, the final fate of 

channels was degradation. How this process occurs remains the topic for future 

investigation, including the identification of the kinases and phosphatases regulating 

phosphorylation at Thr1924. Nevertheless, our results strongly suggest that the PY motif 

is a primary determinant for Nav1.8 channel trafficking and Magi-1 is a critical component 

of the sodium signalosome in DRG neurons. 

We demonstrated that a single intradermal injection of the PY peptidomimetic 

produced significant analgesia 24 hours after administration (Figure 10D). The PY peptide 

acted as a local long-lasting analgesic and could have therapeutic value for invasive 

procedures that require long-lasting analgesia and reduce the need for postsurgical 
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opioids. Consistent with this data and approach, the phospho-PY peptide drove Nav1.8 

channels to the DRG neuronal membrane and exacerbated nocifensive behavior and 

therefore has potential value for pain insensitivity-related diseases. Myristoylation allows 

the peptide to partition through the membrane, possibly by a flip-flop mechanism (Eisele 

et al., 2002) but keeps most of the peptide tethered to the inner surface of the membrane 

(Nelson et al., 2007). This membrane-delimited feature may enhance the ability of peptides 

to exert their mimetic effects, especially for membrane-associated proteins (Francois-

Moutal et al., 2015; Gururaj et al., 2017; Ward and O'Brian, 1993). In addition to causing 

cell permeability and anchoring peptides within the inner phospholipid bilayer, 

myristoylation of peptides and their inherent hydrophobic nature likely ensure that peptides 

are localized to the site of injection. Moreover, the metabolism of these peptides requires 

phospholipid membrane turnover possibly contributing to their long-lasting effects in vivo. 

Prior studies using a similar intradermal injection approach of a peptidomimetic for the T-

mem100 protein, important for the TRPA1-TRPV1 complex, showed an analgesic effect 

during paclitaxel-induced chronic pain (Weng et al., 2015). Therefore, the use of 

myristoylated cell-penetrating peptides offers a potential therapeutic approach to 

manipulate nerve-ending activity. 
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H. Chapter 2: Regulation of Magi-1 in Neuropathic Pain. 

Kerri D. Pryce1 and Arin Bhattacharjee1,2. 

1Pharmacology and Toxicology, The State University of New York at Buffalo, Buffalo, New 

York, USA. 

2Program of Neuroscience, The State University of New York at Buffalo, Buffalo, New 

York, USA. 

I. Abstract 

Neuropathic pain results from elaborate changes along the pain-axis as a consequence 

of nerve injury. These changes include alterations to gene expression responsible for 

neuronal survival and axonal regeneration. Nerve injury produce plastic changes at the 

molecular level that includes alterations to the trafficking and subcellular localization of 

voltage-gated ion channels. In Chapter 2 we demonstrated that the Membrane-Associate 

Guanylate Kinase with WW and PDZ containing protein, Magi-1, was a novel binding 

partner for Slack KNa channels and the voltage sodium channel, Nav1.8. Previous reports 

have demonstrated a role for Slack KNa channels and Nav1.8 channels in neuropathic pain 

states, however, a role for in Magi-1 in neuropathic pain as not been previously reported. 

In this study, we demonstrate that Magi-1 protein is upregulated in the sciatic nerve and 

dorsal root ganglion neurons in a model of Neuropathic pain. To this extent, we used 

Western Blot and immunohistochemical analysis to evaluate Magi-1 expression after 

nerve injury. Overall, our results suggest a potential role for Magi-1 in neuropathic pain. 

II. Introduction 
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The Membrane Associated Guanylate Kinase with WW and PDZ domain containing 

protein-1 is a scaffolding protein that is widely expressed in nervous tissue. Magi-1 plays 

an important role in the assembly and organization of membrane proteins and the underlying 

cytoskeleton by transmitting signals related to cell- cell or cell- matrix interactions (Hammad et al., 

2018). In the CNS Magi-1 is an essential synaptic scaffold protein that is critical for the spatial 

organization at synapses. Structurally, Magi-1 can facilitate the binding of up to nine proteins 

through its many protein binding domains. Magi-1 consists of six PDZ Domains, two WW domains 

and a catalytically inactive GUK domain (Dobrosotskaya et al., 1998). Although Magi-1 is highly 

expressed in nervous tissues, most of the attention has been focus in non-neuronal tissue where 

Magi-1 has been implicated in several forms of cancer, and renal function deficits (Zhang et al., 

2011; Ni et al., 2016). While Magi-1 is known to regulate ion channel and receptor plasma 

membrane expression in addition to localizing intra-cellular signaling complexes in non-neuronal 

tissue, very few studies have addressed the neuronal function of Magi-1 proteins. In this study, 

we expand on the findings from the preceding chapter in an attempt to delineate the function of 

Magi-1 in neuropathic pain.   

