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CHAPTER 1 

INTRODUCTION 

Early Forward Genetic Screens 

 Investigation of genetics to understand biologic systems has been a long-

standing and time-tested method to understand organismal development and behavior.  

Early studies commonly relied on mutants arising from spontaneous mutation within a 

population or random mutagenesis.  The early mutagenesis screens in invertebrates 

paved the way to a new era of biology targeted at understanding the roles of large 

groups of genes in specific biologic phenomena.  The first large-scale mutagenesis 

screen was performed in the early 1970’s using the model system Caenorhabditis 

elegans (Brenner, 1974).  By chemically inducing genetic mutation, approximately 300 

individual mutant lines were isolated affecting either development or behavior.  This 

study demonstrated that large groups of mutants with assayable phenotypes could be 

generated and mapped to specific genetic targets via random mutagenesis (Brenner, 

1974).   

Several years later, Nȕsselein-Volhard and Wesichaus performed a mutagenesis 

screen in Drosophila hoping to discover all genes necessary for patterning and 

segmentation (Nusslein-Volhard and Wieschaus, 1980), a novel concept exploiting the 

unique power of large-scale screens to theoretically reach genome saturation.  These 

early large-scale screens demonstrated that random mutagenesis could provide 

identifiable mutations in genes that result in phenotypes influencing early development, 
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cellular function, or behavior.  These pioneering studies illustrated multiple advantages 

of forward genetic screens.  The application of forward genetic approach facilitates the 

discovery of novel genes or known genes functioning in a novel way since the generated 

mutations are completely unbiased.  In other words, since mutants are identified by an 

observable morphologic or functional defect, the underlying mutation is pre-selected to 

be functionally significant. 

 The work performed in invertebrates yielded revolutionary studies expanding 

countless areas of biology.  Indeed, the mutants from the initial invertebrate screens 

contributed significantly to the understanding of vertebrate development and behavior, 

since a central dogma of genetics is that the molecular mechanisms are conserved 

through evolution   However, the utility of invertebrates for understanding vertebrate 

biology is limited.  For example, invertebrates lack neural crest cells, an early migratory 

cell layer responsible for development of craniofacial structure and the peripheral 

nervous system.  Additionally, complex organs such as the brain are organized 

differently between invertebrate and vertebrates and are significantly more structurally 

and genetically complex (Detrich et al., 1999). 

Forward Genetics in Zebrafish 

In the late 1960’s work from the lab of George Streisinger began to demonstrate 

that zebrafish (Danio rerio) are a viable vertebrate model system for genetic 

manipulation and mutagenesis (Chakrabarti et al., 1983; Streisinger, 1983; Streisinger et 

al., 1986; Walker and Streisinger, 1983).  These studies from the Streisinger lab 

established, among other things, that induced mutations could be generated in 
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zebrafish by using mutagens such as irradiation or chemical agents.  Zebrafish rapidly 

began to be recognized as a powerful model organism due to various desirable traits 

including external fertilization, large clutch numbers, ease of care, and optical clarity 

allowing ease of observation and manipulation of target organs (Detrich et al., 1999).  

Before long, many laboratories began to take advantage of the strengths of the new 

zebrafish model.   

 Despite the appearance of zebrafish as a new vertebrate model system, no large-

scale mutagenesis screens were performed.  A pilot study from the Nȕsslein-Volhard lab 

developed methods necessary to perform saturation level mutagenesis screens (Mullins 

et al., 1994).  These new methods  prompted large scale projects comparable to 

previous invertebrate screens.  One key discovery was that ethylnitrosourea (ENU), a 

chemical mutagen first used to induce point mutations mutations in mice (Russell et al., 

1979), was found to induce germ-line mutations an order of magnitude more often than 

EMS (Mullins et al., 1994).  This pilot study was the precursor to numerous large-scale 

screens in zebrafish exploring multiple developmental and behavioral processes.  In 

1996, an entire issue of the journal Development was dedicated to the zebrafish 

mutagenesis studies from the Nȕsslein-Volhard and Driever/Fishman labs.  Over a 

thousand germ-line mutant strains were created and classified into groups emphasizing 

embryogenesis, organogenesis, patterning, and locomotor behavior (Driever et al., 

1996; Haffter et al., 1996).  This colossal undertaking from the Nȕsslein-Volhard lab 

proved that numerous mutant lines could be generated in a vertebrate, exploring 

groups of genes within discrete developmental and functional phenotypes. 



4 
 

 From the Nȕsslein-Volhard lab and others, many zebrafish mutants were being 

generated.  However, the plethora of mutants highlighted the need for efficient 

methods for the molecular identification of the underlying genetic mutation.  Initially, 

zebrafish, unlike their invertebrate model system counterparts, did not possess fine-

tuned positional cloning techniques.  Therefore, early mutational analysis was 

performed via comparative biology.  The first published example was the molecular 

identification of the zebrafish mutant no tail (ntl).  A candidate gene approach was 

applied to identify ntl, because of similarity of the zebrafish phenotype to the mouse 

knockout of T (brachyury) (Schulte-Merker et al., 1994a; Schulte-Merker et al., 1994b). 

The mouse T (brachyury) gene, is required for normal mesoderm development and body 

axis extension.  The similarity in mutant phenotypes between mouse and zebrafish gene 

homologues allowed successful identification of the genetic basis of zebrafish ntl.   

However, a candidate gene approach would not be sufficient for mass identification of 

randomly generated mutants, and a more globally applicable molecular system was 

required. 

 The initial resources for positional cloning in zebrafish were based on a collection 

of polymorphic meiotic markers (Johnson et al., 1994).  These markers typically were 

microsatellite repeats that could be rapidly screened by PCR.  Furthermore, by observing 

the segregation pattern of meiotic markers in haploid genome zebrafish, a linkage group 

map was established to allow finer positional mapping (Postlethwait et al., 1994).  Many 

more meiotic markers and linkage databases were rapidly generated offering greater 

range of gene identification (Shimoda et al., 1999).  In addition, physical maps of the 
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zebrafish genome were generated by hybridizing pieces of zebrafish chromosomes to 

mouse cell lines (Ekker et al., 1996; Geisler et al., 1999; Hukriede et al., 1999; Kwok et 

al., 1998).  The continued growth of these databases provided an increasingly efficient 

tool for the positional cloning and molecular identification of zebrafish mutants.  

Currently, the majority of the zebrafish genome is sequenced and annotated with large 

databases containing sequence information and reference markers.  However, only 

approximately 90% of the zebrafish genome is currently assembled 

(http://www.sanger.ac.uk/Projects/D_rerio/).  This means investigators can still find 

genomic regions poorly assembled or genes mapping to loci without available sequence 

or genetic markers. 

 Collectively, large groups of zebrafish mutants are available from forward 

mutagenesis screens exploring various developmental and functional aspects of biology.  

Considering the status of genomic tools the identification of the precise genetic 

aberration of any forward mutation can be reliable and efficiently performed, typically 

within a year’s time.  To date, characterized zebrafish mutants from screens have 

provided new insight into key biological mechanisms and to several human diseases.  

For example, the zebrafish accordion (acc) mutant with a missense mutation in SERCA2a 

in skeletal muscle is a new model for Brody’s Syndrome, a rare genetic disease in 

humans (Hirata et al., 2004).  The shocked (sho) zebrafish mutant has a missense 

mutation in a glycine transporter (GlyT1) expressed within the CNS.  In humans, the 

function of this transporter protein is considered a component of the startle response 

(Cui et al., 2005).  In the rest of this thesis, I will illustrate how a forward genetic screen 

http://www.sanger.ac.uk/Projects/D_rerio/
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in zebrafish has added in the understanding of skeletal muscle function and a human 

congenital myopathy. 

Skeletal Muscle: Excitation-Contraction Coupling 

 The function of muscle is to receive input from the nervous system, and 

generate a contractile force, the foundation of all movement.  Striated skeletal muscle is 

structurally and functionally different from two other muscle types, smooth muscle and 

cardiac muscle, which are responsible for autonomous contraction or heart contraction, 

respectively.  Muscle fibers are capable of contracting because each fiber contains 

specialized myofibrils.  A myofibril is composed of a series of repeating contractile units 

known as sarcomeres.   Each sarcomere contains cross-bridged actin-myosin protein 

chains that in the presence of calcium move and shorten the sarcomere.  The shortening 

sarcomeres causes the entire muscle tissue to shorten thereby generating movement.  

Within a muscle, the process of converting electrical input into a chemical signal 

necessary to produce movement is known as excitation-contraction (EC) coupling.  EC 

coupling in striated skeletal muscle involves well-studied structures proteins (Germann 

and Stanfield, 2005). 

 EC coupling occurs within triads, which are junctions of the transverse tubule (t-

tubule) and the sarcoplasmic reticulum (SR).  T-tubules are invaginations of the 

sarcolemma (muscle plasma membrane) (Figure 1.1).  Depolarization from the 

sarcolemma propagates through the t-tubules to allow calcium release from the 

sarcoplasmic reticulum (SR). Two primary proteins are involved in EC coupling.  One is 

the dihydropyridine receptor (DHPR), an L-type calcium channel that serves as a voltage 
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sensor.  The other is the ryanodine receptor (RYR) found in the SR membrane that upon 

activation allows calcium release from SR stores (Bannister, 2007; Tanabe et al., 1990; 

Tanabe et al., 1988).  Triads were first observed when DHPR, RYR, and other EC coupling 

proteins were labeled with antibodies in myotubes.  This showed that all EC coupling 

proteins were in targeted foci aligned in longitudinal order (Flucher et al., 1993a; Protasi 

et al., 1998).  These foci represent individual triads.  An important function of triads is to 

bring the EC coupling proteins in close proximity, because the DHPR activates the RYR by 

physical coupling (Paolini et al., 2004a; Protasi et al., 2002; Tanabe et al., 1988).  

Extensive work demonstrates that multiple intracellular regions of the DHPR directly or 

indirectly interact with the RYR1 (Fig1.2) (Block et al., 1988; Felder et al., 2002; Protasi, 

2002; Protasi et al., 1998; Protasi et al., 2002; Takekura and Franzini-Armstrong, 1999).  

 DHPRs not only need to correctly target to triads, they also need to acquire a 

specialized spatial orientation in relation to the RYR homotetramer.  Numerous studies 

demonstrated that four DHPRs align over a single RYR; this structure is known as a 

tetrad (Fig1.3).  Tetrads cluster in highly organized orthogonal arrays distinguishable by 

using freeze fracture electron microscopy.  The images from freeze fracture yield a 

direct picture of these calcium release units (CRU) in skeletal muscle (Block et al., 1988; 

Protasi et al., 1998; Protasi et al., 2002; Protasi et al., 2000; Takekura and Franzini-

Armstrong, 1999).  Indeed, ryanodine binding to RYR1 alters the inter-protein spacing of 

DHPRs within a tetrad, consistent with the hypothesis that DHPR and RYR directly 

interact in skeletal muscle (Paolini et al., 2004a).  Ryanodine is an plant alkaloid that 
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strongly binds ryanodine receptors, and at micromolar concentrations irreversibly 

blocks calcium release from the SR (Hille, 1992) 

Unique Properties of Skeletal Muscle EC coupling proteins 

The evolutionary appearance of organized tetrad formations occurs in early 

craniata, when chordates developed defined heads with boney or cartilaginous internal 

structure.  In the Chordata amphioxus (lancelet), the arrangement of DHPRs is random 

with no observable organization of DHPR particles (Di Biase and Franzini-Armstrong, 

2005).  A random arrangement of DHPRs is consistent throughout invertebrate muscle 

and vertebrate cardiac and smooth twitch muscle, suggesting no physical link between 

the DHPR and RYR isoforms in these muscle types (Moore et al., 2004; Protasi et al., 

1996; Takekura and Franzini-Armstrong, 2002; Tijskens et al., 2003).  An interesting 

hypothesis is that, at the point of origin of the early craniates, gene duplications 

generated isoforms of DHPR and RYR sufficient to physically couple, and the by-product 

was a different mechanism of EC coupling (Di Biase and Franzini-Armstrong, 2005).   

Studies have demonstrated the properties of the primary EC coupling proteins in 

vertebrate skeletal muscle, which are necessary for normal function.  These studies 

capitalized on the dysgenic mouse line that has a null mutation in the muscle specific 

DHPR α1S and a complete absence of EC coupling (Klaus et al., 1983; Knudson et al., 

1989; Tanabe et al., 1988).  The first studies clearly demonstrated that expressing 

wildtype DHPR α1S in dysgenic myotubes completely restored EC coupling (Knudson et 

al., 1989; Tanabe et al., 1988).  However, when non L-type calcium channels (α1A P/Q 

Type and α1B N-type) were expressed in dysgenic myotubes, no punctate foci of calcium 
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channels were identified nor restoration of EC coupling.  This indicates only L-type (α1S) 

have the proper signals for triad targeting (Flucher et al., 2000; Grabner et al., 1998; 

Wilkens and Beam, 2003).  When the cardiac or neuronal isoforms of L-type HVA 

calcium channels (α1C and α1D) were expressed in dysgenic myotubes, the non-

endogenous channels did localize to triads (Grabner et al., 1998; Kasielke et al., 2003; 

Kugler et al., 2004).  However, non-endogenous L-type calcium channels could not 

restore skeletal muscle EC coupling.  Triad targeting is then a conserved property among 

the L-type calcium channels, yet only the DHPR α1S is able to support the necessary 

interactions to allow skeletal muscle type EC coupling (Garcia and Beam, 1994; Kasielke 

et al., 2003; Nakai et al., 1998b; Tanabe et al., 1990).  In teleosts, boney fish, such as 

zebrafish, the DHPRα is duplicated to slow and fast twitch fiber isoforms. In addition, 

the DHPR α1S of higher teleosts does not carry current in response to depolarization 

(Schredelseker et al., 2010).  In mammals, the DHPR does pass Ca2+ but the L-type 

calcium current is too slow to account for EC coupling and is not required for EC 

coupling.  Rather, the DHPR current may support contractions during prolonged 

depolarization or activity (Bannister et al., 2009).  The variation between mammals and 

teleosts is worth noting because it raises the question of whether the requirements for 

EC coupling are different between organisms, or if the DHPRα L-type current is actually 

insignificant in muscle function. 

Expression of non-endogenous forms of DHPR β subunits have been performed 

in zebrafish lacking the DHPR β1 subunit in muscle.  The loss of the DHPR β1 subunit in 

zebrafish results in immobility and complete loss of EC coupling due to a significant 
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decrease of triadic DHPR α (Schredelseker et al., 2005; Zhou et al., 2006).  Expression of 

either the β2a subunit, a cardiac and neuronal expressed gene (Hullin et al., 1992; Zhou 

et al., 2008), or the βm subunit, the ancestral housefly subunit (Grabner et al., 1994), 

could not restore tetrads nor EC coupling.  However, non-endogenous L-type calcium 

channel β subunits can restore DHPRα localization to the triads.  The Grabner lab study 

demonstrated that triad targeting of the DHPRα subunit is an intrinsic property of 

calcium channel beta subunits.  However, supporting the proper interaction between 

the DHPR and RYR is a property of the muscle specific β1a subunit (Schredelseker et al., 

2009). 

The RYR1 isoform in skeletal muscle is also specialized in its ability to allow 

skeletal muscle type EC coupling.  Studies were performed using the dyspedic mouse 

mutant, a knock-out of the RYR1 gene which completely abolishes EC coupling in 

skeletal muscle (Buck et al., 1997; Takekura et al., 1995).  In addition, RYR3 is expressed 

in skeletal muscle. However, studies indicate that RYR3 is predominately non-junctional 

as observed by electron microscopy (Felder and Franzini-Armstrong, 2002).  In dyspedic 

myotubes overexpressing the RYR3 isoform, freeze fracture indicated tetrads were no 

longer present, suggesting that RYR3 was incapable of supporting interactions with the 

DHPR and recovering EC coupling (Protasi et al., 2000).  These studies show that the EC 

coupling proteins of the DHPRα, RYR1, and β1 are expressed specifically in skeletal 

muscle and are necessary for the assembly of functional calcium release units.  

Structure of the L-type calcium channel Complex in Skeletal Muscle 



11 
 

Early studies of calcium currents from various tissues clearly demonstrated a 

wide range of functional and pharmacological responses (Bean, 1989; Llinas et al., 1992; 

Nowycky et al., 1985b; Tsien et al., 1988).  However, within different types of muscles 

and neurons, studies defined a new type of calcium current.  This current is  high voltage 

activated (HVA), slow inactivating, long lasting, and inhibited most notably by 

dihydropyridines (Reuter, 1983).  These currents were named L-type for long lasting 

because substituting barium for calcium or treating with the agonist Bay K8644 

significantly prolong the current response, which did not occur for other identified 

calcium current types (Nowycky et al., 1985a, b). 

Analysis of the skeletal muscle complex producing L-type calcium current from 

isolated t-tubules revealed a combination of proteins including an α, β,, α2, and  

subunit (Curtis and Catterall, 1984; Hosey et al., 1987; Takahashi et al., 1987).  The pore 

forming α subunit is approximately 2000 amino acids in length with a structure similar 

to voltage gated sodium channels that are composed of four repeating domains each 

containing six transmembrane segments (Takahashi et al., 1987; Tanabe et al., 1987).  

The β subunit is a cytoplasmic protein containing predominately alpha helices (Ruth et 

al., 1989). The gamma subunit is a membrane protein containing four transmembrane 

domains (Jay et al., 1990).  The α2 and  subunits form a single transmembrane protein 

complex.  These subunits are generated from one peptide that is cleaved and 

reattached by disulfide bonds (Jay et al., 1991).  When the mammalian DHPR α1S is 

heterologously expressed in Xenopus oocytes, no current is detectable.  Expression of 

the α1S and β1b subunits together are necessary to produce current in oocytes.  In 
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addition, the inclusion of the α21 subunit increases the amount of observable current 

(Ren and Hall, 1997).  This heterologous expression study provides a basic illustration of 

the importance of the protein subunits, especially the β, associated with the DHPRα.   

In mammals, there are four DHPR β genes (CACNB1-4), and most have multiple 

isoforms (Birnbaumer et al., 1998).  However, only the β1a isoform is expressed in 

skeletal muscle (Ruth et al., 1989; Takahashi et al., 1987).  The β1a and β1b isoforms are 

identical except for an additional exon in β1a (Dolphin, 2003; Zhou et al., 2008).  β1 

proteins all contain a SH3 domain, a guanylate kinase (GK) domain, and a beta 

interacting domain (BID).  The GK domain is similar to the MAGUK (membrane 

associated guanylate kinase) family of proteins, yet does not possess the ATP binding 

domain or the P-loop necessary for kinase activity (Hanlon et al., 1999).  It is via the β 

subunit’s GK domain that crystal structure studies predict interacts with the I-II 

intracellular loop of the DHPRα subunit (Chen et al., 2004; Opatowsky et al., 2004; Van 

Petegem et al., 2004). 

Regulation of Skeletal Muscle Dihydropyridine Receptor 

The DHPR α subunit is the pore forming subunit of L-type calcium channel 

complexes (Catterall et al., 2005).  The loss of the DHPR α1S in skeletal muscle results in 

a complete loss of EC coupling (Klaus et al., 1983; Knudson et al., 1989; Tanabe et al., 

1988).  The tottering (tg) mouse has a mutation in the neural HVA calcium channel 1A, 

resulting in ataxia and paroxysmal dystonia (Campbell and Hess, 1999; Campbell et al., 

1999; Fureman et al., 1999).  Calcium channel α subunit mutants show that the pore 



13 
 

subunits are critical for normal function.  Here I will discuss two prominent mechanisms 

that regulate the activity of the channel, interaction with calmodulin (CaM) and the RYR.   

