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Abstract 
 

Sudden Unexpected Death in Epilepsy (SUDEP) is the most devastating consequence of 

epilepsy, yet little is understood about its causes and no biomarkers exist to identify at-risk 

patients. Although the underlying mechanism(s) of SUDEP are unclear, evidence suggests that in 

addition to the seizures, breathing abnormalities, autonomic dysfunction, and cardiac 

arrhythmias may all play a role. Variants in SCN1B, encoding voltage-gated sodium channel 

(Nav) β1/β1B subunits, are linked to neurological and cardiovascular diseases that predispose 

patients to sudden premature death, including developmental and epileptic encephalopathy type 

52 (DEE52, OMIM 617350), Brugada Syndrome 5 (OMIM 612838), and Atrial Fibrillation 

Familial 13 (OMIM 615377). Several studies published by our laboratory and others have 

demonstrated, using heterologous and native cells, that β1/β1B subunits are multi-functional 

proteins that play critical roles in cellular excitability, cell adhesion, and transcriptional 

regulation. The Scn1b-null mouse model exhibits neurological dysfunction, cardiac dysfunction, 

and premature death by the third week of life, highlighting the clinical relevancy of variants in 

this gene. The work presented in this thesis aimed to further our understanding about the role of 

SCN1B in cardiac pathophysiology. Although the mechanism of SUDEP is complicated, we 

hypothesize that SCN1B DEE52 variants predispose patients to underlying cardiac abnormalities, 

thereby, increasing their risk of SUDEP. This hypothesis is explored in the following chapters. 

The first chapter reviews Navs biochemistry and the role of α and β subunits in cardiac 

physiology. Chapter 2 focuses on the role of the Scn1b in the regulation of atrial physiology 

using the Scn1b null mouse model. We show differential expression of genes that are associated 

with atrial dysfunction in Scn1b null hearts. Remarkably, neonatal Scn1b null hearts showed a 



 xii 

significant accumulation of atrial collagen, increased susceptibility to pacing-induced AF in vivo, 

sinoatrial node dysfunction, and increased numbers of cholinergic neurons in ganglia that 

innervate the sinoatrial node. Administration of atropine reduced the incidence of AF in null 

mice, implicating autonomic influence.  Finally, we found prolonged action potential duration 

and increased late sodium current density, with no change in transient sodium current density, in 

acutely isolated null atrial myocytes compared to wildtype. These results demonstrate a critical 

role for Scn1b in early postnatal atrial development. Chapter 3 presents work aimed to 

understand the mechanism of the SCN1B-linked DEE missense variant c.265c>T, predicting 

p.R89C, in heterologous cells and patient derived induced pluripotent stem cell cardiomyocytes 

(iPSC- CMs). In this detailed investigation, we determined that the patient iPSC- CMs have 

aberrant excitability, with similar properties as acutely isolated ventricular myocytes from 

Scn1b-null mice, including increased sodium current and action potential prolongation. Based on 

these findings, we concluded that the SCN1B-p.R89C variant may predispose patients to cardiac 

dysfunction in addition to severe epilepsy. This novel work provides important new insights into 

understanding the pathophysiological roles of Nav-β1 subunits in human pediatric cardiac cells. 

Taken together, this work demonstrates that SCN1B loss of function significantly impacts the 

developing heart in addition to the developing brain.
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Chapter 1. Voltage-Gated Sodium Channel β1/β1b Subunits Regulate Cardiac Physiology 
and Pathophysiology 

 

(Portions of this chapter have been published in frontiers in Physiology 2018 doi: 

10.3389/fphys.2018.00351. PMID: 29740331) 

 

Nnamdi Edokobi and Lori L. Isom, PhD 

Introduction  

 

The heart is a rhythmic electromechanical pump facilitating the movement of blood, 

oxygen, and vital substances to the other body parts. It consists of excitable specialized cells 

called cardiomyocytes, which enable the heart to perform this vital physiological function. 

Cardiomyocyte electrical activity is attributed to the generation of cardiac action potentials, 

which are propagated through the coordinated signaling of ion channels (Nerbonne and Kass 

2005). Changes in the expression, subcellular localization, or biophysical properties of ion 

channels can predispose the heart to potential life-threatening arrhythmias. Therefore, 

determining the mechanisms ion channels use to maintain normal cardiac rhythm is key to 

developing novel therapeutics for cardiac disorders.  

 

Voltage-gated sodium channels (Navs) are essential for the initiation and propagation of 

action potentials in mammalian atrial myocytes, ventricular myocytes, and Purkinje cells (non-

pacemaker cells) in the heart (Nerbonne and Kass 2005). Structurally, Navs are heterotrimeric 
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transmembrane proteins consisting of one pore-forming α subunit that is both covalently and 

non-covalently linked to two different β subunits (Isom, De Jongh et al. 1992, Catterall 2000, 

Morgan, Stevens et al. 2000, Calhoun and Isom 2014, O'Malley and Isom 2015) (Figure 1.1). 

Five β subunit proteins, encoded by four genes, have been identified in mammals (Isom, De 

Jongh et al. 1992, Makita, Bennett et al. 1994) and their functional loss can result in neuronal 

and cardiac channelopathies (O'Malley and Isom 2015). Originally, the β subunits were 

characterized as simple accessory proteins to α subunits. However, we now know that β subunits 

serve as critical links between the extracellular and intracellular signaling environments of 

cardiac and neuronal tissue through ion channel modulation, genetic regulation, and cell-cell 

adhesion. The aim of this chapter is to cover the current knowledge of β subunits in cardiac 

physiology and pathophysiology.  

 

Nav-α subunit  

 

To understand β subunit physiology in heart, one must first consider the pore-forming α 

subunits. Mammalian genomes contain 9 Nav-α subunits, encoded by the SCN1-10A genes 

(Catterall, Goldin et al. 2005). The α subunits contain all the machinery necessary for channel 

cell surface expression, ion conduction, voltage sensing, gating, and inactivation (Catterall 

2012). The Nav-α subunits transition between several conformations through the course of an 

action potential, including closed, open, and inactivated states (Savio-Galimberti, Gollob et al. 

2012). At resting membrane potential, the channel is in the closed state, where no sodium ions 

are conducted. With sufficient depolarization, the channel can shift conformation to an open 

state. In this state sodium ions enter the cell and drive further depolarization of the membrane. 
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After transition to the open state, the channel rapidly inactivates. Fast inactivation, with a 

recovery time constant on the millisecond time scale, allows cells to repolarize and the channel 

to again become available for reactivation (de Lera Ruiz and Kraus 2015). Channels exposed to 

prolonged depolarization lasting seconds to minutes or following a long burst of high-frequency 

discharges can enter a slow inactivated state, with a recovery time constant from hundreds of 

milliseconds to tens of seconds, which regulates cellular excitability by reducing the number of 

channels available for activation (Silva 2014).  

 

Nav Structure 

 

The Nav-α subunit is a large protein, ~260kDa, consisting of 4 homologous domains (I-

IV), each composed of 6 transmembrane segments (S1-S6) (Noda, Shimizu et al. 1984, Catterall 

2000) (Figure 1.1). The S4 segment in each domain serves as a voltage sensor. These specialized 

transmembrane segments contain positively charge amino acids (arginine and lysine) in every 

third position (Catterall 2010). Neutralization of the positive charges in S4 transmembrane 

segments of all four domains results in altered channel gating (Stuhmer, Conti et al. 1989, , 

Kontis, Rounaghi et al. 1997, Marban, Yamagishi et al. 1998). At resting membrane potential, S4 

segments are fixed in their inward position (Yang and Horn 1995, Yang, George et al. 1996, 

Bezanilla 2002). A depolarizing voltage pulse leads to a transient outward movement of the S4 in 

domains I-III (Yang and Horn 1995, Yang, George et al. 1996, Bezanilla 2002). The VSD is 

connected to the pore-forming module by an intracellular linker between transmembrane 

segments S4 and S5 of each domain. Motion of the S4 segments results in a conformational 

change that results in the opening of the channel pore (de Lera Ruiz and Kraus 2015). The S5 
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segment, S6 segment, and the extracellular connecting pore-loops (P-loops) of the four 

homologous domains have been shown to function together as the channel pore-forming module, 

containing the channel pore and the selectivity filter (Catterall 2012). A series of site-directed 

mutagenesis experiments showed that the selectivity filter, which distinguishes ions with similar 

charges and radii, is composed of 4 amino acid residues each contributed by the four 

homologous domains: aspartate (D) in DI, glutamate (E) in DII, lysine (K) in DIII, and alanine 

(A) in DIV (or DEKA) (Terlau, Heinemann et al. 1991, Heinemann, Terlau et al. 1992, Lipkind 

and Fozzard 2008). The outward movement of the voltage sensor opens the channel and exposes 

an intracellular binding site for the inactivation gate. Fast inactivation occurs through occlusion 

of the pore, thereby, blocking all ion conduction. The fast inactivation gate consists of a short 

loop on the intracellular side of the channel linking domains III and IV (Catterall 2000, Ulbricht 

2005). The highly conserved hydrophobic amino acid motif isoleucine-phenylalanine-methionine 

(IFM) in the III-IV linker is essential for fast inactivation, as deletion of IFM resulted in a 

channel that failed to inactivate (Vassilev, Scheuer et al. 1988, Vassilev, Scheuer et al. 1989, 

West, Patton et al. 1992, Eaholtz, Colvin et al. 1999). Action potentials in nervous, cardiac, and 

skeletal muscle tissue are dependent on proper gating of Nav-α subunits. Numerous gain- and 

loss-of-function variants in sodium channel α subunit genes have been linked to channelopathies, 

including epilepsy, cardiac arrhythmias, myotonia, and pain disorders.  Thus, finding Nav 

subtype-specific targeted therapies is currently an important area of research.  
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Figure 1.1 Topology of the Nav-α and -β subunits. 

Navs contain a pore-forming α subunit consisting of four homologous domains of six transmembrane 

segments. The S4 segment of each Nav-α subunit homologous domain forms the voltage sensing domain 

(VSD) and segments 5 and 6 in each domain create the ion-conducting pore. Three hydrophobic amino 

acids, IFM, form the inactivation gate (Catterall 2012).  Navs also contain one or more β subunits. There 

are five β subunits, β1-β4, and the developmentally regulated β1B. β1-β4 all contain a large extracellular 

immunoglobulin (Ig) domain, single transmembrane domain, and an intracellular C-terminal domain. β1 

and β3 are non-covalently linked to α, whereas β2 and β4 are covalently linked through disulfide bonds 

(Calhoun and Isom 2014). 
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Nine mammalin Nav-α subunits subtypes have been identified and functionally 

characterized. The subtypes are highly identical in amino acid sequence and their functional 

properties are relatively similar (Catterall 2000). The α subunits subtypes can be catogorized by 

their sensitivy to tetrodoxin (TTX), a toxin isolated from the puffer fish. SCN1A/Nav1.1, 

SCN2A/Nav1.2, SCN3A/Nav1.3, SCN4A/Nav1.4, SCN8A/Nav1.6 and SCN7A/Nav1.7 are termed 

‘TTX-sensitive’, as these channels are blocked by low nanomolar concentrations of TTX 

(Catterall 2012). In contrast, SCN5A/Nav1.5, SCN10A/Nav1.8, and SCN9A/Nav1.9 require 

micromolar TTX concentrations for inhibition and are thus considered to be ‘TTX-resistant’ 

channels (Catterall 2012). TTX-resistant channels contain a cysteine residue in the selectivity 

filter at a position that is otherwise filled by an aromatic amino acid in TTX-sensitive channels 

(Satin, Kyle et al. 1992). Nav-α subunits have been classified in the past by their tissue type 

expression, e.g. brain or heart, however, this type of classification is less useful as many Nav-α 

subunits have been shown to be expressed in multiple tissue types. In addition, Nav expression 

can change in pathophysiology. For example, in healthy cardiomyocytes, the TTX-resistant 

SCN5A/Nav1.5 is the predominantly expressed α subunit and the primary contributor to recorded 

sodium current (INa) density (Rogart, Cribbs et al. 1989, Gellens, George et al. 1992, Kazen-

Gillespie, Ragsdale et al. 2000, Maier, Westenbroek et al. 2002).  In contrast, brain neurons 

predominantly express the TTX-sensitive Nav-α subunits, SCN1A/Nav1.1, SCN3A/Nav1.3, and 

SCN8A/Nav1.6. However, cardiomyocytes also express Nav1.1, Nav1.3, and Nav1.6 (Dhar 

Malhotra, Chen et al. 2001, Maier, Westenbroek et al. 2002, Lopez-Santiago, Meadows et al. 

2007, Auerbach, Jones et al. 2013) (Figure 1.2) in the transverse tubules (T-tubules) (Dhar 
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Malhotra, Chen et al. 2001, Lopez-Santiago, Meadows et al. 2007), where they are postulated to 

function in excitation-contraction coupling (Maier, Westenbroek et al. 2002). Likewise, Nav1.5 

expression has been shown in the limbic system in brain (Hartmann, Colom et al. 1999). 

SCN10A/Nav1.8, is an important contributor to Nav conductance in dorsal root ganglia, 

nociceptive nerves, and cardiac nerves/ganglionated plexi (Odening 2019). In healthy 

cardiomyocytes it remains controversial whether SCN10A/Nav1.8 is expressed in both cardiac 

neurons and cardiomyocytes (Odening 2019), however, in diseased hearts there is a significant 

upregulation of SCN10A/Nav1.8 mRNA and protein in both cardiac tissue and cardiomyocytes 

(Dybkova, Ahmad et al. 2018, Odening 2019). In summary, the localization of Nav-α subunits is 

highly regulated, and the fine-tuned control of Nav expression is an important key in maintaining 

healthy tissue excitabilty.  
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Figure 1.2 TTX-Sensitive Navs are localized to transverse tubules (T-tubules). 

TTX-sensitive Navs, including Nav1.1, Nav1.3, and Nav1.6, are located at the T-tubules of CMs where 
they are thought to participate in the regulation of excitation-contraction coupling. Non-phosphorylated 
Nav-β1 subunits are co-localized with TTX- sensitive Nav-α subunits at the T-tubules where they play 
roles in calcium signaling and homeostasis. Nav1.5 is localized at the lateral membrane as well as the ID 
(Figure 3). At the lateral membrane, Nav1.5 is complexed with syntrophin and dystrophin. Abbreviations: 
L-type calcium channel (LTCC), phospholamban (PLB), ryanodine receptor (RyR), sarcoplasmic 
reticulum Ca2+-ATPase (SERCA), sodium-calcium exchanger (NCX), transverse tubules (T-tubule). 
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SCN5A/Nav1.5: The predominant cardiac Nav-α subunit  

 

Cardiomyocytes associate at the intercalated disk (ID), where adherens junctions, gap 

junctions, and desmosomes participate in intercellular communication (Vermij, Abriel et al. 

2017) (Figure 1.3A). Nav1.5 channels cluster at cell-cell junction sites at the ID, where they co-

localize with the cardiac gap junction (GJ) protein, connexin-43 (Cx43) (Maier, Westenbroek et 

al. 2002, Maier, Westenbroek et al. 2004) (Figure 1.3B). Nav1.5 clustering is proposed to 

contribute to rapid AP conduction from cell-to-cell, similar to the node-to-node saltatory 

conducting function of TTX-sensitive Navs in myelinated nerves (Freeman, Desmazières et al. 

2016).  

 

Cytoskeletal integrity is a pre-requisite for normal electrical coupling. During cardiac 

development, GJ proteins and Nav1.5 appear at the ID after formation of adherens junctions 

(Vreeker, van Stuijvenberg et al. 2014). The perinexus, a recently identified region of the ID, is 

defined as the area surrounding the plaque of functional GJs (Rhett, Veeraraghavan et al. 2013) 

(Figure 1.3B). Here, free connexons appear at the periphery of the GJ, after which they bind to 

zonula occludens1 (ZO-1). GJs form when ZO-1 free connexons from one cell associate with 

ZO-1 free connexons of a neighboring cell (Rhett, Jourdan et al. 2011). Disruption of Cx43/ZO-1 

interactions increases GJ size (Hunter 2005), and in a ZO-1 null model, GJ plaques are larger 

(Palatinus, O'Quinn et al. 2010). Cx43 also interacts with Nav1.5 in the perinexus (Rhett, 

Ongstad et al. 2012) (Figure 1.3B). The presence of Nav1.5 at the perinexus may suggest that, in 

addition to GJ proteins, Navs may participate in coupling across the extracellular space, with 

increasing evidence supporting that both Cx43 and Nav1.5 are necessary for cell-to-cell 
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transmission of Aps (Gutstein, Morley et al. 2001, Lin, Liu et al. 2011, Jansen, Noorman et al. 

2012).  

 

Ankyrin-G, a cytoskeletal adaptor protein, is necessary for normal expression of Nav1.5 

and coupling of the channel to the actin cytoskeleton (Mohler, Rivolta et al. 2004). A human 

SCN5A BrS variant eliminates Nav1.5-ankyrin-G interactions (Mohler, Rivolta et al. 2004). This 

mutation, located in the Nav1.5 DII–III loop, prevents channel cell surface expression in 

ventricular cardiomyocytes and alters channel properties. In agreement with this result, rat 

cardiomyocytes with reduced expression of ankyrin-G have reduced levels of Nav1.5 expression 

and INa density. Abnormal Nav1.5 localization can be rescued in ankyrin-G deficient 

cardiomyocytes through exogenous over-expression of ankyrin-G (Lowe, Palygin et al. 2008). 

Ankyrin-G recruits βIV spectrin, which forms important scaffolding structures and plays a role in 

the maintenance and integrity of the plasma membrane and cytoskeleton (Yang, Ogawa et al. 

2007). βIV spectrin associates with and targets a subpopulation of Ca2+/calmodulin-dependent 

protein kinase II (CaMKIIδ) to the ID to phosphorylate a critical serine residue in the Nav1.5 I–II 

linker (Hund, Koval et al. 2010, Makara, Curran et al. 2014). Mouse cardiomyocytes expressing 

a mutant form of βIV spectrin show a positive shift in steady-state inactivation, elimination of 

late INa, shortened action potential duration (APD), and  decreased QT intervals (Hund, Koval et 

al. 2010), confirming that formation of the Nav1.5-ankyrin-G signaling complex is critical for 

maintaining normal cardiac excitability.  

 

Nav1.5 channels are also expressed at the cardiomyocyte lateral membrane, where they 

have distinct biophysical properties and binding partners from those at the ID. In ventricular 
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cardiomyocytes, Nav1.5 at the lateral membrane forms a complex containing dystrophin and 

syntrophin (Figure 1.2), while Nav1.5 at the ID complexes with the membrane-associated 

guanylate kinase (MAGUK) protein adapter protein, synapse-associated protein 97 (SAP97), and 

ankyrin-G (Petitprez, Zmoos et al. 2011) (Figure 1.3C). These results demonstrate that there are 

at least two distinct Nav1.5 pools in cardiomyocytes. In heterologous cells, surface expression of 

Nav1.5 is regulated by its interaction with SAP97 via a PDZ-domain (post-synaptic density 

protein-PSD95, disc large tumor suppressor-Dlg1, zonula occludens1-ZO1). Either the truncation 

of the fourth domain of Nav1.5 (Shy, Gillet et al. 2014) or depletion of SAP97 (Matsumoto, 

Fujikawa et al. 2012) results in reduced channel cell surface expression, with a subsequent 

decrease of INa.  

 

Nav1.5 also interacts with fibroblast growth factor homologous factor 1B (FHF1B) (Liu, 

Dib-Hajj et al. 2003), calmodulin (Kim, Ghosh et al. 2004, Young and Caldwell 2005), Nedd4-

like-ubiqutin-protein ligases (Van Bemmelen, Rougier et al. 2004, Rougier, van Bemmelen et al. 

2005), and can be phosphorylated by Fyn (Ahern, Zhang et al. 2005), a src family tyrosine 

kinase. All of these interacting proteins are involved in the regulation of channel subcellular 

localization and activity. Taken together, these results accentuate the idea that Navs associate 

with protein complexes that are specific to subcellular domains, and these interactions are critical 

to cardiac physiology. Undoubtedly, changes in one component of a given complex results in 

significant consequences to overall cardiac excitability and synchrony. 
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Figure 1.3. Nav complexes at the cardiac intercalated disk. 

CMs associate at the ID, where Nav1.5, Nav-β1 subunits, adherens junctions, gap junctions, and 
desmosomes define intercellular communication. (A) Associated CMs. (B) Proposed model of the GJ 
plaque, perinexus, and perinexus edge. Nav-β1 subunits at the ID are tyrosine phosphorylated, possibly 
through Fyn kinase activation, and may function in cell–cell adhesion in the perinexus and perinexus 
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edge. (C) At the ID, Nav1.5 associates with a multi-protein complex. Abbreviations: Ankyrin-G (AnkG), 
Calmodulin (Cal), Ca2+/calmodulin-dependent protein kinase II (CaMKIIδ), Fibroblast growth factor 
homologous factor 1B (FHF1B), N-Cadherin (N-Cad), Nedd4-like-ubiqutin-protein ligases (Nedd4), 
Synapse-associated protein 97 (SAP97). 
 

 

 

 

Table 1.1. Nav1.5 Intercalated Disk interacting proteins. 

 

 

 

 

Interacting protein  Effects on Nav1.5 Reference(s) 

Ankyrin-G (AnkG) Proper expression at plasma membrane 
and coupling to actin cytoskeleton  

(Mohler, Rivolta et 
al. 2004) 

Calmodulin (Cal) Regulates biophysical properties  (Tan, Kupershmidt 
et al. 2002, Kim, 
Ghosh et al. 2004, 
Young and 
Caldwell 2005, 
Gabelli, Boto et al. 
2014) 

Ca2+/calmodulin-dependent 
protein kinase II (CaMKIIδ) 

Phosphorylation and modulates 
excitability 

(Hund, Koval et al. 
2010, Makara, 
Curran et al. 2014) 

Fibroblast growth factor 
homologous factor 1B (FHF1B) 

Modulate channel gating (Liu, Dib-Hajj et al. 
2003) 

Nedd4-like-ubiqutin-protein 
ligases (Nedd4) 

Ubiquitination and regulated 
internalization. Possible mechanism in 
modulation of channel density at the 
plasma membrane 

(Van Bemmelen, 
Rougier et al. 2004, 
Rougier, van 
Bemmelen et al. 
2005) 

Synapse-associated protein 97 
(SAP97) 

Stability and anchoring to the cell 
membrane 

(Petitprez, Zmoos 
et al. 2011, 
Matsumoto, 
Fujikawa et al. 
2012) 
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Nav-β subunits 

 

Nav heterotrimer complex consists of an Nav-α subunit that is both covalently and non-

covalently linked to two different Nav-β subunits (Isom, De Jongh et al. 1992, Catterall 2000, 

Calhoun and Isom 2014, O'Malley and Isom 2015). Each Nav-β subunit (SCN1B/β1 and β1B, 

SCN2B/β2, SCN3B/β3, SCN4B/β4) has been identified in mammalian heart in both chambers 

(atria and ventricle) (Zhu, Wang et al. 2021). Nav-β1, -β2, -β3, and -β4 are transmembrane 

proteins with type 1 topology consisting of an extracellular N-terminus containing a heavily 

glycosylated immunoglobulin (Ig) domain that is approximately one-third of the total protein 

molecular mass, a transmembrane segment, and an intracellular C-terminus (Calhoun and Isom 

2014) (Figure 1.4). Nav-β1B, which was originally called β1A (Kazen-Gillespie, Ragsdale et al. 

2000)), is a SCN1B splice variant formed through the in-frame retention of intron 3. This splice 

variant contains the Nav-β1 N-terminal and Ig domains, but has a distinct C-terminal domain that 

lacks a transmembrane segment (Kazen-Gillespie, Ragsdale et al. 2000), resulting in a secreted 

cell adhesion molecule (Patino, Brackenbury et al. 2011). Nav-β1, Nav-β1B, and Nav-β3 associate 

non-covalently with α subunits via their N- and C-termini (McCormick, Isom et al. 1998, 

Meadows, Malhotra et al. 2001). In contrast, Nav-β2 and Nav-β4 interact covalently with α 

subunits via a single cysteine located in the N-terminal, extracellular Ig loop (Chen, Calhoun et 

al. 2012, Gilchrist, Das et al. 2013). While the pore forming α subunits are sufficient for ion 

conduction, Nav-β subunits regulate INa density, kinetics, voltage-dependence of activation and 

inactivation, and levels of Nav-α subunit cell surface expression (Calhoun and Isom 2014). 

Heterologous expression systems and mouse models have shown that Nav-β subunits modulate α 
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subunits in cell type specific manners, thus the Nav-α/β subunit composition of a given cell 

confers unique biophysical properties that can be finely tuned.  

