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Abstract  

 

The wiring of the nervous system during development requires each neuron to find and 

connect with a correct synaptic target in a process known as axon pathfinding.  Defects 

in axon pathfinding cause significant neurodevelopmental disorders, and contribute to the 

inability of neural circuits to reconnect following injury or disease.  Axon pathfinding is 

regulated by precise intracellular calcium signals produced by the influx of extracellular 

calcium and the release of calcium from internal stores, such as the endoplasmic reticulum 

(ER).  Although the importance of discrete patterns of calcium signaling for determining 

axon pathfinding are well documented, the mechanisms that control such precise calcium 

signaling events are yet to be fully elucidated.   

 

Stromal interacting molecule 1 (STIM1) is an ER-resident calcium sensing protein that 

activates a specific mode of calcium influx termed store-operated calcium entry (SOCE).  

STIM1 is activated by the depletion of calcium from the ER, with activated STIM1 

triggering calcium influx via SOCE.  The calcium that enters the cell via SOCE refills the 

depleted ER calcium store, and sustains elevated intracellular calcium to potentiate 

calcium-dependent intracellular signaling pathways.  STIM1 has been shown to be 

necessary for correct growth cone motility in vitro, and correct axon pathfinding in vivo.  

However, the cellular expression of STIM1 during nervous system development, and the 

function of STIM1 in axon pathfinding in vivo remain poorly understood.  To this end, 

the central hypothesis examined by this thesis is that there are discrete patterns of STIM1 

protein expression during embryonic development, and STIM1-mediated calcium 

signaling is necessary for correct nervous system development.   

 

The developmental expression of STIM1 was investigated in the mouse and zebrafish 

(Danio rerio) nervous systems.  The pattern of STIM1 expression was highly conserved 

between mice and zebrafish nervous systems, suggesting that STIM1 has a conserved role 

in development.  By examining the cellular expression of STIM1 in the embryonic mouse 

nervous system, it was confirmed that STIM1 is expressed by neurons during 

development, consistent with a function for STIM1 in the regulation of calcium signaling 

during nervous system development.   

 



 xv 

The function of STIM1 during nervous system development was assessed by 

investigating the requirement of zebrafish STIM1a (zSTIM1a) expression for axon 

pathfinding in vivo.  A reduced expression of zSTIM1a impacted the survival, growth and 

correct development of zebrafish embryos, consistent with STIM1 having important 

functions in development.  zSTIM1a was shown to regulate calcium influx via SOCE in 

zebrafish spinal motor neurons, confirming that STIM1 regulates calcium signaling in 

zebrafish neurons.  When axon pathfinding by spinal motor neurons was examined in 

zSTIM1a morphant embryos, the axons of caudal primary (CaP) motor neurons were 

observed to stall at intermediate targets, exhibit defects in extension from intermediate 

targets, express fewer filopodia, and were less likely to be branched.  Defects in axon 

pathfinding correlated with perturb calcium signaling in navigating CaP axons when 

zSTIM1a expression was reduced, with bursting calcium spikes decreased in axons 

navigating via intermediate targets.  Together, these data provide evidence that STIM1-

mediated calcium signaling is required for correct axon pathfinding in vivo.  These 

findings have significant implications for our understanding of the molecular mechanisms 

that contribute to the regulation of discrete patterns of calcium signaling during axon 

pathfinding in vivo and, hence, nervous system development.   
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Chapter 1: Introduction and literature review 

 

1.1 Axon pathfinding is necessary for nervous system development  

 

The nervous system is comprised of a highly complex, yet precise network of synaptic 

connections.  The incredible fidelity with which these synaptic connections are formed is 

vital for nervous system development and function, with aberrant synapses causing 

developmental diseases including epilepsy, schizophrenia, autism spectrum disorders, as 

well as numerous mental retardation syndromes (Lewis and Levitt, 2002; Anitha et al., 

2008; Li et al., 2009; Sbacchi et al., 2010; Cvetkovska et al., 2013).  During development, 

each neuron extends an axon through the complex environment of the embryonic nervous 

system to find and synapse with an appropriate target (Stoeckli and Zou, 2009).  The 

process by which axons navigate is termed axon pathfinding (Keshishian and Bentley, 

1983; Bastiani et al., 1984; Kuwada, 1986).   

 

Multiple cellular and molecular mechanisms exist to ensure the precision of axon 

outgrowth.  The first axons to begin axon pathfinding are referred to as pioneer axons 

(Connor et al., 1990).  Pioneer axons provide a crucial scaffold along which axons from 

later-born neurons (or follower axons) subsequently navigate (Keshishian and Bentley, 

1983; Kuwada, 1986), in a process known as fasciculation (Van Vactor, 1998).  

Accordingly, ablation of pioneering axons, or defective axon pathfinding by pioneer 

axons, results in follower axons stalling, failing to extend, or extending along 

inappropriate trajectories (Raper et al., 1984; Pike et al., 1992; Hidalgo and Brand, 1997).  