One widely studied regulatory mechanism is the impact of CaM on the L-type 

calcium channels α1C (cardiac) and α1S (skeletal muscle).  Both apo-CaM (calcium 

unbound) and calcium bound CaM (Ca-CaM) bind to the IQ domain within the HVA 

calcium channel carboxyl termini (Erickson et al., 2003; Pate et al., 2000; Peterson et al., 

1999; Tang et al., 2003; Zuhlke et al., 1999).  Both α1C and α1S undergo a Ca-CaM 

dependent inhibition of channel activity (Stroffekova, 2008; Zuhlke et al., 1999).  

However, current data suggests only the α1C possesses a Ca-CaM mechanism for 

facilitation of activity, showing a varied and complex role of CaM dependent regulation 

(Zuhlke et al., 1999).  The variation of CaM influence on different calcium channel types, 

α1C and α1S, could be in part due to amino acid variations within the IQ domain 

between channel types that impact the affinity of CaM binding (Halling et al., 2009; 

Ohrtman et al., 2008).   

The proper interaction between the DHPR and RYR in skeletal muscle is critical 

for normal function (Garcia et al., 1994; Nakai et al., 1998a; Tanabe et al., 1990).  

Chimera experiments were performed substituting α1S intracellular loops with the 

cardiac α1C L-type calcium channel which does not support EC coupling when expressed 

in dysgenic muscle (Grabner et al., 1998; Kasielke et al., 2003).  Chimera experiments 

demonstrated that switching the α1S II-III intracellular loop with the α1C II-III loop 

significantly impaired depolarization-induced calcium release (Nakai et al., 1998b).  

Likewise, manipulation of the DHPR II-III loop significantly impaired RYR1 dependent 
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potentiation of L-type current, known as retrograde regulation (Avila and Dirksen, 2000; 

Grabner et al., 1999; Nakai et al., 1998b).  Indeed, the II-III loop of the DHPR α1S binds 

part of the amino terminus of the RYR1 (Leong and MacLennan, 1998; Proenza et al., 

2002).  These studies illustrate a form of bi-directional regulation of the skeletal muscle 

DHPR and RYR that is dependent on the proper spatial interactions of each channel.  In 

addition to RYR regulation of the activity of the DHPR, the associated subunits of the 

DHPR channel complex modulate localization and activity.  The following sections will 

explore the functional impact of each subunit of the DHPR complex.  

Regulation of the Dihydropyridine Receptor by the β Subunit 

The interaction of the β1a and DHPR α1S is necessary as demonstrated by the β1 

knockout mouse that has no EC coupling or localization of the DHPRα to triads (Gregg et 

al., 1996).  In addition, two different functionally null alleles of the zebrafish relaxed 

mutant (red), CACNB1 nonsense mutants, exhibit no EC coupling and significantly 

reduced or absent DHPRα localization to triads (Schredelseker et al., 2005; Zhou et al., 

2008).  Indeed, the association of β1a/DHPRα appears to be necessary for triadic 

targeting of β1a since fluorescently tagged β1a subunits do not localized in dysgenic 

myotubes (Leuranguer et al., 2006; Papadopoulos et al., 2004).  In relaxed zebrafish 

mutants, a structural defect is apparent in the EC complex as observed by freeze 

fracture EM.  Relaxed mutants show that a loss of the β1a subunit completely abolishes 

tetrad formation, suggesting that β1a is necessary for proper interaction with RYR1 

(Schredelseker et al., 2005).  The finding that a cluster of positive residues in the foot 

region of RYR1, a large cytoplasmic portion of the protein, can directly bind β1a 
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supports a DHPRα/RYR1 interaction mediated by β1a (Cheng et al., 2005).  The findings 

from both zebrafish and mouse mutants of the β1 gene indicatethat the β1a/DHPRα 

interaction functions to enhance targeting of the DHPRα to the triadic junction 

(Schredelseker et al., 2005; Strube et al., 1996; Zhou et al., 2006).  Thus, the presence or 

absence of the β subunit has a significant impact on the regulation of the DHPR 

complex.  The important biologic questions are: by what mechanisms do the β subunit, 

and other proteins, influence DHPRα regulation.  Two β subunit-directed mechanisms 

that will be discussed are β interactions with small G-proteins and ER export regulation 

of the DHPRα. 

 Small G-proteins of the RGK (Rem, Rem2, Rad, and Gem/Kir) family can inhibit L-

type calcium channels through interactions with the β subunit (Finlin et al., 2006; Finlin 

et al., 2003; Sasaki et al., 2005).  RGKs bind β subunits within the guanlyate kinase 

domain, but in a region distinct from where the DHPRα interacts (Beguin et al., 2007; 

Finlin et al., 2006).  Overexpression studies in numerous preparations, including skeletal 

muscle myotubes (Bannister et al., 2008a), have shown that RGKs can drastically reduce 

L-type calcium currents (Crump et al., 2006; Finlin et al., 2005; Seu and Pitt, 2006; Yada 

et al., 2007).  Consequently, RGK overexpression significantly reduces gating currents of 

L-type calcium channels, suggesting less surface expression or voltage responsiveness 

(Bannister et al., 2008a; Murata et al., 2004).  However, some heterologous expression 

studies have indicated that RGK overexpression has no impact on surface expression of 

calcium channels (Chen et al., 2005; Finlin et al., 2005).  Collectively, these studies 
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support a role of a RGK- β subunit interaction that negatively regulates L-type calcium 

channel activation.   

A recent study investigating RGK based regulation of calcium channels suggests a 

more complex mechanism.  The work from the Colecraft lab suggests RGKs possess 

multiple mechanisms to regulate cardiac calcium channels encompassing reduction of 

surface expression, decreasing open probability, and immobilization of the voltage 

sensor (Yang et al., 2010).  In addition, specific domains of the RGK and the small G-

protein’s phosphorylation state dictate which type of influence the RGK-β interaction 

will have on the calcium channel (Yang et al., 2010).  The work from Yang et al also 

demonstrated that co-expression of a dominant negative version of dynamin inhibited 

RGK overexpression based suppression of L-type calcium currents.  The dynamin protein 

family is important in clathrin-mediated endocytosis (McMahon and Boucrot, 2011; 

Takei et al., 2005).  Other studies have shown that homodimerization of the SH3 domain 

of the L-type calcium channel β subunit mediates recruitment of dynamin to the channel 

complex (Gonzalez-Gutierrez et al., 2007; Miranda-Laferte et al., 2011).     

Another mechanisms of RGK regulation of L-type channels has been proposed.  

RGK binding of 14-3-3 and calmodulin (CaM) can sequester the calcium channel β 

subunit in the cell nucleus.  Sequestering the β subunit results in reducing L-type calcium 

channel expression (Beguin et al., 2006; Beguin et al., 2005a; Beguin et al., 2005b).  A 

RGK/β mechanism for dynamin directed endocytosis of L-type calcium channels is a 

potentially interesting hypothesis for future investigation.   
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In cardiac myotubes, β subunit-free L-type calcium channels are targeted to 

proteasomes for degradation within the ER.  Normally, the β subunit prevents 

degradation by blocking a RFP2 mediated ubiquitination sequence on the DHPRα.  

Controlled protein removal is part of the quality control mechanism of the endoplasmic 

reticulum (ER) (Altier et al., 2011).  Despite the lack of a unifying mechanism, it is 

apparent that calcium channel regulation via the β subunit is important to cellular 

function.  Whether every cell type with L-type calcium channels employs all these varied 

modes of regulation is unknown.  However, continuing studies will shed light on the 

specific details of β directed regulation of calcium channels. 

Regulation of the Dihydropyridine Receptor by the α21 Subunit 

α2 (1-4) subunits are expressed in various tissues and are part of all L-type 

calcium channel complexes (Catterall et al., 2005).  Several spontaneous mouse mutant 

alleles exist for the α22 subunit, (ducky, ducky(2J), and entla) which are expressed in 

the nervous system.  Homozygous α22 mutant mice exhibit ataxia, susceptibility to 

seizure, and reduced spontaneous firing of Purkinje cells (Barclay et al., 2001; Brill et al., 

2004; Brodbeck et al., 2002; Donato et al., 2006).  However, knockout of the isoform 

expressed in muscle (α21) is embryonic lethal.  A targeted knockout of α21 for heart 

alone is viable, and shows reduced cardiac contractility and a muscle relaxation 

phenotype (Fuller-Bicer et al., 2009).  Yet, these studies do not determine the precise 

skeletal muscle role of the α21.   
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In order to study the role of α21 in skeletal muscle, siRNA was employed to 

knockdown α21 in cultured myotubes. Significant siRNA-mediated reduction of α21 

(down to approximately 2% original levels) did not perturb DHPRα triadic or tetradic 

targeting or the amplitude of depolarization or agonist-induced calcium release (Gach et 

al., 2008; Obermair et al., 2005).  However, extracellular calcium did influence calcium 

release properties from α21 knockdown myotubes.  In the presence of normal levels of 

extracellular calcium (2 mM), myotubes could not maintain calcium release during 

sustained depolarization or high frequency stimulation. This result suggests that the 

α21 in skeletal muscle is important for shaping and maintaining calcium transients.  

Interestingly, α21 knockdown myotubes in nominal extracellular calcium (7ųM) show 

no difference from wildtype myotubes in sustained calcium release kinetics.  These 

experiments indicate that the α21 subunit is important for modulating prolonged but 

not acute activity (Gach et al., 2008). 

Regulation of the Dihydropyridine Receptor by the  Subunit 

 The  subunit of the DHPRα complex is comprised of a family of four proteins 

(Catterall et al., 2005).  The 1 subunit is predominately expressed in skeletal muscle 

(Biel et al., 1991).  Two different knockout lines of the 1 subunit were independently 

generated and neither demonstrated any gross impact on calcium release in skeletal 

muscle (Ahern et al., 2001; Freise et al., 2000).  Only subtle kinetic properties of the 

macroscopic L-type current were altered in the 1 knockout lines (Ahern et al., 2001; 

Freise et al., 2000; Ursu et al., 2001).  Even expression of the DHPRα in heterologous 
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oocytes studies demonstrated that the inclusion of the gamma subunit had no 

significant impact on functional surface expression (Ren and Hall, 1997).  Despite the 

seemingly minor role of 1, studies have shown that the neural 2 subunit of calcium 

channels would not associate with the muscle calcium channel complex.  This suggests 

functional and structural heterogeneity amount the gamma subunits (Arikkath et al., 

2003).  Unlike the 1, mutation of the neuronal 2 subunit results in multiple 

phenotypes.  A hypomorphic allele of 2 is the molecular basis of the stargazer mutant 

mouse, which displays ataxic gate and elevated head positioning (Letts et al., 1998; Letts 

et al., 1997; Noebels et al., 1990; Sharp et al., 2001).  Indeed, analysis of cerebellar 

synapses in stargazer mutants show a reduction of presynaptic L-type calcium channels, 

but not P/Q-type calcium channels, showing a selective interference in calcium channel 

trafficking or regulation (Leitch et al., 2009).  The work with neuronal gamma subunits 

suggests this subunit has a significant functional role.  Further study may be required to 

determine a significant functional role of the gamma subunit in skeletal muscle. 

Structure of Skeletal Muscle Ryanodine Receptor 

 Ryanodine receptors (RYR) form homotetramers and are the largest known ion 

channel complex with a combined mass of >2MDa (Inui et al., 1987a; Lai et al., 1988; 

Zorzato et al., 1990).  RYRs are located in either the ER or SR, the major calcium storage 

compartments of cells (Imagawa et al., 1987; Smith et al., 1988).  RYRs are named after 

the plant alkaloid ryanodine that specifically and irreversibly binds open-state RYRs (Chu 

et al., 1990; Inui et al., 1987b).  In mammals, three isoforms, RYR1, 2, and 3, have been 

identified and were found originally to be expressed in skeletal muscle, heart, and brain 
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respectively (Hakamata et al., 1992; Nakai et al., 1990; Takeshima et al., 1989).  RYR3 is 

also found in skeletal muscle.  In chicken and frog skeletal muscle two RYR1 isoforms 

were identified, RYR a and b (Ottini et al., 1996; Oyamada et al., 1994).  Experiments 

looking at zebrafish skeletal muscle show that the two isoforms of RYR1 are specifically 

expressed in either slow or fast twitch muscle fiber types (Hirata et al., 2007).  

Interestingly, slow and fast twitch fibers in zebrafish are independently responsible for 

specific motor behaviors during early development (Naganawa and Hirata, 2011). 

 Due to the large size of RYRs, detailed structural information is not available.  

However, the N-terminal cytoplasmic “foot” region is well described since it can be 

observed by electron microscopy (Block et al., 1988; Franzini-Armstrong, 1970; Saito et 

al., 1984).  This foot region is estimated to account for approximately 80% of the RYR 

protein, and contain numerous micro-structures that support protein interactions 

(Serysheva et al., 2008). 

Regulation of Skeletal Muscle Ryanodine Receptor 

The RYR is an essential component of the EC coupling complex.  Proteins such as 

calmodulin, FKBPs, and calsequestrin are all known to regulate the activity of RYR 

channels.  Calmodulin (CaM) binds directly to all RYR isoforms in a ratio of four CaM to 

each homotetramer (Tang et al., 2002).  CaM is a small ubiquitously expressed calcium 

binding protein (Lanner et al., 2010).  Both apo-CaM and Ca-CaM bind RYR at the same 

location within the foot region (Moore et al., 1999).  However, apo-CaM acts as an 

agonist whereas Ca-CaM acts as an inhibitor of RYR-mediated calcium release (Rodney 

et al., 2000; Tripathy et al., 1995).  Interestingly, the sensitivity to calcium can be 
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drastically different between isoforms, as has been demonstrated between skeletal 

muscle RYR1 and cardiac RYR2 (Fruen et al., 2000; Fruen et al., 2003).  Cryo-EM mapping 

of RYR shows that CaM binding results in structural changes.  The CaM binding domain, 

depending on whether apo-CaM or Ca-CaM is present is displaced by approximately 33 

angstroms, potentially influencing channel properties (Samso and Wagenknecht, 2002; 

Wagenknecht et al., 1994; Wagenknecht et al., 1997).  Another calcium binding protein, 

S100A1, binds to the same location on RYR as CaM.  Knockdown of S100A1 results in 

decreased activity-induced calcium release in skeletal muscle.  However, the full extent 

of the competitive interaction of S100A1 and CaM in vivo is not well understood 

(Prosser et al., 2008; Wright et al., 2008).   

 FKBPs are a group of proteins belonging to the immunophilin family and named 

for their molecular weight.  All FKBPs bind immunosuppressive drugs such as FK506 and 

rapamycin.  The FKBP protein families have been implicated in protein trafficking, 

signaling, and transcriptional regulation (Lanner et al., 2010; Ozawa, 2010).  FKBPs are 

expressed in most tissues, and FKBP12 and FKBP12.6 interact directly with all the 

isoforms of mammalian RYR (Chelu et al., 2004).  Structural studies demonstrated that 

the RYR binding FKBPs associate with a stoichiometry of four FKBPs per RYR 

homotetramer (Jayaraman et al., 1992; Timerman et al., 1993).  However, binding 

affinity and expression levels of FKBP relative to RYR vary dramatically between 

different tissues.  Studies show high affinity physical interaction between FKBP12 and 

RYR1 (Jayaraman et al., 1992) and FKBP12.6 with RYR2 (Lam et al., 1995). 
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 The primary role of FKBP binding to RYR is thought to be stabilization of the 

closed state of the channel (Brillantes et al., 1994; Marx et al., 2001; McCall et al., 1996; 

Ondrias et al., 1998).  Indeed, inhibition of FKBP12 binding to RYR1, using 

immunosuppressive drugs, in skeletal muscle leads to more frequent channel opening 

and longer open times (Ahern et al., 1997; Marx et al., 1998).  In mice with a specific 

skeletal muscle FKBP12 deficiency, impaired EC coupling is observed in a manner 

consistent with abnormal communication between the RYR and DHPR, suggesting that 

in skeletal muscle, FKBP12 may influence the physical DHPR/RYR interaction (Tang et al., 

2004). Similarly, in cardiac muscle manipulating FKBP binding or expression produces 

phenotypes similar to cardiomyopathy (McCall et al., 1996; Shou et al., 1998).  A 

particularly interesting hypothesis regarding FKBPs is their potential role in muscle aging 

phenotypes.  Aging muscle displays phenotypes similar to FKBP binding interference 

phenotypes.  Indeed, studies have demonstrated that aging muscle shows progressively 

less FKBP expression despite similar levels of RYR in aged matched controls, indicating 

FKBP regulation may be a partial factor in understanding muscle aging (Russ et al., 

2011). 

 Calsequestrin (CSQ) is a SR luminal protein that interacts with the RYR via binding 

to junctin or traidin.  Junctin and traidin are transmembrane proteins that form a 

quartenary structure with the RYR and CSQ (Zhang et al., 1997).  CSQ is a major calcium 

binding protein in the SR important for maintaining calcium homeostasis and regulating 

RYR mediated calcium release.  However, the precise mechanisms of CSQ interaction 

with triadin or junctin, or the latter proteins role in calcium release are still poorly 
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understood (Beard et al., 2009; Lanner et al., 2010).  Two CSQ genes (CSQ1 and CSQ2) 

exist and are expressed in different striated muscle types (Fliegel et al., 1990; Scott et 

al., 1988).  CSQ1 is exclusively expressed in skeletal muscle fiber types, whereas CSQ2 is 

found predominately in cardiac muscle with low levels found in slow twitch fiber types 

(Biral et al., 1992; Damiani and Margreth, 1994).  In both cardiac and skeletal muscle, 

CSQ has similar physical properties and serves as a high capacity calcium storage 

protein.  CSQs ability to store calcium is highest when calcium concentrations exceed 

approximately 1mM when CSQ aggregates in polymers in the SR lumen (Fryer and 

Stephenson, 1996; Wang et al., 1998).  Upon calcium binding CSQ undergoes structural 

changes (Ikemoto et al., 1972), as well as during EC coupling implicating conformational 

changes of CSQ may be modifying RYR function (Ikemoto et al., 1991). 

 Despite similarities in CSQ1 and CSQ2 physical properties, they have inversely 

functional roles at physiological conditions in skeletal muscle or cardiac muscle.  CSQ1 in 

skeletal muscle reduces RYR1 activity and CSQ2 increases opening of RYR2 (Wei et al., 

2009).  Knockout of CSQ1 in mice resulted in multiple muscle phenotypes in 

homozygous mutants including atrophy, reduced peak calcium release, slower calcium 

kinetics, increased RYR expression, and SR swelling (Paolini et al., 2007).  Conversely, 

overexpression of CSQ1 in skeletal muscle myotubes enhanced voltage dependent 

calcium release (Shin et al., 2003).  Interestingly, CSQ2 null mice showed no visible 

cardiac phenotype under basal conditions.  Yet exposure to catecholamines enhanced 

SR leak and spontaneous release leading to arrhythmia (Knollmann et al., 2006).  

Whereas, mice overexpressing CSQ2 showed dramatic heart failure with significant 
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reductions in SR calcium release and spontaneous calcium release events (Jones et al., 

1998; Sato et al., 1998).  The studies exploring CSQ impact on RYR regulation 

demonstrate a complex mechanism with some results, especially in skeletal muscle, to 

be seemingly contradictory.  Despite CSQ clearly being important for modulating RYR 

mediated calcium release many details of the mechanism still, remain to be resolved. 