 

Variants in SCN1B (Kazen-Gillespie, Ragsdale et al. 2000, Patino, Brackenbury et al. 

2011), are implicated in a variety of inherited pathologies including developmental and epileptic 

encephalopathy (DEE) (O'Malley and Isom 2015), Brugada syndrome (BrS) (Watanabe, 

Koopmann et al. 2008, Hu, Barajas-Martínez et al. 2012), long-QT syndrome (LQTS) (Riuró, 

Campuzano et al. 2014), atrial arrhythmias (Watanabe, Darbar et al. 2009), and sudden infant 

death syndrome (SIDS) (Hu, Barajas-Martínez et al. 2012, Neubauer, Rougier et al. 2018) 

(Figure 1.4 and Table 1.2). Regardless of disease etiology, patients with SCN1B variants have an 

increased risk of sudden death. The reminder of this chapter will concentrate on SCN1B; 

however, it is important to understand that variants in SCN2B, 3B, and 4B are also linked to 

diseases such as cancer, cardiac conduction disorders, and neurological diseases, signifying the 

importance of Nav-β subunits in physiology.  
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Figure 1.4. SCN1B variants are linked to epilepsy syndromes and cardiac conduction diseases. 

SCN1B encodes Nav-β1 (left) and its secreted splice variant Nav-β1B (right). Sites for ankyrin binding, 
phosphorylation, and proteolytic cleavage are indicated. Ig: immunoglobulin. Human disease variants in 
β1 or β1B are indicated in yellow, blue, white and are described in Table 1. Adapted from (O'Malley and 
Isom 2015) 
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Table 1.2. SCN1B variants linked to human disease. 

Disease β1  β1B  

Atrial fibrillation  R85H (Watanabe, Darbar et al. 
2009), D153N (Watanabe, Darbar et 
al. 2009) 

R85H (Watanabe, Darbar et al. 2009), 
D153N (Watanabe, Darbar et al. 2009) 

Brugada syndrome E87Q (Watanabe, Koopmann et al. 
2008) 

E87Q (Watanabe, Koopmann et al. 
2008), H162P (Holst, Saber et al. 
2012), W179X (Watanabe, Koopmann 
et al. 2008), R214Q (Holst, Saber et al. 
2012, Hu, Barajas-Martínez et al. 
2012) 

Developmental and 
Epileptic 
Encephalopathy 
(DEE) 
/Dravet syndrome 

I106F (Ogiwara, Nakayama et al. 
2012), Y119D (Ramadan, Patel et al. 
2017), C121W (Wallace, Wang et al. 
1998), R125C (Patino, Claes et al. 
2009), R85C (Aeby, Sculier et al. 
2019), R89C (Darras, Ha et al. 
2019), R46C (Scala, Efthymiou et al. 
2021), R60C (Scala, Efthymiou et al. 
2021) 

I106F (Ogiwara, Nakayama et al. 
2012), Y119D (Ramadan, Patel et al. 
2017), C121W (Wallace, Wang et al. 
1998), R125C (Patino, Claes et al. 
2009),  R85C (Aeby, Sculier et al. 
2019), R89C (Darras, Ha et al. 2019),  
R46C (Scala, Efthymiou et al. 2021), 
R60C (Scala, Efthymiou et al. 2021) 

Generalized 
Epilepsy with 
Febrile Seizures 
Plus (GEFS+) 

D25N (Orrico, Galli et al. 2009), 
R85H (Scheffer, Harkin et al. 2006), 
R125L (Fendri-Kriaa, Kammoun et 
al. 2011), five amino acid deletions 
(IVS2-2A>C) (Audenaert, Claes et 
al. 2003) 

D25N (Orrico, Galli et al. 2009), 
R85H (Scheffer, Harkin et al. 2006), 
R125L (Fendri-Kriaa, Kammoun et al. 
2011), five amino acid deletions 
(IVS2-2A>C) (Audenaert, Claes et al. 
2003) 

Idiopathic epilepsy    G257R (Patino, Brackenbury et al. 
2011) 

Sudden Infant Death 
Syndrome  

  R214Q (Hu, Barajas-Martínez et al. 
2012), R225C (Neubauer, Rougier et 
al. 2018) 

Sudden Unexpected 
Nocturnal Death 
Syndrome  

V138I (Liu, Tester et al. 2014), 
T189M (Liu, Tester et al. 2014) 

V138I (Liu, Tester et al. 2014) 

Long QT Syndrome    P213T (Riuró, Campuzano et al. 2014) 
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Nav-β1 post-translational modifications 

 

Nav-β subunits undergo multiple post-translational modifications including glycosylation, 

phosphorylation, proteolytic cleavage, and palmitoylation. All Nav-β subunits have highly 

glycosylated N-terminal domains, containing 3 to 4 N-linked glycosylation sites each (Isom, De 

Jongh et al. 1992, McCormick, Isom et al. 1998, Johnson, Montpetit et al. 2004). Nav-β subunit 

glycosylation impacts their surface expression and channel modulatory properties (Johnson, 

Montpetit et al. 2004).  

 

The Nav-β1 intracellular domain is phosphorylated at tyrosine (Y) residue 181 (Figure 

1.4). Using a fyn kinase assay with a peptide representing the β1 wild-type (WT) intracellular 

domain as substrate resulted in increased fyn kinase activity over the no-substrate control. In 

contrast, fyn kinase activity levels were not different from no-substrate control when a peptide 

representing the β1 phosphomimetic, β1-p.Y181E, intracellular domain was used as substrate 

(Bouza, Philippe et al. 2020). These results supported our hypothesis (Brackenbury, Davis et al. 

2008) that fyn kinase directly phosphorylates the β1 intracellular domain at position Y181. 

Human Embryonic Kidney (HEK) cells stably expressing Nav1.5 transiently transfected with β1-

WT or the phosphomimetic constructs, β1-p.Y181A or β1-p.Y181E, increased INa compared to 

Nav-α alone. Interestingly, despite normal membrane localization and cell adhesive activity, β1-

p.Y181F did not increase INa over control levels. These results suggest that the ability of Nav-β1 

to increase Nav1.5-generated INa, occurs independently of the tyrosine phosphorylation state of 

Nav-β1 intracellular domain. However, why β1-p.Y181F retains normal cell adhesive function 
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but not INa modulation remains unanswered. In cardiomyocytes, tyrosine-phosphorylated Nav-β1 

and non-phosphorylated Nav-β1 are differentially localized to subcellular domains where they 

interact with specific cytoskeletal and signaling proteins (Malhotra, Thyagarajan et al. 2004). At 

the T-tubules, non-phosphorylated Nav-β1 interacts with TTX-sensitive Navs and ankyrin-B 

(Malhotra, Thyagarajan et al. 2004). In contrast, tyrosine-phosphorylated Nav-β1 is localized to 

the ID where it interacts with Nav1.5 and N-cadherin (Malhotra, Thyagarajan et al. 2004). 

Phosphorylation may be a signaling mechanism by which cardiomyocytes regulate the density 

and localization of Nav-β1 at specific subcellular domains. Whether phosphorylation targets Nav-

β1 to subcellular regions in cardiomyocytes or whether Nav-β1 is differentially phosphorylated 

upon arrival to those subcellular regions is important to understand this signaling mechanism in 

cardiomyocytes. 

 

Nav-β subunits are targets for sequential proteolytic cleavage by BACE1 and γ-secretase, 

resulting in the release of N-terminal and C-terminal domains (Wong, Sakurai et al. 2005, Patino, 

Brackenbury et al. 2011, Bouza, Edokobi et al. 2021), a process referred to as Regulated 

Intramembrane Proteolysis (RIP) (Lal and Caplan 2011). These cleavage products have 

important physiological effects on transcriptional regulation of genes. For example, cleavage of 

Nav-β2 in neurons in vitro leads to translocation of a soluble intracellular domain (ICD) to the 

nucleus, where it increases SCN1A mRNA and Nav1.1 protein expression (Kim, Carey et al. 

2007). Cleavage of Nav-β1, results the similar generation of a soluble ICD that translocates to the 

nucleus (Bouza, Philippe et al. 2020, Bouza, Edokobi et al. 2021). Importantly, RIP of Nav-β1 

occurs independently of the phosphorylation state of Nav-β1 residue Y181.  In cardiomyocytes, it 

was determined that the β1-ICD may function as a molecular brake on the expression of genes 
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involved in excitation-contraction coupling (Bouza, Edokobi et al. 2021). The signaling 

mechanisms involved in regulating Nav-β1 RIP-excitation coupling increases our knowledge of 

modulatory mechanisms of β1 function in-vivo and provides novel potential therapeutic targets 

for drug discovery to treat SCN1B-linked channelopathies.  

 

Lastly, Nav-β1 subunits are S-palmitoylated. Mutation of a single residue in Nav-β1, 

cysteine (C) 162 to alanine (A), prevents palmitoylation, reduces the level of Nav-β1 

polypeptides at the plasma membrane, and results in a reduction in the extent of β1 RIP, 

suggesting that the plasma membrane is the site of Nav-β1 proteolytic processing (Bouza, 

Philippe et al. 2020). Despite the biochemical changes, β1-p.C162A co-expression with Nav1.5 

increased INa, similar to WT-β1 (Bouza, Philippe et al. 2020). Thus, some post-transcriptional 

modifications may not alter α-β1 subunit interactions, but instead affect Nav-β1 membrane 

localization and downstream signaling in the absence of α subunit co-expression. It will be 

interesting to determine whether phosphorylation and palmitoylation alter WT-β1 interactions 

with Nav-α subunit subtypes in addition to Nav1.5.   

 

Nav-β1 is more than accessory 

 

Nav-β subunits are now recognized as multifunctional proteins (O'Malley and Isom 2015) 

that are involved in a variety of cellular functions. Nav-β subunits are Ig superfamily cell 

adhesion molecules (CAMs) that facilitate cell-cell communication and initiate intracellular 

signaling cascades. Nav-β1 and -β2 participate in trans-homophilic cell adhesion, resulting in the 

recruitment of ankyrin-G to the plasma membrane at sites of cell-cell contact (Malhotra, Kazen-
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Gillespie et al. 2000). Importantly, at least in vitro, this occurs both in the presence and absence 

of α subunits. Nav-β1 and -β2 also participate in cell–matrix adhesion, binding tenascin-R and 

tenascin- C to modulate cell migration (Srinivasan, Schachner et al. 1998, Xiao, Ragsdale et al. 

1999). Nav-β3 does not function as a trans homophilic CAM when expressed in non-adherent 

Drosophila S2 cells, as shown for Nav-β1 and -β2 (McEwen, Chen et al. 2009). In contrast, Nav-

β3 does participate in cell adhesion when expressed in mammalian cells, where trans homophilic 

adhesion was shown to require an intramolecular Cys2–Cys24 disulfide bond that maintains the 

integrity of the Ig domain, suggesting that this bond may not be formed correctly in insect cells 

(Yereddi, Cusdin et al. 2013). Finally, the secreted Nav-β1B SCN1B splice variant functions as a 

CAM ligand to promote signal transduction in cultured neurons (Patino, Brackenbury et al. 

2011).  

 

Nav-β1 cell adhesive activity has been implicated in neuronal development in vivo. β1-β1 

trans homophilic cell adhesion mediates neurite outgrowth in WT cerebellar granular neurons 

(CGNs) in culture (Davis, Chen et al. 2004). Neurite length was significantly longer when WT 

CGNs, expressing Nav-β1, were grown on a monolayer of fibroblasts that also expressed β1, 

compared to WT neurons grown on a control fibroblast monolayer that did not express β1.  

Consistent with this result, Scn1b null CGN neurite length was not increased over controls, 

regardless of β1 expression in the cell monolayer. Scn1b null mouse optic nerve, spinal cord, and 

sciatic nerve nodes of Ranvier have abnormal architecture (Chen, Westenbroek et al. 2004). In 

WT mouse cerebellum, CGN axons project from the granule layer to the molecular layer, where 

they form parallel fibers. In contrast, Scn1b null mouse CGN axons are defasiculated and have 

aberrant pathfinding, forming a disrupted molecular layer (Brackenbury, Davis et al. 2008, 
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Brackenbury, Yuan et al. 2013). Abnormal pathfinding and defasiculation were also observed in 

the Scn1b-null corticospinal tract and hippocampus (Brackenbury, Davis et al. 2008, 

Brackenbury, Yuan et al. 2013). Thus, Scn1b plays a critical role in neuronal development and 

pathfinding.  

 

In the heart, the subcellular localization of Nav-β1 to the intercalated disk suggests a role 

for this subunit in cardiac cell–cell communication. Scn1b and Scn5a have overlapping, but not 

identical, temporal and spatial expression profiles during heart development (Domínguez, 

Navarro et al. 2005). In ventricular myocytes, Nav-β1 is co-localized to the ID (Kaufmann, 

Westenbroek et al. 2010) with Nav1.5 (Maier, Westenbroek et al. 2004), as well as to the T-

tubules with TTX-sensitive Nav-α subunits (Malhotra, Kazen-Gillespie et al. 2000, Lopez-

Santiago, Meadows et al. 2007, Lin, O'Malley et al. 2015). More recent evidence showed that 

β1-mediated cell-cell adhesion occurs at the perinexal membrane, a specialized area of ID, and 

that this interaction can be acutely inhibited by βadp1, a novel peptide mimetic of the Nav-β1 

extracellular CAM domain (Veeraraghavan, Hoeker et al. 2018). Dose-dependent administration 

of βadp1 decreased cellular adhesion in heterologous Nav-β1-overexpressing fibroblasts. 75% of 

βadp1-treated hearts exhibited spontaneous ventricular tachycardias, revealing preferential 

slowing of transverse conduction. Importantly, Scn1b null mouse ventricles displayed striking 

evidence of perinexal de-adhesion, similar to normal hearts treated with βadp1 (Veeraraghavan, 

Hoeker et al. 2018). These data support a role for trans β1-β1 mediated cell-cell adhesion in 

ventricular myocytes and suggest a mechanistic role for adhesion in AP conduction. Importantly, 

in addition to cardiomyocytes, Nav-β1 subunits are expressed in cardiac fibroblasts and 

preliminary results suggest that Nav-β1 is expressed in cardiac neurons (not shown). Thus, 
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because a large proportion of SCN1B variants affect the Ig domain (O'Malley and Isom 2015), it 

is likely that disruption of β1-β1 mediated cell-cell adhesion in vivo contributes to cardiac 

disease mechanisms and, if so, that restoring adhesion may be a future therapeutic target.   

 

Nav-β1 modulation of Nav1.5 

 

Nav-β1 and -β1B modulation of Nav1.5 varies depending on the model system studied. In 

Xenopus oocytes, the amplitude of Nav1.5-expressed INa increases with increasing amounts of 

Nav-β1 mRNA (Qu, Isom et al. 1995). Antisense-mediated post-transcriptional silencing of 

Scn1b in H9C2, a cardiomyocytes cell line, alters both TTX-sensitive and TTX-resistant Nav-α 

mRNA and protein expression, resulting in decreased INa (Baroni, Picco et al. 2014). In contrast, 

Scn1b null ventricular mouse cardiomyocytes have increased expression of Scn3a and Scn5a, 

along with increased TTX-sensitive and TTX-resistant INa (Lopez-Santiago, Meadows et al. 

2007, Lin, O'Malley et al. 2015, Bouza, Edokobi et al. 2021). These results suggest that Nav-β1 

subunits are involved in acute and long-term mechanisms that differentially control expression 

and function of Nav-α subunits.  

 

In heterologous cells, Nav-β1 or -β1B co-expression with Nav1.5 increases INa compared 

to NaV1.5 alone by increasing channel expression at the plasma membrane (Watanabe, 

Koopmann et al. 2008, Casini, Tan et al. 2010, Hu, Barajas-Martinez et al. 2012, Riuró, 

Campuzano et al. 2014, Yuan, Koivumaki et al. 2014, Bouza, Philippe et al. 2020, Martinez-

Moreno, Selga et al. 2020, Wang, Han et al. 2020, Bouza, Edokobi et al. 2021). Thus far, SCN1B 

epilepsy or cardiac arrhythmia variants that alter the Nav-β1 or -β1B coding sequence (Figure 1, 
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Table 1.2) generally result in loss-of-function in terms of the ability to increase INa density, with 

varying effects on channel gating and kinetic properties. While we have information on the loss-

of-function effect of the β1-p.C121W mutation on cell-cell adhesion (Meadows, Malhotra et al. 

2002), these experiments have not been performed for other variants. This functional information 

will be critical to understanding the disease phenotype in patients.   

 

While the Nav-α subunits are known to form and function as monomers, evidence 

suggests that Nav1.5 can also form dimers under certain situations, and that dimerization is 

mediated through an interaction site within the first intracellular loop (Clatot, Hoshi et al. 2017). 

Nav-α subunit dimers display coupled gating properties, which are mediated through the action 

of 14-3-3 proteins (Clatot, Hoshi et al. 2017). The 14-3-3 family of proteins is important for the 

regulation of cardiac INa and disrupted 14-3-3 expression may exert pro-arrhythmic effects on 

cardiac electrical properties (Allouis, Le Bouffant et al. 2006, Sreedhar, Arumugam et al. 2016). 

The functional importance of Nav1.5 dimerization may be to target and enhance the density of 

channels at specific subcellular domains. Interestingly, Nav1.5-R1432G, a surface localization 

defective SCN5A mutant, displays a dominant negative effect on WT Nav1.5 only in the presence 

of the Nav-β1 subunit (Mercier, Clément et al. 2012). Thus, Nav-β1 may promote interactions 

between WT Nav1.5 and mutant Nav-α subunits, leading to a dominant negative effect. 

Importantly, interpretation of these data should be taken with caution as Nav-β subunits are 

multifunctional proteins, and native tissue/cells express a variety of interacting proteins that are 

critical to Nav-β subunits full function.   
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Nav-β1 modulation of potassium channels 

 

Cardiac potassium channels (Kvs) are vital in repolarizing non-pacemaker cells and in 

setting the resting membrane potential in all cardiac cells. During non-pacemaker cell APs in the 

heart, transient outward potassium current (Ito) contributes to rapid repolarization during phase 1 

(Nerbonne and Kass 2005). The delay observed in rapid repolarization during phase 2 involves 

outward rectifying potassium currents (IKur, IKr, and IKs) and accelerated repolarization during 

phase 3 is mediated by inward rectifying potassium currents (IK1, IKAch, and IKATP) (Nerbonne 

and Kass 2005). At the end of phase 3, inward rectifying potassium currents play an important 

role in setting the resting membrane potential (Nerbonne and Kass 2005). Interestingly, Nav-β1 

can interact with and modulate voltage gated Kvs in addition to Navs. Thus, Nav-β1 subunit 

multifunctionality may allow for crosstalk between different ion channel types to regulate 

excitability in cardiomyocytes. 

 

Kv-α subunits assemble as tetramers that normally associate with modulatory Kv-β 

subunits (Snyders 1999). The Kv4.x subfamily of channels express rapidly activating, 

inactivating, and recovering cardiac Ito (Snyders 1999). Heterologous co-expression of Nav-β1 

with Kv4.3 results in a ~four-fold increase in Ito density (Deschênes and Tomaselli 2002). 

Additionally, Nav-β1 alters the voltage-dependence and kinetics of channel gating compared to 

Kv4.3 expressed alone (Deschenes and Tomaselli 2002). Nav-β1B can also associate with Kv4.3 

in heterologous systems, resulting in increased Ito (Hu, Barajas-Martinez et al. 2012). 

Importantly, Nav-β1 associates with Kv4.2 and enhances its surface expression in heterologous 

systems (Marionneau, Carrasquillo et al. 2012). Whole-cell voltage-clamp recordings obtained 
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from cells expressing Kv4.2 with Nav-β1 resulted in higher Ito densities compared to Kv4.2 alone 

(Marionneau, Carrasquillo et al. 2012). Nav-β1 can also interact with and modulate Kv1 (Kv1.1, 

Kv1.2, Kv1.3, or Kv1.6) and Kv7 (Kv7.2) channels (Nguyen, Miyazaki et al. 2012). In vivo, Kv-α 

modulation by β1/β1B is cell type dependent. Scn1b null dorsal root ganglion (DRG) neurons are 

hyperexcitable and have decreased levels of Ito (Lopez-Santiago, Brackenbury et al. 2011). Scn1b 

null ventricular CMs exhibit increased Itos, IK slow, and Iss as well as altered expression of Kv 

genes. Acute silencing of Nav-β1 subunits in neonatal rat ventricular myocytes with siRNA 

targeting significantly reduced the expression of Kv4.x protein and reduced both INa and Ito 

(Deschênes, Armoundas et al. 2008). These data highlight the idea that acute vs. constitutive 

reduction of Scn1b expression in vivo will result in differential modulation of ionic currents.  

 

Similar to Nav1.5, Kir2.x channels, conducting the inward rectifier current IK1, contain a 

C-terminal PDZ-binding domain which mediates interaction with SAP97 and syntrophin 

(Matamoros, Perez-Hernández et al. 2016). Data suggest that Kir2.x channels associate in 

microdomains that include caveolin 3, Nav1.5, SAP97, and syntrophin (Vaidyanathan, Vega et 

al. 2013). Nav1.5 interacts with α1-syntrophin via an internal N-terminal PDZ-like binding 

domain in addition to the C-terminal PDZ-binding domains (Matamoros, Perez-Hernández et al. 

2016). Importantly, Nav1.5-β1 co-expression increases Kir2.1 and Kir2.2, but not Kir2.3, 

currents, again suggesting that these channels are functionally linked and that β1 is critical to the 

formation of multi-ion channel complexes.  
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Scn1b-mediated regulation of cardiac physiology 

 

Animal models have been instrumental in understanding the role of Scn1b in excitability. 

Scn1b deletion in mice results in severe seizures, ventricular arrhythmias, and sudden death prior 

to weaning (Chen 2004). Scn1b null ventricular cardiomyocytes exhibit prolonged AP 

repolarization, increased Scn5a/Nav1.5 expression, increased Scn3a/Nav1.3 expression, increased 

transient and persistent (late) INa density, and prolonged QT and RR intervals on the ECG 

(Lopez-Santiago, Meadows et al. 2007). Additionally, Scn1b null ventricular cardiomyocytes 

have increased IK and decreased calcium currents (ICa), potentially mediated by a combination of 

changes in gene expression and loss of β1/β1B interaction with those ion channels (Bouza, 

Edokobi et al. 2021).  Consistent with this, ventricular cardiomyocytes acutely isolated from 

cardiac-specific Scn1b null mice have increased INa density, increased susceptibility to 

polymorphic ventricular arrhythmias, and altered intracellular calcium handling (Lin, O'Malley 

et al. 2015). Cardiac specific Scn1b deletion also results in increased duration of calcium 

signaling in ventricular cardiomyocytes, resulting in delayed afterdepolarization (Lin, O'Malley 

et al. 2015). Thus, Scn1b deletion is clearly arrhythmogenic in mouse ventricular tissue. Until 

now, the atrial phenotype of Scn1b null mice has not been described. Chapter 2 provides a 

detailed investigation into the structural and functional consequences of Scn1b deletion in atrial 

physiology.  Phenotyping the complex heterogenous specialized cells found in cardiac tissue is 

critical for determining the mechanisms promoting or sustaining arrhythmias, as well as 

discovering clinically relevant treatments for SCN1B-linked disease.  
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SCN1B and human channelopathies  

 

DEE52, differentially diagnosed as Dravet Syndrome or Early infantile Developmental 

and Epileptic Encephalopathy (EIDEE), is linked to SCN1B biallelic loss-of-function variants 

(Patino, Claes et al. 2009, O'Malley and Isom 2015, Aeby, Sculier et al. 2019, Darras, Ha et al. 

2019). Hallmarks of this disorder include onset before 12 months of age, frequent and prolonged 

febrile seizures, neurodevelopmental delays, and ataxia. Importantly, patients with DEE52 are at 

a higher incidence of sudden unexpected death in epilepsy or SUDEP (Bell and Sander 2001, 

Tomson, Nashef et al. 2008) . In these patients, SUDEP occurs predominately during sleep, but 

the exact mechanism of sudden death remains unclear (Elmali, Bebek et al. 2019, Mazzola and 

Rheims 2021). Several studies have suggested that, in addition to severe seizures, brain stem 

respiratory dysfunction, autonomic dysfunction, and cardiac arrhythmias may contribute to the 

terminal event (Li, O'Brien et al. 2019, Pensel, Nass et al. 2020, Petrucci, Joyal et al. 2020, 

Akyuz, Uner et al. 2021, Costagliola, Orsini et al. 2021, Fialho, Wolf et al. 2021, Mazzola and 

Rheims 2021). Diagnostic overlap between epilepsy and cardiac conduction disease can 

confound understanding of causative links between the two phenotypes (Massey, Sowers et al. 