Recent studies have suggested critical functions for Magi-1 in tissue. In human genetic 

studies, Magi-1 mutations and copy number variations (CNV) has been associated with 

disease pathologies such as bipolar affective disorders, schizophrenia, and Alzheimer’s 

disease (Karlsson et al 2012; Ferentinos et al., 2014).  Pathological these diseases result 

alterations to neuronal excitability. More recently, studies from our group have proposed 

that Magi-1 is require for the membrane localization of ion channels in sensory neurons of 

the DRG that are essential for the detection of noxious stimuli (see previous chapter). Our 

findings from the preceding chapter recommend that Magi-1 functions to localize ion 
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channel expression at the neuronal plasma membrane and that disruption of Magi-1 

scaffolding mitigates inflammatory pain in vivo. Therefore, we next sort to evaluate the role 

Magi-1 in neuropathic pain. In the previous chapter, we demonstrated that Magi-1 was a 

binding partner for Nav1.8 and Slack KNa channels, both Slack and Nav1.8 have been 

demonstrated to play significant role in neuropathic pain (Lu et al., 2015, Lai et al., 2002). 

In the subsequent study, we set out to determine whether Magi-1 played a role in 

neuropathic pain processing. To this extent, we assess the expression of Magi-1 in the 

sciatic nerve cuff model, a well-established model of neuropathic pain characterized by 

Thermal hyperalgesia and Mechanical allodynia. Here we report that Magi-1 expression is 

upregulated after peripheral nerve injury. Magi-1 expression increased in the sciatic nerve 

and DRG neurons 10 days after Sciatic nerve cuff. Our results suggest that Magi-1 is plays 

a role in Neuropathic pain signaling. 

III. Materials and Methods 

Animals 

All animals used in the present study were housed at the University at Buffalo (UB) 

Laboratory Animal Facility on a 12/12 light/dark cycle with food and water ad lib. All 

experimental procedures were in accordance with the guidelines in the “Guide for the Care 

and Use of Laboratory Animals” from the National Institute of Health and were approved 

by the University at Buffalo Institutional Animal Care Use Committee. 

Behavior 
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Baseline thermal nociceptive behavior was measured using the automated 

Hargreaves Apparatus by Ugo Basile (Varese, Italy). Naïve C57Bl/6 mice (8–10 weeks) 

(Envigo) underwent two days of habituation followed by three days of baseline thermal 

measurements. On days 1 and 2 (habituation), mice spent 30min in homecages adapting 

to the testing room and were then transferred to testing chambers for 1hr. On days 3 

through 5, mice underwent testing. An infrared stimulus (IR40) was delivered through the 

plexiglass floor to the plantar surface of the hind paw, and the latency to withdrawal was 

measured automatically and noted. For each subject, three to six measurements per hind 

paw were taken and used to calculate the average latency to withdraw (seconds). A 

maximum IR exposure time of 15sec was established to ensure no tissue damage 

occurred, and at least 5min was allowed between measurements taken from the same 

mouse. 

Sciatic Nerve cuff 

For the neuropathic model of pain, sciatic nerve cuffing was performed as described 

in Tomasello et al., 2017. Thermal behavior was measures every 5 days after cuff 

implantation, up to 10 days. The Sciatic nerve cuff model is an established neuropathic 

pain model that loosely constricts the sciatic nerve with a polyethylene tube. The 

compression of the sciatic nerve produces an ipsilateral heat thermal hyperalgesia that 

last for 3 weeks, along with a sustained ipsilateral mechanical allodynia lasting at least 

2 months. 

Immunohistochemistry 
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Sciatic Nerve (SN), and Lumbar (L4-6) DRG neurons were isolated from adult 

mouse 10 days after the establishment of Thermal hyperalgesia in sciatic nerve cuff model 

of neuropathic pain. Briefly, animals were anesthetized with fetal plus, perfused 

transcardially with iced cold PBS containing heparin (50μg/ml) and sodium nitrite (5mg/ml) 

followed by iced cold 4% PFA. DRGs and SN, were subsequently removed, cleaned of 

surrounding tissue and post-fixed in 4% PFA overnight at 4oC. The following day, DRGs 

and SN were transferred to 20% sucrose (Cryoprotect). After two days DRGs and SN were 

removed from sucrose and embedded in freezing media and store at -80oC for future use. 