Ryanodine Receptor in Human Skeletal Muscle Disease 

 Null RYR1 mouse mutants are immediately post-natal lethal (Takekura et al., 

1995).  However, hypomorphic or partial loss of function mutations in RYR1 account for 

numerous human muscle diseases.  Mutations in RYR1 account for many serious 

disorders including malignant hyperthermia (MH) (MacLennan et al., 1990), 

multiminicore disease (MmD) (Ferreiro et al., 2002), and central core disease (CCD) 

(Zhang et al., 1993).  To date, approximately 300 different mutations in RYR1 alone have 

been identified as the molecular basis of human myopathy (Lanner et al., 2010). 

 MH episodes are most commonly induced while a susceptible individual is 

exposed to volatile anesthetics or muscle relaxants.  Without the proper external 

trigger, MH susceptible individuals are typically unaware of the underlying condition.  

During a MH episode, patients experience rises in body temperature (10C per 5 minutes) 

and muscle rigidity.  Subsequently this leads to rhabdomyolysis (muscle break down) 

and potentially death.  The molecular cause of MH symptoms is the increased calcium 

release during an attack that results in the muscle rigidity.  Furthermore, the removal of 

the excess calcium consumes large amounts of ATP producing heat, which leads to many 

of the other symptoms.   To date, the only FDA approved treatment for a MH attack is 
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the administration of dantrolene, a RYR calcium release blocker.  MH episodes typically 

occur approximately 1 in every 40,000 individuals under general anesthesia, however, 

some individuals may not have an episode until multiple anesthetic treatments (Lanner 

et al., 2010; Mickelson and Louis, 1996). 

 Six different genetic loci are correlated to MH susceptibility (MHS 1-6).  The most 

common is MHS1 representing RYR1 in skeletal muscle.  Of the 300 identified human 

disease causing mutations in RYR1, approximately half are responsible for MH.  

Numerous other RYR1 centric myopathies have MH susceptibility as a related symptom 

(Lanner et al., 2010).  In the late 1960’s a porcine line was identified with pale and lean 

muscle which exhibited MH like symptoms when exposed to halothane, a volatile 

anesthetic (Nelson et al., 1975).  The porcine MH model was used to develop halothane 

testing on muscle biopsies as a potential method for identifying MH susceptibility in 

human patients (Zhang et al., 1992).  Genetic analysis showed the porcine MH resulted 

from a single point mutation in RYR1 (Fujii et al., 1991).  From the original porcine MH 

model, modeling of other MH correlated mutations in mouse RYR1 has been performed 

using the dyspedic line.  Analysis of the six most common MH susceptibility RYR1 

mutations show grossly normal EC coupling, but with consistent trends in activity such 

as increased sensitivity to calcium release agonists and depolarization, with decreased 

sensitivity to inhibition (Yang et al., 2003).  These changes in RYR1 function are 

consistent with many MH mutations explored so far (Du et al., 2001; Tong et al., 1997; 

Wehner et al., 2002).  MH susceptibility is well studied in numerous myotube culture 
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investigations, however, development of further animal models is still required to 

develop novel therapeutic agents and susceptibility detection systems.   

 Multiminicore (MmD) is a rare autosomal recessive congenital myopathy 

displaying multiple phenotypes, but commonly axial muscle weakness and hypoxia.  

MmD causing mutations exist in selenoprotein N, yet the most common genetic locus to 

date is RYR1.  Biopsies from afflicted patients show numerous small cores (disorganized 

sarcomere lesions) throughout the muscle associated with diminished oxidative enzyme 

activity (Jungbluth et al., 2000; Jungbluth et al., 2005; Zorzato et al., 2007).  

Interestingly, MmD not only displays a wide range of clinical phenotypes, but also allelic 

heterogeneity, as both missense and splicing mutations have been identified as genetic 

causes (Ferreiro et al., 2002; Monnier et al., 2003).  Currently, MmD is a poorly 

understood myopathy and the presentation of muscle cores is still not recognized as a 

cause or side effect of the disease. 

 Central core disease (CCD) is a rare autosomal dominant myopathy correlated to 

mutations in RYR1 in over ninety percent of patients (Wu et al., 2006).  The occurrence 

of CCD is approximately 1 in every 100,000 live births (Jungbluth, 2007)  Patients 

affected by CCD display lower extremity weakness and delayed development of motor 

skills with impaired calcium homeostasis in skeletal muscle (Robinson et al., 2006).  

Many CCD cases have symptoms that include MH susceptibility (Robinson et al., 2002; 

Tong et al., 1997).  Transverse electron microscopy sections of CCD muscle show large 

centrally located cores, or amorphous regions, lacking mitochondria or oxidative activity 

(Magee and Shy, 1956; Shuaib et al., 1987).  Currently, identified CCD mutations are 
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point mutations most commonly within the pore-forming domain of RYR1 resulting in 

elevated resting cytosolic calcium and increased RYR calcium leak in muscle cells (Lynch 

et al., 1999; Monnier et al., 2000; Tilgen et al., 2001; Tong et al., 1997).  

Dihydropyridine Receptor in Human Skeletal Muscle Disease 

Mutations in the DHPR α1S can cause human disease.  One previously identified 

DHPR α1S based disease is hypokalemic periodic paralysis (hypoPP) (Fontaine et al., 

1994; Ptacek et al., 1994).  HypoPP is part of a pair of periodic paralysis conditions 

including hyperkalemic periodic paralysis (hyperPP).  Both disease types show dominant 

inheritance and exhibit reversible periods of muscle weakness, lasting from hours to 

days, triggered by a wide range of environmental or physiological cues.  During an attack 

of muscle weakness, blood potassium levels either increase or decrease depending on 

the specific condition, hyperPP or hypoPP, respectively (Lapie et al., 1997).  Mutations in 

the skeletal muscle voltage gated sodium channel, Nav1.4, have also been identified as 

causing hypoPP (Fontaine et al., 1990; McClatchey et al., 1992; Ptacek et al., 1992).  The 

prevalence of either sodium or calcium channel based HypoPP is about 1 in 100,000 

individuals.  Despite hypoPP or hyperPP rarely being lethal (Lapie et al., 1997), older 

patients, in their 40-50’s, may develop constant and permanent muscle weakness due 

to the development of vacuolar myopathy (Bradley et al., 1990; Dyken et al., 1969). 

 Analysis of HypoPP causing mutations in DHPR α1S revealed that the majority of 

disease alleles are caused by missense mutations within the S4 voltage sensor of the 

channel (Jurkat-Rott et al., 1994; Matthews et al., 2009; Ptacek et al., 1992; Ptacek et 

al., 1994).  Consequently, the identified hypoPP causing mutations within the skeletal 
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muscle voltage gated sodium channel also predominately occur within the voltage-

sensor (Cannon, 2010; Struyk and Cannon, 2007).  Electrophysiological investigation of 

two of the most common hypoPP-causing DHPR mutations demonstrated distinct 

alterations of L-type current.  One mutation, R528H, showed a 40 mV hyperpolarizing 

shift in L-type current inactivation (Sipos et al., 1995).  Another mutant, R1239H, 

showed no alterations in kinetics, yet a 30% decrease in peak L-type current (Lehmann-

Horn et al., 1995; Sipos et al., 1995).  Both studies from dissociated human patient 

myotubes showed subtle defects in L-type current, without any gross EC coupling 

abnormalities.  In addition, both human hypoPP alleles had no impact on expression of 

the DHPR α1S (Lehmann-Horn et al., 1995; Sipos et al., 1995).  The investigation of 

myotubes from patients with two different hypoPP alleles has shown that EC coupling is 

grossly normal, yet subtle and variable alterations to L-type current occur.  One model 

of how these hypoPP alleles result in disease is that when incorporated into a tetrad 

they result in a loss of tetrad function.  Therefore, a tetrad composed of one or more 

DHPRs with hypoPP causing mutations cannot induce calcium release (Lehmann-Horn et 

al., 1995; Sipos et al., 1995). 

 Heterologous systems have been used to explore the functional impact of the 

human hypoPP allele R528H.  The analogous mutation was generated in the rabbit DHPR 

α1S and transfected into either dysgenic myotubes (Jurkat-Rott et al., 1998), or L-cells 

(Lapie et al., 1996).  L-cells are a mouse fibroblast like line with no endogenous calcium 

currents (Perez-Reyes et al., 1989).  The analogous DHPR R528H mutation in L-cells 

yielded L-type currents suggesting the channel were expressed and not voltage 
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insensitive.  Interestingly, no kinetic shifts of activation or inactivation were observed, 

only a small yet significant decrease in current density compared to wildtype DHPR 

(Lapie et al., 1996).  In dysgenic myotubes expressing the hypoPP R528H mutation, only 

a subtle hyperpolarizing shift in L-type current inactivation was observed (Jurkat-Rott et 

al., 1998).  Heterologous system results varied depending on the system used and were 

not closely comparable to the large hyperpolarizing shift in inactivation observed in 

human myotubes from hypoPP R528H patients (Sipos et al., 1995).  Understanding 

DHPR mutations causing hypoPP still requires much investigation.  However, the studies 

performed thus far would suggest hypoPP mutations in DHPR α1S are highly sensitive to 

the presence or absence of associated subunits, which are not present in L-cells, and the 

cellular environment.  Therefore, future investigation into the pathophysiology of 

hypoPP requires detailed understanding of the mechanisms involved in DHPR regulation 

in skeletal muscle. 

 Mutations in human DHPR α1S are also known to cause MH susceptibility, the 

pathology of which has been discussed previously.  Unlike RYR1 where extensive 

number of MH susceptibility causing mutations have been identified (Lanner et al., 

2010), very few are known for DHPR α1S.  One human mutation, T1354S is located 

within an extracellular loop of the channel close to the pore domain.  Expressing the 

analogous DHPR mutation in dysgenic myotubes demonstrated faster activation kinetics 

of the L-type currents and increased sensitivity to caffeine and voltage mediated calcium 

release (Pirone et al., 2010).  Similarly, another MH mutation studied in dysgenic 

myotubes, human mutation R1086H located within the intracellular III-IV loop, yielded 
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increased activation kinetics and calcium release sensitivity (Weiss et al., 2004).  The 

impact of known DHPR-based MH mutations result in similar defects compared to 

common RYR based MH mutations (Yang et al., 2003).  Interestingly, human DHPR α1S 

amino acid residue 1086 is mutated in several independent ethnic backgrounds with MH 

susceptibility (Monnier et al., 1997; Stewart et al., 2001).   Studies of the DHPR α1S III-IV 

loop show this region is important for proper gating and calcium release kinetics, but 

not for supporting EC coupling (Bannister et al., 2008b).  Studies exploring currently un-

mapped MH susceptibility loci implicate other DHPR subunits as putative targets, in 

addition, to the pore forming alpha subunit (Sudbrak et al., 1993).  One currently 

unidentified MH causing genetic locus is mapped to the human chromosome location 

containing the α21 subunit (Iles et al., 1994).  Further investigation of DHPR and RYR 

mutations leading to MH susceptibility will hopefully lead to better detection methods 

for a potentially lethal human condition, and to the understanding the complex 

regulation between the two primary EC coupling protein complexes. 

Native American Myopathy 

 Native American myopathy (NAM)(OMIM#255995) is an autosomal recessive 

disease (Stamm et al., 2008a) first described in the Lumbee Native Americans (Bailey 

and Bloch, 1987).   The Lumbee tribe is located in south-central North Carolina (Stewart 

et al., 1988).  This tribe is the largest Native American group east of the Mississippi River 

and has been culturally isolated for approximately the past two centuries (Bryant and 

LaFromboise, 2005).  NAM is clinically described as a congenital disease displaying cleft 
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palate, micrognathia, ptosis, muscle weakness, and susceptibility to malignant 

hyperthermia (Bailey and Bloch, 1987; Meluch et al., 1989; Stewart et al., 1988).  

 Individuals with NAM have a 36% mortality rate by the age eighteen.  Among 

the Lumbee population the incidence of NAM is approximately 1 in every 5,000.  Despite 

NAM patients having delayed motor development, there are no identified psychological 

or neural defects.  Muscle biopsies from a 2 month old patient displayed small muscle 

fiber diameters with non-descript myopathic features (Stamm et al., 2008a).  The 

myopathic nature of NAM, including the susceptibility to MH, led early investigators to 

believe NAM was a form of King Syndrome (Stewart et al., 1988).  King Syndrome is a 

rare disease described as exhibiting symptoms of general skeletal muscle myopathy and 

MH susceptibility, and typically caused by mutations in RYR1 (Dowling et al., 2011).   

However, NAM patients have no mutations in RYR1 (Stamm et al., 2008a).  

Homozygosity mapping revealed that the region of the NAM mutation mapped to the 

human chromosome location 12q13.13-14.1.  Four candidate genes previously 

implicated in various myopathies were sequenced (Integrin α-7, MLCsa, PIP5K2C, and 

PDE1B), but no non-conserved genetic variations were identified (Stamm et al., 2008b).   

STAC Protein Family 

 In vertebrates, three different STAC genes are present Stac1, Stac2, and Stac3.  

The Stac proteins are characterized by a high degree of amino acid homology and 

contain an amino-terminal C1 domain and two carboxyl-terminal SH3 domains (Fig 1.4) 

(Chapter 2).  SH3 domains are prototypical protein-protein interaction domains 

(Agrawal and Kishan, 2002).  C1 domains are cysteine rich sequences that typically bind 
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diacylglycerol (DAG) found in the cell membrane.  However, atypical C1 domains are 

known which do not bind DAG and whose precise function is unclear (Colon-Gonzalez 

and Kazanietz, 2006).  Stac1 was first identified and published as a novel protein 

expressed in neural tissue and found in both humans and mice (Kawai et al., 1998; 

Suzuki et al., 1996).  Later studies demonstrated that unique expression patterns of 

stac1 and stac2 occurs in discreet groups of dorsal root ganglion (DRG) neurons.  This 

implied potential subgroups within the DRG population (Legha et al., 2010).  To date, no 

functional studies exist for either stac1 or stac2.  A study from the Kuwada lab described 

in this thesis demonstrates that stac3, a skeletal muscle specific gene, is essential for 

normal EC coupling and motor behavior, and is the basis of the congenital human 

disease NAM (Chapter 2 and 3).  This work on stac3 is the first functional investigation 

into the role of a STAC protein.  Understanding STAC3 may help pave the way for 

understanding the other STAC proteins and potentially lead to understanding further 

human diseases or lead to new understanding of cellular regulation, signaling, and 

behavior. 
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Figure 1.1: Diagram of a Skeletal Muscle Triad.  Diagram showing a t-tubule invaginating 
from the muscle membrane.  A triad (area within blue dotted square) is where the t-
tubule membrane junctions with the SR. 
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Figure 1.2 

 

Figure 1.2: Diagram of EC coupling complex found in triads: The DHPR is pictured in the 
t-tubule membrane showing all subunits identified in-vivo.  The RYR1 is pictured in the 
SR membrane. Note that the DHPR and RYR are shown to be closely if not directly 
interacting.  
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Figure 1.3 

 

Figure 1.3: Representation of the Tetrad: Superimposition of RYR foot and tetrad arrays.  
Black box shows a single RYR foot within an RYR array in a 3D reconstruction from EM 
imaging.  Overlaid on the RYR array is an EM image showing tetrads, where the DHPR is 
seen as a black outlined circle.  The center of a tetrad is denoted by a solid black circle.   
Modified from (Paolini et al., 2004b). 
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Figure 1.4 

 

Figure 1.4: Alignment of mammalian and zebrafish STAC proteins.  Blue represents 
completely conserved residues, red is identical residues, and green is similar residues.  
The residues within the red box are the C1 domain.  The residues within either the blue 
or the green boxes are the SH3 domains.  The alignment was generated using Biology 
Workbench software.  Location of the W mutation to S in NAM noted by a black star. 
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CHAPTER 2 

STAC3, A NOVEL REGULATOR OF MUSCLE EXCITATION-CONTRACTION COUPLING, IS 
THE BASIS FOR CONGENITAL MYOPATHY 

 

[Manuscript in preparation to be published as: Eric J. Horstick, Jeremy W. Linsley, James 
J. Dowling, Kristin K. McDonald, Allison Ashley-Koch, Michael A. Hauser, Louis Saint-
Amant, Akhila Satish, Wilson W. Cui, Weibin Zhou, Shawn M. Sprague, Hiromi Hirata and 
John Y. Kuwada] 

 

Abstract 

Defects in excitation-contraction (EC) coupling, the process that regulates contractions 

by skeletal muscles, are associated with human muscle diseases. EC coupling transduces 

changes in membrane voltage to release of Ca2+ from an internal store to activate 

muscle contraction. Although some components of EC coupling are well studied, 

relatively little is known about how EC coupling is regulated. A forward genetic screen 

performed in zebrafish and in vivo physiological analyses identified the stac3 gene that 

encodes a novel regulator of EC coupling in skeletal muscles.  EC coupling is defective in 

mutants due to a decrease in the dihydropyridine receptors (DHPRs) that sense voltage 

shifts in muscle. Furthermore, pedigree analysis demonstrated that mutation of STAC3 is 

responsbile for Native American myopathy (NAM), a debilitating congenital myopathy 

that results in significant mortality by adulthood. Finally, expression of the NAM allele in 

stac3 null zebrafish demonstrates that the NAM allele leads to defective EC coupling, 

suggesting that the basis for the myopathy is a decrease in EC coupling. The 

identification of STAC3 as a key regulator of EC coupling and a causative gene for 

myopathy enhances our understanding of both EC coupling and the biology of 
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myopathies. This discovery could aid in the development of therapeutic agents for 

congenital myopathies. 

Introduction 

Muscle contractions are initiated by depolarization of the voltage across the 

plasma membrane resulting from synaptic release at the neuromuscular junction (NMJ), 

the synapse between the motor neuron and skeletal muscle. EC coupling is responsible 

for transducing the depolarizing shift in the membrane voltage to increase cytosolic 

levels of Ca2+ that leads to contraction. Genetic defects in EC coupling components are 

associated with numerous congenital myopathies that appear in infancy and are 

characterized by a variety of symptoms that may include muscle weakness, hypotonia, 

atrophy and susceptibility to malignant hyperthermia, a condition in which individuals 

experience adverse reactions to general anesthesia that can be fatal. Despite the 

debilitating nature of congenital myopathies, their biology is poorly understood. 

Furthermore, many individuals exist that are afflicted by congenital myopathies of 

unknown origin.  

In skeletal muscles, EC coupling occurs at triads. Triads are junctions of the 

transverse tubules that are infoldings of the plasma membrane and the sarcoplasmic 

reticulum (SR), an internal Ca2+ store. Changes in the membrane voltage of the 

transverse tubules are detected by the dihydropyridine receptor (DHPR), an L-type Ca2+ 

channel located in the transverse tubule membrane at triads (Bannister, 2007; Tanabe 

et al., 1990; Tanabe et al., 1988)

contains the pore and several accessory subunits. Activated DHPR, in turn, is thought to 
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directly activate ryanodine receptor 1 (RyR1), which is a Ca2+ release channel in the SR 

membrane side of the triadic junctions (Paolini et al., 2004a). In mammalian skeletal 

muscles the DHPR also conducts Ca2+ from the external solution to the cytosol but this is 

not required for EC coupling (Dirksen and Beam, 1999; Tanabe et al., 1990).  

Interestingly in teleost skeletal muscles EC coupling is similarly independent of Ca2+ 

influx from the exterior and the DHPR appears to have evolved so that it no longer 

conducts Ca2+ (Schredelseker et al., 2010). Activation of RyR1 leads to release of Ca2+ 

from the SR into the cytosol, and subsequently leads to contraction mediated by the 

contractile machinery. 