2014). Cardiac conduction abnormalities may be poorly recognized in patients with epilepsy and 

seizures may be mistaken as syncope in cardiac patients (Zaidi, Clough et al. 2000, Ravindran, 

Powell et al. 2016). In addition to DEE, SCN1B variants are linked to inherited cardiac 

arrhythmia disorders that lack a seizure component but that also predispose patients to sudden 

death (Watanabe, Koopmann et al. 2008, Watanabe, Darbar et al. 2009, Holst, Saber et al. 2012, 

Hu, Barajas-Martínez et al. 2012, Liu, Tester et al. 2014, Riuró, Campuzano et al. 2014, 
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Neubauer, Rougier et al. 2018, El-Battrawy, Muller et al. 2019) (Table 1.2). There may be 

overlap between these diagnoses. A retrospective electrocardiography study revealed that 

abnormal ventricular conduction and abnormal cardiac autonomic response were more common 

in SUDEP cases than in epileptic controls (Chyou, Friedman et al. 2016, Szurhaj, Leclancher et 

al. 2021).   

 

For over a decade, our lab has amassed a body of work supporting the hypothesis that 

DEEs with high SUDEP risk exhibit pro-arrhythmogenic changes that compromise the heart to 

electrical and structural abnormalities and that cardiac arrhythmias contribute to the mechanism 

of SUDEP (Lopez-Santiago, Meadows et al. 2007, Auerbach, Jones et al. 2013, Bao, Willis et al. 

2016, Frasier, Wagnon et al. 2016, Frasier, Zhang et al. 2018). In one study using patient-derived 

induced pluripotent stem cell (iPSC) cardiac myocytes, we were able to predict cardiac 

arrhythmia in a Dravet Syndrome (DS) patient prior to their clinical diagnosis (Frasier, Zhang et 

al. 2018). In spite of this evidence, patients with DEE are not routinely evaluated by cardiologists 

and thus are not usually under cardiac surveillance. Clearly, we need better insight into 

genotype-to-phenotype correlations of SCN1B-linked and other channelopathies to determine 

whether SCN1B DEE patients should be candidates for cardiovascular evaluation.  
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iPSC: phenotyping human cells in a dish  

 

The remarkable field of iPSC research has opened critical new frontiers for basic and 

translational biomedical research, personalized medicine, and regenerative medicine (Shi, Inoue 

et al. 2017, Liu, David et al. 2020, Yamanaka 2020). This method of reprogramming somatic 

cells into a pluripotent state, using a cocktail of transcription factors, has relieved scientists of the 

ethical controversies involved with using embryonic stem cells. Although this technology is 

rapidly improving, there are several unresolved problems that currently limit the clinical and 

therapeutic potential of iPSC derived cells (Ahmed, Anzai et al. 2020, Karbassi, Fenix et al. 

2020). Despite those limitations, iPS derived cells present a novel way for researchers to 

investigate human cells in a rigorous, ethically sourced, and reproducible manner.  

 

In 2006, the Shinya Yamanaka group showed that mouse fibroblasts could be 

reprogramed to pluripotent stem cells by introducing a cocktail of four transcription factors 

(Oct3/4, Sox2, Klf4, and cMyc) under embryonic cell culture conditions (Takahashi and 

Yamanaka 2006). The transcription factors were involved in maintenance of pluripotency. One 

year later, two separate research groups, the Yamanaka and Thomson group demonstrated the 

ability to derive pluripotent stem cells from human somatic cells using either the original four 

transcription factors (Takahashi, Tanabe et al. 2007) or (OCT4, SOX2, NANOG, and LIN28) 

(Yu, Vodyanik et al. 2007). In 2012, Shinya Yamanaka was co-awarded the Nobel Prize in 

Physiology or Medicine for the discovery of converting adult mammalian cells into pluripotent 

cells. Amazingly today, the process to convert somatic cells to iPSCs can be performed from 

skin fibroblast, cells from the umbilical cord and placenta, mononuclear cells from peripheral 
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blood, and urine-derived cells (Smith, Macadangdang et al. 2017). The beauty of this technology 

is that, once the cells are in a pluripotent state, they theoretically can be differentiated into any 

cells in the body, including cardiomyocytes, while retaining the unique genetic characteristics of 

the donor. 

 

  Without additional interventions, differentiated iPSC cardiomyocytes (iPSC-CMs) 

normally exhibit immature structural and functional properties (Sinnecker, Laugwitz et al. 2014, 

Yang, Al-Aama et al. 2015, Goversen, van der Heyden et al. 2018, Koivumaki, Naumenko et al. 

2018, Tu, Chao et al. 2018). In humans, CMs take up to decade to acquire adult phenotypes in 

structure and ploidy (Peters, Severs et al. 1994, Vreeker, van Stuijvenberg et al. 2014). The 

developing CM adjoins with adjacent CMs to assemble into an electromechanical syncytium 

connected by mechanical and electrical junctions. Standard differentiation of iPSC-CMs lacks 

these dynamic physical and environmental cues needed to produce fully mature CMs. Standard 

iPSC-CM cell culture protocols result in rounded mononucleated cells that exhibit poorly 

developed sarcoplasmic reticulum and t-tubules. Structural differences between immature iPSC-

CM and mature human CMs also have electro-mechanical implications. In excitation–

contraction coupling, propagation of depolarization along the sarcolemma and t-tubules induces 

the opening of L-type calcium channels.  There is then an influx of extracellular calcium into the 

cell, resulting in calcium-induced calcium release from the sarcoplasmic reticulum via ryanodine 

receptors. The  lack of t-tubules in immature iPSC-CMs delays calcium-induced calcium release 

because of the uncoupling of L-type calcium channels and ryanodine receptors (Kane, Couch et 

al. 2015). The resting membrane potential is more depolarized in immature iPSC-CMs than in 

mature human ventricular or atrial CMs (Liu, Laksman et al. 2016). Although immature iPSC-
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CMs generate important cardiac currents such as INa, ICa, and deficient for IK1 that is essential for 

stabilization of the resting potential (Miller, Ganat et al. 2013, Vaidyanathan, Markandeya et al. 

2016, Goversen, van der Heyden et al. 2018, Koivumaki, Naumenko et al. 2018, Tu, Chao et al. 

2018). In addition to expression of the fetal isoform of Nav1.5, which leads to slower kinetics of 

channel activation and inactivation, the more depolarized membrane results in fewer Navs 

available to be activated (Karbassi, Fenix et al. 2020). Therefore, the upstroke velocity (phase 0) 

is slower in immature iPSC-CMs compared to mature CMs.  Immature iPSC-CM APs lack the 

plateau phase (phase 2), and repolarization commences more rapidly than in mature CMs 

(Karbassi, Fenix et al. 2020). Consequently, to be able to fully utilize iPSC-CMs, specialized 

differentiation techniques must be used to confer an adult-like maturation state.  

 

Several methods have been developed to increase maturity of iPSC-CMs in 2D culture 

(Ahmed, Anzai et al. 2020). An important discovery involved prolonging the culture time. As it 

takes years for human CMs to mature in vivo, that same logic is applied to iPSC-CM culturing. 

With prolonged cultures up to 360 days, iPSC-CMs display a more mature phenotype in size, 

structure, and physiology (Kamakura, Makiyama et al. 2013, Lundy, Zhu et al. 2013, 

Lewandowski, Rozwadowska et al. 2018). However, using this singular method for maturation is 

inefficient and costly. Other methods, such as the addition of triiodothyronine (T3) or 

replacement of glucose in the culture media with galactose and fatty acids, have been shown to 

enhance maturation of iPSC-CMs in a more timely manner (Yang, Rodriguez et al. 2014, Parikh, 

Blackwell et al. 2017). Since CMs can interact with each other through various mechanical cues, 

groups have explored adding extracellular matrix components (e.g. collagens, fibronectin) to 

enhance structural and function maturation of iPSC-CMs (Chun, Balikov et al. 2015, Herron, 
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Rocha et al. 2016, Ogasawara, Okano et al. 2017, Yoshida, Miyagawa et al. 2018, Abecasis, 

Gomes-Alves et al. 2019). Additionally, plastic cell culture dishes are much stiffer than native 

heart tissue. Thus, growing iPSC-CMs on softer matrices can improve the maturation of iPSC-

CMs. Softer surfaces created by polydimethylsiloxane (PDMS), hydrogels, or polyacrylamide 

can also regulate the topology and cell morphology resulting in better maturation (McCain, Yuan 

et al. 2014, Ribeiro, Ang et al. 2015, Vuorenpaa, Penttinen et al. 2017). Generally, the more 

mature the iPSC-CM, the more reliable the electrophysiological and structural properties in 

terms of modeling native cells.  

 

When studying early life diseases such as a DEE, iPSC-CM are proving to be 

instrumental in determining at-risk populations. Recently, our group identified a potential 

SUDEP risk biomarker for patients with the DEE DS (Frasier, Zhang et al. 2018). Skin biopsies 

were collected from SCN1A-linked DS patients and differentiated into iPSC-CMs. DS patient 

iPSC-CMs exhibited increased INa compared to healthy patient iPSC-CMs (Frasier, Zhang et al. 

2018), similar to observations in a Scn1a DS mouse model (Auerbach, Jones et al. 2013). iPSC-

CMs from one of the DS patients had INa so large that it was not possibly to accurately control 

the voltage clamp. This observation led to a recommendation to the attending physician that the 

pediatric patient receive cardiac evaluation. It was determined that this patient had cardiac 

abnormalities and autonomic abnormalities and the patient was given additional precautionary 

care. This study underscores the potential of iPSC technology to uncover patients with higher 

risk for SUDEP and provides a valuable tool to make genotype-to-phenotype predictions in 

patient populations.  
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To date we have extensively studied Nav-β1 subunit function in heterologous expression systems 

and animal models. Heterologous cell lines offer investigators the ability to understand Nav-β1 

specific function in ioslation, however, these overexpression systems cannot fully recapitulate 

Nav-β1 expression, location, interactions, and signaling in native cells in vivo. In contrast, animal 

models circumvent that issue, by offering a native tissue environment that more closely 

resembles human cells. However, small mammals, such mice, cannot replicate human cardiac 

AP waveforms, and thus their usefulness in cardiac research is limited. Mice are comparably 

inexpensive, easier to handle and genetically manipulate, and have faster breeding and 

development compared to large mammals that would better represent human cardiac physiology 

(Camacho, Fan et al. 2016). While murine CMs express the same Nav genes as humans and thus 

have similar  INa, they either do not express the same Kvs and Cavs compared to humans or the 

ionic conductances of Kvs and Cavs are considerably smaller. For example, in murine ventricular 

CMs, repolarization is ~four times faster than human CMs because of smaller Ito and L-type Cav 

conductance and lack of IKr expression (Nerbonne and Kass 2005). Although limited, 

heterologous expression systems and animal models have been pivotal to our understanding of 

Nav-β1 role in physiology. Moving forward, we require models that are better representative of 

human physiology. Importantly, an ideal SCN1B cardiac model would incorporate a patient’s 

genetic background, as low penetrance and variable expressivity of ion channel variants, which 

may stem from epigenetic factors, age, gender, or genetic modifiers, add complexity in 

understanding pathogenesis. Chapter 3 asks whether SCN1B DEE patient iPSC-CMs exhibit pro-

arrhythmogenic changes (Figure 1.5). We show that SCN1B patient iPSC-CMs exhibit increased 

transient and persistent INa and AP prolongation, similar to the Scn1b null mouse model. Over 

the past decade, patient derived iPSC-CMs have been used to understand and predict human 
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pathophysiology, and even with limitations, this technology will be important to identify the 

mechanisms underlying SUDEP and to develop individualized therapies.  

 

 

Figure 1.5. Induced Pluripotent Stem Cell Cardiomyocyte model. 

We created induced Pluripotent Stem Cell from SCN1B patients to determine whether they were at risk of 
cardiac arrhythmias. 
 

 

 

 

 

 

 

 



 36 

Conclusion 

 

CM excitability relies on the orchestration of multiple ion channels in concert. When an AP is 

generated, there is a massive influx of sodium ions through Navs into the cell, causing rapid 

depolarization. The cell then repolarizes, a process mediated by L-type calcium channels and 

families of potassium channels. We propose that Nav-β1 subunits serve as a central 

communication hub between Nav, Kv, and Cav families to coordinate depolarization, 

repolarization, and calcium signaling in CMs. In addition, Nav-β1 subunits are critical for cell-

cell communication via their cell adhesive function and regulate gene expression via RIP. 

Importantly, we know that Scn1b deletion contributes to neurological and cardiac disease 

mechanisms in mice, via altered ion channel modulation, aberrant transcriptional regulation, and 

diminished cell adhesion signaling. Here, using a variety of novel techniques, I explore how 

defects in SCN1B signaling contribute to cardiac disease. 
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Chapter 2. Atrial Arrhythmia and Fibrosis in a Neonatal Mouse Model of Scn1b-Linked 
Developmental and Epileptic Encephalopathy 

 

Nnamdi Edokobi*, Roberto Ramos-Mondragon*, Samantha Hodges, Alexandra A. Bouza, 

Chandrika Canugovi, Lena Juratli, William Abel, Caroline Scheuing, Sami Noujaim, Nageswara 

Madamanchi, Marschall S. Runge, Luis F. Lopez-Santiago, Lori L. Isom 

 

*These authors contributed equally to this work. 

 

Introduction 

 

Loss-of-function (LOF) variants in SCN1B (19q13.11), encoding the voltage-gated sodium 

channel (Nav) β1/β1B subunits, are linked to human diseases that predispose patients to sudden 

death, including developmental and epileptic encephalopathy type 52 (DEE52, OMIM 617350), 

Generalized Epilepsy with Febrile Seizures plus (OMIM 617350), Brugada Syndrome 5 (OMIM 

612838), cardiac conduction defects (OMIM 612838) and Atrial Fibrillation (AF) Familial 13 

(OMIM 615377) (O'Malley and Isom 2015, Edokobi and Isom 2018). Scn1b null mice 

phenocopy DEE52, which is associated with biallelic inheritance of SCN1B variants (Patino, 

Claes et al. 2009, Ramadan, Patel et al. 2017, Aeby, Sculier et al. 2019), with severe seizures 

developing after postnatal day (P) 10 and 100% mortality in the third week of life (Chen, 

Westenbroek et al. 2004). Consistent with evidence linking SCN1B variants to human cardiac 

disease, Scn1b null mice also have cardiac arrhythmias that include bradycardia and prolonged 

QT intervals (Lopez-Santiago, Meadows et al. 2007). Acutely isolated neonatal Scn1b null 

ventricular cardiomyocytes have increased transient and late sodium current (INa,T  and INa,L) 
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densities, reduced calcium current (ICa) density, an altered potassium current (IK) profile, and 

altered calcium handling, resulting in the generation of arrhythmogenic substrates (Lopez-

Santiago, Meadows et al. 2007, Lin, O'Malley et al. 2015, Bouza, Edokobi et al. 2021). These 

results, together with our work in other models of sodium channelopathies (Auerbach, Jones et 

al. 2013, Frasier, Wagnon et al. 2016), led us to propose that cardiac arrhythmias contribute to 

Sudden Unexpected Death in Epilepsy (SUDEP) in DEE patients with Navs gene variants.  

 

Nav-β subunits are multi-functional, non-pore-forming subunits of Navs (Catterall 2012). They 

are transmembrane proteins with type 1 topology consisting of an extracellular N-terminus 

containing an immunoglobulin (Ig) domain, a single transmembrane segment, and an 

intracellular C-terminal domain (ICD) (Calhoun and Isom 2014). SCN1B encodes Nav-β1 as well 

as the splice variant β1B, which includes a retained intron (Kazen-Gillespie, Ragsdale et al. 

2000, Patino, Brackenbury et al. 2011). Nav-β1 subunits associate with multiple Nav-α subunits 

to regulate their cell-surface expression and modulate INa  (Calhoun and Isom 2014). β1B 

subunits appear to be more selective; they associate with and regulate Nav1.3- and Nav1.5-

generated INa in heterologous systems (Watanabe, Koopmann et al. 2008, Patino, Brackenbury et 

al. 2011). β1 subunits also associate with potassium channels to regulate IK (Deschenes and 

Tomaselli 2002, Nguyen, Miyazaki et al. 2012, Bouza, Edokobi et al. 2021). While Nav-β1 

association with calcium channels has not been investigated, Scn1b null ventricular myocytes 

have reduced ICa (Bouza, Edokobi et al. 2021). Nav-β1 subunits also play non-conducting roles as 

Ig superfamily cell adhesion molecules, participating in cell-cell and cell-matrix adhesion to 

regulate cardiac intercalated disk formation as well as neuronal pathfinding and fasciculation in 

brain (Brackenbury and Isom 2011, Veeraraghavan, Hoeker et al. 2018). Nav-β1B functions as a 
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secreted cell adhesion molecule ligand that has developmentally regulated expression patterns 

(Patino, Brackenbury et al. 2011). Finally, Nav-β1 subunits undergo regulated intramembrane 

proteolysis (RIP) through sequential cleavage by the β-site Amyloid Precursor Protein (APP) 

cleaving enzyme-1 (BACE1) and γ-secretase (Wong, Sakurai et al. 2005, Bouza, Edokobi et al. 

2021). These cleavage events release the β1 extracellular Ig domain, which functions as a ligand 

for cell adhesion (Davis, Chen et al. 2004, Patino, Brackenbury et al. 2011), as well as a soluble 

intracellular domain (ICD) that translocates to the nucleus to participate in transcriptional 

regulation of a group of genes, including those encoding ion channels, in the cardiac ventricle 

(Bouza, Edokobi et al. 2021). 

 

Our previous work focused on the role of Scn1b in neurons and cardiac ventricles. Here, we 

explored whether Scn1b also regulates cardiac atrial excitability to understand its potential role 

in AF, the most common type of cardiac arrhythmia and a significant contributor to mortality 

(Colilla, Crow et al. 2013, Chugh, Havmoeller et al. 2014).  Our results suggest that Scn1b null 

neonatal atria have altered excitability, with changes in INa,L, fibrosis, and cardiac neuronal 

pathfinding, all contributing to the early development of AF. Our work introduces a new role for 

SCN1B in the regulation of atrial rhythmicity and adds to the growing body of literature 

suggesting that LOF variants in SCN1B predispose patients to a compromised cardiovascular 

system, in addition to epilepsy, and sudden death.  
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Results 

 

Genetic analysis of Scn1b null atria 

 

In previous work, we showed that Nav-β1 subunits are sequentially cleaved by BACE1 and γ-

secretase, and that the cleaved β1 intracellular domain translocates to the nucleus to contribute to 

transcriptional regulation of multiple gene families, including ion channels, in the mouse cardiac 

ventricle (Bouza, Edokobi et al. 2021). Here, we used paired-end RNA-Seq to determine the 

differential gene expression profiles of Scn1b null vs. WT mouse atrial tissue (Figure 2.1A). We 

performed these experiments at P16, as Scn1b null mice die before the end of the third postnatal 

week. The data were normalized, and differential expression analysis was performed with 

DESeq2 as fee-for-service by the University of Michigan Advanced Genomics Core. 724 genes 

were found to be differentially expressed between null and WT atrial tissues (Figure 2.1B). Gene 

Ontology (GO) analysis revealed groups of genes with altered expression in response to Scn1b 

deletion (Figure 2.1C). The sets of genes most differentially expressed between genotypes 

included those involved in calcium ion binding, actin binding, and cytoskeletal structure (Figure 

2.1C). Importantly, a number of these genes have been previously implicated in cardiac disease 

(Figure 2.1D). We confirmed the expression of a subset genes using RT-qPCR (Figure 2.2 and 

Figure 2.3). In contrast to ventricular tissue (Bouza, Edokobi et al. 2021), we did not find 

changes in Nav-α subunit gene expression, however we found significant differences in the 

expression of genes encoding select potassium (Kcnu1, p=0.006;  Kcnd2, p=0.039; Kcnt1, 

p=0.001; and  Kcnv1, p=0.045) and calcium channel (Cacng1, p=1x10-6) subunits (Figure 2.3, 
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panels A-F). Taken together, these data suggested that neonatal Scn1b null atria may have 

structural abnormalities that generate substrates for arrhythmia.   

 

 

 

 

Figure 2.1. Differential gene expression in P16 Scn1b null vs WT atria. 

(A) Schematic diagram of RNA-Seq analysis in Scn1b-WT and Scn1b-null mice. n = 4 mice per 
genotype. (B)  A volcano plot depicting the whole transcriptomic analysis, genes are represented in terms 
of their measured expression change (x-axis) and the significance of the change (y-axis). The significance 
is represented in terms of the negative log (base 10) of the p-value, so that more significant genes are 
plotted higher on the y-axis. The gray lines represent the thresholds used to select the 724 significantly 
differentially expressed genes: 0.5849625 for expression change and 0.05 for significance. The up-
regulated genes (positive log fold change) are shown in red, while the down-regulated genes are blue. (C) 
The top gene ontology (GO) terms with a minimum of 5 genes. The Elim pruning method was used to 
iteratively reduce redundancy. (D) Some differential expressed genes that have been implicated in cardiac 
disease. 
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Figure 2.2. Confirmation of RNA-Seq data via RT-qPCR using 10 representative genes from P16 
WT and Scn1b null atria. 

Statistical significance was determined using Student’s T-test (p-value < 0.05). (A) Relative expression of 
Ace. (B) Relative expression of Agt. (B) Relative expression of Apln. (D) Relative expression of AplnR. 
(E) Relative expression of Scn1b (confirmation of Scn1b deletion). (F) Relative expression of Sprr1a. (G) 
Relative expression of Sprr2a1. (H) Relative expression of Nos2. Data are represented as the mean ± 
SEM. 
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Figure 2.3. Altered Ion Channel Genes 

(A) RNA-Seq differential expressed ion channel genes. (B-F) RT-qPCR from P16 WT and Scn1b null 
atria. Statistical significance was determined using Student’s T-test (p-value < 0.05). (B) Relative 
expression of Cagna1. (C) Relative expression of Kcnv1. (D) Relative expression of Kcnt1. (E) Relative 
expression of Kcnd2. (F) Relative expression of Kcnu1. Data are represented as the mean ± SEM 
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Fibrosis in Scn1b null atria 

 

We assessed atrial size and then probed for evidence of atrial fibrosis in Scn1b null and WT atria 

using echocardiography and picrosirius red staining, respectively. Histological examination 

revealed significant collagen deposition in the null atria compared to WT, consistent with 

fibrosis (Figure 2.4A and B).  Echocardiography showed that atrial dimensions, as well as 

systolic and diastolic function, were similar between genotypes (Figure 2.5 A-F).  

 

Figure 2.4. Evidence of fibrosis in P16-17 Scn1b null atria 

(A) Representative picrosirius stained longitudinal sections of atrial tissue from WT and null mice. (B) 
Quantification of the collagen content in WT and null atria, presented as integrated density. Data are 
presented as mean ± SEM. ***p<0.0001 using Students t-test. Atrial sections were generated from 5 mice 
per genotype. Each dot in the plot represents data from a single sample. Scale bar is 100 µM 
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Figure 2.5. Echocardiography studies in Scn1b null mice. 

(A) Left atria (LA) size and left ventricular size at diastolic phase (LVDd). Systolic parameters including 
percentage of (B) ejection fraction (EF) and (C) fractional release (FS) mode were determined by M-
mode echocardiograms in WT and null mice.  Diastolic parameters including (D) Mitral valve E and 
Mitral valve A velocity and (E) Mitral valve E to A ratio were obtained by PV Doppler. (F) Mitral Valve 
E/E’ ratio. Date are presented as mean ± SEM. Statistical analysis was conducted using Student’s t-test. 
Each dot represents one animal. 
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Scn1b null mice have increased susceptibility to pacing-induced AF 

 

We performed intracardiac recordings in anesthetized mice to test the hypothesis that fibrosis in 

P16 null atria may provide an anatomical substrate for AF. We compared the incidence of AF 

between genotypes using atrial burst pacing (50 Hz for 2 s) before and after the i.p. 

administration of carbachol. The efficacy of carbachol was assessed by the observation of 

decreased heart rate following drug administration. AF was defined as rapid atrial activity and 

high RR interval variability observed in the ECG (Figure 2.6A, top panels) and atrial electrogram 

(Figure 2.6A, lower panels). AF episodes lasting more than 1 second were counted as AF and an 

animal was considered to be susceptible to AF if at least two AF episodes were elicited during 

the experiment. Under basal conditions, we observed a significantly higher incidence of AF in 

the null mice (6 of 9) compared to WT (0 of 5) (Figure 2.6B). Following the administration of 

carbachol, AF was inducible in 100 % of the null mice (9 of 9) compared to WT (0 of 5), with 

prolongation of the AF episodes in null hearts (Figure 2.6C). In a separate experiment, we 

administered atropine (1 mg/kg) to null mice in which AF was observed to be induced under 

basal conditions. Atropine administration prevented the subsequent pacing-induced AF episodes 

in 5 of 6 null mice, with 1 null mouse still showing AF episodes (Figure 2.6D). These data 

suggest that, in addition to fibrosis, vagal tone may contribute to the high incidence of atrial 

arrhythmia in Scn1b null animals.  
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Figure 2.6. Neonatal Scn1b null mice have increased susceptibility to AF in vivo. 