16 um sections of DRGs, and 10 um sections of SN were made using a cryostat. Slices 

were permeabilized with a Phosphate buffered Saline (PBS) solution containing 0.4% 

Triton X-100. Sections were then blocked for 2h at room temperature with PBS containing 

5% Bovine Serum Albumin (BSA). The sections were then incubated overnight at 4°C with 

mouse anti-Magi-1 antibody (1:100; Novus Biochemical) (Xu et al., 2008). After several 

rinses, Alexa Fluor 488 conjugated goat anti-mouse, secondary antibody was added 

(1:1000) and sections were incubated overnight at 4°C. After several rinses, slides were 

mounted using Prolong Gold antifade reagent with 4′,6′-diamidino-2-phenylindole 

dihydrochloride. 

Western Blot Analysis 

Total proteins were collected from L4-6 DRGs and the SN from the Ipsilateral and 

contralateral paws of Cuff and Sham controls respectively. Tissue was homogenized in 

RIPA buffer supplemented in protease inhibitor cocktail (Sigma). Immunoblotting was 

performed as previously described (Nuwer et al., 2010). Briefly, proteins were separated 

on 4-15% Mini-PROTEAN TGX Precast Gel (Bio-Rad) and transferred to a 0.45μm 
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nitrocellulose membrane (BioRad). Membranes were probed overnight at 4°C with 

antibodies against protein of interest; rabbit anti-β-Actin (1:500; Millipore), and mouse anti-

Magi-1 (1:100; Novus Biochemical). Antibodies were prepared in 5% milk in 1X Tris-

buffered saline tween (TBST). On the following day, membranes were washed three times 

for 5mins in 1X TBST before being incubated for 1hr at room temperature in anti-mouse 

or anti-rabbit horseradish peroxidase conjugate (1:5000; Promega) prepared in 1X PBS 

with 0.1% BSA. The membrane was again washed 3 times for 5min before being 

developed and imaged. Bands were visualized with enhanced chemiluminescence 

(Thermo scientific) and quantified with Image J Software (NIH). Each experiment was 

repeated at least three times. 

IV. Results 

Establishment of Thermal hyperalgesia after sciatic nerve cuff. 

To examine the role of Magi-1 in neuropathic pain, we first established the 

development of thermal hyperalgesia after sciatic nerve cuff. To this extent, we observed 

significant ipsilateral hyperalgesia after sciatic nerve cuff as compared with the 

contralateral paw and sham controls. On days 5 and 10 after sciatic nerve cuff, mice 

exhibited notably ipsilateral hyperalgesia as demonstrated by a significant decreased paw 

withdrawal latency of approximately 3 seconds (Figure 1A) as compared with contralateral 

paw and sham control mice. 
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Figure 1: Sciatic Nerve cuff model of Neuropathic pain. A. 
Establishment of thermal hyperalgesia after sciatic nerve cuff. Mice 
exhibit decrease ipsilateral paw withdrawal latency 5 and 10 days after 
sciatic nerve cuff compare to sham control. Values are expressed as=/
SEM. (2wayANOVA, F(3,8)= 122.8, P<0.0001 ****P<0.001). 

Neuropathic pain induced upregulation of Magi-1 in DRG neurons and the sciatic 
nerve. 

Next to assess the expression of Magi-1 after sciatic nerve induced neuropathic 

pain we performed quantitative western blot analysis. After sciatic nerve induced 

neuropathic pain, we observed significant Magi-1 protein increases in dorsal root ganglion 

neurons and the sciatic nerve (Figure 2A-2B). Magi-1 protein expression was significantly 

upregulated in the Ipsilateral DRGs and SN from sciatic cuff mice as compared with 

contralateral paw and Sham control animals. Furthermore, using immunohistochemical 

analyses we observed more intense Magi-1 immunoreactivity in the Ipsilateral DRG 
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Figure 2: Sciatic Nerve cuff model of Neuropathic pain. A. Establishment of thermal hyperalgesia after 
sciatic nerve cuff. Mice exhibit decrease ipsilateral paw withdrawal latency 5 and 10 days after sciatic nerve 
cuff compare to sham control. Values are expressed as =/-SEM. (2 way AN OVA, F(3,8)= 122.8, P<0.0001 
****P<0.001 ). 

neurons from sciatic cuff mice as compared with Ipsilateral DRGs from sham controls. 

(Figure 3A). 
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Figure 3: Representative IHC of Magi-1 after nerve injury. A. Increased Magi-1 expression in DRG 
neurons in ipsilateral cuff paw as compared to sham control. 