Although DHPR and RyR1, the primary components of EC coupling, are well 

studied, how the regulation of EC coupling and establishment of the triadic molecular 

complex are poorly understood. EC coupling involves a complex of proteins localized to 

triads in addition to DHPR and RyR1, and the identity and roles of other components of 

the complex are largely unknown. Other components of the triadic complex include 

FKBP12, triadin, junctin and calsequestrin. Triadin, junctin and calsequestrin are SR 

proteins that regulate RyR1 from the luminal side of the SR (Beard et al., 2004; Chopra 

et al., 2009; Knollmann et al., 2006).  FKBP12 is an immunophilin, an 

immunosuppressive drug binding protein, that co-purifies and co-immunoprecipitates 

with RyR1 in striated muscles (Jayaraman et al., 1992), and appears to stabilize RyRs in 

their open state in vitro (Brillantes et al., 1994). Two other cytosolic proteins that 

interact with EC components are SepN1 and calmodulin (CaM). SepN1 is a selenoprotein 

that co-immunoprecipitates with RyR1α and is associated with myopathy 
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(Moghadaszadeh et al., 2001) and is required for formation of slow twitch muscles in 

zebrafish (Jurynec et al., 2008). CaM can bind RyR and DHPR and modify EC coupling 

(Halling et al., 2006). Despite the identification of these factors, the mechanisms by 

which they regulate EC coupling are poorly understood. These analyses illustrate the 

complexity of the EC coupling complex and its regulation, and suggest that a genetic 

strategy might be useful for further understanding EC coupling. 

Zebrafish have been useful for the analysis of a many of biological processes 

because they are amenable to forward genetic screens and in vivo manipulations 

(Driever et al., 1996; Haffter et al., 1996). Pertinent to a genetic analysis of EC coupling, 

zebrafish muscles can also be analyzed in vivo with electrophysiology and live imaging 

(Buss and Drapeau, 2000; Schredelseker et al., 2005). We took advantage of these 

features to identify a zebrafish mutation in which EC coupling was defective. The gene 

responsible for the mutant phenotype encoded for Stac3, a novel regulator of EC 

coupling. Finally we found that a missense mutation in human STAC3 is responsible for 

the debilitating Native American myopathy (OMIM255995). 

Materials and Methods 

Animals, Behavioral Analysis and Statistical Analysis 

Zebrafish were bred and maintained according to approved guidelines of the University 

Committee on Use and Care of Animals at the University of Michigan. The stac3mi34 

mutation was isolated from a mutagenesis screen using procedures previously reported 

(Driever et al., 1996; Haffter et al., 1996). Embryonic behaviors were video-recorded 
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using a Point Grey Firefly MV USB camera mounted on a stereomicroscope and analyzed 

with ImageJ. In some cases the heads of embryos were embedded in low melting temp 

agar with the trunk and tail free to move. Where indicated data were analyzed by t-

tests. 

Electrophysiology 

Previously published protocols were followed to electrophysiologically record from 

zebrafish embryonic muscles (Buss and Drapeau, 2000).  Briefly embryos were 

anaesthetized, pinned on a Sylgard dish and the skin peeled off to allow access to the 

underlying muscles. For recordings embryos were partially curarized (5 μM d-

tubocurarine) and muscles patched under visually guidance using Hoffman modulation 

optics.  Recordings of muscle responses to tactile stimulation  were made with patch 

electrodes (3-10 MΩ) filled with solution containing 105 mM K gluconate, 16 mM KCl, 2 

mM MgCl2, 10 mM Hepes, 10 mM EGTA and 4 mM Na3ATP at 273 mOsm and pH 7.2 and 

extracellular Evans solution (134 mM NaCl, 2.9 mM KCl, 2.1 mM CaCl2, 1.2 mM MgCl2, 

10 mM glucose and 10 mM Hepes at 290 mOsm and pH 7.8) using an Axopatch 200B 

amplifier (Axon Instruments), low-pass filtered at 5 kHz and sampled at 1 kHz. Data were 

collected with Clampex 8.2 and analyzed with Clampfit 9.0. Mechanosensory stimulation 

was delivered by ejecting bath solution from a pipette to the tail using a Picospritzer III 

to induce fictive swimming. Voltage dependence of contraction was performed in a 

similar fashion as above except embryos were exposed to 50 μM d-tubocurarine, 

voltage steps delivered to muscle via voltage clamp and muscle contractions video-

recorded at 60Hz.  Behavioral responses to 5mM caffeine from dissected embryos were 
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video-recorded and measured.  Caffeine was applied by a Picospritzer III (10 psi, 1 

seconds pulse).   

Ca2+ Imaging 

One cell stage embryos were injected with a plasmid using the skeletal muscle α-actin 

promoter (Higashijima et al., 1997) to drive GCaMP3 (α-actin:GCaMP3) (Tian et al., 

2009). Following further development embryos mosaically expressed the injected 

construct within skeletal muscle. 48 hpf embryos were genotyped by behavior and 

dissected to expose skeletal muscles. Prior to imaging tricaine was removed and 

embryos allowed to recover in Evans for 10 minutes and then treated with 200 μM N-

benzyl-p-toluene sulphonamide (bts) in Evans to inhibit contraction for 5 minutes. 100 

μM NMDA was added to initiate the swimming motor network (Cui et al., 2005). 

GCaMP3 expressing cells were then frame scanned at 200Hz using the resonance 

scanner of a Leica SP5 confocal microscope. Confocal software was used to measure 

relative fluorescence intensity changes and kinetics of induced Ca2+ transients. 

Immunolabeling 

Wholemounted embryos were immunolabeled as described previously (Hirata et al., 

2005). For labeling dissociated skeletal muscle fibers, 48 hpf embryos were incubated in 

collagenase type II (3.125 mg/ml in CO2-independent medium (Gibco)) at 20°C for 1.5 h 

with the muscle fibers triturated every 30 min. Fibers were spun at 380g in a benchtop 

centrifuge for 5 min, supernatant removed and fibers resuspended in CO2-independent 

medium and allowed to settle on polyornithine coated coverslips. Fibers were washed in 
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CO2-independent medium then fixed.  Dissociated muscles were labeled using 0.25% 

detergent in the incubation solutions containing the following primary antibodies/toxin:  

1/200 dilution of anti-RyR (34C IgG1, Sigma); 1/200 anti-DHPRα1 (1A IgG1, Affinity 

BioReagents);1/10 bungarotoxin-Alexa594 (Invitrogen); 1/500 anti-SV2; 1/200 anti-α 

actinin; and 1/200 anti-dystrophin (all from Iowa Hybridoma Bank). Secondary 

antibodies were anti-mouse Alexa 488/568 and anti-rabbit Alexa 488/568 (Invitrogen).  

All immunolabeled embryos or fibers were imaged by confocal microscopy. 

Positional Cloning of stac3 

To identify the gene mutated in stac3mi34 mutants, the mutation was meiotically 

mapped to PCR-scorable, polymorphic CA repeats as described previously (Shimoda et 

al., 1999) by scoring 2009 mutant embryos derived from appropriate mapping crosses. 

Flanking markers were identified located on linkage group 9; z1830 that was 0.21 cM 

north of stac3mi34 and z1663 that was 1.24 cM south. Analysis of the zebrafish genome 

database (http://www.sanger.ac.uk/Projects/Drerio/clones.shtml) revealed that z1830 

was located in a small contig of assembled sequence (Scaffold 450) from the zV5 

assembly of the sequenced genome that contained the pcbp2 gene. A new marker (zh1) 

located in pcbp2 mapped 0.11 cM north of stac3mi34. A sequenced 156 kb BAC 

(CR848672) that contained pcbp2 was identified and analyzed for potential genes with 

the gene prediction program, GENSCAN (http://genes.mit.edu/GENSCAN.html), and 

BLASTing predicted genes against the NCBI database 

(http://www.ncbi.nlm.nih.gov/BLAST). These were pcbp2, kif5a, arp5 and a gene similar 

to stac. New markers, zh34 located in kif5a (0.04 cM north), zh16 in arp5 (0.04 cM 

http://www.sanger.ac.uk/Projects/Drerio/clones.shtml
http://genes.mit.edu/GENSCAN.html
http://www.ncbi.nlm.nih.gov/BLAST


44 
 

south) and zh31 in the stac-like gene (no recombinants), were identified. The stac-like 

cDNA from wildtype and mutant embryos were isolated and sequenced and the mutant 

cDNA contained an insertion that included an in frame stop codon. Sequencing of cDNAs 

for kif5a and arp5 from wildtype and mutant embryos found no mutations suggesting 

that the stac-like gene was responsible for the stac3mi34 phenotype. Analysis of genomic 

sequences determined that the stac3mi34 allele contained a splice site mutation that 

transformed a splice donor site for the intron between exon 4 and exon 5 (GT to AT) 

that lead to incorrect splicing and inclusion of the intron in the cDNA. 

Mutant Rescue 

Rescue of stac3mi34 behavior was performed by subcloning zebrafish stac3wt, stac3mi34, 

stac3NAM or human STAC3 into pHSP70-EGFP (Halloran et al., 2000). Zebrafish stac3NAM 

construct was generated by site-directed mutagenesis converting W254 into S. 

Constructs (10 ng/μl) were injected into one cell stage embryos from a cross between 

stac3mi34 carriers with a Nanoject II (Drummond Scientific Company). At 48 hpf stac3mi34 

mutant embryos were behaviorally identified and heat induced by switching them from 

water at 28.50C to water at 370C for 1 h. After heat induction, embryos were switched 

back to 28.50C and assayed 3 and 24 h later.  Embryos with approximately 10% or more 

skeletal muscle fibers expressing EGFP were used for behavioral assays. Responses of 

embryos to touch were video-recorded and measured. For Ca2+ imaging of Stac3wt or 

StacNAM expressing muscle fibers pHSP70:stac3wt-mCherry and pHSP70:stac3NAM-

mCherry were generated along with α-actin:GCaMP3. Embryos were injected with a 1:1 

mixture of a stac3 construct and α-actin:GCaMP3 each at 10ng/μl. Following heat 
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induction embryos with skeletal muscle fibers expressing both constructs were selected 

for Ca2+ imaging. 

Polyclonal Antiserum Production and Purification 

Full length zebrafish Stac3 was expressed as a His-Sumo fusion protein in B21(DE3) cells 

(Invitrogen), and affinity-purified using Ni-NTA agarose (Qiagen).  Protein was further 

purified by electrophoresis in a NuPAGE 4-12% SDS-PAGE Bis-Tris Gel (Invitrogen), 

Coomassie staining of the gel, and subsequent excision of appropriate band. Rabbits 

were immunized with gel slices of purified fusion proteins (ProSci). Antiserum was 

purified by passing through a Sulfolink column (Thermo) containing the immobilized 

fusion protein. 

Western Blot Analysis and Immunoprecipitation 

~50 stac3mi34 mutant and sibling embryos were collected, lysed using a Total Protein 

Extraction Kit (Biochain), and isolated protein loaded and separated by SDS/PAGE as 

described in Schredelseker et al., 2005. Anti-DHPRα1 was used for immunoblotting at 

1:500 (Thermo), anti-pan-RyR at 1:2000 (DSHB 34C-c). Adult female fish were sacrificed 

using 0.1% tricaine (Sigma), skeletal muscle was dissected on dry ice, and total protein 

extracted using a Total Protein Extraction Kit (Biochain). Protein lysate from an 

individual fish was immunoprecipitated using anti-DHPRa1 (1:100), or anti-pan-RyR 

(1:200) crosslinked with BS3 (Thermo) to Protein G Dynabeads (Invitrogen). 

Quantification of Fluorescence 
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For all immuno-fluorescence quantification of Stac3, labeling between sibs and mutants 

was performed side by side to maintain conditions per experiment.  All confocal setting 

were identical between sibs and mutants during imaging per experiment.  To obtain a 

fluorescent measure a rectangular region of interest encompassing part of a band of 

labeling (band consistent with triadic localization) of muscle labeling was selected, 

roughly 3-4 micron square. In a single muscle fiber, 5 different fluorescent measures 

were taken at evenly spaced distances along a single fiber.  All 5 measures were 

averaged to represent a single fiber fluorescent signal.  Similar measures were taken 

over several embryos between sibs and mutants.  Fluorescence was standardized to sibs 

for comparison with mutants. 

Molecular Analysis of Native American Myopathy 

The cohort of individuals with NAM was previously described (Stamm et al., 2008a). 

Initially, each exon and the surrounding splicing regions of STAC3 were screened in 3 

NAM patients and 3 related individuals through PCR amplification and automated 

Sanger sequencing. After identification of the NAM mutation in exon 10 of STAC3, the 

entire cohort of available samples from NAM pedigrees was screened by exon 

amplification and sequencing for the mutation.  In all, a total of 21 individuals from 7 

Lumbee families were sequenced.  In addition, genomic DNA were screened from 2 

neurologically normal control individuals (Coriell Institute NDPT006 and NDPT009) and 

from a collection of 111 adult subjects without evidence of neurological disease (Rainier 

et al., 2006). 

Electron Microscopy 
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Electron microscopy was performed as previously described (Dowling et al., 2009).  In 

brief, zebrafish larvae at the indicated ages were euthanized with tricaine and immersed 

in Karnovsky’s fixative overnight at 40C.  They were then dehydrated, stained with 

osmium and embedded in epon.  Thin sections were cut and then samples analyzed on a 

Phillips Transmission electron microscope.  A minimum of 3 larvae per condition were 

examined. 

Results 

The mi34 Zebrafish Mutant is Defective in EC Coupling 

In order to identify new genes involved in the regulation of EC coupling, a 

forward genetic screen in zebrafish was performed to isolate motor behavior mutants 

(Cui et al., 2005; Hirata et al., 2005; Hirata et al., 2004; Hirata et al., 2007; Zhou et al., 

2006). One mutation, mi34, was autosomal recessive with mutants dying as larvae and 

exhibiting defective motor behaviors at early stages of development. Normally zebrafish 

embryos exhibited spontaneous slow coiling of the body starting at 17 h postfertilization 

(hpf), touch-induced escape contractions of the body at 22 hpf and touch-induced 

swimming by 28 hpf (Saint-Amant and Drapeau, 1998). Mutants were defective in all 

three motor behaviors with reduced amplitude of spontaneous coiling, decreased touch 

induced escape contractions and ineffective swimming (Figure 2.1; Figure 2.2A). 

Aberrant behavior in mutants could be due to defects in the nervous system and/or 

skeletal muscles. If signaling within the nervous system were abnormal in mutants, then 

one would expect the output of motor neurons to muscles to be aberrant. To determine 

this, the synaptic response of muscles to tactile stimulation of the embryo was 
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electrophysiologically recorded in vivo. Tactile stimulation initiated synaptic potentials 

in both slow and fast twitch muscles that were comparable between wildtype sibling 

and mutant embryos (Figure 2.2B). Furthermore the distribution of motor neuron 

terminals and muscle acetylcholine receptors (AChRs) were indistinguishable between 

wildtype sibs and mutants (Figure 2.3). Thus the nervous system and the NMJ were 

normal in mutants and the primary defect was in the muscle response to activation of 

the NMJ.  

Activation of the NMJ leads to depolarization of the muscle membrane potential 

that in turn initiates muscle contraction. To examine how the mutation affects the 

relationship between muscle voltage and contraction, the membrane voltage of skeletal 

muscles were depolarized to various values and the amount muscles contracted was 

measured. Mutant muscles contracted much less than wildtype sib muscles at 

depolarized membrane potentials (Figure 2.4). The decreased contraction to 

depolarizations could be due to a defect in EC coupling or a defect in the contractile 

machinery. However, the fact that mutant and wildtype sib muscles contracted similarly 

when exposed to 5 mM caffeine, an agonist of RyRs, suggested that the contractile 

machinery was intact in mutants and that the store of Ca2+ in the SR was not grossly 

perturbed (Figure 2.5). Corroborating this finding, mutant muscles exhibited no obvious 

morphological defects early in development with apparent normal distribution of 

contractile proteins and other muscle proteins. These findings coupled with normal 

activation of the NMJ in mutants pointed to a defect in EC coupling in mutant muscles.  
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Since EC coupling takes place at triads, their anatomy was examined with TEM. 

Longitudinal sections showed that triads exhibited normal anatomy in mutant muscles 

(Figure 2.2C) suggesting that aberrant EC coupling was not due to a defect in triad 

anatomy but rather a defect in function. The hallmark of EC coupling is the release of 

Ca2+ from the SR to the cytosol. EC coupling was directly examined in vivo by imaging 

Ca2+ transients in skeletal myofibers expressing the GCaMP3 Ca2+ indicator (Tian et al., 

2009) during swimming. Swimming was evoked by application of NMDA, which 

activated the swimming network in the CNS (Cui et al., 2005). Ca2+ transients were 

greatly reduced in both mutant slow and fast twitch fibers in mutant fast twitch fibers 

(Figure 2.2D, Figure 2.6). Thus the EC coupling in skeletal muscles was defective in the 

mi34 mutants.  

stac3, a Novel Muscle Gene, is the Basis for the mi34 Phenotype 

A combination of meiotic mapping and analysis of zebrafish genome resources 

identified the gene responsible for the mi34 phenotype as stac3 (Figure 2.7), a gene 

similar to murine stac that encodes an adaptor-like protein of unknown function (Suzuki 

et al., 1996). stac3 encodes for a putative 334 residue soluble protein with an N-

terminal cysteine rich domain (CRD) similar to the C1 domain found in Ca-dependent 

protein kinase and two SH3 domains (Figure 2.8 A). The mutant allele carried a splice 

site mutation that disrupted a splice donor site and led to the inclusion of intron 4 and a 

premature stop codon in the transcript. The mutation in stac3 predicted a protein that 

was truncated within the N-terminal CRD suggesting that the stac3mi34 mutation was 

functionally null. Western blotting with an antibody generated against Stac3 revealed an 
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approximately 49 kDa protein in wildtype embryos but no protein in mutants (Figure 

2.8B). In situ hybridization showed that skeletal muscles selectively expressed stac3 

during embryogenesis (Figure 2.9), and labeling with anti-Stac3 revealed that Stac3 co-

localized with the DHPRs and RyR1s at muscle triads in wildtype but not mutant 

embryos (Figure 2.8C). These findings suggested that a mutation in stac3 was 

responsible for defective EC coupling and that Stac3 was a component of the triadic 

molecular complex. 

The molecular identity of the mutation was confirmed by mutant rescue 

experiments. Induced expression of hsp70:stac3wt-egfp in mutant muscles rescued the 

behavioral phenotype and triadic localization of Stac3 whereas induced expression of 

hsp70:stac3mi34-egfp did not (Figure 2.10A). Furthermore Ca2+ imaging of mutant 

muscles co-expressing stac3wt-mCherry and GCaMP3 showed that wildtype Stac3 could 

restore normal muscle Ca2+ transients in mutant embryos (Figure 2.10B). Given that 

Stac3 co-localizes with DHPR and RyR1 at triads, we examined whether Stac3 may be 

part of the DHPR/RyR1 molecular complex. Indeed co-immunoprecipations with 

antibodies against RyR and DHPR both pulled down Stac3 from wildtype adult muscles 

(Figure 2.11) indicating that Stac3 is part of the DHPR/RyR1 complex found at triads. 

Thus Stac3 is a component of the triadic complex that is required for EC coupling in 

skeletal muscles. 