Axon pathfinding is also controlled via intermediate targets (also referred to as choice 

points), which are sources of instructive guidance signals that trigger axons to pause and 

turn, such that each axon reaches an appropriate synaptic target (Lance-Jones and 

Landmesser, 1981; Bentley and Keshishian, 1982; Tosney and Landmesser, 1985).  These 

guidance cues, which include soluble, cell-surface bound or extracellular matrix proteins, 

signal to the axon via the activation of cell-surface receptors [reviewed in (Tessier-

Lavigne and Goodman, 1996; Dickson, 2002)].  Hence, axon pathfinding is dependent on 

axons sensing and translating environmental guidance cues into motility responses that 

guide the axon towards its target.  This ability of axons to sense and respond to 

environmental guidance cues is conferred by the axonal growth cone.   
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1.2 The growth cone 

 

The growth cone is a highly motile guidance structure located at the distal tip of growing 

axons (Cajal, 1890).  Growth cones interpret environmental guidance signals to 

coordinate motile responses that guide each axon to its correct synaptic target (Tessier-

Lavigne and Goodman, 1996; Dickson, 2002; Henley and Poo, 2004; Spitzer, 2004; 

Zheng and Poo, 2007).  The morphology of the growth cone correlates with distinct 

motility behaviours (Tosney and Landmesser, 1985; Lankford and Letourneau, 1990; 

Halloran and Kalil, 1994; Tessier-Lavigne and Goodman, 1996; Mason and Erskine, 

2000; Goodhill et al., 2015).  Growth cones of pioneering axons are large and complex,  

a morphology that is consistent with pioneer axons pausing and spreading as they 

‘sample’ their environment for guidance cues (Bovolenta and Mason, 1987; Kaethner and 

Stuermer, 1992; Halloran and Kalil, 1994; Mason and Erskine, 2000).  In contrast, growth 

cones of follower axons are simpler, narrower, and more elongated.  As follower axons 

predominantly navigate by fasciculating with axon scaffolds laid down by pioneering 

axons (Van Vactor, 1998), this morphology is consistent with growth cones of follower 

axons having less guidance cues to interpret.   Hence, the capacity of growth cones to 

adopt a morphology in response to environmental guidance signals is key to the ability of 

growth cones to regulate axon pathfinding.  Like all motile structures, the growth cone 

relies on the cytoskeleton to regulate motility.   

 

 

1.2.1 Structure of the growth cone  

 

The growth cone is comprised of two structurally distinct regions, referred to as the 

central and peripheral zones (Fig. 1.1).  The central zone is located at the distal end of the 

axon shaft and is a microtubule-rich zone containing numerous membranous vesicles, as 

well as organelles such as the endoplasmic reticulum (ER) and mitochondria (Bridgman 

et al., 1986; Forscher et al., 1987).  The central zone contains stabilised microtubules 

projecting from the axon shaft and dynamic microtubules that constantly probe into the 

peripheral zone, where they mediate directed growth cone stabilisation and axon 

outgrowth (Dent et al., 2011).  By comparison, the peripheral zone is rich in actin and 

largely devoid of microtubules and organelles (Henley and Poo, 2004).  However, the 

remodeling of microtubules and trafficking of vesicles and organelles into the peripheral 
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zone is crucial for growth cone motility (Forscher et al., 1987; Dent and Gertler, 2003; 

Tojima et al., 2007; Zhang and Forscher, 2009; Wada et al., 2016).  A morphological 

hallmark of the peripheral zone is the presence of filopodia and lamellipodia (Fig. 1.1), 

which bestow the growth cone with its characteristic ‘hand-like’ appearance (Mueller, 

1999).  Filopodia are antennae-like projections comprised of actin bundles and dynamic 

microtubules that have extended from the central zone (Welnhofer et al., 1999; Buck and 

Zheng, 2002; Dent et al., 2011).  In contrast, lamellipodia are sheet-like membranous 

structures that bridge the spaces between extending filopodia, containing an actin 

meshwork with few microtubules (Forscher and Smith, 1988; Krause and Gautreau, 

2014).  Filopodia and lamellipodia are dynamic structures that are constantly projecting 

and retracting to sample the environment for guidance signals, which is dictated by 

changes in the actin and microtubule cytoskeletons.   