V. Discussion 

Given that Magi-1 is highly enriched in somatosensory neurons of the pain pathway 

where it plays a central role in the membrane localization of ion channels and receptors, it 

is important to understand the function of Magi-1 in chronic pain states. Alterations to ion 

channel expression through trafficking or localization exemplifies neuro-plastic changes 

that underlies the development and maintenance of chronic pain. In this study, using the 

sciatic nerve cuff model of neuropathic pain, we have made an interesting finding as it 

relates the expression of Magi-1 after nerve injury. In this study, we demonstrate that Magi-

1 is broadly expressed in the sciatic nerve and in DRGs, and that Magi-1 expression is 

upregulated in the sciatic nerve cuff induced neuropathic pain. 

Neuropathic pain arises from injured or dysfunctional neurons within the 

somatosensory system that results in the generation of ectopic action potential firing, 
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appearing independently of somatic stimuli. This process drives changes to transcriptional 

changes that activates regulatory pathways responsible for neuronal survival and nerve 

regeneration. Functional adaptations after nerve injury, results in axonal regeneration 

responsible for the reinnervation of targets and the restoration of neural circuitry. Axonal 

regeneration results in elaborate and dynamic changes in ion channels, scaffolding 

proteins, signaling molecules, and involves remodeling of the cytoskeleton structure. 

These changes can result in neuroplastic modifications that may result in maladaptive 

changes that underlies the pathophysiology of neuropathic pain. Understanding changes 

in protein expression critical for the development and maintenance of neuropathic pain, is 

of utmost importance to the development of new therapeutics to treat neuropathic pain, 

long considered an ‘incurable disease’. Recently, Magi-1 was shown to be highly enriched 

at growth cones (Ito et al., 2012), a region for the sprouting and elongation of new axonal 

processes after nerve injury. A follow up study from the same group demonstrated that 

siRNA mediated knockdown of Magi-1 repressed NGF-mediated neurite outgrowth (Ito et 

al., 2013), a process critical for axonal regeneration after injury. Furthermore, data 

presented in Chapter 1 suggest that Magi-1 was critical for the development of 

inflammatory pain, by mediating the membrane localization of ion channels. Taken 

together, these studies advocate for a role of Magi-1 in axonal regeneration after nerve 

injury. To this extent, we hypothesized that Magi-1 was critical for the development of 

neuropathic pain after nerve injury. 

To ascertain our hypothesis that Magi-1 was crucial for the development of 

neuropathic processing, using a nerve injury model we observed increased Magi-1 

expression in the sciatic nerve and DRG neurons. This increase in Magi-1 expression 
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potential plays a significant role in recruiting critical ion channels and signal models to the 

site of nerve injury for axonal regeneration. Indeed, data present in chapter 2 suggest that 

Magi-1 was a critical scaffold for the Voltage-gated sodium channel, Nav1.8, in DRG 

neurons. Nav1.8 expression is upregulated in DRG neurons after nerve injury and 

contributes to ectopic activity in DRG neurons after nerve injury (Thakor et al., 2009). 

Together, the role of Magi-1 in neurite extension through neurotropic signaling, the 

scaffolding of ion channels involve in neuropathic pain and increased expression after 

nerve injury provides evidence that Magi-1 is a crucial to the development and 

maintenance of pain after nerve injury. Further analysis of Magi-1 using knockdown or 

knockout models may lead to a more comprehensive understanding of the role of Magi-1 

in the etiology of neuropathic pain. 

85 



 

    
 

 

 

 

 

 

 

I. Chapter 3: General Discussion. 

The first aim of this dissertation was to identify the scaffolding protein 

responsible for Slack KNa channel membrane localization in DRG neurons. Previous 

studies have demonstrated that Slack channel membrane internalization induced by 

activated PKA occurs through the recruitment of AP2 and Clathrin (Nuwer et al., 2009; 

Gururaj et al., 2017). The internalization of Slack channels from the plasma membrane of 

DRG neurons results in DRG neuronal hyperexcitability. Gururaj et al., (2017), later 

demonstrated that PKA -mediated Slack channel internalization was facilitated by the 

recruitment of AP-2 and subsequently Clathrin. In the same study, it was demonstrated 

that pretreatment with an AP-2 blocking peptide prevented PKA-induced DRG 

hyperexcitability through limiting the internalization of Slack channels. While the 

mechanism for Slack channel internalization is reasonably understood, the scaffolding 

mechanisms controlling Slack channel plasma membrane localization is not well 

described. Downstream of the AP-2 binding motif (di-leucine motif- (DE]xxxL[LI])) in the 