A Loss of DHPR is the Basis for Decreased EC Coupling in Embryos Deficient for Stac3 

To investigate how the loss of Stac3 leads to diminished EC coupling, the status 

of DHPR and RYR1 in mutant muscles was examined. First, dissociated skeletal muscles 
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were labeled with anti-DHPRβ1 and wildtype siblings showed striated bands along a 

muscle fiber.  In stac3mi34 muscle fibers, a banded organization can still be observed, but 

fainter compared to siblings (Figure 2.12A, top).  Quantification of the fluorescence 

intensity of β1 bands shows approximately a 40% reduction in mutants compared to 

siblings (Figure 2.12A, bottom).  Whole embryo labeling with anti-RYR showed similar 

striated banded labeling in both sibling and stac3mi34 muscle (Figure 2.12B).  Second, 

Western blotting demonstrated a dramatic decrease in DHPRα in mutants compared 

with wildtype siblings, whereas RYR protein was minimally reduced in stac3mi34 (Figure 

2.12C).  To see if the loss of Stac3 might decrease synthesis of DHPRs, the message 

levels of dhprα1sa and dhprα1sb that are expressed by the slow and fast twitch muscles, 

respectively, were assayed by qPCR. Message levels of both dhprα1a and dhprα1sb 

were comparable between wildtype siblings and mutants (Figure 2.13). These data 

suggest that the decrease in DHPRα1 in mutants cannot be due to decreased 

transcription of dhprα1.  Third, the molecular anatomy of the DHPRs at triads was 

assayed in mutants and wildtype siblings by freeze-fracture analysis (Block et al., 1988; 

Schredelseker et al., 2005). In freeze fracture EM, intramembranous particles in the 

inner leaflet of the plasmamembrane at the triadic junctions are thought to represent 

individual DHPRs and in wildtype muscles these particles are arranged in geometrically 

arrange groups of four called tetrads. There was both a decrease in the number of 

particles and complete tetrads in the skeletal muscles of mutants compared with 

wildtype (Figure 2.14A, B). In sections of muscle fibers examined with transmission 

electron microscopy (TEM) one can see rows of electron dense material called triadic 
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feet that are thought to represent the large cytoplasmic portions of RyR1.  The triadic 

feet were comparable between wildtype and mutants (Figure 2.14C). Thus in vivo 

labeling, Western blotting and freeze fracture analysis suggest a significant decrease in 

DHPRs in mutant muscles but not RYRs. Furthermore, the results are consistent with 

defective processing of DHPRs in the secretory pathway and/or decreased stability of 

DHPRs at the triadic junctions.  

A Mutation in Human STAC3 Causes a Congenital Myopathy 

The loss of Stac3 resulted in a progressive breakdown of myofibers during larval 

stages with apparent swollen SR observed by 7 dpf (Figure 2.15). Given the myopathic 

features of mutants, we explored whether stac3 mutations might cause congenital 

human myopathies. Human STAC3 mapped to chromosome 12q13-14, and its specific 

location was within the previously defined genetic locus for a rare congenital myopathy 

called Native American myopathy (NAM) (Stamm et al., 2008a; Stamm et al., 2008b). 

NAM is an autosomal recessive disorder found within the Lumbee Native American 

population of North Carolina that is characterized by a constellation of clinical features 

including congenital onset of muscle weakness, susceptibility to malignant 

hyperthermia, multiple joint contractures, dysmorphic facial features including ptosis 

and 36% mortality by 18 years of age. Patient muscle biopsies revealed a non-specific 

myopathic pattern. The genetic basis of NAM remained unsolved, though the presence 

of susceptibility to malignant hyperthermia as a clinical feature suggested a defect in a 

component of the EC coupling apparatus. To see if STAC3 was the basis for NAM, STAC3 

coding regions were sequenced in a cohort of 7 NAM families that included 5 affected 
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and 16 unaffected individuals. In all affected individuals, there was a G>C missense 

mutation of base pair 1046 in exon 10 of the STAC3 gene (Ensembl transcript ID 

ENST00000332782). This mutation resulted in a tryptophan (W) to serine (S) 

substitution at amino acid 284 in the first SH3 domain (Figure 2.16A). The sequence 

change perfectly segregated with the NAM phenotype, and was not found in any 

unaffected family members nor in > 200 control individuals. In addition, STAC3 has been 

sequenced as part of the 1000 genome project, and this mutation has not been 

detected. This pattern of inheritance suggested that STAC3 was the basis for the 

congenital myopathy. 

How the NAM mutation might affect the function of Stac3 was determined to 

confirm that the NAM allele of STAC3 was the basis for the myopathy. To do this the 

analogous W>S substitution was encoded in zebrafish stac3 (hsp70:stac3NAM-egfp) and 

expressed in stac3mi34 null mutant muscles to assay for phenotypic rescue. Unlike 

stac3wt-egfp, expression of stac3NAM-egfp failed to rescue touch induced swimming 

although some Stac3NAM localized to triads (Figure 2.16B). Furthermore, Ca2+ imaging of 

mutant fast twitch muscles expressing stac3NAM-mCherry and GCaMP3 exhibited Ca2+ 

transients that were decreased compared with mutant muscles expressing stac3wt-

mCherry and GCaMP3 (Figure 2.10B, Figure 2.16C). Additionally, expression of wildtype 

human STAC3 in mutant zebrafish muscles rescued the motor phenotype (Figure 2.17). 

Thus the NAM mutation significantly diminishes EC coupling in fast twitch muscles 

suggesting that the NAM phenotype is due to decreased EC coupling in the skeletal 

muscles of patients afflicted with NAM. 
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Discussion 

 This study identified Stac3 as a novel regulator of EC coupling in skeletal muscles. 

In principle Stac3 could regulate EC coupling by a variety of mechanisms. First, Stac3 

might modulate the channel properties of DHPR and/or RyR1 or how DHPR and RyR1 

interact. The triadic localization of Stac3 and biochemical demonstration that Stac3 is 

part of the DHPR/RyR1 complex are consistent with this possibility. Regulation of DHPR 

or RyR1 channel properties by other triadic components include modulation of the 

properties of DHPR by RyR1 and of RyR1 by FKBP12. In RyR1-deficient myotubes the 

complement of DHPR on the muscle membrane is normal, but the DHPRs pass much less 

Ca2+ than normal (Nakai et al., 1996). The immunophilin, FKBP12, copurifies with RyR 

and anti-FKBP12 can pull down RyR in striated muscles (Jayaraman et al., 1992). When 

RyR were examined with single channel recordings, FKBP12 was found to optimize 

channel function (Brillantes et al., 1994). The β1a subunit of DHPR also appears to be 

critical for interactions between DHPR and RyR1 since β1a is required for formation of 

DHPRs into tetrads (Schredelseker et al., 2005). Second, Stac3 might regulate the 

synthesis of DHPR. However, the finding that transcription of dhprα1a and dhprα1b are 

comparable between mutants and wildtype siblings argues against this possibility. Third, 

Stac3 might be involved in protein trafficking or stability of DHPR. An example of a 

factor that may be important for trafficking or stability of DHPRs is REM, a member of 

the RGK GTP-binding protein family. REM can bind β subunits of voltage-dependent Ca2+ 

channels when expressed heterologously and overexpression of REM inhibits L-type Ca2+ 

channels in C2C12 cells (Finlin et al., 2003) and in skeletal muscles due to a decrease of 
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DHPR in the muscle membrane (Bannister et al., 2008a) via dynamin dependent 

endocytosis (Yang et al., 2010). Although the loss-of-function phenotype for REM is not 

known, these results suggest that REM may inhibit localization of DHPRs in triads either 

by decreasing processing of the channels into triadic junctions or by increasing the 

removal of the channel from triads.  

 The fact that Stac3 localizes to triads and is part of the DHPR/RyR1 molecular 

complex is consistent with a role for Stac3 in protein trafficking of DHPRs to and/or 

stability at triads. This possibility is further supported by a decrease in DHPRs in stacmi34 

mutants as assayed by triadic labeling in embryos, Western blotting and freeze fracture 

analysis. It should be possible to investigate this hypothesis further in future 

experiments in zebrafish by pharmacological and genetic manipulations to directly 

examine protein trafficking of DHPRs to the triads and endocytotic removal of DHPRs 

from the triads. Furthermore, the availability of mutants deficient for DHPR 

(Schredelseker et al., 2005; Zhou et al., 2006) and RyR1 (Hirata et al., 2007) in addition 

to the stac3mi34 mutant should be invaluable for analysis of how Stac3 regulates ER 

coupling. 

These same approaches should also be useful for the generation of a transgenic 

line of stac3NAM mutant zebrafish to delineate the biology of NAM and for identifying 

potential therapeutic agents. This is particularly relevant given the increasing 

recognition of mutations in genes associated with EC coupling in a growing range of 

human muscle diseases. In addition, STAC3 is an attractive candidate for the genetic 

basis of currently undefined congenital myopathies, particularly those associated with 
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susceptibility to malignant hyperthermia and/or those with phenotypes similar to those 

of patients with RYR1 or DHPR mutations. 
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Figure 2.1 
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Figure 2.1:  Spontaneous and touch induced responses from stac3mi34 mutants 
compared to siblings. (A) Spontaneous coiling recorded at 19 hpf wt siblings (top) and 
stac3mi34 (bottom).  Montage shows behavior sampled every 0.7 seconds. (B) Touch 
induced tail flips recorded at 27 hpf wt siblings (top) and stac3mi34 (bottom).  Montage 
shows behavior sampled every 0.17 seconds.  (C) Touch induced swimming recorded at 
48 hpf wt siblings (top) and stac3mi34 (bottom).  Montage shows behavior sampled every 
0.07 seconds.  Partially contributed by Dr. Hiromi Hirata. 
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Figure 2.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: EC coupling is defective in stac3mi34 mutant embryos. All panels show data 
from 48 hpf embryos. (A) Response to tactile stimulation in wt and stac3mi34 embryos. 
Panels show superimposed frames (30 Hz) of swimming motion from wt sibling but not 
stac3mi34 embryos with heads embedded in agar. (B) Voltage recordings showing touch 
evoked synaptic responses of slow twitch and fast twitch muscles of wt sibling and 
stac3mi34 mutants. Arrowhead denotes moment of applied tactile stimulation.  (C) TEM 
of wildtype (left) and stac3mi34 (right) showing t-tubule structure.  Scale bar 100nM. (D) 
Activity induced calcium release in fast twitch muscle.  Left shows representative Ca2+ 
transient traces from fast twitch fibers.  Right is quantification of peak Ca2+ transients 
recorded from GCaMP3 expressing fast twitch fibers.  Peak response is significantly 
decreased in stac3mi34 mutants with black and gray bars representing wt sib (fast, n=5) 
and stac3mi34 (fast, n=9) fibers, respectively.  Asterisk signifies p<0.01.  Fictive swimming 
(B) courtesy of Dr. Louis Saint-Amant.  TEM (C) courtesy of Dr. Clara Franzini-Armstrong. 
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Figure 2.3 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Distribution of the neuromuscular junction (NMJ) is unperturbed in stac3mi34 
embryos. Sideview of the trunk of a 48 hpf wt sib and stac3mi34 embryo showing 
bungarotoxin‐Alexa594 (BTX) labeled distribution of AChRs (red) is normal (top) as is the 
anti‐SV2 (green) labeled presynaptic terminals (middle). The BTX and anti‐SV2 labeled 
panels are merged to show co‐localization (bottom). 
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Figure 2.4 

 

 

 

 

 

 

 

 

 
Figure 2.4: Depolarization initiated muscle contraction is decreased in stac3mi34 embryos 
at 48 hpf. Muscle fibers were voltage clamped in vivo to different membrane potentials 
for 200 ms and imaged at 60 Hz to measure the amount of contraction as a % of the 
relaxed fiber length was measured. Wt sib fibers (n=5) and stac3mi34 fibers (n=4) are 
denoted by triangles and circles, respectively. The difference in contraction was first 
significant (p<0.01) starting at 10 mV through to 90 mV. 
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Figure 2.5 

 

 

 
Figure 2.5: Caffeine induces skeletal muscle contractions that were similar between wt 
sib and stac3mi34 embryos at 48 hpf. Left, histogram of contraction induced by 5 mM 
caffeine in the presence of 50 mM curare. Right, the distribution of α‐actinin and 
dystrophin are normal in stac3mi34 embryos. α‐actinin labeling is shown on dissociated 
muscle fibers while dystrophin is on whole-mounted embryos. 
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Figure 2.6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Calcium release is decreased in stac3mi34 zebrafish slow twitch muscle fibers. 
Ca2+ transients recorded from GCaMP3 expressing slow twitch fibers are significantly 
decreased in stac3mi34 mutants. (A) Shows quantification of peak Ca2+ release with the 
black bar representing wt sib (slow, n=5) and stac3mi34 (slow, n=7) fibers. # denotes that 
peak Ca2+ was 0.  Recordings performed with 48 hpf embryos. 
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Figure 2.7 

 

 
 
 
Figure 2.7: Meiotic mapping of the stac3mi34 locus to the stac3 gene.  Initial meiotic 
mapping of stac3mi34 located it to chromsome 9 between markers z1830 and z1663. 
Numbers in parentheses denote x recombinants in y mutants. A sequenced 156 kb BAC 
(CR848672) was identified that contained z1830 and high resolution mapping identified 
new markers (zh1, zh34 and zh16) that flanked the mutation within the BAC. A 4th 
marker, zh31, located in the stac3 gene showed no recombination with the mutation 
out of 2009 mutant embryos suggesting that the mutant locus was stac3.  Mapping and 
cloning of zebrafish stac3 courtesy of Dr. Hiromi Hirata. 
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Figure 2.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: stac3 a muscle specific gene is the basis for the stac3mi34 phenotype. (A) 
Diagram of the predicted wt and mutant Stac3 protein (top). DNA sequence of 
corresponding regions of wt cDNA, wt genomic DNA, and stac3mi34 cDNA showing that a 
missense mutation in a splice donor site lead to the inclusion of the intron (red lettering) 
and stop codon (asterisk) in the mutant cDNA. (B) Western blot of pooled sib and mi34 
mutant embryos protein probed with anti-zebrafish Stac3 antibody.  β-actin was the  
loading control. (C) Stac3 co-localizes with RyR and DHPRα1 in skeletal muscles. Left, 
side view of the trunk of 48 hpf embryos labeled with anti-Stac3 showing that both fast 
twitch and slow twitch express Stac3 in wt but not mutant embryos. Scale: 60 um. Inset 
shows the brightfield image of the trunk of the mutant. Right, dissociated 48 hpf 
wildtype muscle fibers labeled with anti-Stac3 and anti-RyR or anti-DHPRα1 showing 
that Stac3 co-localizes with RyR and DHPRα1. Scale: 5 um.  Western blot (B) courtesy of 
Jeremy Linsley. 
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Figure 2.9 

 

 

 

 

 

 

 

Figure 2.9:  stac3 is expressed specifically by skeletal muscles in zebrafish embryos. 
Sideview of the trunk of a wildtype embryo (27 hpf) labeled with an antisense riboprobe 
against stac3 mRNA showing several segments of stac3 positive skeletal muscles. stac3 
was not expressed in any other cells at this stage.  The sense riboprobe did not label any 
cells (not shown). 
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Figure 2.10 

 

 

Figure 2.10: Expression of wt Stac3 in muscles rescues the stac3mi34 phenotype. (A) Left, 
bar graph showing that mutant embryos expressing heat inducible stac3wt-egfp (black, 
n=32) but not stac3mi34-egfp (light gray, n=4) nor uninjected mutant embryos (dark gray, 
n=10) exhibited touch evoked swimming at both 3 h post heat shock (hphs) and 24 hphs.  
# denotes a value of 0. Right panels. Superimposed frames (30 Hz, 1 sec) (top) show that 
mutant embryos expressing stac3wt but not stac3mi34 swim in response to touch 
although both are similarly expressed by muscles (middle, scale: 60 um). In dissociated 
mutant muscles Stac3wt-EGFP localizes to striated bands but Stac3mi34-EGFP does not 
show a distinct pattern (bottom, scale: 10 um). (B) In vivo expression of Stac3wt-mCherry 
by mutant muscle fibers rescues Ca2+ transients. Left panels, examples of stac3mi34 
mutant fast twitch fibers co-expressing a-actin driven GCaMP3 and heat induced 
Stac3wt-mCherry. The triadic localization of Stac3wt-mCherry cannot be seen due to the 
low resolution of the resonance scans used to detect the fluorescent proteins. Right top, 
Ca2+ transients from mutant fast fibers co-expressing Stac3wt-mCherry and GCaMP3. 
Bottom, bar graph showing that peak Ca2+ release is comparable between wt (black) fast 
(n=5) and rescued mutant (gray) fast (n=6) fibers. 
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Figure 2.11 

 

 

 

 

 

 

 

 

Figure 2.11: Stac3 is in a molecular complex with and DHPR and RyR. (A) Immunoblots 
showing that immunoprecipitation with anti-DHPRa1 pulls down Stac3 from adult 
skeletal muscle lysate. (B) Immunoblots showing that immunoprecipitation with anti-
pan RyR pulls down Stac3 from adult skeletal muscle lysate.  Courtesy of Jeremy Linsley. 
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Figure 2.12 
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Figure 2.12: DHPR complex protein levels are reduced in stac3mi34.  (A) Immunolabeling 
of the DHPR β1 subunit (top) in dissociated wt sibling (left) and stac3mi34 (right) mutant 
myofibers.  Wildtype siblings show striated bands of labeling.  In stac3mi34 faint bands 
can still be observed.   Scale bar 15 um.  Below shows quantification of fluorescence 
intensity along striated bands of labeling between sibs (n=3) and mi34 mutants (n=4). * 
denotes p<0.01. (B) Show whole-mounted embryo labeling of ryanodine receptor 
between sibs (left) and stac3mi34 (right) both showing banded labeling along muscle 
fibers. Scale bar 12 um.  (C) Western blot for DHPRα (left) and RYR (right) protein from 
pooled whole embryo protein (~100).  Western blots loading control is β-actin.  All 
experiments performed using 48 hpf embryos.  Western blots (C) courtesy of Jeremy 
Linsley. 
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Figure 2.13 

 

 

 

 

 

 