(A) Representative recordings of surface ECG and atrial electrograms from P16 WT or Scn1b null 
mice. Atrial burst pacing was delivered at 50 Hz for 2 sec. (B) AF incidence with pacing before 
and after i.p. administration of carbachol (Cch) (0.025 mg/kg). (C) Duration of induced AF 
episodes. Each dot represents a single AF episode. (D) Incidence of AF before and after i.p. 
administration of atropine (1mg/kg). Numbers of animals tested are showed in the bar graphs. 
*p<0.05 using Fisher exact test. 
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Scn1b null mice exhibit sinoatrial node dysfunction 

 

We reported previously that Scn1b null mice have reduced heart rate (HR) (Lopez-Santiago, 

Meadows et al. 2007), suggesting altered SAN function. Here, ECG analysis confirmed that P16 

null mice have reduced HR (443.0 ± 18.0 WT vs. 367 ± 16 bpm null; p<0.05; Figure 2.7A). We 

also observed sinus node pauses in one null mouse (example shown in the Figure 2.7B). These 

data suggest SAN dysfunction. We conducted intracardiac recording to assess sinus function by 

measuring sinus node recovery time (SNRT). As shown in the representative recording (Figure 

2.7C), resumption of sinus rhythm after electrical pacing was prolonged in the Scn1b null mice. 

This prolongation was significant at the 80 ms pacing cycle length (160.0 ± 10 WT vs. 244.0 ± 

33.0 ms null; Figure 2.7D). Evaluation of ECG properties in animals at increasing postnatal 

developmental timepoints demonstrated that decreased HR and increased RR interval, along with 

confirmation of the previously reported QTc prolongation (Lopez-Santiago, Meadows et al. 

2007),  become evident by P14 in the null mice (Figure 2.8), suggesting that the level of SAN 

dysfunction increases with development in Scn1b null mice.  

 

 

 

 

 

 



 49 

 

 

 

Figure 2.7. Neonatal Scn1b null mice exhibit SAN dysregulation. 

(A) Heart rates of P16 WT and null mice. (B) Example of a sinus pause in a null mouse during the 
monitoring of surface ECG. (C) Representative ECG recording showing the time required to resume sinus 
rhythm following electrical stimulation, or sinus node recovery time (SNRT). (D) Comparisons of SNRT 
between genotypes assessed at cycle lengths of 100 or 80 ms. Each dot represents the value from one 
animal. Data are presented as mean ± SEM. *p< 0.05 using Students t-test. 
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Figure 2.8. Development of bradyarrhythmia in Scn1b null mice 

Surface ECG recordings from anesthetized P10 or P14 WT or Scn1b null mice. (A) Heart rate, measured 
as beats per minute (BPM), decreases between P10 and P14 in the null mice. Heart rate was significantly 
different between genotypes at P14. (B) P-R duration, measured in milliseconds (ms) was unchanged over 
time or between genotypes. (C) R-R interval was prolonged in null mice at P14 but not at P10. (D) QTc 
prolongation was observed in the null mice compared to WT at P14 but not at P10. Each dot represents 
one animal. Data are presented as mean ± SEM. *p<0.05, *p<0.01 using two-way ANOVA with Tukey’s 
post-hoc comparison test. 
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Scn1b deletion results in altered cardiac neuroanatomy  

 

Intrinsic cardiac nerves modulate the function of the cardiac conduction system, and autonomic 

nervous system dysfunction has been linked to several cardiac disorders (Chen, Chen et al. 2014, 

Buckley, Shivkumar et al. 2015, Fukuda, Kanazawa et al. 2015, Ripplinger, Noujaim et al. 2016, 

Bassil, Chang et al. 2018). To investigate possible neuroanatomical differences in Scn1b null 

atria compared to WT, we performed immunofluorescence confocal microscopy of whole‐mount 

preparations of P15-17 atria stained with antibodies to the sympathetic marker, tyrosine 

hydroxylase (TH), as well as the parasympathetic marker, choline acetyltransferase (ChAT) 

(Figure 2.9A and 2.10A). In agreement with previous work (Rysevaite, Saburkina et al. 2011), 

we found cardiac neuronal soma to be either ChAT-positive (ChAT+), bi-phenotypic (ChAT+ 

and TH+), or TH+. Figure 2.9 and 2.10, panels B-D show high magnification images of the right 

ganglionic cluster (RGC), which is outlined in yellow in Figure 2.9A and 2.10A. ChAT staining 

is shown in gray (Figure 2.9B and 2.10B) and TH staining is shown in red (Figure 2.9C and 

2.10C). A merged image is shown in 2.9D and 2.10D. The total number of neurons (ChAT+ plus 

TH+ staining) in the left and right ganglionic clusters combined (LGC + RGC) was comparable 

between genotypes (Table 2.1). However, we found genotypic differences in the number of 

ChAT+ neurons located in the LGC vs. RGC, respectively. We observed a significant increase in 

the number of ChAT+ neurons located in the WT LGC compared to null (Table 2.1). In contrast, 

we observed a significant increase in the number of ChAT+ neurons located in the null RGC 

compared to WT (Table 2.1). We found no differences between genotypes in the number of 

neurons that were TH+ alone (Table 2.2). The SAN is predominantly innervated by the RGC 
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(Figure 2.11) (Pauza, Saburkina et al. 2013, Pauza, Rysevaite et al. 2014), while the LGC 

predominantly innervates the atrial ventricular nodal (AVN) region (Pauza, Saburkina et al. 

2013). In Figure 2.9A, 2.10A, and 2.11, white arrowheads point to the intrinsic cardiac nerves 

from the RGC that extend toward the SAN. Taken together, our results suggest that increased 

numbers of ChAT+ neurons in the null RGC alter SAN function and influence heart rate.   
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Figure 2.9. Whole-mount atrial preparation from a P16 Scn1b null heart. 
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Immunofluorescence of murine atrial intrinsic ganglia. ChAT+ neurons are labeled in gray, TH+ neurons 
are labeled in red. Arrows point to intrinsic ganglia; arrowheads point to nerves from the RGC that 
innervate the SAN. Scale bar = 1000 µm. Box shows the area that was examined at higher magnification 
(scale bar = 100 µm) for (B) ChAT+ ganglionic cells or (C) TH+ ganglionic cells. (D) Merged image of B 
and C. Ao – ascending aorta; CV – caudal vein; LA – left atrium; Lau – left auricle; LCV – left cranial 
cava vein; LGC – left ganglion cluster; LPV – left pulmonary vein; MPV – middle pulmonary vein; PT – 
pulmonary trunk; RA – Right atrium; Rau – right auricle; RCV -right cranial cava vein; RGC – right 
ganglion cluster; RPV – right pulmonary vein. Scale bar is 100 µM. 
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Figure 2.10. Whole-mount atrial preparation from a P16 Scn1b WT heart. 

Immunofluorescence of murine atrial intrinsic ganglia. ChAT+ neurons are labeled in gray, TH+ neurons 
are labeled in red. Arrows point to intrinsic ganglia; arrowheads point to nerves from the RGC that 
innervate the SAN. Scale bar = 1000 µm. Box shows the area that was examined at higher magnification 
(scale bar = 100 µm) for (B) ChAT+ ganglionic cells or (C) TH+ ganglionic cells. (D) Merged image of B 
and C. Ao – ascending aorta; CV – caudal vein; LA – left atrium; Lau – left auricle; LCV – left cranial 
cava vein; LGC – left ganglion cluster; LPV – left pulmonary vein; PT – pulmonary trunk; RA – Right 
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atrium; Rau – right auricle; RCV -right cranial cava vein; RGC – right ganglion cluster; RPV – right 
pulmonary vein. Scale bar is 100 µM. 
 
 

 

 

Figure 2.11  Whole-mount preparation demonstrates the distribution of HCN4 immunoreactive 
(IR) myocytes. 

Immunofluorescence of murine atrial intrinsic ganglia. ChAT+ neurons are labeled in gray, Sino Atrial 
Nodal cells (HCN4 IR) myocytes are labeled in red. The head, body, and tail in the upper panel mean the 
portions of the mouse SAN region. Arrows point to intrinsic ganglia; arrowheads point to nerves from the 
RGC that innervate the SAN. Scale bar = 1000 µm. Box shows the Ao – ascending aorta; CV – caudal 
vein; LA – left atrium; Lau – left auricle; LCV – left cranial cava vein; LGC – left ganglion cluster; LPV 
– left pulmonary vein; MPV – middle pulmonary vein; PT – pulmonary trunk; RA – Right atrium; RCV -
right cranial cava vein; RGC – right ganglion cluster; RPV – right pulmonary vein. Scale bar is 100 µM. 
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Table 2.1. Quantification of ChAT+ neurons 

The mean and range of ChAT+ and biphenotypic intrinsic cardiac neurons are presented for all ganglia 
(LGC + RGC) vs. the right (RGC) or left (LGC) ganglionic clusters from Scn1b WT and null mouse 
whole mount atrial preparations. *Indicates significant difference between null and WT of p<0.05. 
 

 

Table 2.2. Quantification of TH+ neurons 

The mean number and range of TH+ (TH only, with no ChAT staining) intrinsic cardiac neurons overall 
(LGC + RGC combined), in the RGC, or in the LGC from Scn1b WT or null mouse heart preparations. 
No significant differences were found between genotypes. 
 

 

 

 

ChAT+ 
Cells 

WT Null 

 Mean ± SD Range n Mean ± SD Range n 
LGC+RGC 606.4 ± 184.6 384.0 – 

883.0 
5 551.0 ± 129.2 434.0 – 689.0 4 

RGC 183.8 ± 154.7 46.00 – 
499.3 

9 331.9 ± 121.8* 128.0 – 508.0  9 

LGC 456.4 ± 96.59 337.0 – 
566.0 

5 264.0 ± 69.58* 173.0 – 329.0 4 

 
TH+ 
Cells 

WT Null 

 Mean ± SD Range n Mean ± SD Range n 
LGC+RGC 80.60 ± 40.46 47.00 – 

127.0 
5 50.00 ± 32.59 27.00 – 98.00 4 

RGC 21.00 ± 17.87 0.00 – 50.00 9 28.00 ± 19.81 0.00 – 52.00  9 

LGC 55.40 ± 21.52 26.00 – 
79.00 

5 35.26 ± 21.08 13.00 – 57.00 4 
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Scn1b null atrial myocytes show prolonged APD and increased INa,L 

 

We investigated the electrical properties of acutely isolated P16 null and WT mouse atrial 

myocytes. APs were elicited at 1 Hz in current clamp mode. No differences in the resting 

membrane potential or AP amplitude were observed between genotypes (Figure 2.12B), 

however, the maximal velocity of the AP upstroke was significantly reduced in null myocytes 

compared to WT (141.5±14.4 WT vs. 93.8 ± 11.0 null) (Figure 2.12C). Moreover, null myocytes 

showed significantly prolonged APD at 30%, 50% and 90% of the membrane repolarization 

(APD30: 3.6 ± 0.4 WT vs. 13.0 ± 3.2 ms null; APD 50: 7.8 ± 1.0 WT vs. 23.8 ± 5.0 ms null; 

APD90: 35.5 ± 6.4 ms WT vs. 68.4 ± 13.0 ms null) (Figure 2.12, panels A and D). No early 

afterdepolarization (EAD) waveforms were observed in either genotype. Voltage clamp 

experiments revealed reduced membrane capacitance (Cm) of the null myocytes (Table 2.3), 

similar to what we observed previously in ventricular myocytes (Lopez-Santiago, Meadows et al. 

2007). Finally, while peak INa,T density was not statistically different between genotypes (-104.8 

± 7.7WT pA/pF vs. -131.00 ± 13.00 null pA/pF; Figure 2.12E), INa,L density was significantly 

increased in the Scn1b null myocytes (-0.38 ± 0.06 WT pA/pF vs. -0.75 ± 0.13 pA/pF null; 

Figure 2.12F).  
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Figure 2.12. Scn1b deletion alters atrial cellular electrophysiology. 

(A) Representative recordings of APs from acutely isolated P16 WT or Scn1b null atria myocytes. (B) 
Resting membrane potential (RMP) and AP peak. (C) AP upstroke velocity. (D) AP duration at 30, 50 
and 90 % of membrane repolarization. (E) Scn1b null atrial myocytes are significantly smaller than WT. 
(F) I-V relationships for transient INa. (G) INaL shown as current density (H) Percentage of the peak 
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current. Each dot represents the value from one cell. Date are presented as mean ± SEM. AP recordings 
and INa recordings were obtained from the same cell isolation. Animals: N = 2-3 mice from each 
genotype. *p<0.01 vs WT using Student’s T-test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.3. Voltage dependent properties of atrial INa 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Scn1b WT Scn1b null 
Membrane capacitance (pF): 19.4 ± 1.0 14.5 ± 1.1*  
Activation parameters   
Gmax (pS) 50.6 ± 5.0 44.4 ± 6.0 
k 4.30 ± 0.2 4.538 ± 0.3 
V½ (mV) -38.8 ± 1.6 -37.1 ± 2.7 
Inactivation parameters   
k -7.5 ± 0.4 -8.0 ± 0.51 
V½ (mV) -78.4 ± 1.76 -75.6 ± 1.7 
n= 13 8 
*p<0.05 vs WT 
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Discussion 

 

SCN1B is expressed in both brain and heart. LOF variants in SCN1B are linked to epilepsy and 

cardiac arrhythmia. Scn1b null mice, which model DEE52, have severe seizures and early death 

plus a cardiac phenotype that includes bradycardia, QTc prolongation, increased INa,T and INa,L 

densities, altered IK, reduced ICa, and altered calcium handling in isolated ventricular myocytes 

(Chen, Westenbroek et al. 2004, Lopez-Santiago, Meadows et al. 2007, Lin, O'Malley et al. 

2015, Bouza, Edokobi et al. 2021). Importantly, cardiac specific Scn1b null mice have a similar 

cardiac phenotype as the global null animals (Lin, O'Malley et al. 2015), demonstrating that 

arrhythmias are not secondary to seizures but instead that there are intrinsic differences in 

cardiac muscle resulting from Scn1b deletion. Taken together, this body of work has contributed 

to the hypothesis that both seizures and cardiac arrhythmias may contribute to sudden death in 

DEE52 patients. The present study reports the first investigation of the effects of Scn1b deletion 

on cardiac atrial structure, function, and electrophysiology, modeling the effects of SCN1B LOF 

variants in the atrium. Scn1b deletion results in the differential expression of several genes that 

are associated with atrial dysfunction, leading to the prediction that Scn1b mice have abnormally 

formed atrial substrates that are conducive to arrhythmogenesis.  We tested this hypothesis and 

found that Scn1b null neonatal hearts have a significant accumulation of atrial collagen, 

indicating fibrosis, and suggesting increased susceptibility to pacing induced AF. We found that 

Scn1b null neonates have SAN dysfunction and increased cholinergic innervation to the SAN 

compared to WT. Consistent with these findings, atropine administration prevented the re-

induction of AF in null animals.  In agreement with previous work in atrial myocytes isolated 
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from human AF patients or from diabetic mice with AF (Poulet, Wettwer et al. 2015, Jin, Jiang 

et al. 2019), we found increased INa,L density, with no change in INa,T density, in neonatal Scn1b 

null atrial myocytes, contributing to the mechanism of atrial APD prolongation in these cells. 

These important new results show that Scn1b plays critical roles in atrial as well as ventricular 

physiology early in life and suggest that SCN1B LOF variants can have devastating implications 

for the pediatric heart in addition to the developing brain (Graphical Abstract).  

 

Alterations in INaT and INaL components of the sodium channels contribute to the pathophysiology 

of AF. We observed increased INa,L in acutely isolated neonatal Scn1b null atrial myocytes 

compared to WT with no changes in the expression of genes encoding Nav-α subunits. While 

parallel translational studies have not been reported in pediatric patients, alterations in INa,T, INa,L, 

and Nav-α subunit expression have been reported in right atrial appendage myocytes isolated 

from adult patients with permanent AF (Sossalla, Kallmeyer et al. 2010). This work showed a 

16% decrease in INa,T, which was reflected in decreased expression of Nav1.5 protein. In addition, 

they observed a 26% increase in INa,L, with a concomitant increase in Nav1.1 protein. It is not 

known whether changes in Navs expression and function in adult AF patients are causative or 

adaptive in response to high atrial excitability. However, our work suggests that increased INa,L, 

with no changes in Nav-α subunit gene expression, may contribute to the mechanism of AF, at 

least for SCN1B LOF patients. AF is the most common cardiac arrhythmia seen in clinical 

practice(Colilla, Crow et al. 2013, Chugh, Havmoeller et al. 2014). While AF occurs 

predominantly in the adult population, familial AF sporadically occurs in younger patients. There 

are reports of AF in patients with SCN1B variants, some of whom were diagnosed with AF 
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before the age of 40 (Watanabe, Darbar et al. 2009, Olesen, Holst et al. 2012, Hayashi, Konno et 

al. 2015). A case report showed familial AF in a patient with double heterozygous variants in 

SCN5A and KCNQ1, respectively, at age 13 (Kanai, Toyohara et al. 2021). Importantly, 

however, DEE52 is a pediatric disease that begins in the first year of life (Aeby, Sculier et al. 

2019). Estimating that one human year is approximately equivalent to 9 mouse days (Dutta and 

Sengupta 2016), the P16-17 mice used in this study may be equivalent to 21 month old children. 

Thus, this work is clinically relevant because it predicts that children with DEE52 may be at risk 

for developing AF and should be checked periodically by a pediatric cardiologist. Our previous 

work using induced pluripotent stem cell cardiac myocytes derived from Dravet syndrome 

patients with variants in the SCN1A, predicted cardiac arrhythmia prior to clinical diagnosis 

(Frasier, Wagnon et al. 2016).  Taken together, our work supports the hypothesis that SUDEP in 

DEEs linked to Navs genes is an arrhythmia of heart and brain (Goldman, Glasscock et al. 2009). 

 

We were not able to induce AF in WT neonates, even with the administration of carbachol. 

Remarkably, neonatal Scn1b null mice had a high incidence of pacing-induced AF, even in the 

absence of carbachol, and we were able to induce AF in all null mice tested following carbachol 

treatment. Atropine administration prevented pacing-induced AF episodes in 5 of 6 null mice. 

Parasympathetic over-stimulation and/or bradycardia are known AF triggers (Goldberger and 

Pavelec 1986, Wang, Page et al. 1992, Allessie, Boyden et al. 2001, Chen, Chen et al. 2014). The 

intrinsic cardiac ganglia play important roles in triggering AF (Haissaguerre, Jais et al. 1998), 

and studies have shown that surgical ablation of these ganglia can terminate atrial arrhythmias 

(Lemola, Chartier et al. 2008, Lu, Scherlag et al. 2009, Stavrakis, Nakagawa et al. 2015). Scn1b 
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null mice have bradycardia that becomes evident by P14. Cardiac parasympathetic ganglia, glial 

cells, and nerve fibers in mice develop through the third postnatal week, the time point at which 

Scn1b null mice die. Innervation of the AVN occurs earlier than the SAN, suggesting a critical 

role for early initiation of AVN conduction in the developing heart (Fregoso and Hoover 2012). 

Consistent with these results, P16 WT mice had increased numbers of ChAT+ neuronal cell 

bodies in the LGC, which predominantly innervates the AVN (Pauza, Saburkina et al. 2013), 

compared to the RGC. We found the situation to be reversed in Scn1b null atria, in which we 

observed a significant increase in the number of ChAT+ neurons located in the RGC, which 

predominantly innervates the SAN (Pauza, Saburkina et al. 2013, Pauza, Rysevaite et al. 2014), 

vs. the LGC. We propose that neuronal migration and pathfinding may be impaired in the Scn1b 

null atrium. Our previous work using mouse cerebellar granule neurons showed that β1-β1 trans 

homophilic cell adhesion promotes neurite extension (Davis, Chen et al. 2004). Scn1b null mice, 

which lack this signaling mechanism, have aberrant neuronal migration, pathfinding, and 

fasciculation in the cerebellum as well as in the corticospinal tract and hippocampus 

(Brackenbury, Davis et al. 2008, Brackenbury, Yuan et al. 2013). Thus, we suggest that 

differences in cardiac neuronal development, increased INa,L, altered gene expression, and the 

development of fibrosis may synergistically contribute to AF susceptibility in Scn1b null 

animals.  

 

Our body of work shows that Scn1b and Scn2b are necessary for normal atrial rhythm, however, 

there are important differences in the null mouse phenotypes. Adult Scn2b null mice have atrial 

remodeling and increased susceptibility to AF (Bao, Willis et al. 2016). ECG measurements 
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showed that adult Scn2b null mice had normal heart rates compared to WT. In contrast, our 

present results show bradycardia in neonatal Scn1b null mice. While AF induction in adult Scn2b 

null mice required carbachol administration, we observed a high incidence of pacing-induced AF 

in neonatal Scn1b null mice prior to the injection of carbachol. Similar to our observations in 

adult Scn2b null mice, we found that the APD was significantly prolonged in neonatal Scn1b null 

atrial myocytes with no effects on resting membrane potential or AP amplitude. We found that 

INa,L was increased in Scn1b null atrial myocytes, providing a possible mechanism for APD 

prolongation.  In contrast, we found no differences in INa density in Scn2b null atrial myocytes 

compared to WT. Instead, downregulation of the non-inactivating steady-state potassium 

currents, IK and IKSS, was implicated in the delayed AP repolarization observed in this model. 

Finally, both Scn1b and Scn2b deletion appear to be linked to atrial fibrosis, suggesting that the 

ICDs of both β1 and β2 may regulate transcription in fibroblasts, although at different 

developmental timepoints.  

 

In conclusion, we propose that SCN1B LOF variants may increase susceptibility to atrial 

arrhythmias via a neuro-cardiac mechanism that includes aberrant cardiac innervation, SAN 

dysfunction, altered INa,L leading to APD prolongation, and altered atrial modeling through 

fibrosis (Figure 2.13). Combined loss of the multi-functional roles of Nav-β1 and -β1B subunits 

in channel modulation, cell-cell and cell-matrix adhesion, and transcriptional regulation may 

explain this complex mechanism. Further studies are necessary to explore whether targeting Nav-

β1 regulation will open new therapeutic avenues for AF and cardiac fibrosis.  
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Figure 2.13. Cartoon detailing main findings 

Scn1b deletion increases susceptibility to atrial fibrillation in neonatal mice via a neuro-cardiac 
mechanism that includes impaired atrial modeling through altered gene expression and fibrosis, increased 
atrial myocyte late sodium current resulting in action potential (AP) prolongation, and aberrant cardiac 
innervation 
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Methods 

 

Animals 

Scn1b null and WT littermate mice were generated from Scn1b+/- mice that were congenic on the 

C57BL/6J background for over 25 N generations(Chen, Westenbroek et al. 2004). Animals were 

housed in the Unit for Laboratory Animal Medicine at the University of Michigan Medical 

School. All procedures were performed in accordance with NIH guidelines and approved by the 

University of Michigan Institutional Animal Care and Use Committee (IACUC). Investigators 

were blinded to genotype for all experiments.  Male and female mice were used in all 

experiments. 

 

RNA-Seq 

RNA was isolated from the atria of four P16 Scn1b WT and four P16 Scn1b null mice using the 

Qiagen RNeasy Plus kit according to the manufacturer’s instructions. Sequencing was performed 

by the University of Michigan Advanced Genomics Core, with libraries constructed and 

subsequently subjected to 151 bp paired-end cycles on the NovaSeq-6000 platform (Illumina). 

Data quality was assessed using FastQC (version v0.11.8). Reads were mapped to the reference 

genome GRCm38 (ENSEMBL), using STAR (v2.7.3a) and assigned count estimates to genes 

with RSEM (v1.3.2). The University of Michigan Bioinformatics Core pre-filtered the data to 

remove genes with 0 counts in all samples.  Differential gene expression analysis was performed 

using DESeq2. Genes and transcripts were considered differentially expressed if they met the 

following three criteria: test status = “OK”, false discovery rate ≤0.05, and a log fold change of 
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expression with absolute value of at least 0.5849625. GO-term enrichments were performed 

using iPathway Guide (Advaita).  