Slack channel distal C-terminus is an evolutionarily conserved type 1 Postsynaptic 

density/Disc large/Zona occulens (PDZ motif) that mediates the association with PDZ 

domain-containing proteins. PDZ interactions are known to be essential for ion channel 

membrane localization, trafficking, and internalization/endocytosis (Shy et al., 2014; 

Herbert et al., 2016). The findings of this thesis suggest that Slack channels are scaffold 

at the plasma membrane through binding of PDZ domain-containing proteins. Accordingly, 

we have identified the Membrane-Associated Guanylate Kinase with PDZ and WW domain 

(Magi-1) as a novel binding partner for Slack channels. 
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This study expands on findings which have demonstrated that various types of K+ 

channels, such as Kv channels (e.g., mammalian Shaker, Shal), Kir channels (e.g., Kir2.1, 

Kir2.3, and Kir5.1) and Slo channels, can associate with Maguk proteins through a distal 

C-terminal PDZ motif (Ruiz- Canada et al., 2002; Ridgway et al., 2009; Balse et al., 2012; 

Tanemoto et al., 2014). Recent studies have demonstrated the interaction of Slack KNa 

channels type 1 PDZ motif with several PDZ domain containing proteins such as PSD 95, 

SAP 102 (Rizzi et al., 2015; Uchino et al., 2003). However, the physiological significance 

of these interactions remained to be understood. Mutations in the C-terminus of Slack 

channels have been shown to increase channel cooperativity in patches producing 

significantly increased Slack current amplitudes (Kim et al., 2014). These current 

increases are thought to occur as a result of alterations to channel interactions induced by 

the various mutations. The clustering of ion channels by scaffolding proteins is known to 

increase the cooperativity between ion channels at distinct plasma membrane locations. 

Therefore, understanding the role of PDZ domain-containing protein modulators of Slack 

channel trafficking, membrane localization and internalization is essential to understanding 

the regulatory mechanism that can alter ion channel activity and function. 

In this study, to identify PDZ domain-containing binding partners for Slack channels, 

we use the bioinformatics web server (MotPed) for the prediction of PDZ interaction, to 

identify candidates for the Slack Channel Type 1 PDZ motif (-ETQL). Inputting the Slack 

sequence into the software detects the PDZ motif/peptide sequence of the Slack channel 

and performed a screen against 226 PDZ domains across various species. This resulted 

in a sub-group of common PDZ proteins that interact with Slack KNa channels. Table 1 

below shows PDZ containing proteins that can associate with Slack PDZ domain. 
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Seq-ID: Position: Sequence Domain 

splO6ZPR4IKCNT1 1220-1224 GOPC_Mouse, INADL-3_Mouse, 

- MOUSE DETQL LIN?A_Mouse, LIN7B_Mouse, 
LIN?C Mouse, MAGl1-2 Mouse, - -
MAGI 1-5_Mouse, MAGl2-2_Mouse, 
MAGl2-5_Mouse, MAGl3-1_Mouse, 
MAGl3-2_Mouse, MAGl3-5_Mouse, 
MPDZ-3_Mouse, NHRF1-1_Mouse, 
NHRF1-2 Mouse, NHRF2-
1_Mouse, NHRF2-2_Mouse, 
NHRF3-1_Mouse, NHRF4-
3_Mouse, SCRIB-1_Mouse, SCRIB-
3 Mouse, SNTA 1 Mouse, - -
SNTB1 Mouse, SNTB2 Mouse, - -
SNTG2_Mouse, SY J2B_Mouse 

Table 1. Table depicting predicted Slack channel PDZ motif binding partners. 

We choose to work with Magi-1 proteins because they have recently been 

implicated in the regulation of other potassium channels through a similar type 1 PDZ motif 

(Ridgway et al., 2009; Tanemoto et al., 2014). Furthermore, the functional significance of 

Magi-1 in DRG neurons and the nervous system is relatively unknown. According to 

BioGPS and the Allen mouse spinal and Brain Atlas the highest expression profile of Magi-

1 is in DRG neurons and the Hippocampus. However, most studies involved with Magi-1 

protein focuses on non-neural tissues, where Magi-1 is involved in numerous pathological 

states. Consequently, recent studies have associated Magi-1 with neuropsychiatric 

disorders such as schizophrenia, bipolar affected disorders and Alzheimer’s disease 

(Karlsson et al 2012; Ferentinos et al., 2014) 

In this thesis, we first established the interaction between Magi-1 and Slack. To this 

extent, we performed co-immunoprecipitation (Co-IP) assays and confirmed the prediction 
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of Magi-1 interacting with Slack channels. Moreover, we were able to demonstrated that 

this interaction between Magi-1 and Slack channels was PDZ dependent. Magi-1 was 

shown to be essential for Slack membrane expression in cultured DRG neurons; we next 

established the importance of PDZ scaffolding for Slack channel membrane localization. 