Figure 2.13: Levels of DHPR α transcript normal in mi34 mutants. qPCR showing 
transcript levels of slow (dhprα1sa) and fast twitch (dhprα1sb) muscle isoforms of 
DHPRα are unperturbed in stac3mi34 compared to wildtype siblings.  Standardization to 
succinate dehydrogenase complex, subunit A.  All experiments performed using 48 hpf 
embryos.  Courtesy of Jeremy Linsley. 
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Figure 2.14 
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Figure 2.14:  DHPR particles are less frequent in tetrad clusters.  (A) Representative 
freeze fracture images showing tetrad clusters (center of tetrad yellow dot) between wt 
and stac3mi34.  Scale bar 100 nm.  (B) Histograms showing distribution of DHPR particles 
within tetrad clusters (left) or particles within complete tetrads (right).  A complete 
tetrad is considered a tetrad with a minimum of 3 DHPR particles.  Both (A) and (B) 
collected at 27 hpf embryos.  (C) Thin section EM from 4 dpf embryos showing triadic 
feet representing RYR.  Both wt siblings and stac3mi34 show long rows of electron dense 
spots (arrow).  Scale 250 nm.  Courtesy of Dr. Clara Franzini-Armstrong. 
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Figure 2.15 
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Figure 2.15: Skeletal axial muscles from stac3mi34 mutants exhibit progressively defective 
SR. Electron micrographs of SR (arrayed circular profiles) from wtsib and mutant skeletal 
muscles showing that mutant muscles have relatively normal SR at 4 dpf and swollen 
ones (arrows) by 7 dpf. Mutant myofibers are breaking down at 9 dpf. Scale: 500 nm.  
Courtesy of Dr. Jim Dowling. 
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Figure 2.16 
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Figure 2.16: Missense mutation in human STAC3 causes Native American Myopathy 
(NAM). (A) Left top, sequence chromatographs of corresponding exonic region of the 
stac3 gene of individuals +/+, +/- and -/- for the NAM locus showing the G>C missense 
mutation in the stac3 gene. Right top, pedigree of an individual exhibiting NAM (black) 
and conserved missense mutation (C/C). Middle, alignment of the corresponding region 
of Stac3 containing NAM mutation showing that the missense mutation results in a W>S 
substitution in NAM individuals and that this W is completely conserved between 
various mammals and zebrafish. Bottom, diagram showing that the missense mutation 
in Stac3NAM is located in a SH3 domain. (B) Expression of Stac3NAM by muscle fibers in 
stac3mi34 embryos does not rescue touch evoked swimming. Superimposed frames (30 
Hz) showing that a heat induced mutant embryo previously injected with 
pHSP70:zstacNAM-egfp does not swim following tactile stimulation (top) despite 
expression of zStac3NAM-EGFP in myotomes and triadic localization of zStac3NAM-EGFP 
(middle, scale bars: 80 um and 10 um). Bar graph (bottom) quantify the comparable lack 
of touch evoked swimming of stac3mi34 mutants expressing the NAM allele (black) and 
wt Stac3 rescued mutants (gray) both 3 and 24 hphs. (C) Expression of Stac3NAM by 
muscle fibers in stac3mi34 embryos partially rescues Ca2+ transients in vivo. Left panels, 
examples of stac3mi34 mutant slow and fast twitch fibers co-expressing α-actin driven 
GCaMP3 and heat induced zStac3NAM-mCherry. The triadic localization of Stac3wt-
mCherry cannot be seen due to the low resolution of the resonance scans used to 
detect the fluorescent proteins. Right top, representative Ca2+ transients from mutant 
fast fibers co-expressing Stac3NAM-mCherry and GCaMP3. Right bottom, bar graph 
showing that peak Ca2+ release is decreased between fast fibers from NAM allele 
expressing (gray, n=6) and wt Stac3 expressing mutant fibers (black, n=6) embryos. 
Asterisk signifies p<0.01.  NAM mapping and human mutation characterization (A) 
courtesy of Dr. Jim Dowling. 
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Figure 2.17 
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Figure 2.17: Expression of human STAC3 by skeletal muscles in 
stac3mi34 embryos rescues the mutant behavior. Top, superimposed frames (30 Hz) 
showing swimming by a stac3mi34 mutant embryos injected with heat inducible 
constructs for human stac3 fused to EGFP following heat induction. Middle, 
sideview of the trunk of a pHSP70:hstac3wtegfp injected stac3mi34 embryo showing 
expression of human Stac3‐EGFP in myotomes in the embryo shown above. Bottom, 
histogram showing that mutant embryos expressing human Stac3‐EGFP (gray, n=4) 
swim as effectively as mutant embryos expressing zebrafish Stac3‐EGFP (black,n=32).  
Human STAC3 cloned courtesy of Jeremy Linsley and Akhila Satish. 
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CHAPTER 3 

ZEBRAFISH STAC3 MEDIATES THE TRAFFICKING OR STABILITY OF THE SKELETAL 
MUSCLE DIHYDROPYRIDINE RECEPTOR 

 

Abstract 

 Excitation-contraction (EC) coupling is the process of converting electrical input 

to a chemical output in skeletal muscle necessary for contraction and movement.  In 

skeletal muscle, the primary complexes involved in EC coupling are well known, but the 

mechanisms and proteins that regulate EC coupling are poorly understood.  The novel 

adapter protein Stac3, associates with the triadic complex, and is critical for normal 

excitation induced calcium release (Chapter 2).  However, the EC coupling proteins 

necessary for Stac3 localization are unknown.  A second issue raised by the 

identification of stac3 is the mechanism by which the loss of Stac3 impairs calcium 

release.  Here we show by using previously known zebrafish EC coupling mutants that 

the dihydropyridine receptor (DHPR) complex is required for normal localization of 

Stac3.  In addition, the proper spatial interactions of DHPR and RYR do not appear 

necessary for Stac3 targeting.  Furthermore, the previously identified congenital 

myopathy, Native American Myopathy (NAM), caused by a partial loss of function allele 

in Stac3 was employed to understand the mechanism of Stac3 function.  We found that 

the homologous zebrafish NAM mutation expressed in Stac3 null zebrafish can rescue 

swimming behavior in a temperature sensitive fashion.  Permissive temperatures allow 

Stac3NAM to localize in a pattern similar to the triadic localization in stac3wt, while non-

permissive temperatures result in predominately peri-nuclear localization.   These 
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findings are consistent with the possibility that Stac3 mediates the trafficking or stability 

of the DHPR complex. 

Introduction 

 Skeletal muscle is a specialized tissue for the generation of force responsible for 

movement.  Electrical input into the muscle from the nervous system is converted into 

chemical signals, which initiate contraction in skeletal muscle by a process known as 

excitation-contraction (EC) coupling.  The primary components of EC coupling are the 

dihydropyridine receptor (DHPR) and the ryanodine receptor (RYR).  The DHPR is an L-

type calcium channel, which serves as a voltage sensor that in turn directly activates the 

RYR.  The RYR is the primary calcium release channel found in the membrane of the 

sarcoplasmic reticulum (SR), the calcium storage organelle of muscle (Bannister, 2007; 

Paolini et al., 2004b; Protasi et al., 2002; Tanabe et al., 1990; Tanabe et al., 1988).  The 

entire set of components for EC coupling are localized in triads, specialized junctions 

between the transverse tubules (t-tubules, invaginations of the sarcolemma), with the 

SR membrane (Flucher et al., 1993b).  Furthermore, specialized spatial formations of 

four DHPRs positioned over a single RYR, referred to as a tetrad, aggregate in organized 

arrays necessary for calcium release (Block et al., 1988; Protasi et al., 1998).  Despite 

considerable understanding of the physiology and molecular anatomy of EC coupling, 

how the specialized structures form and how the molecular EC coupling complex is 

targeted is poorly understood. 
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 One component known to be important for triadic localization of the DHPR 

complex is the β subunit of DHPRα.  DHPR is comprised of a pore forming α1 subunit 

and β, α21, and  subunits (Catterall et al., 2005).  Knockouts of the β subunit in both 

mice (Gregg et al., 1996) and zebrafish (Schredelseker et al., 2005; Zhou et al., 2008) 

demonstrate that this subunit is essential for functional DHPRs to be localized to triads.  

In addition, the β subunit is necessary to support the interactions between the DHPR 

and RYR required for tetrad formation (Schredelseker et al., 2005).   The β subunit can 

regulate the DHPR complex by binding small G-proteins of the RGK family such as Rem 

and Rad (Finlin et al., 2003).  Studies from heterologous systems illustrate that a RGK/β 

interaction can suppress L-type calcium channels by either immobilizing the voltage 

sensor or reducing the number of functional channels in the membrane (Bannister et al., 

2008a; Yang et al., 2010), through dynamin mediated endocytosis (Yang et al., 2010).  

Interestingly, dimerization of the SH3 domain of the calcium channel β subunit can 

recruit dynamin (Miranda-Laferte et al., 2011).  

Other trafficking mechanisms have been demonstrated using the cardiac DHPR β 

subunit.  These studies show that β protects the channel pore subunit from the 

endoplasmic reticulum-associated protein degradation (ERAD) quality control system.  

DHPR β blocks a specific ubiquitination sequence within the DHPR and allows proper ER 

export and subsequent targeting (Altier et al., 2011).  These studies collectively 

demonstrate a diverse range of modulatory pathways in which the DHPR can be 

trafficked and regulated.  Further work elucidating novel pathways of regulation will 
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significantly assist in understanding an essential and complex process critical to muscle 

biology. 

 A null mutant of the adapter-like protein Stac3 was identified in zebrafish and 

referred to as stac3mi34 (Chapter 2) .  Stac3 is unique to skeletal muscle, associates with 

the EC complex, and appears to predominately affect triadic localization of the DHPR 

complex (Chapter 2).  Indeed, EC coupling is significantly impaired by the absence of 

Stac3 in muscle.  In addition, a missense mutation of STAC3 in humans is the basis of a 

congenital disease known as Native American Myopathy (NAM) (Chapter 2).  NAM 

results in muscle weakness, cleft palate, ptosis, and susceptibility to malignant 

hyperthermia (MH) (Stamm et al., 2008a).   

Despite the identification of Stac3 as a key component of the EC complex, 

numerous questions remain about its function and the mechanisms by which it 

influences EC coupling.   Here we use the stac3mi34 line, along with other EC coupling 

protein mutants to investigate which complexes or interactions are critical for the 

normal localization of Stac3.  In addition, we demonstrate that zebrafish Stac3NAM, the 

homologous mutation to NAM, rescues behavior and Stac3 localization in a temperature 

sensitive manner.  Considering previously published reports of temperature sensitive 

rescue of ion channel function being related to protein trafficking or protein stability 

(Maljevic et al., 2011; Rusconi et al., 2007; Sharkey et al., 2009), we have begun 

exploring whether the mechanism of Stac3 is to regulate trafficking of DHPR. 

Materials and Methods 
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Animals, Behavioral Analysis and Statistical Analysis 

Zebrafish were bred and maintained according to approved guidelines of the University 

Committee on Use and Care of Animals at the University of Michigan. The stac3mi34 

mutation was isolated from a mutagenesis screen using procedures previously reported 

(Driever et al., 1996; Haffter et al., 1996). Embryonic behaviors were video-recorded 

using a Point Grey Firefly MV USB camera mounted on a stereomicroscope and analyzed 

with ImageJ. 

Immunolabeling 

Wholemounted embryos were immunolabeled as described previously (Hirata et al., 

2005). For labeling dissociated skeletal muscle fibers, 48 hpf embryos were incubated in 

collagenase type II (3.125 mg/ml in CO2-independent medium (Gibco)) at 20°C for 1.5 h 

with the muscle fibers triturated every 30 min. Fibers were spun at 380g in a benchtop 

centrifuge for 5 min, supernatant removed and fibers resuspended in CO2-independent 

medium and allowed to settle on polyornithine coated coverslips. Fibers were washed in 

CO2-independent medium then fixed.  Dissociated muscles were labeled using 0.25% 

Triton X100 detergent in the incubation solutions containing the following primary 

antibodies/toxin:  1/200 dilution of anti-RyR (34C IgG1, Sigma); 1/200 anti-DHPRα1 (1A 

IgG1, Affinity BioReagents); 1/1000 anti-mCherry (IgG1, Clontech); 1/500 anti-calnexin 

(IgG1, Sigma). Secondary antibodies were anti-mouse Alexa 488/568 and anti-rabbit 

Alexa 488/568 (Invitrogen).  All immunolabeled embryos or fibers were imaged by 

confocal microscopy. 
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Quantification of Fluorescence 

For all immuno-fluorescence quantification of Stac3, labeling between sibs and mutants 

was performed side by side to maintain conditions per experiment.  All confocal setting 

were identical between sibs and mutants during imaging per experiment.  To obtain a 

fluorescent measure a rectangular region of interest encompassing part of a band of 

labeling (band consistent with triadic localization) of muscle labeling was selected, 

roughly 3-4 micron square. In a single muscle fiber, 5 different fluorescent measures 

were taken at evenly spaced distances along a single fiber.  All 5 measures were 

averaged to represent a single fiber fluorescent signal.  Similar measures were taken 

over several embryos between sibs and mutants.  Since bands could not be observed in 

ryr mutants, measurements were taken as closely to the location of a putative band 

location as possible.  Fluorescence was standardized to sibs for comparison with 

mutants. 

Fluorescence Banding Pattern Index 

A three part qualitative banding index was applied to the whole mount labeling of 

zStac3 from red and ryr mutants.  First, images were converted to black and white using 

ImageJ under consistent thresholds for either experimental group.  This established 

consistent images for comparison with the elimination of background.  Next, one somite 

within a whole embryo was divided into quarters to further sample variability in banding 

over a single embryo.  From each quarter somite a value was given based on strength of 

the banding pattern (1-3) indicating: 1) No apparent organized banding, all signal 

random, 2) Some indication of banding on fibers.  Banding  not always continuous across 
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fibers, 3) Strong banding observed with clear areas of signal and no signal obvious 

across the entire length of fibers. 

Expression of β2a 

Rat CACNB2a was a kind gift from the Grabner lab.  For expression in mi90 red embryos 

the CACNB2a was subcloned in pHSP70:mCherry in frame with the mCherry.  Induction 

of expression was performed as previously described (Chapter 2).  In brief, injected 

embryos were raised to 48 hpf, when phenotypic mi90 mutants were separated and 

heat shocked for 1 hour at 370C.  Embryos were given 24 hours to allow protein 

production before being fixed for labeling.  Labeling was performed for anti-mCherry 

and anti-zStac3 as described in immunolabeling methods.  Whole embryos were imaged 

and muscle fibers showing mCherry signal were selected. 

Generation and Expression of Stac3NAM  

Expression of stac3NAM was performed by subcloning zebrafish stac3 into pSKM-EGFP. 

Zebrafish stac3NAM was generated by site-directed mutagenesis (SDM) converting W254 

into S.  Forward mutagenic primer 5` CTAATGAGGAGTCCTGGAGGGGCAAGATTG 3` and 

reverse mutagenic primer 5` CAATCTTGCCCCTCCAGGACTCCTCATTAG 3` . A standard 

Stratagene Quick-change PCR SDM protocol was used to introduce the missense 

mutation.  Successful SDM reactions were confirmed by DNA sequencing.  Constructs 

(10 ng/μl) were injected into one cell stage embryos of a cross between stac3mi34 

heterologous carriers with a Nanoject II (Drummond Scientific Company). Embryos were 

raised at 28.50C.  At 48 hpf stac3mi34 mutant embryos were behaviorally identified by 
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absence of swimming behavior.  Embryos with approximately 10% or more skeletal 

muscle fibers expressing EGFP were used for behavioral assays.  

Temperature Assay of Stac3NAM expressing embryos 

Heterozygous in-crosses of mi34 carriers were injected with pHSP70:zstac3NAM-EGFP.  

Induction of construct expression was carried out as previously described.  In brief, 

injected embryos were raised at 28.50C till 48 hpf and mutants were separated based on 

lack of swimming.  Mutants were induced for 1 hour at 370C and then returned to 

28.50C for 3 hours.  After 3 hours at 28.50C embryos with 10% or more mosaic EGFP in 

muscle were assayed for touch response.  Construct expressing mutants were then 

placed at 200C overnight for approximately 18 hours and touch response was assayed 

again.  In addition, the construct pSKM: zstac3NAM-EGFP was generated.  Carrier in-

crosses were injected as previously described and raised to 48hpf at 28.50C.  At this time 

point wildtype siblings and mi34 mutants were separated based on the presence or 

absence of a swimming response, respectively.  Each set of embryos was then subjected 

to various temperatures.  At 48 hpf (time point t0), embryos expressing Stac3NAM-EGFP 

were assayed after being raised at 28.50C.  All numbers collected are from embryos that 

were exposed to each temperature time point in succession.  Swimming distance was 

recorded in response to a tactile stimulation provided by forceps.  Expressing embryos 

were then placed at 200C for 18 hours (time point t18) and swimming distance assayed 

as before.  All embryos were then returned to 28.50C for 2 hours (time point t20) before 

again recording swimming distance.  During recording of swimming behavior, any given 

embryo was not outside of stated target temperature for more then 6 minutes. 
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Temperature Dependent Localization of Stac3NAM 

 In-crosses of mi34 carriers were performed and embryos were injected with the 

construct pHSP70:stac3NAM-mCherry as previously described (Chapter 2).  Embryos were 

raised at 28.50C till 48hpf and phenotypic mi34 mutants separated.  Expression of the 

constructed was induced with a 1 hour heat shock at 370C.  After heat shock embryos 

were separated into two populations.  One group was raised at 28.50C and the other at 

200C.  At approximately 24 hour post heat shock (embryos approximately 66-72 hpf) 

whole embryos were immunolabeled with anti-mCherry as previously described.  For 

calnexin labeling, used as comparative marker for Stac3NAM, dissociated myofibers were 

used. 

Results 

Stac3 requires the EC complex for normal localization 

 The proteins required to localize Stac3 are unknown.  To explore this question 

we used the relatively relaxed (ryr) zebrafish mutant, which lacks RYR1b, the isoform 

found specifically in fast twitch fibers (Hirata et al., 2007).  The work of Hirata et al 

demonstrated that in fast twitch fibers the lack of RYR1b resulted in a loss of many 

other components of the EC coupling complex including DHPR and all associated 

subunits, yet without disrupting the formation of the triad.  Representative images of 

zStac3 labeling showed a banded pattern in a sibling and a random punctate pattern in 

mutants (Figure 3.1A).  A similar observation is seen when the same representative 

images are converted to black and white and background reduced (Figure 3.1B).  
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Quantification of the fluorescent signal in sibs and ryr shows a significant decrease of 

the signal intensity in ryr (Figure 3.1C).  Furthermore, the banded pattern observed in 

siblings is reduced to a random punctate pattern in mutants (Figure 3.1D). 

RYR is not sufficient for Normal localization of Stac3 

 To determine the critical proteins necessary for Stac3 association and targeting, 

we employed another previously described EC coupling zebrafish mutant.  The mi90 

allele of the relaxed (red) zebrafish mutant is a null of the L-type calcium channel 

subunit β1a, and results in a total loss of the DHPR α1S from skeletal muscle in both fast 

and slow twitch fibers (Zhou et al., 2006).  Despite the absence of the DHPR complex in 

red mutants, immunolabeling shows banded RYR labeling similar to wildtypes (Figure 

3.2A).  In addition, inducing calcium release with the RYR agonist caffeine, results in 

levels of contraction similar to wildtype siblings (Figure 3.2B).  These results suggest that 

in red muscles there are grossly normal levels of functional RYR localized in the SR 

membrane.   

Representative images showing zStac3 labeling in a banded pattern in siblings 

embryos while weaker and more disorganized labeling is observed in red mutants 

(Figure 3.3A).  Similar patterns are observed when the same images are converted to 

black and white with a background reduction (Figure 3.3B).  Quantification of the 

fluorescent signal shows that overall fluorescence intensity is significantly reduced in red 

mutants (Figure 3.3C).  Analysis of the degree of patterning in red mutants shows a 

significant reduction from siblings (Figure 3.3D).  However, a banding index value 

approaching two shows a degree of discernible pattern within some somatic sections. 
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The DHPR complex is capable of localizing Stac3 

   Previous work from the Grabner lab has shown that targeting the DHPRα to the 

triad is an intrinsic property of all L-type calcium channel β subunits, including the 

cardiac and neurally expressed β2a subunit.  This study also demonstrated that only the 

skeletal muscle specific β1a was capable of supporting the necessary interactions 

between the DHPR and RYR to allow physical coupling, as observed by the presence of 

tetrads (Schredelseker et al., 2009).  Therefore, we induced expression of β2a fused to 

mCherry in red embryos and assayed for localization of Stac3.   With expression of β2a it 

is expected that the DHPR and RYR would be localized to triads yet without being 

coupled.  Membrane and striated banded β2a-mCherry labeling was observed in red 

mutant muscle (Figure 3.4 top panel). In these muscle fibers banded labeling of 

endogenous Stac3 was observed (Figure 3.4, middle panel) co-localizing with the 

banded β2a-mCherry fluorescence (Figure 3.4, bottom panel). 

Stac3NAM Rescues Swimming and Localization in a Temperature Sensitive Manner 

 Studies show that some loss of function mutations in ion channels could be 

rescued in a temperature sensitive manner (Maljevic et al., 2011; Rusconi et al., 2007; 

Sharkey et al., 2009).  Stac3NAM differs from wildtype by only a single amino acid, and so 

might be temperature sensitive.  In contrast, the stac3mi34 mutant is a null, lacking most 

of the protein, so its function was not expected to be temperature sensitive.  Induced 

expression of zebrafish Stac3NAM , using the pHSP70:zstac3NAM-EGFP construct, in the 

skeletal muscle of stac3mi34 does not result in a swimming rescue compared to un-

injected mutants at physiological temperature (28.50C) at observed time points up to 72 



91 
 

hpf, or 24 hours post heat shock (hphs) (Chapter 2).  We therefore decided to test the 

effect of a lower temperature.  As previously described (Chapter 2), mi34 mutants raised 

at 28.50C were induced to express Stac3NAM at 48 hpf (time point T0), and showed 

minimal touch response.  After assaying behavior, embryos were placed at 200C 

overnight (time point T2) before assaying touch response again.  Stac3NAM expressing 

mutants raised overnight at 200C showed a significant increase of touch response.  