 

qRT-PCR 

Atrial tissue from P16 Scn1b null (n = 4-6) and WT (n = 5) mice were individually 

homogenized, and total RNA was isolated from samples using the Qiagen RNeasy Fibrous 

Tissue Mini Kit according to the manufacturer’s instructions. Atrial tissue was homogenized 

with a Tissue-Tearor (BioSpec Products, Inc.) followed by lysis through a sterile, 18 gage 

hypodermic needle, and sonication. RNA samples were run on a NanoDrop One 

Spectrophotometer (ThermoFisher Scientific) to ensure adequate concentration and purity and 

then stored at -80°C. cDNA was generated from 1 mg of RNA using Reverse Transcriptase 

SuperScript III (RT SS III), random primers (Invitrogen), and dNTPs (Invitrogen). RNA, random 

primers, and dNTPs were incubated at 65°C for 5 min. Salt buffers, 0.1M DTT, RNase Out, and 

RT SS III were added and reactions were incubated at 25°C for 5 min, 50°C for 60 min, and at 

70°C for 15 min. cDNA was diluted 1:3 in RNase-free water. Quantitative PCR was performed 

using SYBR Green (Applied Biosystems) and gene-specific primers (Integrated DNA 

Technologies) on a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Gene-

specific measurements of each cDNA sample were run in triplicate, along with the endogenous 

control gene (Gapdh) used for normalization, and then compared to WT expression levels. The 

relative expression level of each gene was quantified using the comparative threshold (2-∆∆Ct ) 

method of quantification. Data are presented as the fold change in gene expression ± SEM. 

Statistical significance (p < 0.05) between genotypes was determined using a Student’s t-test.  
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Picrosirius Red Staining  

Hearts from P16-17 WT (n=10) or null (n=10) animals, were perfused with PBS (in mM; 137 

NaCl, 2.7 KCl, 8 Na2HPO4, and 2 KH2PO4) before extraction.  Whole hearts were frozen 

separately in Tissue Plus OCT compound and were sliced with a microtome to obtain 10 

micrometer thick transverse cross sections. Sections consisting of atrial and ventricular regions 

were fixed in 3.7% paraformaldehyde followed by cold methanol for 15 min each, followed by 

washing with PBS twice for 5 min at room temperature (RT). Tissue sections were stained with 

picrosirius red (Abcam) for 10 min at RT. Excess stain was washed twice with acetic acid. The 

slides were then dehydrated with ethanol for 90 s. Stained tissue sections were air-dried and 

mounted in Vectashield H100 mounting medium without DAPI.  Images were acquired with a 

Nikon Microphot-FXA fluorescence microscope under brightfield at equal exposure time for all 

images. The red color intensity per area was measured using NIH Image J software. Data are 

presented as average integrated density per area ± SEM. 

 

Echocardiography  

Echocardiography on P16 mice was performed as fee-for-service by the University of Michigan 

Small Animal Phenotyping Core with IACUC approved protocols. Induction of anesthesia was 

performed in an enclosed container filled with 5% isoflurane. After induction, the mouse was 

placed on a warming pad to maintain body temperature.  0.5 – 1.5% isoflurane was supplied via 

a nose cone to maintain a surgical plane of anesthesia.  The hair was removed from the upper 

abdominal and thoracic areas with depilatory cream. Eye lubricant was applied to prevent 
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corneal damage during prolonged anesthesia. Electrocardiogram (ECG) and respiration were 

monitored via non-invasive resting electrodes. Transthoracic echocardiography was performed in 

the supine or left lateral position. Two-dimensional, M-mode, Doppler, and tissue Doppler 

echocardiographic images were recorded using a Visual Sonics Vevo 2100 high resolution in 

vivo micro-imaging system with a MS 550D transducer with a center frequency of 40 MHz and a 

bandwidth of 22-55 MHz. We measured LV ejection fraction from the two-dimensional long 

axis view. In addition, we measured systolic and diastolic dimensions and wall thickness by M-

mode in the parasternal short axis view at the level of the papillary muscles. Fractional 

shortening and ejection fraction were calculated from the M-mode parasternal short axis view. 

Diastolic function was assessed by conventional pulsed-wave spectral Doppler analysis of mitral 

valve inflow patterns (early [E] and late [A] filling waves). Doppler tissue imaging (DTI) was 

used to measure the early (Ea) diastolic tissue velocities of the septal and lateral annuluses of the 

mitral valve in the apical 4-chamber view. Left atrial volumes were calculated by applying a 

prolate ellipse method, using apical 4-chamber and parasternal long axis views. 

 

Atrial myocyte isolation  

Each experimental mouse was euthanized at P16, the heart was removed, and the blood was 

cleared using gentle perfusion with cold Hank’s balanced salt solution (Gibco) supplemented 

with 10 mM HEPES and 1 MgCl2. The heart was cannulated through the aorta and retrograde 

perfused on a Langendorff apparatus for 5 min at 37 °C. HBSS buffer containing 50 μg/mL 

LiberaseTM (Roche, Indianapolis, IN) was perfused into the heart for 10 to 12 min at 37 °C. Right 

and left atria were removed from the heart and placed in a 3 cm petri dish containing fresh 
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enzyme. Digestion of the tissue was continued by gentle stirring with a stir bar at 37 °C for 5 

min. Digested tissue was passed through a plastic pipette to fully disperse the myocytes. Atrial 

myocytes were transferred into Hank’s Balanced Salt Solution (Thermofisher) containing 10% 

fetal bovine serum (stopping solution) and centrifuged at 250 x g for 2 min. Cells were 

suspended in fresh stopping solution and subjected to calcium re-introduction until reaching a 

final concentration of 1.2 mM CaCl2.  

 

ECG and programmed electrical stimulation.  

Scn1b null mice have a failure-to-thrive phenotype and do not exceed ~5 g during their lifetime 

(Yuan, O'Malley et al. 2019).  Thus, they are too small to perform telemetry experiments. 

Instead, in vivo studies were performed in anesthetized P16 mice (induction period 5.0 vol. %, 

maintenance 2.0 % vol. isofluorane in 0.5L/min 100% O2.) After the disappearance of reflexes, 

mice were placed onto a temperature-regulated operating table. Platinum electrodes were 

inserted subcutaneously in the limbs and connected to a custom-ECG amplifier for standard 

leads I and II. Standard ECG parameters, including HR, P wave duration and RR, QRS, PR-I, 

QTc intervals, were analyzed under stable baseline conditions. A 1.1 Fr Octapolar stimulation-

recording catheter (EP catheter, Science) was inserted through the jugular vein and advanced into 

the right atrium and ventricle. A S1S1 protocol at 2x the threshold of capture was applied to 

determine the basal sinus node recovery time (SNRT) at 100 ms and 80 ms cycle lengths 

(SNRT100 and SNRT80). Atrial arrhythmia was assessed by atrial burst pacing for 2 s at 30, 40, or 

50 Hz before and after the intraperitoneal (i.p.) application of carbachol (0.025 mg/kg) or 

atropine (1 mg/kg). AF was defined as the occurrence of rapid and fragmented atrial 
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electrograms (lack of regular P waves), with irregular AV-nodal conduction and ventricular 

rhythm, lasting at least 1 s.  

 

 

Whole Cell Patch Clamp Analysis 

INa recording in acutely isolated P16 atrial myoctes: Membrane capacitance was estimated by 

applying a 100 ms pulse from -100 to -120 mV before and after the rupture of the patch. 

Integration of the difference between these values was proportional to membrane capacitance 

(Cm). After establishing the whole cell configuration, membrane capacitive components were 

eliminated using the features of the amplifier to avoid amplifier saturation. Electronic 

compensation was used to reduce the series resistance. Residual linear components were 

eliminated with a P/4 online subtraction protocol. INa was elicited by applied repetitive squared 

200 ms pulses ranging from -70 to 60 mV from a holding potential of -120 mV at RT. The 

pipette solution contained (in mM): 120 CsCl-Asp, 1 NaCl, 10 EGTA, 1 MgCl2, 1 Na2ATP, 10 

TEA-Cl and 10 HEPES (pH 7.2 with CsOH). The bath solution contained (in mM): 10 NaCl, 50 

CsCl, 20 TEA-Cl, 1.2 CaCl2, 60 Choline-Cl 1.0 MgCl2, 1 4-aminopyridine, 0.05 CdCl2 and 10 

HEPES (pH 7.4 with CsOH). Nifedipine at a final concentration of 10 µM was added to the bath 

to block L-type calcium currents.  

 

AP recordings in acutely isolated P16 atrial myocytes: The threshold for AP initiation was 

determined by the application of 2 ms incremental current pulses from 100 to 800 pA. Steady AP 

capture was obtained by applying current pulses at 1.5x the threshold. APs were recorded at 1.0 
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Hz at RT. The pipette solution contained (in mM): 120 K-aspartate, 20 KCl, 1 MgCl2, 5 

Na2ATP, 10 EGTA and 10 HEPES (pH 7.4 with NaOH).  The bath solution consisted of HBSS 

1x solution containing (in mM) 10 HEPES, 1 MgCl2 and 1.2 mM CaCl2 (pH 7.4 with NaOH). 

Only myocytes with resting membrane potentials of at least -65 mV were included in the 

analysis.  

 

Patch pipettes with resistance between 2.5-3.0 MΩ were used for all patch clamping 

experiments.  

 

Whole‐Mount Atrial Preparations 

Cardiac dissections were performed in euthanized P15-17 mice as described previously 

(Rysevaite, Saburkina et al. 2011, Rysevaite, Saburkina et al. 2011, Pauza, Saburkina et al. 

2013). In brief, the heart was perfused with cold PBS to ensure clearance of blood. The heart was 

then excised and placed in a Sylguard-coated dish containing cold PBS. The greater ascending 

vessels were separated from the atria. Then the atria were separated from the ventricles. The atria 

were gently dissected open, flattened, and fixed for 30 min in methanol at RT, and then rinsed 

3×10 min in cold PBS and prepared for immmunohistochemistry. 

 

Immunohistochemistry 

Mouse tissues were permeabilized for 1 h in 0.5% Triton‐X in PBS and blocked in 5% normal 

donkey serum in PBS for 2 h at RT. The preparations were incubated in a mixture of primary 

antibodies (goat anti–choline acetyltransferase [anti‐ChAT; 1:100; millipore], rabbit anti–
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tyrosine hydroxylase [anti‐TH; 1:750; abcam], or rabbit anti-HCN4 [anti-HCN4; 1:200; 

Chemicon]) for 24-48 h at 4°C. After washing, tissues were incubated in a mixture of secondary 

antibodies for 4 h at RT. Tissues were then mounted on glass slides using Prolong Gold 

Mounting Medium (Invitrogen), coverslipped, and sealed with clear nail polish.  

 

Confocal microscopy and image analysis 

Fluorescent images were acquired using a Nikon A1R inverted confocal microscope (Nikon 

Instruments) located in the University of Michigan Microscopy Core. Image analysis was 

performed using Fiji software. The number of cells and identification of ChAT positive (+) or 

TH + signals were determined by manually counting cell bodies. Investigators were blinded to 

mouse genotype for each image. The cell labeling of each cardiac ganglion was counted 

independently at least twice and the results averaged.  

  

Data availability 

RNA-Seq data reported in this paper have been deposited in the Gene Expression Omnibus 

(GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession no. GSE152617). 

 

Research materials availability 

Scn1b+/- mice are available from the University of Michigan under Materials Transfer 

Agreement. 
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Chapter 3. Scn1b-Linked DEE52 Patient-Derived Cardiac Myocytes Show Substrates for 
Arrhythmia 

 

Nnamdi Edokobi, Tracy Qiao, Samantha L. Hodges, Alexandra A. Bouza, Caroline Scheuing, 

Louis T. Dang, Yao-Chang Tsan, PhD, Adam S. Helms, MD, MS, Sarah Weckhuysen3, Jack M. 

Parent, Lori L. Isom 

 

Introduction 

 

Sudden Unexpected Death in Epilepsy (SUDEP) is the leading cause of death in people 

with uncontrolled seizures. While all patients with epilepsy are at risk for SUDEP, patients with 

developmental and epileptic encephalopathy (DEE) syndromes have the highest risk.  In spite of 

this knowledge, no biomarkers exist to predict the extent of SUDEP risk in individual patients 

other than the presence of variants in specific genes. To gain insight into the mechanism of 

SUDEP, we are focusing on DEE syndromes with the highest SUDEP incidence. DEEs are a 

group of disorders characterized by pharmacoresistant seizures, cognitive impairment, and 

premature mortality (Jain, Sharma et al. 2013). Patients with DEE52 have inherited, biallelic 

variants in SCN1B, the gene encoding voltage-gated sodium channel (Nav) β1 and β1B subunits. 

DEE52 patients have clinical presentations comparable to Dravet Syndrome (DS) or to the more 

severe early infantile developmental and epileptic encephalopathy (EIDEE), for which there is a 
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SUDEP risk of up to 25% (Patino, Claes et al. 2009, Ogiwara, Nakayama et al. 2012, Ramadan, 

Patel et al. 2017, Aeby, Sculier et al. 2019). Inherited monoallelic SCN1B variants are linked to 

Generalized Epilepsy with Febrile Seizures plus (GEFS+) (Wallace, Wang et al. 1998, Wallace, 

Scheffer et al. 2002, Audenaert, Claes et al. 2003) and cardiac conduction disorders such as 

Brugada syndrome and Long-QT syndrome, that are also associated with sudden death (Edokobi 

and Isom 2018). Although the mechanism of SUDEP remains unclear, it is hypothesized that, in 

addition to generalized seizures, SUDEP involves cardiac arrythmias (Bagnall, Crompton et al. 

2017). We proposed previously, using DS patient-derived induced pluripotent stem cell 

cardiomyocytes (iPSC-CMs), that increased sodium current (INa) density may be a biomarker for 

SUDEP risk by providing a substrate for cardiac arrhythmia (Frasier, Zhang et al. 2018). Testing 

this hypothesis requires the investigation of iPSC-CMs from additional DEE patient cohorts. In 

this study, we assessed changes in the excitability of DEE52 patient-derived iPSC-CMs. 

Nav-α subunits are critical for the generation and propagation of cardiac action potentials 

(APs). Membrane depolarization results in rapid Nav activation and inactivation to allow the 

controlled influx of sodium into CMs (Nerbonne and Kass 2005). The resulting INa  is 

responsible for the upstroke (phase 0) of non-pacemaker cardiac cell APs (Nerbonne and Kass 

2005). Navs are heterotrimers composed of a single pore-forming α subunit and two non-pore-

forming β subunits that modulate the α subunit in a cell type specific manner (O'Malley and Isom 

2015). In addition to modulating channel expression and gating, the Nav-β subunits are all 

members of the immunoglobulin superfamily of cell adhesion molecules (Ig-CAMs) (Malhotra, 

Kazen-Gillespie et al. 2000, Brackenbury, Davis et al. 2008, Yereddi, Cusdin et al. 2013). More 

recent work by our group has shown that Nav-β1 subunits also function as transcriptional 
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regulators of genes critical to excitation-contraction coupling in CMs (Bouza, Edokobi et al. 

2021). Scn1b deletion in mice results in severe seizures and death by the third week of life 

(Chen, Westenbroek et al. 2004). Importantly, Scn1b deletion is also arrhythmogenic; Scn1b null 

mice have an increased susceptibility to ventricular arrhythmias (Lopez-Santiago, Meadows et 

al. 2007, Lin, O'Malley et al. 2015). Taken together, this work suggests that cardiac 

dysregulation, in addition to severe seizures, may play a role in the mechanism of SUDEP in 

DEE52.  

 

Here, we study the mechanism of a DEE52 Is patient variant, SCN1B-c.265c>T, 

predicting p.R89C, that was reported previously in a patient family (Darras, Ha et al. 2019). In 

contrast to the previous report, the patient studied here has a more severe disease presentation, 

suggesting that SCN1B-c.265c>T may result in a spectrum disorder. We used patient-derived 

iPSC-CMs and heterologous cell expression to investigate the mechanism of this SCN1B variant 

in terms of the known effects of Nav-β1 subunits to promote Nav cell surface expression, 

modulate INa density, and regulate INa kinetics. We found that β1-p.R89C is expressed at the 

plasma membrane and undergoes regulated intramembrane proteolysis (RIP), similar to WT, in 

heterologous cells. Co-expression of Nav1.5, Nav1.1, or Nav1.6 with mutant β1 subunits in 

heterologous cells showed that β1-p.R89C increases Nav1.6-generated INa.but not INa generated 

by Nav1.1 or Nav1.5, suggesting differential modulation of α subunit subtypes. We generated 

ventricular iPSC-CMs from three non-epileptic controls and two biallelic c.265c>T DEE52 

patients, including a patient from the previously reported family as well as the new patient. Both 

patient iPSC-CM lines had increased transient and late INa compared to healthy controls, similar 
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to our previously reported results in acutely isolated Scn1b null mouse ventricular myocytes. 

Interestingly, we observed AP prolongation in the more severe patient iPSC-CMs (Patient 1) but 

not in the patient reported previously (Patient 2), suggesting a higher risk of cardiac 

complications and potentially higher SUDEP risk.  

Results  

Clinical Presentation 

 

Patient 1 (male) was born after a normal pregnancy to healthy unrelated parents. 

Postnatal adaptation was normal. At 6 months of age the patient presented with a clonic seizure 

after a febrile infection, and at 7 months seizures evolved into status epilepticus. Until 3 years of 

age seizures always occurred at the beginning of illness. Two of these prolonged seizures 

required sedation at the intensive care unit. The patient began to experience afebrile seizures 

during the third year of life. Antiepileptic therapy failed to control seizures for the long term 

despite testing various combinations of phenobarbital, valproic acid, topiramate, clonazepam, 

stiripentol, and primidone. Neurological examination showed microcephaly, ataxia, central 

hypotonia, and severe intellectual disability. The clinical presentation of Patient 2 (female) was 

previously reported (Darras, Ha et al. 2019). Patient 2 exhibited a less severe neurological 

phenotype compared to Patient 1.  
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β1‐p.R89C protein localizes to the plasma membrane in heterologous cells.  

 

We used stably transfected Chinese Hamster Lung (CHL) fibroblasts to determine 

whether β1‐p.R89C showed normal cell surface expression. CHL cells are an ideal cell line for 

this experiment because they do not express endogenous Nav-β1 subunit mRNA or protein 

(Isom, Scheuer et al. 1995). We generated a bicistronic, full-length β1 subunit cDNA expression 

vector containing a C-terminal V5 epitope tag, a cleaving 2A sequence, and enhanced Green 

Fluorescent Protein (eGFP) to establish stable cells lines overexpressing β1-V5-2AeGFP-CHL, 

β1‐p.R89C‐V5‐2AeGFP, or eGFP alone. We performed cell surface biotinylation assays to 

compare the presence of β1‐p.R89C-V5 vs. β1-WT-V5 in the plasma membrane fraction. Total 

protein and neutravidin‐selected cell surface proteins were analyzed by western blot with anti‐V5 

antibody. An antibody directed against HSP90 was used as an intracellular control to ensure only 

cell-surface proteins were biotinylated. We found β1‐p.R89C-V5 in the plasma membrane 

fraction similar to WT, although at lower levels (Figure 3.1C, D). Quantification of the western 

blot results was performed by dividing the immunoreactive signal of the plasma membrane 

fraction by the total fraction of each construct (Figure 3.1D). We next used immunofluorescence 

confocal microscopy as an alternative method to assess cell surface expression. β1-WT-V5 or 

β1‐p.R89C-V5 localization was examined in the stably transfected cell lines using anti-V5 

antibody. Cells were co-stained with the fluorescently conjugated plasma membrane marker, 

wheat germ agglutinin (WGA). Colocalization of the anti-V5 and WGA signals confirmed the 

localization of β1‐p.R89C at the plasma membrane (Figure 3.1E). The anti-V5 signal is also 

represented in an orthogonal confocal view (Figure 3.1F).  
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Figure 3.1. β1-p.R89C localizes to the plasma membrane. 

(A) Cartoon diagram of p.R85C. (B) Crystal structure of WTβ1 (PDB: 6AGF). The residue, Arg89, is shown in red. 
Right: 20 angstrom area showing detail of the Ig domain. (C) Cell surface biotinylation shows that p.R89C can 
localize to the plasma membrane, similar to WT, N=3 (D) Quantification of biotinylation experiment. (E) β1-WT 
and β1-p.R85C colocalize with the plasma membrane marker, WGA N=2. (F) Orthogonal views of a single z‐stack 
(YZ plane to right, XZ plane below) from immunofluorescence microscopy indicating colocalization between V5 
and WGA signals. Key: Wheat germ agglutinin (WGA), to identify the plasma membrane, and V5 antibody, to label 
WT or mutant β1 subunits 
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β1‐p.R89C undergoes RIP in vitro  

 

Nav-β1 subunits are cleaved sequentially by BACE1 and γ-secretase, resulting in release 

of the soluble β1 extracellular Ig domain that becomes a ligand for cell adhesion, as well as a 

soluble intracellular domain (β1 ICD) that can translocate to the nucleus (Wong, Sakurai et al. 

2005, Bouza, Edokobi et al. 2021). We demonstrated previously that initial BACE1 cleavage of 

β1 results in a ~20 kDa immunoreactive band, representing the β1 C-terminal fragment (CTF) 

that remains in the membrane (Bouza, Edokobi et al. 2021). Pharmacological inhibition of the 

normally subsequent γ-secretase cleavage event results in increased levels of β1 CTF, which can 

be detected by western blot. Permitting γ-secretase activity generates the β1 ICD, which 

translocates to the nucleus where it is involved in the regulation of gene expression. We used a 

similar assay to determine whether β1‐p.R89C undergoes RIP. β1-V5-2AeGFP-CHL or β1‐

p.R89C‐V5‐2AeGFP-CHL cells were treated with vehicle (0.1% DMSO) or 10 µM of either of 

two γ-secretase inhibitors, L-685,458 or Avagacestat. In both cell lines, γ-secretase inhibitor 

treatment resulted in β1-CTF accumulation compared to DMSO treatment (Figure 3.2), 

demonstrating that the β1‐p.R89C variant does not prevent RIP.  
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Figure 3.2. β1-p.R89C remains a substrates for BACE1 and γ-secretase intramembrane cleavage 

Treatment with γ-secretase inhibitor, L-685,458 or Avagacestat, leads to an accumulation of β1- 
p.R89C-CTF.  
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Electrophysiological characterization of β1‐p.R89C regulation of INa  

 

Previously analyzed SCN1B-linked channelopathy variants have shown abnormalities in 

modulation of INa density and voltage dependent properties when expressed in heterologous 

systems (Watanabe, Koopmann et al. 2008, Patino, Claes et al. 2009, Watanabe, Darbar et al. 

2009, Yuan, Koivumaki et al. 2014, Martinez-Moreno, Selga et al. 2020, Scala, Efthymiou et al. 

2021). We and others have shown previously that Nav-α subunit-generated INa is increased by co-

expression of β1 subunits via their chaperone function of α to the plasma membrane (Isom, De 

Jongh et al. 1992). Here, we assessed the effects of β1‐p.R89C subunit co-expression on INa 

expressed by the TTX-resistant channel Nav1.5 or the TTX-sensitive channels Nav1.1 or Nav1.6 

expressed in stable cell lines. We co-transfected eGFP (control), β1-WT, or β1‐p.R89C into HEK 

cells stably expressing human Nav1.5 (Figure 3.3), human Nav1.1 (Figure 3.4), or human Nav1.6 

(Figure 3.5). As expected, β1-WT co-expression with all three channels significantly increased 

transient INa density (p<0.001) compared to α alone (eGFP) (Figure 3.3B, 3.4B, and 3.5B). In 

contrast, β1‐p.R89C co-expression with Nav1.5 or Nav1.1 had no effect on transient INa density 

(Figure 3.3B and 3.4B). In contrast, β1‐p.R89C co-expression with Nav1.6 resulted in increased 

transient INa density (p<0.001) compared to α alone (eGFP) (Figure 3.5B).  Neither WT-β1 nor 

β1‐p.R89C  significantly modulated the voltage dependence or kinetic properties of Nav1.5-, 

Nav1.1-, or Nav1.6-generated INa (Figure 3.3D and E, 3.4D and E, and 3.5D and E and Table 3.1, 

3.2, and 3.3). These results suggest that β1‐p.R89C interacts differentially with Nav-α subunits 

and may specially affect the plasma membrane localization of Nav1.6. 
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Figure 3.3 β1‐p.R89C does not modulate Nav1.5 INa density. 
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Cells stably expressing human Nav1.5 in a HEK-293 background were transiently co-transfected with 
either β1-WT (grey squares) or β1‐p.R89C (red triangles). Cells transfected only with eGFP (black 
circles) were used as negative controls. (A) Representative INa density traces. INa was recorded in response 
to a series of voltage steps between -120 and +30mV in 5 mV increments, from a holding potential of -
120 mV for 200 msec. (B) Nav1.5 INa current-voltage (I-V) relationship. (C) Sodium current density is 
increased with co-expression of WTβ1 and is unchanged in the presence of p.R89C. (D) No differences in 
the mean voltage-dependent activation and inactivation curves. Data were obtained by fitting individual 
activation or inactivation curves to a Boltzmann equation. (E) A standard two pulse protocol was used to 
investigate the recovery from inactivation. Recovery from inactivation is expressed as the fraction of 
current produced by a second pulse over time following an identical pre-pulse. The data are fit to a double 
exponential function. Data in (B), (C), (D), and (E) are presented as means ± SEM. **p < 0.01 by a one-
way ANOVA with Tukey’s post-hoc comparison test. Dots represent an individual cell. 