To achieve this, we created a PDZ peptide mimetic of the Slack PDZ sequence and 

demonstrated that the incubation with this peptide mimetic results in decrease Slack 

channel membrane expression and DRG hyperexcitability. These results suggest that 

Slack membrane localization occurs through PDZ binding and disruption from the 

scaffolding protein leads to Slack channel internalization. 

Slick KNa channels also possess the same evolutionary conserved PDZ motif as Slack 

channels. However, unlike Slack channels, Slick channels are poor expressers in 

heterologous expression. To verify the role Magi-1 on Slick channel membrane localization 

we co-expressed Magi-1 with Slick channels. Unexpectedly, we observed an 8-fold 

increase in Slick protein expression. This suggested that Magi-1 was critical for Slick 

channel protein stability. Interestingly, Slick channels contained a conserved N-terminus 

PY motif (PPXY). PY motifs are proline-rich protein sequences that are substrates for WW 

domains. E-3 ubiquitin ligases, such as NEDD4-2, through their WW domains, bind to PY 

motifs of a target protein and facilitate subsequent ubiquitination and proteasomal 

degradation (Staub et al., Schild et al., 1996). Perhaps, the presence of the PY motif is a 

plausible explanation for Slick channels’ poor expression in heterologous expression 

systems. Co-expression of Magi-1 with Slick increased Slick channel current densities by 

approximately 4-fold in CHO cells. Furthermore, studies from our group have shown that 

mutating the Tyrosine (Y) to Alanine (A) within the Slick PY motif increased Slick current 
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density similarly to co-expression with Magi-1. Also, inhibiting proteasome degradation 

using the proteasome inhibitor MG132 increased Slick current densities in CHO cells 

suggesting that Slick channels are very prone to degradation (data not shown). Magi-1 

contains two WW binding domains that could interact with the Slick channel PY motifs and 

prevent Slick channel degradation. Indeed, recent studies have demonstrated a protective 

role for Magi proteins, Magi-2 protects the dendritic protein Dendrin from Nedd4-2 

mediated ubiquitination through WW domain association (Skouloudaki and Walz, 2012, 

Shirata et al., 2017)). Therefore, it seems that another function of Magi proteins is to 

protect against Nedd4-2 ubiquitination and subsequent protein degradation. Taken 

together these results suggest that Slick proteins are rapidly targeted for degradation and 

hence are not highly expressed in heterologous expression systems without a protective 

scaffolding protein. 

Slack channels are of physiological relevance in DRG neuronal excitability and 

have been implicated in a number of disease pathologies such pain (Gao et., 2008, 

Tamsett et al., 2009; Lu et al., 2013; Huang et al., 2014), epilepsies and intellectual 

disabilities (Brown et al., 2010; Kim and Kaczmarek., 2014; Bausch et al., 2015). To 

access the functional role of Magi-1 and Slack interaction in DRG neurons channels; we 

used siRNA to knockdown Magi-1 in cultured DRG neurons, we observed significant 

deficits in outward potassium currents and a decrease in Slack surface expression. 

Unexpectedly, Magi-1 knockdown significantly decreased DRG excitability. This was 

contrary to results in Slack channel knockdown or knockout DRG neurons were reduced 

Slack membrane expression resulted in increased DRG neuronal excitability (Nuwer et al., 

2009, Gururaj et al., 2017). These results suggested that the influence of Magi-1 in DRG 
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neurons was not limited to only Slack channels. Indeed, we were able to confirm that Magi-

1 affected other ion channels essential for DRG neuronal excitability. 

In our whole cell voltage-clamp recordings from Magi-1 knockdown DRG neurons, 

we observed a significant decrease in inward sodium currents. Voltage-gated sodium 

channels are crucial for the initiation and propagation of action potentials in DRG neurons. 

The observed inward Na+ current reduction after Magi-1 knockdown provided a basis for 

the decrease in DRG excitability seen in the absence of membrane Slack expression. 

Therefore, we further investigate the effect of Magi-1 knockdown on voltage-gated sodium 

channels. In these studies, we observed a significant reduction in the TTX-r component of 

the sodium current. Moreover, we performed surface membrane biotinylation assay and 

confirmed a significant reduction, ~50% in Nav1.8 membrane expression. The concurrent 

loss of both NaV1.8 and Slack channels is sufficient to explain the reduced excitability 

observed after Magi-1 knockdown. Several studies have suggested a functional coupling 

between KNa channels and NaVs (Hage and Salkoff, 2012). However, the scaffold protein 

for this physiological relevant coupling is unknown. Recently, Lu et al., (2013) described a 

possible co-localization between Nav1.8 and Slack channels in adult DRG tissue sections. 