Finally, embryos were returned to 28.50C for 2 hours (time point T3) and minimal touch 

response was recorded (Figure 3.5). 

 Since temperature influenced the behavior of Stac3NAM expressing mi34 mutants, 

we wanted to negate the potential influence of a temperature sensitive promoter.  

Therefore, we used the α-actin promoter to generate the construct pSKM:zstac3NAM-

EGFP to drive expression specifically in skeletal muscle.  The pSKM:zstac3NAM-EGFP  

construct was injected into mi34 carrier in-crosses and the embryos were raised to 48 

hpf at physiological temperatures (28.50C).  Phenotypic mi34 mutants were identified 

and screened for EGFP fluorescence in skeletal muscle to indicate mosaic expression of 

Stac3NAM (Figure 3.6A).  The swimming response to tactile stimulation of Stac3NAM 

expressing embryos was then observed at 48 hpf (referred to as time point zero (t0)) 

(Figure 3.6B, left panel).   Stac3NAM expressing embryos were then placed at 200C for 18 

hours (approximately 66 hpf (time point t18)), and the tactile response was again 

examined (Figure 3.6B, middle panel).  Finally, embryos were returned to 28.50C for 2 

hours (time point t20 or approximately 68 hpf) and response to tactile stimulation 

assayed (Figure 3.6B, right panel).  Quantification of 23 mi34 mutant embryos 
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expressing Stac3NAM shows significant restoration of swimming in response to touch at 

the tested permissive temperature (200C), which was reversed with non-permissive 

temperatures (Figure 3.6C).  Likewise, the influence of temperature was observed in 

wildtype sibling embryos injected with pSKM:zstac3NAM-EGFP to rule out a potential 

dominant-negative influence.  At 48 hpf wildtype siblings were identified with mosaic 

expression of Stac3NAM-EGFP in skeletal muscle (Figure 3.7A).  Embryos were exposed to 

the same temperature paradigm as the previously described mi34 mutants (above).  At 

each time point the swimming behavior was observed in response to touch (Figure 

3.7B).  Quantification of the touch response of wildtype siblings expressing Stac3NAM 

showed no significant changes based on varying temperature (Figure 3.7C). 

To further identify the impact of temperature on Stac3NAM, we looked at the 

localization of induced Stac3NAM in the mi34 background at permissive or non-

permissive temperatures.  Physiological temperatures (28.50C), yielded little to no 

banded localization of Stac3NAM in muscle; however, the signal for Stac3NAM appeared 

centrally in muscle fibers around the area surrounding the nuclei (Figure 3.8A).  

Conversely, Stac3NAM expressing mutant embryos raised at the permissive temperature 

(200C ) pre-dominantly showed Stac3NAM localization in banded patterns (Figure 3.8B).  

To understand the subcellular localization of Stac3NAM at physiological (non-permissive) 

temperatures we compared labeling with a known ER marker, calnexin. This specific 

marker was selected due to the peri-nuclear localization of Stac3NAM at non-permissive 

temperatures.  Labeling of zebrafish skeletal muscle with calnexin shows signal centrally 

located in a muscle fiber around the nuclei (Figure 3.8C). 
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Discussion 

 The EC complex includes the DHPR and RYR localized to triads and are visible as a 

banded pattern in muscle fibers.  Previously, we demonstrated Stac3 co-localizes with 

DHPR and RYR as well as binds to the DHPR/RYR molecular complex.  These data show 

that Stac3 is part of the EC coupling molecular complex localized to triads.   

From this current study, we found that removal of the DHPR complex, in red 

mutants, significantly reduced the normal banded localization of Stac3 despite normal 

triadic RYR.   Furthermore, our evidence suggests that triadic DHPR uncoupled from 

triadic RYR is capable of localizing Stac3 in a pattern consistent with wildtype skeletal 

muscle.  Together these experiments imply that the DHPR complex or an associated 

protein(s) have a significant impact on the localization of Stac3, whereas, RYR appears to 

have a minimal influence on the localization of Stac3.  However, the complex interaction 

of DHPR and RYR could have unforeseen consequences in the localization or function of 

Stac3.  In addition, our current results do not directly demonstrate Stac3 interacts with a 

protein within the DHPR complex.    

Here we have made the novel discovery that zebrafish Stac3NAM can rescue the 

touch induced swimming behavior of mi34 in a temperature sensitive manner. In order 

to show that StacNAM was not acting as a dominant negative at any of the tested 

temperatures, we investigated the impact of Stac3NAM on wildtype siblings.  At no point 

did expression of Stac3NAM in wildtype siblings impair touch induced swimming.  This 

suggests that permissive temperatures were permitting Stac3NAM to rescue mi34 mutant 

behavior.  Furthermore, the localization of the Stac3NAM protein is influenced by 
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temperature.  Comparison of calnexin labeling and Stac3NAM at non-permissive 

temperatures suggests localization consistent with the ER.  If Stac3NAM is localizing with 

the ER, the lack of any known ER retention signals within the Stac3 sequence would 

suggest localization to the cytoplasmic side of the ER membrane.  However, further 

experiments are required to confirm this hypothesis.  Interestingly, Stac3NAM expressing 

muscle fibers from embryos raised at permissive temperatures show localization 

consistent with wildtype Stac3.  These results would suggest that permissive 

temperatures allow Stac3NAM to achieve the conformation or functional interaction 

necessary to target to its normal endogenous location.  It will be interesting to 

determine if normal levels of triadic DHPR are also rescued at permissive temperatures.  

Considering that we achieve a behavioral rescue, and that Stac3 requires the DHPR 

complex for targeting, we would expect a DHPR complex rescue.   

 The fact that temperature rescues behavior and Stac3NAM localization suggests 

several possible mechanisms of regulating EC coupling.  One model is that Stac3 is 

necessary for DHPR trafficking from the ER to the area of the triad.  Similar mechanisms 

are known from other studies showing that the DHPR β subunit in cardiac tissue 

protects the DHPR from the ERAD system and thus allow normal channel targeting 

(Altier et al., 2011).  Whether the β1a serves this role in skeletal muscle is not known, or 

if Stac3 could be a co-regulator of this mechanism.  A second model is that once Stac3 is 

at the vicinity of the triad it increases the stability of the DHPR and reduces endocytotic 

removal.  Known mechanisms exist involving dynamin mediated endocytosis of L-type 

calcium channels directed by interactions of the β subunit with small G-proteins of the 
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RGK family (Yang et al., 2010).  Stac3 could potentially be involved with a β/RGK 

mechanism or a separate mechanism independently regulating turnover.  Future 

experiments using live time-lapse imaging of the DHPR in Stac3NAM expressing skeletal 

muscle may elucidate details of the Stac3 mechanism.  The change in DHPR localization 

or intensity at triads at permissive or non-permissive temperatures could demonstrate 

how the activity of Stac3 affects the DHPR.  Similar experiments with RYR1 would 

determine if Stac3 influences RYR by any similar mechanisms.   However, future studies 

will also need to include a more detailed timeline of temperature dependent rescue in 

order to fully explore the impact of temperature on Stac3NAM activity.  Continuing work 

exploring the precise mechanism for the action of Stac3 in skeletal muscle may reveal a 

novel interaction regulating EC coupling or calcium channels. 
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Figure 3.1 
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Figure 3.1: Stac3 requires the EC complex to localize in skeletal muscle.  A) 
Representative images of whole mount zStac3 labeling in sib (top) or ryr (bottom) fast 
twitch skeletal muscle.  Blue bars partially delineate a single muscle fiber.  B) Black and 
white converted images of (A) to standardize and reduce background. C) Quantification 
of fluorescence intensity along bands of signal in either sibs (n=2) or ryr (n=3).  In ryr 
closest approximation to where band should be present was used.  D) Banding pattern 
index as sampled from black and white images.  The same group of labeled embryos 
quantified in (C) was used for patterning measure.  In ryr index is approximately one 
showing no discernible pattern of zStac3.  * denotes p<0.01.  Labeling performed on 
whole mounted embryos at 48 hpf.  Scale bar 10um. 
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Figure 3.2 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: RYR is localized and caffeine responsive in red mutants.  A)  Dissociated 
myofiber labeling with anti-RYR antibody and secondary antibody Alexa-488.  In both sib 
(left panel) and red mutants (right panel) banded labeling is observed.  B) Quantification 
of the percent somite displacement from rest (unstimulated) after exposure to 5mM 
caffeine.  Percent contraction from unstimulated is not significantly different between 
sibs and red mutants. 
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Figure 3.3 
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Figure 3.3: RYR is not sufficient for normal Stac3 localization.  A) Representative images 
of whole mount zStac3 labeling in sib (top) or red (bottom) fast twitch skeletal muscle.  
Blue bars partially delineate a single muscle fiber.  B) Black and white converted images 
of (A) to standardize and reduce background. C) Quantification of fluorescence intensity 
along bands of signal in either sibs (n=3) or red (n=4).  D) Banding pattern index as 
sampled from black and white images.  The same group of labeled embryos quantified 
in (C) was used for patterning measure.  In red index is approximately 1.5 showing some 
discernible pattern of zStac3.  * denotes p<0.01.  Labeling performed on whole mounted 
embryos at 48 hpf.  Scale bar 10um 
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Figure 3.4 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Non-endogenous calcium channel β subunits can restore Stac3 localization in 
red mutants.  Top panel is a red muscle cell expressing rat CACNB2a-mCherry labeled 
with anti-mCherry with Alexa 568 secondary antibody in a banded pattern along a single 
muscle fiber.  Middle panel shows the same fiber labeled with the anti-Stac3 antibody 
and secondary Alexa 488.  The bottom panel is the merged image showing the banded 
pattern in the top and middle panel co-localize.  Notice the surrounding muscle tissue 
shows no CACNB2a or Stac3 positive signal.  Insets in all panels show higher 
magnification image.   All labeling is a whole mount embryo at 48 hpf.  Scale bar 30 um.  
The rat CACNB2a construct was a kind gift from the Grabner lab.  
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Figure 3.5 

 

 

 

 

 

 

 

Figure 3.5: Quantification of the touch response of mi34 mutants with induced 
expression of Stac3NAM at varying temperatures.  T0 represents the time point at 48 hpf 
with embryos raised at 28.50C.  T1 is the time point when embryos were moved to 200C 
overnight.  T2 is the time point after embryos were returned to 28.50C for 2 hours.  n=8. 
* denotes p<0.01. 
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Figure 3.6 
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Figure 3.6: Response of mi34 mutants expressing Stac3NAM in response to tactile 
stimulation after exposure to different temperatures. A) Representative live fluorescent 
image of mi34 mutant embryo expressing Stac3NAM-EGFP at 48 hpf.  B) Representative 
of tactile responses.  Each panel shows 30 stacked frames sampled at 30 Hz beginning at 
the moment of tactile stimulation applied by forceps (black wedge).  Each panel shows 
the same embryo at different time points.  Embryo displayed in A) is same embryo 
shown in (B).  The presence or absence of swimming is indicated by the displacement of 
the embryo marked by yellow dots placed at the head of the embryo in each frame.  
Left panel shows Stac3NAM expressing mi34 mutant at 48 hpf (time point t0) raised at 
28.50C when tactile responses were first recorded.  Immediately after tactile assay the 
embryos was placed at 200C for 18 hours (time point t18, ~66 hpf) and tactile response 
was recorded again.  Immediately after the second assay the embryos were transferred 
back to 28.50C for 2 hours (time point t20, embryos ~68 hpf) before touch response was 
retested.  C) Quantification of tactile response at all 3 time points with a n=23 for 
Stac3NAM expressing mi34 mutants.  * denotes p<0.01. 
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Figure 3.7 
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Figure 3.7: Response of wildtype siblings expressing Stac3NAM in response to tactile 
stimulation after exposure to different temperatures. A) Representative live fluorescent 
image of wildtype embryos expressing Stac3NAM-EGFP at 48 hpf.  B) Representative of 
tactile responses.  Each panel shows 30 stacked frames sampled at 30 Hz beginning at 
the moment of tactile stimulation applied by forceps (black wedge).  Each panel shows 
the same embryo at different time points.  Embryo displayed in A) is same embryo 
shown in (B).  The presence of swimming is indicated by the displacement of the embryo 
marked by yellow dots placed at the head of the embryo in each frame.  Left panel 
shows Stac3NAM expressing wildtype sibling at 48 hpf (time point t0) raised at 28.50C 
when tactile responses were first recorded.  Immediately after tactile assay the embryos 
was placed at 200C for 18 hours (time point t18, ~66 hpf) and tactile response was 
recorded again.  Immediately after the second assay the embryos were transferred back 
to 28.50C for 2 hours (time point t20, embryos ~68 hpf) before touch response was 
retested.  C) Quantification of tactile response at all 3 time points with a n=10 for 
Stac3NAM expressing wildtype siblings.  
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Figure 3.8 

 

 

 

 

 

 

 

 

 

Figure 3.8: Permissive temperatures allow Stac3NAM to localize in a pattern consistent 
with wildtype Stac3.  Expression of Stac3NAM was induced at 48hpf in injected mi34 
mutants identified by phenotype.  After induction, injected mi34 embryos were divided 
into two groups raised at either 200C or 28.50C.  Induced embryos were labeled at 72 
hpf (24 hours post heat shock).  A) Whole mount labeling of Stac3NAM-mCherry from 
injected mutants raised at 200C.  Labeling shows a banded pattern.  B) Localization of 
Stac3NAM from an embryo raised at 28.50C.  No banded labeling observed.  At 28.50C 
labeling of Stac3NAM is located centrally in the muscle fiber proximal to the nuclei 
labeled with asterisks.  Fish shown from (A) and (B) are all from the same clutch and 
injection.  In C), labeling is from a different clutch of embryos than in (A) and (B), and 
shows anti-Calnexin, an ER marker showing centrally located labeling around the nuclei.  
Asterisks denote muscle nuclei. 
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CHAPTER 4 

ZEBRAFISH STAC1 IS EMBRYONICALLY EXPRESSED IN A VENTRAL SET OF SPINAL CORD 
NEURONS 

 

Abstract 

 The STAC protein family is comprised of three genes in mammals.  Each STAC 

protein is an adapter-like protein containing a cysteine rich C1 domain and two SH3 

domains.  In zebrafish, the Stac3 protein is specific to skeletal muscle and critical for 

normal function and behavior.  In mammals, the STAC1 ortholog of STAC3 shows neural 

expression, yet no functional data are available.  Here we identify and clone the 

zebrafish stac1 gene.  In addition, we demonstrate that stac1 is expressed in a small set 

of ventrally located neurons in the embryonic zebrafish spinal cord.  This information 

will assist in developing functional studies exploring this novel member of the STAC 

family. 

Introduction 

 The identification and characterization of novel genes is an important and 

ongoing part of piecing together biologic mechanisms.  The STAC family of proteins is 

poorly understood with minimal functional analysis.  Recent investigation has shown 

that Stac3 is a key regulator of excitation-contraction coupling in skeletal muscle, and 

the underlying genetic cause of a congenital human myopathy.  Unlike STAC3, the STAC1 

gene is expressed in neural tissue (Suzuki et al., 1996).  In the dorsal root ganglion 

(DRG), STAC1 and STAC2 are expressed in distinct subsets of neurons (Legha et al., 
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2010).  However, the function of the neuronally expressed STACs is unknown.  We 

cloned and analyzed stac1 in zebrafish to gain functional understanding of STAC1.  

Zebrafish provide a good model as they are clear and easily to manipulate (Detrich et al., 

1999), and the developing nervous system of zebrafish is well characterized (Bernhardt 

et al., 1990; Bernhardt et al., 1992; Kuwada et al., 1990). 

Material and Methods 

Animals 

Zebrafish were bred and maintained according to approved guidelines of the University 

Committee on Use and Care of Animals at the University of Michigan. 

Molecular Biology 

cDNA was synthesized from TRIzol (Invitrogen) extracted RNA from adult zebrafish 

brains.  PCR amplification was performed using Vent Polymerase and gene specific 

primers: forward 5’ ATGATTCCGCCAGCAAACATGATTCA 3’ and reverse 5’ 

TCATATATTCTCCAGGACGTCACAGGGCACATA 3’.  Primers were designed to the 

immediate 5` and 3` regions of the predicted zebrafish stac1 cDNA (XM_001344434).  

PCR produced a single band which was A-tailed using Taq Polymerase and subcloned 

into pGEM-T Easy vector (both Promega).  Multiple clones were isolated and sequenced. 

In-situ 

In-situ procedure was performed as previously described (Li et al., 2004).  In brief, 

embryos at 24 hpf were fixed and washed in 1X PBS containing 0.1% Tween20 (Sigma).  

Anti-sense digoxigenin (DIG) riboprobes were synthesized from linear plasmid DNA of 
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the entire stac1 cDNA.  Probe integrity was assayed by gel electrophoresis prior to use.  

Full length anti-sense riboprobe was used.  Detection of probe was performed using 

anti-DIG antibody conjugated to alkaline phosphatase.  Chromagenic detection used 

NBT/BCIP solutions.  Color reactions were ran till clear signal was detected before 

stopping the reaction.  All probe synthesis and detection reagents from Roche. 

Results 

Identification and Cloning of Zebrafish stac1 from Adult Brain 

 In order to identify the zebrafish ortholog of mammalian STAC1 we prepared 

cDNA from adult zebrafish brains.  Adult brains were selected since the Allen Brain Atlas 

(http://mouse.brain-map.org/) and initial publications of STAC1 showed expression in 

adult mammalian brain tissue (Suzuki et al., 1996).  Cloning and sequencing of the 

zebrafish stac1 was necessary in order to confirm the predicted cDNA  (XM_001344434) 

and ensure no dramatic sequence differences prior to further study.  PCR of adult 

zebrafish brain cDNA produced a single band of the correct predicted size of 1.1kb.  The 

band was subcloned and sequenced.  The isolated clone showed high sequence 

homology to known mammalian Stac1 sequences.  In addition, the sequence confirmed 

the presence of a C1 domain and two SH3 domains (Figure 4.1) consistent with other 

STAC proteins, including the previously cloned and described Stac3 in zebrafish (Chapter 

2 and 3). 

stac1 is expressed in a Set of Ventral Neurons in the Spinal Cord of Embryonic 
Zebrafish 

 

http://mouse.brain-map.org/
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 Anti-sense riboprobes were used to determine the location of stac1 expression 

in whole mounted, 24 hpf zebrafish embryos.  stac1 RNA was detected in a small set of 

neurons located in the ventral spinal cord in close proximity to the floor plate (Figure 

4.2).  Approximately 2-4 neurons per somatic segment possessed signal for stac1 

expression.  Visual examination of the brain and skeletal muscle showed no discernible 

signal to indicate stac1 expression. 

Discussion 

 Here we have demonstrated that zebrafish possess a highly homologous protein 

to the mammalian STAC1, that is expressed early in zebrafish development.  However, 

regions of no conservation of the zebrafish Stac1 sequence compared to the 

mammalians sequences are present.  Potentially, these regions of no conservation could 

be retained intronic sequence.  Our comparison of the zebrafish stac1 cDNA with exon-

intron boundaries of the fish and mammalian sequence though did not support this 

hypothesis.  This suggests the regions of variation between fish and mammalian 

sequences are real, yet further study is required to understand the importance of these 

differences.  In any case,  the numerous advantages of the zebrafish model may be 

beneficial to exploring the functional role of Stac1.   