 

 

Table 3.1 Biophysical properties of INa expressed by Nav1.5  

Data are presented as means ± SEM. *p < 0.05 versus + eGFP using a one-way ANOVA with Tukey’s 
post-hoc comparison test. 
 

 

 

 

Nav1.5 + eGFP  + β1WT + β1R89C 

Voltage dependence 
of activation 

   

V1/2 (mV) -40.61 ± 0.24 -41.78 ± 0.39 -39.50 ± 0.24 
k (mV) 6.77 ± 0.21 6.53 ± 0.34 6.65 ± 0.21 
n 18 16 14 
Voltage dependence 
of inactivation 

   

V1/2 (mV) -78.45 ± 0.48 -76.71 ± 0.43 -77.20 ± 0.56 
h (mV) -8.45 ± 0.40 -7.90 ± 0.37 -7.83 ± 0.48 
n 18 16 14 
Recovery from 
Inactivation 

   

τfast (ms) 7.55 ± 0.78 4.845 ± 0.60* 4.932 ± 0.51* 
n 9 6 7 
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Figure 3.4. β1‐p.R89C does not modulate Nav1.1 INa density 
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Cells stably expressing human Nav1.1 in a HEK-293 background were transiently co-transfected with 
either β1-WT (grey squares) or β1‐p.R89C (red triangles). Cells transfected only with eGFP (black 
circles) were used as negative controls. (A) Representative INa density traces. (B) Nav1.1 INa current-
voltage (I-V) relationship. (C) Sodium current density is increased with co-expression of WTβ1 and is 
unchanged in the presence of p.R89C. (D) No differences in the mean voltage-dependent activation and 
inactivation curves. (E) Recovery from inactivation is expressed as the fraction of current produced by a 
second pulse over time following an identical pre-pulse. The data are fit to a double exponential function. 
Data in (B), (C), (D), and (E) are presented as means ± SEM. **p < 0.01 by a one-way ANOVA with 
Tukey’s post-hoc comparison test. Dots represent an individual cell. 

 

 

Table 3.2 Biophysical properties of INa expressed by Nav1.1 

Data are presented as means ± SEM. 

Nav1.1 + eGFP + β1WT + β1R89C 
Voltage dependence 
of activation 

   

V1/2 (mV) -23.90 ± 0.18 -23.51 ± 0.28 -23.34 ± 0.26 
k (mV) 6.81 ± 0.15 6.78 ± 0.24 7.40 ± 0.22 
n 17 16 14 
Voltage dependence 
of inactivation 

   

V1/2 (mV) -56.86 ± 0.25 -56.61 ± 0.40 -57.40 ± 0.40 
h (mV) -5.32 ± 0.22 -6.07 ± 0.35 -5.52 ± 0.35 
n 17 16 14 
Recovery from 
Inactivation 

   

τfast (ms) 1.17 ± 0.14 1.01 ± 0.25 1.05 ± 0.18 
n 8 6 6 
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Figure 3.5. β1‐p.R89C does modulate Nav1.6 INa density 
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Cells stably expressing human Nav1.6 in a HEK-293 background were transiently co-transfected with 
either β1-WT (grey squares) or β1‐p.R89C (red triangles). Cells transfected only with eGFP (black 
circles) were used as negative controls. (A) Representative INa density traces. (B) Nav1.6 INa current-
voltage (I-V) relationship. (C) Sodium current density is increased with co-expression of WTβ1 and in the 
presence of p.R89C. (D) No differences in the mean voltage-dependent activation and inactivation curves. 
(E) Recovery from inactivation is expressed as the fraction of current produced by a second pulse over 
time following an identical pre-pulse. The data are fit to a double exponential function.  Data in (B), (C), 
(D), and (E) are presented as means ± SEM. **p < 0.01, *p < 0.05 by a one-way ANOVA with Tukey’s 
post-hoc comparison test. Dots represent an individual cell. 

 

 

Table 3.3 Biophysical properties of INa expressed by Nav1.1 

Data are presented as means ± SEM. 

 

 

 

 

Nav1.6 + eGFP + β1WT + β1R89C 
Voltage dependence of 
activation 

   

V1/2 (mV) -20.06 ± 0.29 -19.49 ± 0.32 -20.12 ± 0.21 
k (mV) 6.36 ± 0.26 6.00 ± 0.26 5.91 ± 0.26 
n 15 11 17 
Voltage dependence of 
inactivation 

   

V1/2 (mV) -58.29 ± 0.64 -55.55 ± 0.78 -54.93 ± 0.41 
h (mV) -6.46 ± 0.56 -5.41 ± 0.66 -5.95 ± 0.35 
n 15 11 17 
Recovery from 
Inactivation 

   

τfast (ms) 1.42 ± 0.56 0.93 ± 0.24 2.28 ± 0.49 
n 8 8 10 
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β1‐p.R89C has no detectable dominate negative effects on WT-β1 

 

DEE52 patients express biallelic SCN1B variants that are inherited from parents with 

expression of one WT and one mutant SCN1B allele. A subset of patients with monoallelic 

SCN1B variants have been diagnosed with GEFS+ or cardiac conduction disorders (Audenaert, 

Claes et al. 2003, Scheffer, Harkin et al. 2006, Watanabe, Koopmann et al. 2008, Orrico, Galli et 

al. 2009, Watanabe, Darbar et al. 2009, Fendri-Kriaa, Kammoun et al. 2011, Holst, Saber et al. 

2012, Hu, Barajas-Martínez et al. 2012, Liu, Tester et al. 2014, Riuró, Campuzano et al. 2014, 

Neubauer, Rougier et al. 2018). Thus, it is possible that some SCN1B variants may have 

dominant-negative effects on the co-expressed WT allele. We explored whether this was the case 

for β1‐p.R89C. Using methods similar to the previous experiment, we co-transfected eGFP 

(control) or β1‐p.R89C into HEK cells stably expressing human Nav1.5 plus β1-WT. We found 

no significant differences in peak INa or voltage dependent properties between groups (Figure 3.6 

and Table 3.4). Therefore, we concluded that β1‐p.R89C is not a dominant negative mutation in 

terms of INa regulation.  
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Figure 3.6. β1‐p.R89C does not display a dominant-negative effect.  
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Cells stably expressing human Nav1.5 and β1WT in a HEK-293 background were transiently co-
transfected with either eGFP  (grey squares) or β1‐p.R89C (red triangles) (A) Representative INa density 
traces. (B) Nav1.6 INa current-voltage (I-V) relationship. (C) Sodium current density is unchanged with co-
expression of eGFP or β1‐p.R89C. (D) No differences in the mean voltage-dependent activation and 
inactivation curves. (E) Recovery from inactivation is expressed as the fraction of current produced by a 
second pulse over time following an identical pre-pulse. The data are fit to a double exponential function, 
and the parameters (k, τ, and t½ for both the fast and slow components) are reported in Table. Data in (B), 
(C), (D), and (E) are presented as means ± SEM. Dots represent an individual cell. 
 

Table 3.4 Biophysical properties of INa expressed by Nav1.5-β1 

Data are presented as means ± SEM 

 

 

 

 

 

 

 

Nav1.5-β1 No plasmid + eGFP + β1R89C 
Voltage dependence of 
activation 

   

V1/2 (mV) -36.77 ± 1.02 -35.64 ± 0.86 -37.70 ± 1.13 
k (mV) 6.08 ± 0.17 6.59 ± 0.26 6.996 ± 0.27 
n 11 12 16 
Voltage dependence of 
inactivation 

   

V1/2 (mV) -77.23 ± 2.27 -79.45 ± 1.43 -83.29 ± 1.26 
h (mV) -6.48 ± 0.19 -7.08 ± 0.22 -6.79 ± 0.21 
n 11 12 16 
Recovery from 
Inactivation 

   

τfast (ms) 1.59 ± 0.17 1.92 ± 0.19 2.04 ± 0.22 
n 10 12 15 
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SCN1B patient-derived iPSC-CMs  

 

We generated iPSCs from SCN1B c.265>T DEE52 Patients 1 and 2 (Table 3.5) as well as 

one non-epileptic Control and the mother of Patient 2, who is non-epileptic and monoallelic for 

the variant (Table 3.6).  Two separate lines were generated for Patient 1. Patient 1 and the two 

non-epileptic control lines were generated from skin fibroblasts. Lines from Patient 2 and mother 

of Patient 2 lines were derived from peripheral blood mononuclear cells by commercially 

available methods (Stem Cell Genetics). All iPSC lines were differentiated to CMs using the 

small molecular regulation method based on Wnt signaling pathway modulation (Lian, Hsiao et 

al. 2012).  

Table 3.5. Information on iPSC-CM patient lines 

Table 3.6. Information on iPSC-CM control lines 

 

 
Patient 1-Clone 1 Patient 1-Clone 2 Patient 2 

SCN1B R89C R89C R89C 

Sex M M F 

Sample type Fibroblasts Fibroblasts Peripheral blood 
mononuclear cells 

Note Pt1-1 Pt1-2 
 

 
Control 1 Control 2 Het Control 

SCN1B Normal Normal R89C heterozygous 

Sex F M F 

Sample type Fibroblasts Fibroblasts Peripheral blood 
mononuclear cells 

Note   Mother of patient 2 
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DEE52 patient iPSC-CMs have increased INa 

 

We performed whole-cell voltage-clamp recordings to investigate whether iPSC-CMs 

from the biallelic DEE52 patients had altered transient or persistent INa. Initially, for the voltage 

clamp experiments we used an external solution containing 120 mM NaCl. We found that INa 

from Patient 1 CMs to be so large that proper voltage control could not be consistently 

maintained, and voltage-dependent properties could not be accurately measured (Figure 3.7). 

Therefore, we switched to an external solution containing 60 mM NaCl for all subsequent iPSC-

CM voltage clamp experiments. Using the lower Na+ external solution, we found the transient INa 

to be significantly increased in Patient 1 and Patient 2 iPSC-CMs (-130.40 ± 9.60 pA/pF and -

116.20 ± 10.58 pA/pF, respectively) compared to the Het Control (-42.18 ± 4.78 pA/pF) and 

healthy Control iPSC-CMs (-52.44 ± 7.22 pA/pF) (Figures 3.8B and 3.8C). In addition, we found 

a significant increase in the mean persistent INa density at -50mV in Patient 1 (-1.68 ± 0.24 

pA/pF) and Patient 2 (-1.82 ± 0.33 pA/pF) iPSC-CMs over pooled controls (-0.77 ± 0.16) pA/pF 

iPSC-CMs (Figure 3.8E), with no change in the ratio of persistent to peak transient INa densities 

(Figure 3.8F). There were no differences in cell capacitance, slope factor, or V½ values for the 

voltage dependence of activation or steady-state inactivation (Table 3.7). Peak conductance 

(Gmax) was significantly increased (p<0.0001) in Patient 1 and Patient 2 iPSC-CMs compared to 

control and Het control cells, suggesting increased cell surface Nav expression in both Patient 

CM lines (Table 3.7).  
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Figure 3.9 shows separate vs. pooled data from control and Patient 1 iPSC-CMs clones. 

Because functional properties of iPSC-CM clones generated from the same patient can vary, we 

evaluated each clone separately (Figure 3.9A-D). We observed no significant differences 

between Control 1 (-58.41 ± 10.58 pA/pF) and Control 2 (-45.12 ± 10.10 pA/pF) transient peak 

INa density values (Figure 3.9C). There also was no significant difference in transient peak INa 

density between the Patient 1 clones: Pt1-1, -138.6 ± 13.19 pA/pF and Pt1-2, -123.2 ± 14.10 

pA/pF (Figure 3.9C). Taken together, these results allowed us to confidently pool results from 

the Patient 1 and Control 1 and 2 iPSC-CM clones.   

 

 

Figure 3.7 Large transient INa in Patient 1 iPSC-CMs 

(A) INa current-voltage (I-V) relationship for Control 1 and Patient 1 iPSC-CM lines using an external Na+ 
recording external solution containing 120mM NaCl. (B) Transient peak INa is increased in Patient 1 vs 
Control iPSC-CMs, however, consistent voltage control could not be maintained in Patient 1 iPSC-CMs.  
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Figure 3.8. Transient and persistent INa are increased in both patient iPSC-CMs. 

(A) Representative INa density traces. INa was recorded in response to a series of voltage steps between -
120 and +30mV in 5 mV increments, from a holding potential of -120 mV for 200 msec. (B) INa current-
voltage (I-V) relationship for control and patient iPSC-CM lines. (C) Transient peak INa is increased 2-
fold in patient 1 and patient 2 vs control iPSC-CMs. (D) Zoomed traces of Late INa. Showing the current 
from 50-60 ms following the depolarizing pulse. (E) The mean Late INa is significantly increased in the 
patient iPSC-CMs. (F) Late INa normalized to the peak current. Data in (C), (E), and (F) are presented as 
means ± SEM. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001 using a One-Way Anova with 
Tukey’s post-hoc comparison test. Dots represent an individual cell. 
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Table 3.7 Biophysical properties of INa from iPSC-CMs  

Data are presented as means ± SEM. *p < 0.001 versus Control; #p < 0.001 versus Het control using a 
one-way ANOVA with Tukey’s post-hoc comparison test. 
 

 Control 1 & 2 Het control Patient 1  Patient 2  

Voltage dependence 
of activation 

    

V1/2 (mV) -36.59 ± 0.43 -38.66 ± 0.41 -39.92 ± 0.29 -41.57 ± 0.37 

k (mV) 6.87 ± 0.38 6.33 ± 0.6 5.90 ± 0.25 6.28 ± 0.33 

Gmax (pS) 19.04 ± 0.96 14.50 ± 0.65 34.19 ± 0.96*,# 32.41 ± 1.47*,# 

n 19 13 17 16 

Voltage dependence 
of inactivation 

    

V1/2 (mV) -72.83 ± 0.66 -70.89 ± 0.61 -73.64 ± 0.41 -69.64 ± 0.32 

h (mV) -8.78 ± 0.58 -8.10 ± 0.54 -8.81 ± 0.36 -7.65 ± 0.28 
n 19 13 17 16 

Capacitance (pF) 18.54 ± 2.58 19.70 ± 1.67 23.77 ± 2.90 21.89 ± 2.25 
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Figure 3.9. Independent representation of pooled Data. 

(A) Representative INa density traces. (B) INa current-voltage (I-V) relationship for control 1, control 2, 
and patient 1 clones iPSC-CM lines. (C) Transient peak INa is increased 2-fold in patient 1 clones vs 
control iPSC-CM. Data in (C) are presented as means ± SEM. *p < 0.001 versus control 1; #p < 0.001 
versus control 2 using a one-way ANOVA with Tukey’s post-hoc comparison test. Dots represent an 
individual cell. 
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AP Prolongation in SCN1B patient iPSC-CMs  

 

We generated iPSC cardiac tissue using the micron-scale two-dimensional cardiac tissue method. 

This method has been shown to control for cell shape and enabled reproducible characterization 

of cellular excitability using a polydimethylsiloxane (PDMS) micropatterned surface (Tsan, 

Zhao et al. 2021). Figure 3.10A presents representative traces of pooled Control and individual 

Patient APs elicited at 1 Hz in current clamp mode. The resting membrane potentials between 

pooled Control, Het Control, Patient 1, and Patient 2 iPSC-CMs were not significantly different 

(Figure 3.10B). Additionally, the peak amplitude and upstroke velocity (dV/dT) of the APs were 

not significantly different between Patient and pooled Control iPSC-CMs (Figure 3.10B and C).  

Notably, Patient 1, but not Patient 2, iPSC-CMs showed significantly prolonged APDs at 30%, 

50% and 90% of the membrane repolarization (Figure 3.10D). This result suggests pro-

arrhythmic properties in Patient 1, but not Patient 2, iPSC-CMs, consistent with the more severe 

phenotype of this patient.   
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Figure 3.10. Action potential properties in iPSC-CMs. 

Action potentials (AP) were evoked by pulses of 1.5 times the stimulus threshold at 1 Hz in current clamp 
mode. All the parameters of APs were compared between cells from control and the patient. (A) 
Representative traces of APs. (B) Mean values of resting membrane potentials (RMP) and action potential 
peak amplitude. (C) Maximal depolarization velocity of action potentials. (D) Patient 1 iPSC-CMs were 
exhibited significant differences in AP prolongation at 30% (APD30), 50% (APD50), 70% (APD70), and 
90% repolarization (APD90). **p < 0.01; ***p < 0.001 using a one-way ANOVA with Tukey’s post-hoc 
comparison test. Dots represent an individual cell 
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Discussion 

This work presents the first characterization of DEE52 patient derived iPSC-CMs as well as the 

first demonstration of heterologous expression of the SCN1B-p.R89C variant. We demonstrate 

that β1-p.R89C polypeptides expressed in CHL are transported to the cell surface and are 

sequentially cleaved by BACE1 and γ-secretase. β1-R89C does not increase INa when co-

expressed with Nav1.5 or Nav1.1. In contrast, we show that β1-R89C can increase INa in cells 

expressing Nav1.6. Electrophysiological analysis of patient derived iPSC-CMs revealed 

increased INa in cells derived from Patient 1 and Patient 2, but AP prolongation only in Patient 1 

cells. These results support the hypothesis that SCN1B-linked DEE variants result in cardiac 

dysfunction, in addition to epilepsy, and suggest that these DEE52 patients, especially Patient 1, 

may be candidates for cardiac evaluation. 

 

Nearly a dozen SCN1B variants have been characterized in vitro, although only some, p.R85C 

(Xu, Thomas et al. 2007), p.R85H (Xu, Thomas et al. 2007), p. R125C (Patino, Claes et al. 

2009), p.C121W (Kruger, O'Malley et al. 2016), and now p.R89C, have been analyzed for 

defects in cell surface expression. Surface biotinylation analysis confirmed that a fraction of 

p.R85C (Aeby, Sculier et al. 2019), p.C121W (Kruger, O'Malley et al. 2016), and p.R89C 

polypeptides are expressed at the cell surface in transfected heterologous cell systems or cultured 

neurons. In contrast, p.R125C (Patino, Claes et al. 2009) is retained inside the cell at 37C 

(Patino, Claes et al. 2009). When cells were maintained at non-physiological temperature of 27C, 

normal cell surface localization of p.R125C was observed. These results suggest that at least a 

fraction of these β1 mutant proteins can localize to the cell surface, however, it is not known 
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whether this fraction is sufficient for complete regulation of cellular excitability. Using confocal 

imaging, another group showed that p.R85C and p.R85H have low levels of cell surface 

expression compared to β1-WT (Xu, Thomas et al. 2007). Our study of β1-p.C121W 

homozygous mice showed a lower level of cell surface expression of mutant proteins along with 

incomplete glycosylation compared to WT (Kruger, O'Malley et al. 2016). While a fraction of 

β1-p.C121W polypeptides is expressed at the cell surface in isolated cultured cortical neurons, 

association with Nav1.1, Nav1.2, or Nav1.3 could not be detected. β1-p.C121W subcellular 

localization was shown to be restricted to neuronal cell bodies and not detected at axon initial 

segments in the cortex or cerebellum or at optic nerve nodes of Ranvier (Kruger, O'Malley et al. 

2016). Thus, while p.R85C (Aeby, Sculier et al. 2019), p.C121W (Kruger, O'Malley et al. 2016), 

and p.R89C can be detected at the cell surface using biochemical methods, the subcellular 

distribution of these mutant proteins in native cells in vivo may be abnormal. In mouse CMs, β1 

subunits are normally localized to subcellular domains that are critical for intracellular signaling 

or excitation contraction coupling (Edokobi and Isom 2018). Therefore, in native CMs β1-

p.R89C protein may be expressed, but improperly localized, resulting in aberrant cellular and/or 

molecular function. Consequently, therapeutic strategies aimed at increasing plasma membrane 

trafficking of these mutant protein may not be sufficient if improper subcellular localization 

cannot also be corrected. Future investigations will require using a CRISPR-generated 

homozygous β1-p.R89C animal model, now in progress in our lab, to determine channel 

association and localization properties in native cells.  
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To date, with the exception of β1-p.C121W, which has been shown to lack trans homophilic 

CAM function (Meadows, Malhotra et al. 2002), SCN1B variant functionality has been limited to 

assessment of INa regulation. Several studies have shown that these variants are loss-of-function 

based on electrophysiological criteria (Wallace, Wang et al. 1998, Xu, Thomas et al. 2007, 

Watanabe, Koopmann et al. 2008, Patino, Claes et al. 2009, Watanabe, Darbar et al. 2009, Hu, 

Barajas-Martínez et al. 2012, Yuan, Koivumaki et al. 2014, Aeby, Sculier et al. 2019, Martinez-

Moreno, Selga et al. 2020, Scala, Efthymiou et al. 2021). In this study, we showed that co-

expression of β1-p.R89C with Nav1.5 or Nav1.1 results in no changes to INa density compared to 

α subunit expression alone. However, we also observed that co-expression of β1-p.R89C with 

Nav1.6 results in increased INa, density, similar to the effects of β1-WT. Thus, the β1-p.R89C 

mutation does not completely abolish interaction with or modulation of Nav α subunits. In 

neurons, β1 and Nav1.6 have a reciprocal relationship. β1 is required for Nav1.6-dependent high-

frequency firing, while Nav1.6 is required for β1-mediated neurite outgrowth (Brackenbury, 

Calhoun et al. 2010). Our in vitro electrophysiological analysis suggests that β1-p.R89C may 

regulate the excitability of Nav1.6 in vivo, however, the CAM function of this variant is 

unknown. We postulate that SCN1B variants that change amino acids within the Ig domain can 

weaken or prevent their cell adhesive functionality. In support of this hypothesis, β1-p.C121W 

polypeptides localize to the plasma membrane yet do not participate in trans homophilic cell-cell 

adhesion (Meadows, Malhotra et al. 2002). Thus, in CMs, we predict that β1-p.R89C may be 

LOF for both α subunit plasma membrane trafficking and cell-cell adhesion, thus increasing 

arrhythmia risk through multiple mechanisms. 
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While biallelic SCN1B variants are linked to DEE52, monoallelic SCN1B variants are linked to 

cardiac channelopathies and GEFS+ (Table 1.2), suggesting that they may have dominant-

negative effects. Using patch clamp analysis, we asked whether β1-p.R89C displayed a 

dominant-negative effect when co-expressed in HEK stably expressing Nav1.5 and β1-WT. We 

found no differences in INa between the groups, confirming that β1-p.R89C is not a dominant 

negative mutation on currents expressed by Nav1.5. Future studies will be needed to determine 

whether this is Nav-α subunit subtype dependent.  

 

In this study, we used patient derived iPSC-CMs to investigate how biallelic expression of 

SCN1B-p.R89C alters cardiac cellular electrophysiology. While heterologous expression systems 

are informative, they cannot replicate the native cellular environment. In contrast, human iPSC-

CMs provide a native cardiac cell environment that is more amenable to understanding disease 

mechanisms. We determined that iPSC-CMs derived from two unrelated SCN1B-p.R89C  

patients had significantly increased transient and late INa compared to healthy controls and a Het 

control. Maximal conductance, gmax, was also significantly increased in patient iPSC-CMs 

compared to controls. Because there were no changes to voltage-dependent properties, we 

interpret the gmax increase as increased expression of Nav α subunits at the plasma membrane in 

patient iPSC-CMs. Acutely isolated ventricular CMs from Scn1b null mice have a similar 

phenotype, with increased transient and late INa mediated by mRNA and protein upregulation of 

Nav1.3 and Nav1.5 (Lopez-Santiago, Meadows et al. 2007, Lin, O'Malley et al. 2015, Bouza, 

Edokobi et al. 2021). In vivo, the β1-ICD regulates the expression of a complex group of genes 

encoding proteins important in modulating ion channels (Bouza, Edokobi et al. 2021). Here, we 
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present data showing that β1-R89C can produce the CTF, and we can subsequentially block the 

production of the ICD with γ-secrreatase inhibitors. Thus, we propose that the β1-R89C-ICD 

may cause similar changes in ion channel gene expression as observed for β1-WT, resulting in 

aberrant Nav α subunit expression and increased INa (Bouza, Edokobi et al. 2021).  