Our studies confirmed that Nav1.8 and Slack channels localized and are functionally 

coupled in DRGs and that this association is mediated through Magi-1. The coupling of 

Slack KNa with Navs have been similarly shown with another member of the Slo family of 

potassium channels. BK channels have been demonstrated to similarly assemble with 

voltage gated calcium channels (Berkfield et al., 2006; Vivas et al., 2016). Overall, these 

studies suggested that that NaV1.8 and Slack channels are functionally coupled through 

their interaction with Magi-1. 
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To the best of my knowledge, we are the first group to describe a role for Magi-1 in 

DRG neuronal excitability. Slack and NaV1.8 channels are crucial mediators in rodent 

models of inflammatory and neuropathic pain (Lu et al., 2013; Evely et al., 2017, Akopian 

et al., 2006). The expression of Slack in DRG neurons is a critical regulator of neuronal 

excitable (Nuwer et al., 2010), the Slack channel opener loxapine (Biton et al., 2011) was 

showed to ameliorated persisting neuropathic pain behaviors in rodent models of 

neuropathic pain (Lu et al., 2013). Furthermore NaV1.8, a pronociceptive ion channel, 

knockout mice exhibit deficits inflammatory pain responses. Also, the Nav1.8 channel 

blocker A-803467 was show to block the development of both inflammatory and 

neuropathic pain (Jarvis et al., 2007). Our results demonstrated that Magi-1 was critical 

for the membrane expression of NaV1.8 and Slack KNa channels and that the loss of Magi-

1 attenuates DRG neuronal excitability. Nav1.8 and Slack are known to be essential for 

pain processing, however a role of Magi-1 in pain processing as not been previously 

explored. 

To explore the role of Magi-1 in pain processing we first characterize the expression 

of Magi-1 on the peripheral pain-axis. In this study, we observed robust Magi-1 expression 

in Sciatic Nerve, DRG and the Dorsal Horn of the Spinal Cord. In DRG neurons Magi-1 

immunoreactivity was detected in mostly in small and medium-diameter DRG neurons. 

The expression of Magi-1 detected in the ventral and dorsal horn of the spinal cord; 

however, the most intense immunoreactivity was observed in the dorsal horn of the spinal 

cord, were DRG neurons project their afferents. Indeed, we were able to show that in vivo 

Magi-1 knockdown attenuated thermal nociception and second phase formalin 

inflammatory pain behaviors. In our studies, we choose not to use the global Magi-1 
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knockout mice because of potential developmental compensation by other Magi proteins 

such as Magi-3 (Hammad et al., 2016) which is also expressed in DRG neurons to a lesser 

extent. Scaffolding proteins of the Maguk family have been shown compensate for loss of 

other family members; previously it was reported that in double knockout mice models of 

PSD 95/PSD 93, SAP102 expression is developmental upregulated to compensate for 

loss of PSD 95/PSD 93 (Elias et al., 2006). Future studies are still needed to address the 

differences in pain behaviors between Magi-1 knockout and knockdown models and 

whether developmental compensation of other Magi proteins mask behavioral deficits in 

global knockout models. 

A decrease in NaV1.8 protein expression can partially explain the significant 

reduction in thermal and inflammatory pain responses seen after in vivo Magi-1 

knockdown. Our results point to Magi-1 as an obligate binding partner for NaV1.8. To 

further investigate the role of Magi in NaV1.8 protein stability. We designated two peptides 

designated PY and phospho-PY based on a conserved PY motif within NaV1.8 C-terminal. 

This PY motif is critical for NaV1.8 protein expression. Nedd4-2 is a potent regulator of 

NaV1.8 channels, Nedd4-2 through WW binding targets Nav1.8 for proteasome 

degradation (Laedermann et al., 2014), furthermore, in Nedd4-2 knockout mice Nav1.8 

expression gets increased. Using our competing PY peptide mimetics, we were able to 

influence Nav1.8 membrane expression and trafficking significantly. The phosphorylated 

PY peptide increase Nav1.8 membrane expression and increased DRG neuronal 

excitability whereas the unphosphoyrylated peptide produces the opposite effect, 

decrease membrane expression and reduced DRG excitability. The impact of our peptides 

was demonstrated to affect NaV1.8 channels significantly. However, the results are not 
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limited only to NaV1.8; this was noticeable in our whole-cell voltage clamp recordings that 

showed a significant loss of the total inward sodium current. A similar PY motif can be 

found in several other voltage-gated sodium channels that are expressed in DRG neurons 