 In-situ analysis showed that a subset of cells express stac1.  The location within 

the ventral spinal cord near the floorplate suggests that stac1 positive cells are either 

motorneurons (Myers, 1985) or Kolmer-Agduhr (KA) interneurons (Bernhardt et al., 

1992).  A single time point was selected for preliminary analysis to confirm neuronal 

expression of zebrafish stac1 as expected from the mammalian homologue.   
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Due to the sequence similarity, Stac1 may potentially have a similar function as 

Stac3.  Therefore, Stac1 may regulate calcium currents in neurons and thus influence 

behavior.  Once a behavioral defect in zebrafish is identified, techniques are available to 

dissect the underlying molecular mechanism (Cui et al., 2005; Hirata et al., 2004).  

Continuing work with zebrafish Stac1 may provide new functional insight into neuronal 

activity. 
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Figure 4.1 

 

 

 

 

Figure 4.1:  

 

 

 

Chapter 5 

Discussion and Conclusions 

 

Figure 4.1: Cloned zebrafish Stac1 is similar to known mammalian STAC1 sequences.  
Blue represents completely conserved residues, red is identical residues, and green is 
similar residues.  The residues within the red box are the C1 domain.  The residues 
within either the blue or the green boxes are the SH3 domains.  The alignment was 
generated using Biology Workbench software. 

 

 

 

 



114 
 

Figure 4.2 

 

Figure 4.2: Zebrafish stac1 is expressed in ventral spinal cord neurons.  Bright field 
image of the spinal cord (SC).  Arrows indicate the floor plate and the notochord (N) 
which indicate the labeled neurons are ventrally located.  Labeling and imaging 
performed on 27 hpf embryos. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

Summary 

 A zebrafish mutagenesis screen was performed to identify mutants with 

abnormal motor behavior and normal morphology.  One mutant named mi34 had a 

progressive loss of early motor behaviors.  Meiotic mapping of the mi34 mutant 

identified the causative gene as stac3.  Interestingly, stac3 is a novel gene with no 

known functional role.  The stac3 gene encodes a small adapter-like protein containing a 

C1 domain and two SH3 domains.   

Investigation of the in vivo role of Stac3 showed a skeletal muscle-specific defect.  

We demonstrated that muscle did not contract fully in response to direct 

depolarization.  However, application of the RYR agonist caffeine resulted in normal 

levels of muscle contraction compared to controls, showing that the contractile 

machinery is normal.   Subsequent calcium imaging showed a significant reduction in 

peak calcium release during induced activity in stac3mi34, supporting a defect in EC 

coupling.  Furthermore, immunolabeling and co-immunopreciptation showed that Stac3 

co-localized and associated with the EC coupling complex.  Further analysis of the action 

of Stac3 in EC coupling suggests the primary defect in stac3mi34 is a decrease in triadic 

DHPR possibly due to defective trafficking.  However, the mechanism by which Stac3 

regulates triadic DHPR is just beginning to be analyzed.   



116 
 

Myopathic features of stac3mi34 encouraged the analysis of human STAC3 and 

revealed it as the genetic basis of a human congenital myopathy.  Individuals with the 

congenital disease Native American Myopathy (NAM) possessed a STAC3 missense 

mutation in a conserved region of the protein.  The NAM mutation modeled in zebrafish 

demonstrated that Stac3NAM could not rescue stac3mi34 behavior at physiological 

temperatures.  In addition, Stac3NAM could not restore EC coupling in stac3mi34 mutants.  

Further analysis showed that expressed Stac3NAM could only poorly localize to triads and 

predominately remains in an area of the muscle fibers consistent with the ER.  

Interestingly, we discovered that in zebrafish the Stac3NAM could rescue behavior and 

protein localization in a temperature sensitive manner. 

The discovery of Stac3 prompted the investigation of the other Stac (1 and 2) 

proteins.  We identified zebrafish stac1 in neurons of the embryonic ventral spinal cord.  

However, we found no sequence homologous to stac2 in zebrafish (Horstick et al 

unpublished).   

Here I will discuss the role of Stac3 as a potential regulator of EC coupling 

proteins and role in human disease.  In addition, I will discuss the putative role of Stac1 

in the nervous system.  I will also briefly discuss the larger biologic question regarding 

what the presence or absence of Stac proteins in different neurons and/or muscle has 

on cell function. 

The role of Stac3 in Skeletal Muscle Excitation-Contraction coupling Regulation 
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 EC coupling in skeletal muscle is a complex process involving numerous proteins.  

Indeed, successful EC coupling not only requires the proper set of proteins, but also the 

proper spatial localization and interactions within specialized muscle domains.  The 

potential roles of Stac3 could include synthesis of the EC coupling proteins, regulating 

the coupling between DHPR/RYR, or regulation of the trafficking of EC coupling proteins 

to and from triads.   Since Stac3 associates with the EC coupling complex, several of 

these hypothesizes are possible.  However, various experiments assisted in limiting the 

possible models of Stac3 regulation of EC coupling. 

  One critical finding is that the DHPR α1S but not RYR1 have reduced protein 

levels in stac3mi34, although transcript levels of DHPR α1S are normal.  In addition, freeze 

fracture EM shows that the DHPRs found at triads are not correctly arranged in tetrads 

in mutant muscles.  This data suggests that Stac3 is required for normal levels of triadic 

DHPR but not RYR, and for tetradic organization of DHPRs.  Furthermore, triadic 

localization of Stac3 is correlated in all cases with triadic DHPR but not RYR.  Stac3 

mutants are deficient in triadic DHPR but not RYR and red mutants that are null for 

DHPR β are deficient in triadic Stac3 but not RYR.  In addition, expression of non-skeletal 

muscle forms of the β subunit of DHPR in red muscle will restore both triadic DHPRα and 

Stac3.  These findings suggest that Stac3 regulates EC coupling by specifically influencing 

triadic DHPR protein levels.  

A putative model to explain the reduced levels of triadic DHPR is that Stac3 

regulates the trafficking of the DHPR.  The finding that Stac3NAM rescues in a 

temperature sensitive manner supports this model.  Indeed, observation of temperature 
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sensitive rescue in other studies is typically connected to restoration of protein folding 

and subsequent trafficking (Maljevic et al., 2011; Rusconi et al., 2007; Sharkey et al., 

2009).  In Stac3NAM expressing muscle fibers, permissive temperatures allow putatively 

ER localized Stac3NAM to successfully target to the triads.  This suggests that decreased 

temperature permits some alteration to Stac3NAM allowing export from the ER.  At 

present, it is unknown if permissive temperatures allow the Stac3NAM rescue to recovers 

DHPR protein levels and numbers of DHPRs in tetrads.  Since the Stac3NAM rescue can 

restore swimming behavior in stac3mi34, the rescue of DHPR protein levels and 

frequency in tetrads seems likely.  However, further experiments are necessary to 

determine the putative mechanism that Stac3 uses to traffic DHPRs. 

Stac3 could modulate DHPR trafficking by several mechanisms.  First, Stac3 could 

support ER export of the DHPR complex to triads.  Second, Stac3 could regulate 

endocytosis of the DHPR complex at the triad.   If Stac3 assists DHPR export from the ER, 

then the DHPR should accumulate in the ER in stac3mi34.  However, previous 

experiments did not show ER localized DHPR in stac3mi34 (Horstick et al, unpublished).  

The lack of DHPR labeling in mutants might occur because of quality control 

mechanisms in the ER.  Pharmacologic block of the ER quality control systems will be 

required, using drugs such as kifunensine, for further investigation.  In addition, 

observing fluorescently tagged DHPR in Stac3NAM expressing embryos should show 

migration of the DHPR from ER to triad in real time dependent on temperature.  

Interestingly, the calcium channel β subunit in cardiac muscle assists in ER export of the 
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DHPR.  Therefore, Stac3 may support this previously identified mechanism or function 

as the skeletal muscle specific counterpart. 

Alternatively, if Stac3 only mediates endocytosis of the DHPR from triads, we 

would not expect to see DHPR sequestered in the ER in mutants.  However, blocking 

either proteasome or lysosome degradation may rescue DHPR protein levels in 

stac3mi34.  Interactions of the β subunit and small G-protein regulate DHPR endocytosis 

in a dynamin dependent fashion (Yang et al., 2010).  Stac3 may act as a third component 

of this previously described regulatory pathway or independently modulate DHPR 

turnover.  Consequently, Stac3 trafficking of DHPR does not rule out a regulatory effect 

on DHPR activity.  Stac3 could simultaneously traffic the channel and modulate open 

probability, voltage sensitivity, etc.  In any case, current evidence suggests the 

mechanism influencing triadic DHPR levels as the primary defect.  Regardless continuing 

effects to identify the exact mechanism of Stac3 are required. 

 Regardless of the exact mechanism of Stac3 regulation of the DHPR, Stac3 will 

provide new insight into EC coupling.  The identification of a novel protein critical for EC 

coupling is an exciting addition to biologic knowledge.  Indeed, if evidence is found for a 

direct interaction between the DHPR α1S and Stac3, the Stac3 protein could arguably be 

considered a novel regulatory subunit of the DHPR complex. 

Role of Stac3 in Human Disease 

 We have shown that a missense mutation in STAC3 is responsible for a 

congenital human disease NAM.  Initial analysis in zebrafish of Stac3NAM has thus far 
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suggested the NAM mutation results in a partial loss of function.  Therefore, a likely 

hypothesis for the NAM phenotype is a reduction of DHPRs in the triads as in zebrafish 

stac
mi34 mutants and predicts decreased EC coupling in NAM patients.  Human NAM 

patients are, however, ambulatory and capable of most motor functions (Stamm et al., 

2008a).  This suggests that decreased EC coupling in these individuals allows for most 

motor functions although under more strenuous conditions these individuals may 

exhibit more severe defects. Thus there might exist differences in the phenotype of the 

NAM allele in zebrafish and humans. Alternatively, some form of physiological or genetic 

compensation may occur in NAM individuals that partially diminishes the deleterious 

effects of the NAM mutation.  One would not have expected any compensation in our 

examination of the Stac3NAM since these experiments were acute and not likely to 

trigger compensatory mechanisms.  More investigation is required to fully understand 

the impact of temperature on Stac3NAM function. The generation of a transgenic line of 

zebrafish that express Stac3NAM in skeletal muscles could be useful to examine this 

possibility as well as to better characterizes the mechanisms that lead to the NAM 

congenital myopathy.   

With a transgenic Stac3NAM zebrafish line, we can also perform drug screens to 

find potential therapeutic agents for NAM.  In addition, NAM exhibits MH susceptibility 

in humans (Stamm et al., 2008a).  MH susceptibility is a relatively prevalent muscle 

condition and commonly associated with other myopathic conditions.  Therefore, using 

the transgenic Stac3NAM to model MH susceptibility would be valuable.  Mouse (Yang et 

al., 2003) and porcine (Fujii et al., 1991) models of MH susceptibility causing mutations 
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exist.  However, zebrafish are an attractive model since drugs for induction or 

prevention of MH episodes can be applied externally and skeletal muscle is easy to 

access and observe.  Continuing efforts with Stac3 may illuminate therapeutic agents for 

both NAM and MH.  Furthermore, STAC3 mutations may be the genetic basis of other 

unresolved human myopathies. 

Putative Role of Stac1 in Neurons 

The preliminary findings regarding zebrafish stac1 allow many possibilities for 

protein function.  However, the similarity of Stac1 to Stac3 allows speculation that the 

two proteins may serve analogous roles in neurons and skeletal muscle respectively.  

Perhaps Stac1 also regulates the trafficking of a calcium channel.  In the nervous system, 

different types of calcium channels are implicated in transmitter release, long-term 

potentiation, and cell survival.  Indeed, the tottering (tg) mouse, a calcium channel α1A 

subunit mutant, exhibits ataxia and dystonic episodes (Campbell and Hess, 1999).  

Furthermore, the lethargic (lh) mouse, a calcium channel β4 subunit mutant (Burgess et 

al., 1997), reshuffles α subunit types in the brain resulting in epilepsy-like phenotypes 

and ataxia (Burgess et al., 1999).  These studies demonstrate the importance of the 

presence or type of calcium channel in neurons.  Therefore, Stac1 regulation of the 

targeting or activity of neural calcium channels could prove physiologically significant.  

Unfortunately, we do not know the calcium channel make-up of either 

motorneurons or KA interneurons in vertebrates, which comprise the two likely neuron 

type candidates from the stac1 in-situ from embryonic zebrafish.  However, we do know 

that mouse STAC1 is expressed in DRG neurons (Legha et al., 2010) as well as various 
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locations in the adult mouse brain ( http://mouse.brain-map.org).  Even with this information, 

we do not have one particular calcium channel type which to focus attention.  Despite 

the current lack of data concerning Stac1 function, the potential for this novel protein is 

high.  Continuing experiments will potentially demonstrate a novel mechanism, in 

neurons, for Stac1 mediated regulation of calcium channel(s). 

What Does it Mean to be STACed? 

 If future investigations show the STAC protein family share analogous roles in 

different cell types, then we may be able to ask a broader biologic question.  Why do 

certain neurons or muscle types have a STAC protein while others do not, despite 

expressing calcium channels?  Two possible mechanisms of STAC proteins are that they 

1) perform an analogous role of another protein in non-STAC expressing cells or 2) 

contribute an additional level of regulation. 

   The paradigm is easily observed be comparing skeletal muscle verse cardiac 

muscle.  Both are striated muscle types dependent on L-type calcium channels for 

contraction.  However, cardiac muscle does not express stac1 or stac3 (Horstick et al 

unpublished).  The obvious question then is what is STAC3 doing in skeletal muscle that 

is not required in cardiac muscle.  Indeed, this question would be substantially easier to 

probe if we knew a direct binding partner for the STAC proteins.  If we knew what 

protein domain or motif STAC proteins bound, then we could determine if this sequence 

is conserved in STAC interacting proteins and absent in the analogous protein in a non-

STAC expressing tissue.  Ideally, with continued experiments we can discover the answer 

http://mouse.brain-map.org/


123 
 

to some of these questions and advance the understanding of regulatory mechanisms 

across different cell types. 
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APPENDIX 

ACUTE ELEVATION OF SELECTIVE DIVALENT CATIONS RESCUES TOUCH RESPONSE IN 
THE ZEBRAFISH MUTANT TOUCHDOWN 

 

[ Published as Low, S.E., Amburgey, K., Horstick, E., Linsley, J., Sprague, S.M., Cui, W.W., 
Zhou, W., Hirata, H., Saint-Amant, L., Hume, R.I., et al. (2011). TRPM7 is required within 
zebrafish sensory neurons for the activation of touch-evoked escape behaviors. J 
Neurosci 31, 11633-11644.] 

 

Abstract 

 TRPM7 is a member of the superfamily of transient receptor potential (TRP) 

cation channels.  Mutations in zebrafish TRPM7 are responsible for the touch 

unresponsive touchdown mutant.  Here we investigate the mi174 allele of touchdown 

isolated from a mutagenesis screen.  Touch response can be rescued in mi174 by 

selective rescue within sensory neurons.  In addition, acute elevation of selective 

divalent cations can rescue the touch responsiveness of mi174.  This data suggests 

TRPM7 may be required for transmitter release at central synapses. 

Introduction 

 TRPM7 is a member of the cation channel superfamily.  This channel is only one 

of two known ion channels to also possess a catalytically active kinase domain (Montell, 

2005).  Not surprisingly, numerous studies have attempted to elucidate the in-vivo role 

of TRPM7.  However, progress is impeded by the lack of specific antagonists and that 

trpm7 knockdown in mice is embryonic lethal (Jin et al., 2008).  Despite these obstacles, 

TRPM7 is implicated in mechanotransduction (Numata et al., 2007a, b), transmitter 
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release (Krapivinsky et al., 2006), and cell survival (Nadler et al., 2001).  Activity of the 

kinase domain is also linked to phosphorylation of particular intracellular targets (Clark 

et al., 2006; Dorovkov and Ryazanov, 2004).  From this, we can see many possible 

avenues of TRPM7 function as either a channel or a kinase.  Therefore, the viable trpm7 

zebrafish mutant may yield new understanding to TRPM7 function in-vivo. 

Materials and Methods 

Animals, Behavioral Analysis and Statistical Analysis 

Zebrafish were bred and maintained according to approved guidelines of the University 

Committee on Use and Care of Animals at the University of Michigan. The tdomi174 

mutation was isolated from a mutagenesis screen using procedures previously reported 

(Driever et al., 1996; Haffter et al., 1996). Embryonic behaviors were video-recorded 

using a Point Grey Firefly MV USB camera mounted on a stereomicroscope. 

Ion Elevation 

Extracellular solutions and embryo peel preps were as previously described (Buss and 

Drapeau, 2000), with the following exceptions.  Embryos were only pinned through the 

heart as not to disrupt the muscle.  Using a sharp electrode skin was removed from 

approximately half of one side of the embryo.  All embryos were allowed to recovery in 

normal Evans solutions.  Only tdo174 embryos exhibiting normal swimming in response 

to pinch were used for further analysis.  Embryos were then placed in either Evans 

solutions with Evans containing 5mM, normal is 2mM, Ca2+, Ba2+, Sr2+, or Mg2+.  After 5 

minutes, touch response was video recorded. 
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Results 

 In mammals, TRPM7 is responsible for facilitating transmitter release at the 

neuromuscular junction (Brauchi et al., 2008; Krapivinsky et al., 2006).  However, in 

zebrafish we can rule out this model since sensory neuron specific rescue can restore 

touch response (Low et al., 2011).  Despite this difference, a similar mechanism for 

TRPM7 may exist for different neuron types.  Therefore, enhancing transmitter release 

should rescue the touch defect in tdo.  To investigate this idea, we placed skin peeled 

and unpeeled embryos in extracellular solution with Ca2+ increased from 2mM to 5mM.  

Only skin peeled embryos, which allow rapid diffusion of ions into the spinal cord, 

resulted in proficient rescue of touch response (Figure A.1A).  Other divalent ions such 

as strontium and to a lesser extend barium can enhance vesicle fusion in fish (Neves et 

al., 2001).   Indeed, treating peeled tdo mutants with elevated Ca2+, Ba2+, and Sr2+ 

restored touch response.  Magnesium, which does not assist in transmitter release, 

failed to restore any touch response in mutants (Figure A.1B). 

Discussion 

 These findings support a role of TRPM7 in transmitter release of central 

synapses.  However, increasing extracellular ions does not definitively prove this 

hypothesis.  Further work is required to demonstrate TRPM7 is required for normal 

transmitter release from sensory neurons.  An interesting experiment is to find a post-

synaptic neuron from zebrafish sensory neurons and record mini-EPSPs in tdo compared 

to wildtype siblings.  If mutants show reduced amplitude or frequency of mini-EPSPs, 

then this would strongly support a TRPM7 based mechanism of transmitter release.  In 
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either case, this current study provides a putative in-vivo model for TRPM7 function in 

zebrafish central neurons. 
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Figure A.1 

 

Figure A.1: Elevation of extracellular divalent cations rescues touch responsiveness in 
touchdown mutants. A) Video images of 55 hpf tdo mutants in 5mM Ca2+ showing no 
response to touch with skin intact (top), and exhibiting swimming in response to touch 
when the skin is removed (bottom).  Scale bar 1 mm. B) Average responsiveness of 
unpeeled embryos in the presence of 5mM Ca2+ to touch compared with peeled mutant 
embryos in the presence of Ca2+, Sr2+, Ba2+, and Mg2+ (n=15 from three clutches).  
*p<0.05 t-test. 
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