 

Acutely isolated ventricular CMs from Scn1b null mice have AP prolongation. Here, we asked 

whether SCN1B patient derived iPSC-CMs have abnormal APs properties. Immaturity is a major 

hurdle of iPSC-CMs technology, as they may not express critical ion channels needed to fully 

recapitulate native human CMs. To overcome these technical and physiological limitations, 

several groups have explored the use of differing growth surfaces to promote mature iPSC-CM 

differentiation. Here, we collaborated with Dr. Adam Helms to generate micropatterned elastic 

polydimethylsiloxane (PDMS) substrates to anchor thin, purified, and mature cardiac tissue 

strips in 2D arrays. This micropatterning technique allows us to control for the geometry, 

maturation, and uniformity of cell morphology and physiological properties in a highly 

controlled biomechanical environment (Helms, Tang et al. 2020, Tsan, Zhao et al. 2021, Ufford, 

Friedline et al. 2021). We found several AP properties to be similar between control and patient 

iPSC-CMs. Importantly, however, Patient 1 but not Patient 2 iPSC-CMs exhibited AP 

prolongation. Clinically, Patient 1 has a more severe disease phenotype compared to Patient 2 

(Darras, Ha et al. 2019). DEE52 patients present with disease phenotypes that are closely related 

to SCN1A-linked DS and SCN8A-linked DEE13. Similar to Scn1b null mice, Scn1a DS and 

Scn8a DEE13 mice exhibit both neurological and cardiac dysfunction (Auerbach, Jones et al. 

2013, Frasier, Wagnon et al. 2016). Bradycardia, autonomic dysfunction, altered AP 
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repolarization, and ultimately SUDEP are shared between the three mouse models (Lopez-

Santiago, Meadows et al. 2007, Auerbach, Jones et al. 2013, Frasier, Wagnon et al. 2016) It will 

be interesting to analyze the cardiac phenotype of our recently generated Scn1b-p.R89C mouse 

model. Clinical and genetic analyses of additional DEE52 patients are also needed to understand 

the factors accounting for the differences between the patient phenotypes.  

 

In summary, this study presents the first biochemical and electrophysiological characterization of 

the SCN1B-p.R89C DEE52 patient variant as well as the first demonstration of any DEE52 

variant in human patient iPSCs. This study highlights the complexities of understanding the 

multifunctionality of SCN1B. Future analysis of the cell adhesive and transcriptional regulatory 

properties will be needed to fully understand this variant. Furthermore, these results support our 

hypothesis that increased INa in iPSC-CMs may be a biomarker for SUDEP risk.  
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Methods 

 

Human iPSCs:  

iPSCs were reprogrammed by the episomal plasmid method with Neon Transfection system 

(Life Technolgies). Dr. Andrew Tidball generated the control 1 (Ctrl1) and SCN1B patient 1 

(Pt1-8 and Pt1-10) iPSC lines. Dr. Louis Dang generated the heterozygous control (Het) and 

patient 2 (Pt2) iPSC lines. Control 2 (Ctrl2-2) were obtained from the Human Stem Cell and 

Gene Editing Core at the University of Michigan. iPSCs were maintained in feeder-free 

conditions on 0.5% Matrigel coated plates (Corning) in mTeSR1 medium (Stem Cell 

Technologies), passaged every 4–5 days with 0.1µM EDTA as described(Frasier, Zhang et al. 

2018). Medium was changed daily. Genomic alteration of iPSCs were checked by SNP-CHIP at 

cell passage 10-20. The cells were cultured in 37°C with 5% CO2. 

 

iPSC-CM Differentiation:  

iPSCs were differentiated to CMs using a small molecular regulation method, based on the Wnt 

signaling pathway modulation (Lian, Hsiao et al. 2012). Briefly, iPSCs were dissociated by 

Accutase (STEMCELL Technologies) and plated at 1-1.5x106 cells/well in mTeSR-1 on 6-well 

plates coated with 1% Matrigel. When the cells reached >90% confluence, differentiation was 

initiated. The cells were cultured in a basal medium [RPMI/B27 without insulin (Fisher 

Scientific)] for approximately 10 days. During the first 24 hours of differentiation the basal 

medium contained glycogen synthase kinase-3β inhibitor 6uM CHIR99021 (Cayman Chemical). 

On day 3-5 of differentiation, the basal medium included the 5 µM Wnt inhibitor IWP4 
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(Stemgent). On day 10-14, the basal media was changed, and the cells were cultivated in 

maintenance medium (RPMI/B27 with insulin). Between days 8-14 of differentiation, the cells 

began to spontaneously contract. On day 14 of differentiation, the cells were maintained in a 

media containing; lactate enrichment medium [RPMI no glucose with HEPES (Fisher Scientific), 

bovine albumin (Fisher Scientific), lactate (Fisher Scientific), and L-asorbic acid (Fisher 

Scientific)](Tohyama, Hattori et al. 2013) for 4-8 days. The cells were then changed to the 

maintenance medium, which was changed every 2-3 day until day 40. The cells were dissociated 

by TrypLE and 0.5-1.2x104 cells were plated on Matrigel coated 12mm2 glass coverslips in 

maintenance medium for electrophysiological analyses, immunostainings, and image analyses. 

 

Whole-cell patch clamp analysis of iPSC-CMs: 

Na+ current (INa): iPSC-CMs were plated at a low density onto 12 mm glass coverslips coated 

with 0.1% matrigel. After ~ 7 days, INa recordings were made using an Axopatch 700B 

(Molecular Devices, Sunnyvale, CA, USA) and pClamp (version 11, Axon Instruments, Foster 

City, CA). Voltage-clamp measurements were obtained using an extracellular solution 

containing (in mM): 60 NaCl, 110 CsCl, 1 BaCl2, 2 MgCl2, 0.2 CdCl2, 1 CaCl2, 10 HEPES, 20 

TEA‐Cl, and 10 glucose (pH = 7.35 with CsOH, osmolarity = 300–305 mosm). Fire polished 

pipettes with resistance of 1.5-3 mΩ were filled with internal solution containing (in mM): 1 

NaCl, 150 N‐methyl‐d‐glucamine, 10 ethyleneglycoltetraacetic acid (EGTA), 2 MgCl2, 40 

HEPES, and 25 phosphocreatine‐tris, 2 MgATP, 0.02 Na2GTP, 0.1 leupeptin (pH = 7.2 with 

H2SO4). All recordings were performed within 10 to 60 min after the culture medium was 

replaced by the external recording solution. Whole cell INa was recorded using established 
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protocols24. Briefly, once access to the cell was gained, series resistance compensation (<50%) 

was performed and leak currents were subtracted using a P/4 protocol. INa was recorded in 

response to a series of voltage steps between -120 and +30 mV in 5 mV increments, from a 

holding potential of -120 mV for 200 msec. A step back to -20 mV for 200 msec was used to 

determine the voltage-dependence of inactivation. Current traces were normalized against the 

whole-cell capacitance (Cm). Na+ conductance (GNa) at each test voltage, were determined from 

the equation: 

 

GNa=INa/(V−ENa) 

 

where INa is the Na+ current and ENa is the Na+ reversal potential. Peak GNa (Gmax) was plotted as 

a function of voltage to produce activation curves. INa was normalized to the maximum elicited 

current and plotted against the conditioning voltage to yield inactivation curves. Both curves 

were fitted to the following Boltzmann function: 

 

G/Gmax or I/Imax=1/(1+exp((V−V½)/k)) 

 

where G/Gmax is the normalized activation and I/Imax is normalized inactivation, V½ is the 

voltage of half-maximal activation or inactivation, k is the slope factor, and V is the test voltage. 

Recovery from inactivation was determined using a double-pulse P1 and P2 protocol that 

delivered two identical depolarizing pulses to −20 mV of 50-ms duration. The time interval 

between P1 and P2 was initially incremented by 1 ms up to 6 ms, followed by 2-ms increments 
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to 20 ms, then 5-ms increments to 60 ms, followed by 10-ms increments to 120 ms, and finally 

20-ms increments to 200 ms to ensure enough time was allowed for full recovery and to allow 

adequate capture of the fast components. Peak currents from P2 were normalized to those 

obtained in response to the conditioning P1 step and plotted against the time intervals. These 

plots were fitted with a double exponential function as follows: 

 

y=A1exp(−t/τ1)−A2exp(−t/τ2) 

 

where t is the time, and τ is the time constant of recovery from inactivation. 

 

Action Potential Recording:  

iPSC-CMs were recorded on the micron-scale two-dimensional cardiac tissue (M2DCT) 

platform. To create the M2DCT platform, individual stamps were cut from 

polydimethoxysiloxane PDMS as previously reported (Helms, Tang et al. 2020, Tsan, Zhao et al. 

2021, Ufford, Friedline et al. 2021). M2DCT substrates consisted of micropatterned 8 kPa 

PDMS. Soft PDMS was formulated by mixing Sylgard® 527 and Sylgard® 184. Each 

component was first mixed with its own curing agent (i.e. 50:50 for Sylgard® 527 and 10:1 for 

Sylgard® 184). Approximately, 135 µl of the PDMS mixture was pipetted into 35 mm culture 

dishes and allowed to cover the entire surface of the dish. To directly microprint the PDMS 

surface, a 2-step transfer process with a fibronectin micropatterned polyvinyl alcohol (PVA) film 

intermediary was used. To create the PVA film, 65 ml of 5% (w/v), 70 µm strainer filtered, PVA 

solution was poured on to a leveled flat glass panel and left to air dry (2-3 days). Completely 
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dried PVA films were peeled and trimmed. To print micropatterns, PDMS micropatterning 

stamps were first cleaned in 70% ethanol sonication bath. Then rinsed with 100% ethanol and 

left to air dry. 350 μl of 1:20 diluted 0.1% human serum derived fibronectin (Sigma-Aldrich) in 

cold sterile cell culture was added per stamp and incubated at room temperature for 1 hour, then 

aspirated. Following air drying, stamps were pressed on pre-cut, individual stamp-size PVA 

films and incubated for 30 minutes. The PVA films with fibronectin micropatterns were then 

peeled and inverted onto cured PDMS dishes. Microprinted dishes were stored up to 2 weeks at 

4°C prior to use and the PVA films remaining adherent.  

 

The PVA films were dissolved in sterile water at room temperature on an orbital shaker (70 

RPM) for 15 minutes to expose the micropattern, and surfaces were sterilized by UV in the 

culture hood for 10 min. Differentiated iPSC-CMs iPSC-CMs were dissociated with TrypLE and 

0.1-0.3x106 cells/well were plated on MD2CT culture dishes in maintenance medium. 

Approximately, seven days post plating the iPSC-CMs were recorded for AP characterization.  

The threshold for AP initiation was determined by the application of 2 ms incremental current 

pulses from 100 to 1500 pA. Steady AP capture was obtained by applying current pulses at 1.5x 

the threshold. APs were recorded at 1.0 Hz at RT. The bath solution contained (in mM): 135 

NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 Hepes, 1.2 NaH2PO4, 10 glucose, pH 7.35 with NaOH. 

Patch pipettes were filled with the internal solution containing (in mM): 130 K-aspartate, 10 

KCl, 9 NaCl, 0.33 MgCl2, 5 Mg-ATP, 0.1 GTP, 10 Hepes, 10 glucose, pH 7.2 with KOH. The 

resting membrane potential (RMP) was determined under current clamp at zero current.   
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Expression Vectors: 

Human β1‐WT-V5‐2AeGFP was generated by gBLOCK from Integrated DNA Technologies. 

The gBLOCK was inserted into pENTR-SD/D TOPO by Gateway TOPO reaction according to 

the manufacturer’s instructions. β1‐p.R89C-V5‐2AeGFP was generated by site-directed 

mutagenesis using the β1‐WT-V5‐2AeGFP cDNA construct in pENTR-SD/D TOPO as the 

template. Both β1 constructs contained an in‐frame, C‐terminal V5‐epitope tag followed by a 2A 

endoproteolytic sequence and eGFP on the 3’ end of the construct for detection of equimolar 

expression of a fluorescence marker protein. The eGFP alone control was generated by PCR 

from the full-length β1‐WT-V5‐2AeGFP construct using gene-specific primers followed by gel-

purification. The eGFP alone control was inserted into pENTR-SD/D TOPO by Gateway TOPO 

reaction according to the manufacturer’s instructions. All constructs were subsequently moved to 

the Gateway‐compatible destination vector, pcDNAdest40, using a LR clonase reaction 

according to the manufacturer's instructions. 

 

Cell culture: 

Chinese hamster lung (CHL) fibroblasts and stable Human embryonic kidney (HEK) cell lines 

expressing human Nav1.1, Nav1.5, or Nav1.6 were maintained at 37°C and 5% CO2 in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 5% heat‐inactivated fetal 

bovine serum (Corning) and 100 U/mL penicillin/streptomycin (Gibco). Stably transfected CHL 

cells and HEK‐Nav1.5 cells were supplemented with 600 µg/mL G418 (Gibco). Stable β1‐WT-

V5‐2AeGFP or β1‐p.Arg89Cys‐V5‐2AeGFP CHL cell lines were generated by transfecting 1 µg 
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of cDNA with 5 µL of Lipofectamine 2000. About 48 h following transfection, cells were passed 

into media containing 600 µg/mL G418 and incubated until individual, eGFP‐positive colonies 

were visible (approximately 7–10 days). Clonal colonies were isolated, expanded, and verified 

for β1‐WT-V5 or β1‐p.Arg89Cys‐V5 expression via western blot with anti‐V5 antibody. For 

electrophysiological analyses, HEK‐Nav1.1, -Nav1.5, or -Nav1.6 cells were transiently 

transfected with β1‐WT-V5‐2AeGFP, β1‐p.Arg89Cys‐V5‐2AeGFP, or eGFP only (1 µg of 

cDNA with 5 µL of Lipofectamine 2000). After 12-24 hours the cells were split to a lower 

density onto 35‐mm dishes and GFP-positive HEK cells were recorded for voltage-clamp 

analysis. Transfected cells were identified by eGFP fluorescence by an investigator blind to 

genotype. Cells used in electrophysiological experiments come from three or more separate 

transfections. 

 

Cell surface biotinylation and western blot analyses: 

Stable cell lines were grown in 100‐mm tissue culture plates until 90–100% confluent. Cell 

surface proteins were biotinylated using the Cell Surface Protein Isolation Kit (Pierce) according 

to the manufacturer's protocol. Loading buffer containing 1% sodium dodecyl sulfate, 1 mmol/L 

β‐mercaptoethanol, and 0.2% dithiothreitol was added to samples and heated for 10 min at 85°C. 

Samples were separated on 10% Tris‐Glycine polyacrylamide gels, transferred to nitrocellulose 

membrane (16 h, 55 mA, 4°C), and probed with antibodies as noted in the figure legends. 

Membranes were probed with three primary antibodies: anti-V5 (1:1000 dilution, Invitrogen), 

HSP90 (1:1000 dilution, EnzoScientific), and Transferrin Receptor (1:1000, Thermo). Mouse 

HRP-conjugated secondary antibodies were utilized (1:1000 dilution for Transferrin Receptor; 
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1:10,000 dilution for V5 and HSP90). Anti-V5 and its secondary antibody incubations were 

completed using a SnapID with 10-minute incubations. Antibodies were diluted in 0.25% milk 

and 0.1% BSA in TBST. Anti-HSP90 antibody was incubated overnight at 4°C and secondary 

antibody was incubated for 1 h at room temperature (RT), both in 2% milk in TBST. HSP90 

immunoblot was subsequently stripped for 10 minutes and incubated overnight in Transferrin 

Receptor antibody (diluted in 5% milk in TBST) at 4°C. Secondary antibody was incubated for 1 

h at RT (diluted in 5% milk in TBST). Immunoreactive bands were detected using West Femto 

chemiluminescent substrate (GE Health Sciences) and imaged on an iBright FL1000 (Invitrogen) 

within the linear range of the instrument by utilizing the iBright smart exposure feature. 

Immunoreactive signals were quantified using ImageJ. Plasma membrane fraction signal was 

normalized to signal from the total fraction of the construct. Statistical significance was 

determined using Student’s t-test (p-value < 0.05).  

 

Immunocytochemical analysis of heterologous cell lines: 

Stably-transfected CHL cells overexpressing β1‐WT-V5‐2AeGFP, β1‐p.Arg89Cys-V5-2AeGFP, 

eGFP alone constructs were incubated for 10 minutes at 4°C with WGA. Cells were 

subsequently washed 3 times for 5 minutes each with DPBS at 4°C. Immediately following, cells 

were fixed with 4% paraformaldehyde at room temperature for 15 minutes. Quickly, the cells 

were washed 3 times with DPBS to remove any remaining paraformaldehyde. Cells were 

blocked and permeabilized for 1 hour in a dark, humidified chamber with 90% DPBS, 10% goat 

serum, and 0.3% triton X-100. Cells were incubated in anti-V5 antibody (1:1000, Invitrogen) 

overnight in a dark, humidified chamber. Cells were washed 3 times for 10 minutes each in 
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DPBS and incubated in secondary antibody (Alexa Fluor 647) for 2 hours in a dark, humidified 

chamber. Cells were washed 3 times for 10 minutes each in DPBS and air dried. Stained cells 

were mounted in Prolong Gold (Invitrogen) and imaged on a Nikon A1 confocal microscope at 

the University of Michigan Department of Pharmacology.  

 

Whole-cell patch clamp analysis of HEK cells: 

HEK‐Nav1.5 cells were transiently transfected and INa was recorded using voltage clamp 

protocols as described above. Electrophysiological recordings were performed ~12 h following 

final plating. INa was recorded from GFP-positive HEK cells in the presence of an external 

solution containing (in mM): 120 NaCl, 1 BaCl2, 2 MgCl2, 0.2 CdCl2, 1 CaCl2, 10 HEPES, 20 

TEA‐Cl, and 10 glucose (pH = 7.35 with CsOH, osmolarity = 300–305 mosm). Fire polished 

pipettes with resistance of 1.5-3 mΩ were filled with an internal solution containing (in mM): 1 

NaCl, 150 N‐methyl‐d‐glucamine, 10 ethyleneglycoltetraacetic acid (EGTA), 2 MgCl2, 40 

HEPES, and 25 phosphocreatine‐tris, 2 MgATP, 0.02 Na2GTP, 0.1 leupeptin (pH = 7.2 with 

H2SO4, osmolarity = 280–285 mosm). All recordings were performed within 10 to 60 min after 

the culture medium was replaced by the external recording solution and the dish with cells was 

placed on the recording setup. Holding potential was −80 mV. 
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Chapter 4. Discussion and Future Directions 
 

Nnamdi Edokobi, Alexandra A. Bouza, PhD, Yilong Yao, Peng Li, PhD, and Lori L. Isom, PhD 

Summary and Significance  

 

The heart consists of several specialized cells working together to accomplish one 

seemingly simple task: to provide blood and nutrients to the body. The duties of the heart are 

simple in principle, but in practice the hearts’ function is intricate and complex. Without the 

coordination of multiple cellular and molecular systems, the heart cannot contract in synchrony, 

resulting in the impaired function of other vital organs. Therefore, as investigators we must 

continue to uncover the process of heart development and to understand the communication 

process between the different cell types found in the heart. The work presented in this thesis 

utilized several models to demonstrate that, without proper Nav-β1 subunit function, the heart is 

susceptible to arrhythmias.  

 

Our research group is focused on understanding the disease mechanism(s) of SCN1B 

linked channelopathies to determine why DEE52 patients have a high risk of SUDEP. Patients 

with refractory epilepsy, especially those with DEEs, face the highest risk of SUDEP (Bell and 

Sander 2001, Tomson, Nashef et al. 2008). Many of these patients exhibit autonomic nervous 

system and cardiovascular dysfunction in addition to severe seizures (Laxer, Trinka et al. 2014, 

Donner, Camfield et al. 2017, Beghi 2020). The exact mechanism(s) of SUDEP is unclear, but 

we postulate that a breakdown of neurological-cardiovascular communication is key. The work 
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described in this thesis demonstrates that, in addition to our previous work showing ventricular 

arrhythmias (Lopez-Santiago, Meadows et al. 2007, Lin, O'Malley et al. 2015), Scn1b deletion 

increases susceptibility to atrial fibrillation in neonatal mice via a neuro-cardiac mechanism that 

includes impaired atrial modeling through altered gene expression and fibrosis, increased atrial 

myocyte late sodium current resulting in action potential (AP) prolongation, and aberrant cardiac 

innervation. Additionally, we report the first biochemical and electrophysiological 

characterization of the DEE52 variant SCN1B c.265c>T, predicting β1-p.R89C, using both 

heterologous cell expression systems and patient-derived iPSC-CMs. We show that in 

heterologous cells, β1-p.R89C is expressed at the plasma membrane, undergoes regulated 

intramembrane proteolysis (RIP), and differentially modulates Navs-α subunit subtypes. We then 

generated ventricular iPSC-CMs from two biallelic SCN1B c.265c>T DEE52 patients. Both 

patient iPSC-CM lines had increased transient and late INa compared to healthy controls. In 

contrast, we observed AP prolongation in the patient iPSC-CMs with the more severe disease 

phenotype, suggesting that this patient may be at higher risk for cardiac complications with 

potentially a higher SUDEP risk compared to the other patient. Importantly, healthcare providers 

and parents of children with DEE52 variants must consider both neurological and cardiac 

dysfunction. Our body of work using animal models supports the hypothesis that cardiac 

dysfunction contributes to the mechanism of SUDEP in patients with DEE. Additional work in 

patient-derived CMs will be required to produce an accurate genotype-phenotype correlation 

between SCN1B-linked DEE and cardiac arrhythmias.  
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Our work predicts that patients with SCN1B-linked DEE variants have a compromised 

cardiovascular system. Although this thesis identified several cardiac pathophysiological factors 

that may contribute to SUDEP risk, it has also raised important new questions. For example, is 

Scn1b involved in the activation and differentiation of cardiac fibroblasts (CFs)? Is Scn1b 

expression critical for excitability and axonal pathfinding in cardiac neurons? What role does 

Scn1b have in sinoatrial (SA) nodal cell excitability?  How do SCN1B-linked DEE variants alter 

transcriptional regulation mediated by the β1 ICD? What are non-cardiac related mechanisms of 

SUDEP in SCN1B-linked DEE? The remainder of this chapter is dedicated to proposing 

approaches and future directions for these important questions.  

 

Future Directions  

Potential role of Scn1b in cardiac hypertrophy  

 

Chapter 2 of this thesis showed that Scn1b deletion resulted in 724 genes that were 

differentially expressed between the null and WT atrial tissue (Figure 2.1). Importantly, we 

found several genes that have been implicated in cardiac disease and cardiac hypertrophy, 

predicting that Scn1b null neonatal hearts have structurally abnormal atria. Some of the most 

upregulated individual genes belonged to the family of small proline-rich proteins (SPRRs), 

Sprr1a and Sprr2a1-3 (Figure 2.1D and Figure 2.2). SPRR proteins were originally identified as 

markers for terminal squamous cell differentiation, however subsequent work showed that the 

biological functioning of SPRR proteins was not restricted to squamous cells (Carregaro, 
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Stefanini et al. 2013). Sprr1a is expressed in cardiomyocytes during biomechanical/ischemic 

stress, where it functions to protect cells against further damage (Pradervand, Yasukawa et al. 