(Nav1.1-3, 1.6-1.8) (reference). Furthermore, in vivo our peptides had a similar effect of 

second phase formalin inflammatory responses. Mice given a single intraplantarly injection 

of PY peptide showed a decrease inflammatory pain responses. However, the conflicting 

results were seen with the phospho-PY peptide with increased inflammatory pain 

behaviors. Future investigations into the effects of our peptides on DRG excitability and 

the impact on particular sodium channel isoforms are certainly warranted. Moreover, in 

vivo, a single local injection of our PY peptide mimetic attenuates the second phase 

formalin inflammatory responses whereas the phospho-PY peptide increases 

inflammatory pain responses. These results suggest a therapeutic potential for our PY 

peptide in inflammatory pain and a role for our phospho-PY peptide in pathophysiological 

states with hypoexcitable phenotypes. Since our peptides are myristoylated they can be 

considered as “sticky peptides,” and their effects should be local for this reason. Therefore, 

intraplantar injection of our peptides should act locally to block Nav1.7-1.8, but not 1.9 

which does not possess a PY motif. Nav1.7-8 is highly expressed in nerve fibers (Lolignier 

et al., 2011; Thakor et al., 2007; Black et al., 2012) and are critical for the transmission of 

noxious stimuli. Additional points of future interest include evaluating the role of our 

peptides in other models of inflammatory pain and also to verify the effect of our peptides 

in neuropathic pain models. This is particular importance since voltage-gated sodium 

channels such as Nav1.7 and Nav1.8 acts to drive ectopic firing that underlies these 

94 



 
 

 

  

 

 

  

 

pathological states (Gold et al., 2003., Lai et al., 2002; Nassar et al., 2004; Abrahamsen 

et al., 2008; Waxman et al., 2013) 

In our final studies, we explored the role of Magi-1 in the sciatic nerve cuff model of 

neuropathic pain (Benbouzid et al., 2008). After establishing neuropathic pain induced 

thermal hyperalgesia, we confirmed that Magi-1 protein expression increased along the 

sciatic nerve and DRGs. It is unsurprising that Magi-1 expression increased under chronic 

pain states since voltage-gated channels trafficking increases after nerve injury to the site 

of injury. It has also been demonstrated that Magi-1 is highly expressed at growth cones, 

suggesting that Magi-1 may be essential for the sprouting of axonal and dendritic 

processes. Our results demonstrated that Nav1.8 is an obligatory binding partner for Magi-

1 combined with studies showing high Nav1.8 expression at sites of nerve injury are 

suggested that Magi-1 is essential for neuropathic pain processing. Perhaps the role of 

Magi-1 and Nav1.8 is to facilitate nerve injury repair. For these reasons, ongoing studies 

into the role of Magi-1 and Nav1.8 in nerve injury and repair are indeed required. Also, it 

will be interesting to see the effects of our PY peptide mimetics in nerve injury models of 

neuropathic pain. 

J. Conclusion 

In conclusion, this thesis is the first to describe a role of Magi-1 in the membrane 

localization and stability of voltage-gated ion channels. KNa channels Slack and Slick and 

the voltage-gated sodium channel Nav1.8 are known regulators of inflammatory and 

neuropathic pain in rodent models and these findings suggest that these voltage-gated ion 

channels are regulated through Magi-1 scaffolding. Furthermore, this work as identified 

Magi-1 as an essential scaffold for the membrane localization of Nav1.8 and Slack 
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channels and the disruption of this scaffold suppress action potential firing in DRG 

neurons. This work also describes a role for Magi-1 in thermal nociception, inflammatory 

and neuropathic pain. These findings are critical as ion channels are continually being 

traffic during pain processing to reduce activation threshold of nociceptors. From a clinical 

perspective, these results point to the trafficking of ion channels as an alternative approach 

to treat severe pathologies. Furthermore, we have identified two peptide mimetics that 

mediate pain behavior in rodent models. Overall these studies describe Magi-1 as a critical 

regulator of ion channel function in sensory neurons as a consequence of membrane 

scaffolding and protein stability. Future investigations focused on understanding the 

mechanism of Magi-1 binding to ion channels, the role of Magi-1 in the regulation of 

voltage-gated ion channels expression and trafficking during neuropathic pain, and the 

potential role of our peptide in neuropathic pain models are critical as we seek to define 

the role of Magi-1 proteins in pain signaling. 
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