2004). Sprr2a can be induced through the inflammatory response to suppress p53-dependent 

transcriptional activity (Mizuguchi, Specht et al. 2012).  Interestingly, Sprr2b expression was 

shown to also contribute to the development of pathological cardiac fibrosis by facilitating 

degradation of p53 (Burke, Lighthouse et al. 2018). A closer examination of the RNA-Seq data 

from the Sprr2b investigation showed that CFs isolated from mice with either pathological 

[transverse aortic constriction (TAC)] or physiological (exercise) remodeling had approximately 

twice the expression of Scn1b compared to controls (Burke, Lighthouse et al. 2018). In 

agreement with this work, another study found that chronic swim-training in mice resulted in 

ventricular hypertrophy and increased expression of Scn1b mRNA along with that of several 

other Navs, Cavs, and Kvs ion channels subunit (Yang, Foeger et al. 2010).  In a different study, 

mice were subjected to TAC surgery either at P1 or at P7 and ventricular tissue was isolated at 

P14 for RNA-Seq analysis (Malek Mohammadi, Abouissa et al. 2019). The goal of this study 

was to determine the adaption of neonatal mice to pressure overload during the regenerative (P1) 

phase and non-regenerative phase (P7) of cardiac development. Interestingly, Scn1b was 

upregulated with several other pro-regenerative genes in the regenerative neonatal mice, 

suggesting that during regenerative cardiac remodeling, Scn1b is upregulated with genes that 

promote cardiomyocyte proliferation, myocardial inflammatory cell recruitment, angiogenesis, 

and nerve growth (Malek Mohammadi, Abouissa et al. 2019). Finally, another RNA-Seq analysis 

from a study using TAC surgery to promote pathological hypertrophy showed that Scn1b is 

significantly upregulated compared to WT sham controls (Green, Anthony et al. 2019). Together, 
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these studies suggest that Scn1b expression in either CFs or CMs is increased in ventricular 

tissue during cardiac hypertrophy. It will be interesting to determine whether Scn1b deletion 

results in a blunted pathological or physiological cardiac hypertrophic response, thus future 

investigations will be required to support a functional role for Scn1b in the progression of cardiac 

remodeling.  

Role of Scn1b in cardiac fibroblasts  

 

CFs make up a large portion of cardiac tissue cellular mass, ranging from 40 to over 60% 

of the total cell population (Ivey and Tallquist 2016, Tallquist and Molkentin 2017). CFs are 

found throughout cardiac tissue and are closely connected to CMs (Pellman, Zhang et al. 2016). 

CFs synthesize extracellular matrix to contribute to cardiac development, myocardial structure, 

cell signaling, and electro-mechanical function as well as to replace damaged myocardium 

(Baudino, Carver et al. 2006). Cardiac fibrosis can occur after heart injury, inflammation, or 

during aging, resulting in the accumulation of extracellular matrix and stiffening of the heart 

(Kong, Christia et al. 2014, Travers, Kamal et al. 2016). In these cases, fibrotic areas in cardiac 

tissue create electrical obstacles to conduction and thus facilitate arrhythmic re-entry 

mechanisms (Platonov 2017). In neonatal Scn1b null atria, we were surprised to observe a high 

level of collagen staining, implying, that Scn1b deletion can contribute to myofibroblast 

dysregulation in pediatric patients. The role of Nav subunits in CFs and myofibroblasts is 

currently not understood. Nav-α and -β subunits are expressed in cultured human atrial 

fibroblasts (Chatelier, Mercier et al. 2012). Upon differentiation to myofibroblasts, Nav1.5, 

Nav1.3, and Nav-β1 are predominately expressed (Chatelier, Mercier et al. 2012). From this 
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work, it was hypothesized that INa in fibroblasts may modulate intracellular calcium via reverse 

mode of the sodium-calcium exchanger (Chatelier, Mercier et al. 2012). Additionally, several 

studies have suggested that cation conductance(s) may influence fibroblast mechano-electrical 

coupling in the heart (Kohl, Kamkin et al. 1992, Kiseleva, Kamkin et al. 1996, Kamkin, Kiseleva 

et al. 2003). Since the function of Nav-β1 subunits goes beyond modulating ionic currents, we 

propose that Scn1b deletion may result in the loss of functional coupling between CFs and CMs. 

It will be important in the future to investigate isolated atrial CFs from Scn1b WT and null mice 

to determine whether Scn1b deletion affects activation and differentiation mechanisms. 

Myofibroblasts are not part of normal cardiac tissue and appear only following cardiac injury 

(Kong, Christia et al. 2014, Travers, Kamal et al. 2016), thus it is possible that Scn1b null CFs 

are more sensitive than WT to inflammatory mediators or growth factors such as interleukins or 

transforming growth factor beta. Alternatively, since CMs have limited proliferative capacity and 

scar formation is the only reparative mechanism to prevent cardiac rupture (Rog-Zielinska, 

Norris et al. 2016), it is feasible that the observed atrial fibrosis in Scn1b null atria is a result of 

CM apoptosis. It would be a rather straightforward experiment to stain Scn1b null atrial slices for 

markers of apoptosis. Interestingly, we observed cardiac fibrosis in Scn1b null atria but not 

ventricles. Determining the mechanisms of these chamber-specific changes is a critical 

therapeutic question. Lastly, it will be vital to determine the time course of fibrosis in Scn1b null 

mice. Specifically, do these animals develop fibrosis at developmental time-points earlier than 

P16? It is possible that fibrosis observed at P16 is secondary to the neurological phenotype that 

emerges at P10. Examining atrial tissues from P8 onward in Scn1b null mice will elucidate 
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whether there is a developmental progression of fibrosis. Overall, it is fascinating that P16 null 

mice undergo cardiac fibrosis and warrants future investigations to uncover the mechanism.  

 

 

Electrophysiological characterization of Scn1b null cardiac neurons  

 

Cardiac neurons play a key role in the regulation of cardiac function (Fedele and Brand 

2020). Postganglionic cardiac sympathetic neurons have their cell bodies primarily in the stellate 

ganglion neurons and primarily utilize norepinephrine as their principal neurotransmitter 

(Gordan, Gwathmey et al. 2015). In contrast, parasympathetic cardiac neurons have their cell 

bodies predominately within cardiac atrial tissue and primarily utilize acetylcholine as their 

principal neurotransmitter (Gordan, Gwathmey et al. 2015). The mammalian cardiac neurons are 

arranged in distinct regions within the atrial tissue. The majority of cardiac ganglia are 

parasympathetic, and the projected axons are both parasympathetic and sympathetic (Rysevaite, 

Saburkina et al. 2011, Rysevaite, Saburkina et al. 2011, Pauza, Saburkina et al. 2013, Zarzoso, 

Rysevaite et al. 2013). In mice, neurons in right ganglionic cluster (RGC) are located close to the 

right cranial vein, while neurons in the left ganglionic cluster (LGC) are located near the base of 

the pulmonary vein (Pauza, Saburkina et al. 2013). Evidence suggests that neurons in the RGC 

are involved in the regulation of the SA node, while the AV node receives input from neurons 

located in the LGC (Pauza, Saburkina et al. 2013, Zarzoso, Rysevaite et al. 2013, Pauza, 

Rysevaite et al. 2014, Saburkina, Gukauskiene et al. 2014, Hanna, Dacey et al. 2021). Cardiac 

parasympathetic and sympathetic innervation starts prenatally in mice and undergo major 
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developmental changes during the first three weeks of postnatal life (Fregoso and Hoover 2012). 

Interestingly, parasympathetic innervation of the heart is functional before sympathetic 

innervation (Vegh, Duim et al. 2016, Fedele and Brand 2020), and occurs earlier at the 

atrioventricular node and bundle of His compared to the SA node (Fregoso and Hoover 2012). In 

chapter 2, using whole mount atrial preparation, we determined whether Scn1b deletion resulted 

in aberrant development of cardiac neurons. Whole mount atrial preparation technique has been 

used to the study the morphology of cardiac neurons in juvenile rats (Batulevicius, Pauziene et 

al. 2003), guinea pigs (Batulevicius, Pauziene et al. 2005), and rabbits (Saburkina, Gukauskiene 

et al. 2014), and our study is the first to describe the cardiac neuroanatomy in neonatal mice. 

Interestingly, we observed that null atria had an increased number of parasympathetic neurons 

found in the right ganglionic cluster (RGC) (Fregoso and Hoover 2012). Using in vivo 

techniques, treating Scn1b null mice with atropine reduced the incidence of bradycardia and the 

occurrence of atrial fibrillation (AF). Suggesting, that Scn1b deletion results in aberrant neonatal 

neuronal development which consequently alters CMs function (Zarzoso, Rysevaite et al. 2013, 

Hanna, Dacey et al. 2021) and creates a substrate for atria arrhythmias (Goldberger and Pavelec 

1986, Wang, Page et al. 1992, Haissaguerre, Jais et al. 1998, Allessie, Boyden et al. 2001, 

Lemola, Chartier et al. 2008, Lu, Scherlag et al. 2009, Chen, Chen et al. 2014, Stavrakis, 

Nakagawa et al. 2015). The development of cardiac innervations begins with the migration of 

neural crest cells (NCCs) to the dorsal aorta (Fedele and Brand 2020). Then, the NCCs 

differentiate into neurons and form into the paravertebral sympathetic chain and parasympathetic 

cardiac ganglia (Fedele and Brand 2020). In the case of sympathetic neurons, nerve growth 

factor (NGF) and neurotrophin-3 (NT-3) are among the most important trophic factors (Zhou and 
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Rush 1996, Belliveau, Krivko et al. 1997, Kuruvilla, Zweifel et al. 2004). Deletion of neurturin 

(NRTN) results in functional and neuroanatomical deficiencies of parasympathetic neurons, 

implicating NRTN as an important trophic factor for parasympathetic neurons (Downs, Jalloh et 

al. 2016). Finally, both sympathetic and parasympathetic neurons require various factors released 

by CMs, vascular smooth muscle cells (VSMC), and glial cells to ensure the proper neuronal 

patterning and survival (Fedele and Brand 2020). The atrial RNA-Seq did not suggesting 

differential gene expression changes in trophic factor genes, thus, we hypothesis that improper 

cell signaling and mis-localization between cardiac neurons, CMs, VSMC, and glial cells 

promotes neuronal dysregulation. Future investigations are clearly needed to uncover the 

mechanism underlying the Scn1b null aberrant neuroanatomy.  

 

To gain a deeper understanding of how cardiac neurons influence cardiac 

pathophysiology in Scn1b-linked DEE, several future experiments are required. For example, use 

of a peripherally restricted muscarinic antagonist instead of atropine would separate central from 

peripheral, including cardiac, autonomic blockade. Because Scn1b null mice have epilepsy in 

addition to cardiac arrhythmia, it will be important to define and dissect the influence of the 

central vs the peripheral nervous systems. Ultimately, central vs peripheral parasympathetic 

blockade may not offer differences in AF attenuation, as Scn1a +/- Dravet syndrome mice 

treated with either atropine or N-methyl scopolamine reduced the incidence of ictal bradycardia 

and SUDEP (Kalume 2013). Thus, bradycardia caused by hyperactivity of the parasympathetic 

nervous system might be a primary factor promoting sudden death in DEE mice. 

Characterization of intrinsic cardiac axons between genotypes will also be important. These 
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axons create an interconnecting circuit of neurons that influence the behavior of every CM 

(Rajendran, Challis et al. 2019). Techniques now exist to examine cardiac axons at high 

resolution to determine their arborization and fasciculation. Using tissue clearing techniques (Du, 

Hou et al. 2018), such as clarity, investigators can maintain a fully intact heart for imaging 

analysis. Use of this technology in the future would allow genotype specific analysis of axon 

projections from the right and left ganglionic clusters in both atrial and ventricular tissue.  

 

Understanding the structure and localization of neurons informs their function. It remains 

unclear whether Scn1b null cardiac neurons have altered excitability. An initial straightforward 

experiment would be to study Langendorff perfused Scn1b null hearts, thereby, isolating them 

from CNS influences. Here, we could examine whether intrinsic cardiac neurons alone are 

sufficient to induce bradycardia and AF. Additionally, although technically challenging, once the 

hearts are cannulated, local stimulation could be used to induce firing of neurons in the RGC vs 

LGC. Alternatively, to local stimulation, optogenetic experiments would provide functional 

information on myocardial innervation at the cellular level. Gene delivery systems are currently 

being used to deliver opsins, e.g. channelrhodopsin 2 (ChR2), to select neuronal populations 

(Fenno, Yizhar et al. 2011, Britt, McDevitt et al. 2012). Recently, the Shivkumar group 

published a method to use AAV-based labeling and tracing to optically stimulate cholinergic 

neurons in the heart (Rajendran, Challis et al. 2019). These techniques should be used in the 

future to determine whether altered cardiac neuroanatomy in response to Scn1b deletion has 

functional consequences.  
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Electrophysiological characterization of isolated CNS neurons is an experimental 

technique that is critical and standard to the neuroscience field. However, in the cardiac field 

there is a scarcity of groups studying cardiac neurons, let alone isolating them for 

electrophysiological characterization.  I have attempted to isolate cardiac neurons from 1 month 

old WT mice, in the hope of developing a way to isolate cardiac neurons from P16 Scn1b null 

mice. Admittedly, I was unsuccessful in producing neurons for the purposing of recording APs 

or INa. Nevertheless, I was able to isolate neurons for staining (Figure 4.1). The protocol was 

adapted from a study published in 2007 that was used to isolate cardiac neurons from 1-4 month 

old mice  (Hoard, Hoover et al. 2007). Success in this area will require extensive troubleshooting 

in order to optimize this method for our younger mice. Characterizing excitability changes in 

Scn1b null cardiac neurons is an exciting area of study that will have significant impact on 

understanding autonomic influences contributing to cardiac disease.  
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Figure 4.1 Dissociated ChAT+ neuron  
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Scn1b and SAN automaticity  

 

Scn1b null mice begin to show characteristics of bradyarrhythmia compared to WT 

littermates around P12. In addition to bradycardia, we observed prolonged sinus node recovery 

time (SNRT), suggesting SA node dysfunction. The SA node displays intrinsic automaticity, and 

this intrinsic rhythm is primarily influenced by autonomic nerves. SA nodal cells generate 

regular spontaneous APs, and the depolarizing current is elicited by ICa instead of fast transient 

INa. Repolarization corresponds with increased IK. At the end of repolarization and at very 

negative membrane potentials ion channels open that conduct slow, inward INa, termed “funny” 

currents, If. If is activated by hyperpolarization and causes the membrane potential to begin to 

spontaneously depolarize (Boyett, Honjo et al. 2000). The roles of Navs remain controversial in 

human SA node pacemaking and conduction. Some SCN5A variants have been linked to 

symptomatic SA node diseases (Benson, Wang et al. 2003), suggesting INa may be necessary for 

maintaining human SA node pacemaking and conduction. Interestingly, Scn3b null mice exhibit 

SA node and cardiac conduction dysfunction (Hakim, Brice et al. 2010). Similar to Scn1b null 

mice, Scn3b null mice have bradycardia, atrial arrhythmias, and prolonged SNRT. In contrast, 

Scn2b null mice have normal conduction and SNRT (Bao, Willis et al. 2016). Thus, Nav-β 

subunits may have differential roles in SA nodal cells. Scn1b is expressed in human and mouse 

SA nodal cells (Domínguez, Navarro et al. 2005, Li, Kalyanasundaram et al. 2020), suggesting 

that Scn1b deletion may result in SA node dysfunction independent of autonomic influences. 

Isolating mouse SA nodal cells and investigating their cellular excitability would determine 
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whether SNRT prolongation in Scn1b null mice is attributed to increased autonomic tone or 

dysregulated SA nodal cell excitability.  

 

β1-p.R89C-ICD transcriptional regulation  

 

Nav-β1 is a substrate for regulated intramembrane proteolysis (RIP) by BACE1 and γ-

secretase (Wong, Sakurai et al. 2005, Bouza, Edokobi et al. 2021). The cleaved C-terminal 

fragment of β1 generated by RIP translocates to the nucleus where it is proposed to function as 

part of a transcriptional regulatory complex to reduce the expression of numerous genes, 

including those encoding ion channels (Bouza, Edokobi et al. 2021). Several SCN1B patient 

variants result in amino acid changes located in the protein’s Ig domain. We predict that these 

changes may affect BACE1 and γ-secretase processing. However, for at least one variant, β1-

p.R89C, we observed that the intermediary CTF product is accumulated similar to WT β1 upon 

γ-secretase inhibition, suggesting that BACE1 can recognize β1-p.R89C as a substrate and that 

the β1‐p.R89C variant does not prevent RIP. These results also suggest that the β1-p.R89C-ICD 

is produced by γ-secretase, which has have significant implications for interpreting DEE52 

disease mechanisms.  

 

We performed RT-qPCR experiments to determine whether β1-p.R89C variant resulted 

in differential expression of ion channel genes in CMs, similar to what we observed for Scn1b 

null mice. Our results thus far, comparing control 1 and patient 1 iPSC-CMs, show increased 

SCN1B and decreased SCN1A mRNA expression in patient 1 (Figure 4.2). Increased SCN1B 
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expression may be an adaptive response by patient 1 cells to loss-of-function. Importantly, 

SCN1A haploinsufficiency is linked to DS (Escayg and Goldin 2010).  We have reported 

abnormalities in the excitability of CMs in DS mice (Auerbach, Jones et al. 2013) and iPSC-CMs 

derived from DS patients (Frasier, Zhang et al. 2018) Hence, the severity of disease in patient 1 

may be compounded by aberrant expression of multiple cardiac ion channel genes influenced by 

the β1-ICD. It will be interesting to determine whether patient 2 iPSC-CMs exhibit similar 

differential expression of ion channel genes. Because patient 2 has a milder disease than patient 

1, it may be that cardiac ion channel gene expression will be less affected. In contrast, to Scn1b 

null mice, in which there are increases in the expression of Scn5a and Scn3a mRNA and protein 

in isolated ventricular myocytes (Lopez-Santiago, Meadows et al. 2007, Bouza, Edokobi et al. 

2021), we did not observe significant changes in SCN5A or SCN3A expression in patient 1 iPSC-

CMs (Figure 4.3). This result suggests that the effects of β1-p.R89C on genetic modulation are 

different than Scn1b deletion in CMs, which makes sense because β1 polypeptides are present in 

these patient cells. In addition, to completing the RT-qPCR analysis of patient 2, it will be 

important to ask whether patient 1- and 2-derived iPSC neurons exhibit a similar difference in 

gene expression as observed in CMs. Because SCN1B plays important roles in many tissue types, 

it will be critical to understand β1-p.R89C-ICD driven gene expression throughout development 

and differentiation. 
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Figure 4.2. Increased expression of SCN1B and decreased expression of SCN1A in patient 1 iPSC-
CMs. 

qRT-PCR data from control iPSC-CM line and SCN1B patient iPSC-CMs. Data are presented as means ± 
SEM (n=4). *p < 0.05; **p < 0.01 
 

Figure 4.3. Expression of ion channels in iPSC-CMs  

qRT-PCR results for SCN1A, SCN3A, SCN8A, SCN5A and KCNJ2 in iPSC-CMs. Data are 
presented as means ± SEM. 
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Mechanism of SUDEP in SCN1B-linked DEE 

 

Cardiac dysfunction is known to be associated with increased risk of premature mortality, 

including sudden cardiac death.  We have proposed that DEE patients with variants in ion 

channel genes have a very high risk of SUDEP because of cardiac involvement in addition to 

neurological dysfunction. In this thesis, we suggest that the combination of intractable seizures 

with myocardial structure changes, genetic alteration of ion channels, and autonomic dysfunction 

in DEE52 due to SCN1B variants disrupts the complex inter-relationship between the brain and 

the heart and creates a pathophysiological environment that is permissive for SUDEP. We have a 

longstanding overall hypothesis that increased INa in cardiac cells may be a biomarker for 

increased SUDEP risk. In the case of β1-p.R89C, iPSC-CMs from two different patients with 

differing levels of disease severity showed increased INa. A critical next step will be to work with 

attending physicians to assess whether these patients have cardiac abnormalities. Thus, a cardiac 

work up with a resting or an exercise Holter monitor electrocardiogram, echocardiogram, and 

even additional genetic testing, will be necessary to further evaluate of our overall hypothesis.  

 

SUDEP is a perfect storm of system wide organ failure.  Importantly, we do not suggest 

that cardiac dysfunction is the sole cause of SUDEP. In fact, if epilepsy patients are first 

diagnosed with serious cardiac conduction disorders or exhibit signs of cardiac failure their cause 

of death may not be listed as SUDEP. The future of SUDEP research is promising as over the 

past decade there has been increased focus on the role of circadian rhythms, autonomic signaling, 

cardiac arrhythmias, and brain-stem respiratory dysfunction in the mechanism of SUDEP 
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(Elmali, Bebek et al. 2019, Mazzola and Rheims 2021). Interestingly, ion channels, including 

Nav-β1 subunits, are expressed in cells that contribute to function of those organs systems. It is 

probable that high SUDEP risk in DEE52 is associated with coordinated ictal, peri-ictal, or post-

ictal multi-systemic failure. Clinically, there is a close relationship between post-ictal respiratory 

dysfunction and cardiac conduction or rhythm disorders (Mazzola and Rheims 2021). Ictal and 

peri-ictal respiratory dysfunction might signify the beginning of the process leading up to a 

terminal apnea and asystole (Ryvlin, Nashef et al. 2013, Vilella, Lacuey et al. 2019). 

Additionally, seizure-induced apnea may contribute to hypoxemia of the heart, contributing to 

worsening cardiac function over time (Mazzola and Rheims 2021). For this reason, we have 

conducted preliminary experiments to characterize respiratory function in Scn1b null mice. In 

collaboration with Dr. Peng Li in the Life Science Institute at the University of Michigan, we 

have measured breathing frequency in 3 Scn1b null and 3 WT mice at normoxic and hypoxic 

levels (Figure 4.4). These data suggest that at P10, Scn1b null and WT have a similar tidal 

volume, the measure of the amount of air that displaced by the lungs during a respiratory cycle, 

as well as normal breathing response to normoxic and hypoxic conditions. However, similar to 

the neurological, failure to thrive, and cardiac phenotypes in Scn1b null mice, respiratory 

differences between genotypes begin to occur after P10.  The data show that tidal volume in 

Scn1b null mice does not increase with age compared to the WT.  Importantly, Scn1b null mice 

do exhibit an abnormal hypoxic response compared to WT. Breathing frequently in Scn1b null 

mice decreases under hypoxic conditions and does not fully return to baseline at the end of 

hypoxic treatment. It will be important to continue this study and validate this conclusion by 

increasing the number of animals. Additionally, next steps include determining whether lung 
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function is impaired or whether respiratory dysfunction is related to brainstem dysfunction. In 

summary, these preliminary results suggest that the Scn1b null mice have respiratory 

dysfunction. 

Figure 4.4 Experimental design for Scn1b null and WT plethysmography recordings 

 

 

Figure 4.5 Plethysmograph results suggest abnormal breathing and lung function in Scn1b null 
mice 
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Overall Conclusion 

 

At the end of the day, the question that stumps researchers, healthcare providers, parents, 

and patients is why this seizure on this day ends in SUDEP. Sadly, SUDEP risk is a reality faced 

by all patients with epilepsy. My graduate research has made considerable progress toward our 

understanding of the role of SCN1B in cardiac physiology and my contributions lay the 

groundwork to further our knowledge about neuro-cardiac mechanisms of SUDEP.  
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Methods  

Cardiac Neuron Isolation and Immunohistochemistry  

Prior to isolation glass cover slips (12 mm diameter) were passed briefly through a gas flame to 

enhance coating and then transferred to a 24-well culture plate where they were treated with 500 

μg/ml poly-dl-ornithine (Sigma-Aldrich) for 72 h at 4°C followed by 5 μg/ml laminin 

(Invitrogen) for 3 h at 37°C. Cardiac neurons were isolated from the hearts of adult aged mice, as 

previously described (Hoard, Hoover et al. 2007).  

 

mRNA expression analysis  

Total RNA was isolated from differentiated iPSC-CMs using Trizol reagent (Invitrogen) and 

treated with RNase-free DNase I (Qiagen, Germany). RNA was stored at -80°C until converted 

to cDNA. 1-2 µg of RNA was converted to cDNA using Reverse Transcriptase SuperScript III 

(RT SS III), random primers, Salt buffers, RNase OUT, and dNTPs (Invitrogen). Primers, 

dNTPs, and RNA were initially incubated for 5 minutes at 65°C. Salt buffers, RNase OUT, and 

RT SS III were added to the initial mixture and incubated for 5 minutes at 25°C, 60 minutes at 

50°C, and 15 minutes at 75°C. cDNA was either used directly or diluted 1:3 – 1:5 fold in 

molecular biology grade water. SYBR Green (Applied Biosystems) based comparative qPCR 

using gene-specific primers (Integrated DNA Technologies) was completed. ∆∆Ct values were 

calculated by comparing ion channel genes to the housekeeping gene, GAPDH, and subsequently 

by normalizing to WT samples to determine fold-changes. Data are shown as gene expression ± 

SEM. Statistical significance (p-value < 0.05) was determined using Student’s t-test.  
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Breathing monitoring and analysis 

Neonatal mice were placed in a whole-body plethysmography chamber (Buxco) at room 

temperature (22C) in 21% O2 (for normoxia) or 10% O2 (for hypoxia). Mice were allowed to 

acclimate for 15-20 minutes in the chamber before beginning plethymography data collection.  
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