 

 

1.2.2 Growth cone motility  

 

Growth cone motility is informed by filopodial and lamellipodial dynamics, which in turn 

are regulated by the remodeling of actin filaments and microtubules that comprise the 

growth cone cytoskeleton (Sabry et al., 1991; Williamson et al., 1996; Welnhofer et al., 

1999; Schaefer et al., 2008; Ketschek et al., 2016).  Growth cone protrusion is biased 

towards stabilised areas of the growth cone (Tosney and Landmesser, 1985; Buck and 

Zheng, 2002).  This occurs in three stages: projection and stabilisation of filopodia and 

lamellipodia; infiltration of microtubules and organelles from the central zone into the 

stabilised periphery; and consolidation of directed motility by advancement of the central 

zone and axon shaft in the direction of the stabilised side of the growth cone [for reviews 

see (Gomez and Spitzer, 2000; Henley et al., 2004; Chilton, 2006; Zheng and Poo, 2007; 

Dent et al., 2011)].  Hence, attractive guidance cues promote the stabilisation of actin and 

microtubules, while repulsive guidance cues induce destabilisation of actin and 

microtubules.   

 

Remodeling of the actin cytoskeleton is crucial for the dynamic motility of filopodia and 

lamellipodia (O'Connor and Bentley, 1993; Suter and Forscher, 2001; Dent et al., 2011).  

Filopodia and lamellipodia are primarily comprised of filamentous actin (F-actin), which 

conforms to two configurations within the growth cone: F-actin bundles and randomly 
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linked F-actin networks (Lewis and Bridgman, 1992; Lin and Forscher, 1995; Welnhofer 

et al., 1999; Schaefer et al., 2002; Zhou et al., 2002).  F-actin bundles are principally 

found within filopodia, with the barbed or plus-end of the F-actin bundle directed towards 

the projecting tip of the filopodium (Gordon-Weeks, 1987; Forscher and Smith, 1988; 

Welnhofer et al., 1999; Zhou et al., 2002).  In contrast, random F-actin networks are the 

predominant form of F-actin in lamellipodia, which facilitates the spreading and 

extension of membrane between filopodia (Forscher and Smith, 1988; Sobue, 1993; 

Krause and Gautreau, 2014).  Actin filament assembly, which occurs by the addition of 

globular actin monomers (G-actin) to the barbed end of the actin filament, provides 

protrusion forces to the growth cone (Strasser et al., 2004; Hyland et al., 2014), leading 

to projection of the filopodia and lamellipodia (Mallavarapu and Mitchison, 1999).  F-

actin assembly is balanced by constant retrograde flow of actin (Lin and Forscher, 1995; 

Medeiros et al., 2006; Burnette et al., 2008), which provides traction forces to promote 

growth cone extension (Schaefer et al., 2008; Craig et al., 2012).  Hence, the rate of actin 

polymerisation must exceed the rate of retrograde actin flow for the growth cone to extend 

(Lin and Forscher, 1995; Suter and Forscher, 2001).  Accordingly, F-actin accumulation 

is observed at the leading edge of growth cones during directed motility, and denotes the 

direction of axon outgrowth (Marsick et al., 2010).  Once actin remodeling has informed 

the direction of axon outgrowth, projection and stabilisation of microtubules is required 

to potentiate axon outgrowth.   

 

Although the peripheral zone is relatively devoid of microtubules when compared with 

the central domain, extension and stabilisation of dynamic microtubules into the 

peripheral zone (in particular into filopodia) plays a vital role in facilitating growth cone 

motility (Forscher and Smith, 1988; Tanaka and Kirschner, 1995; Buck and Zheng, 2002; 

Dent and Gertler, 2003; Dent et al., 2011; Kahn and Baas, 2016).  Although actin 

remodeling is considered to be the first action of growth cone motility (Sobue, 1993), it 

has been demonstrated that stabilisation of microtubules within the peripheral domain is 

sufficient to cause directed growth cone motility (Buck and Zheng, 2002), implying that 

microtubule stabilisation is an instructive signal for growth cone motility.  In addition to 

providing structural support to filopodia, microtubule extension into the peripheral zone 

also enables ER, mitochondria and vesicles to be transported towards the leading edge of 

the growth cone, which in turn facilitates advancing growth cone motility (Forscher et 

al., 1987; Dailey and Bridgman, 1989; Tojima et al., 2007; Zhang and Forscher, 2009).  
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Hence, a model of axon outgrowth has been proposed in which asymmetric stabilisation 

of F-actin and microtubules within the peripheral zone leads to a biasing of growth cone 

motility in the direction of the stabilised filopodia and lamellipodia [for reviews see 

(Dickson, 2002; Chilton, 2006; Dent et al., 2011)].  While much has been discovered 

regarding the regulation of growth cone motility by actin and microtubule dynamics, the 

intracellular signaling pathways by which environmental guidance cues are transduced 

into cytoskeletal remodeling remain to be fully elucidated.   

 

1.3 Axon pathfinding is regulated by intracellular signaling molecules 

 

Growth cones navigate by sensing and responding to guidance cues to steer axons towards 

their final targets.  To date, numerous guidance cue protein families have been discovered 

including netrins, semaphorins, ephrins, slits; while the neurotrophins [including brain-

derived neurotrophic factors (BDNF), nerve growth factor (NGF), and fibroblast growth 

factors (FGF)], and morphogens [including bone morphogenic protein (BMP), sonic 

hedgehog (Shh) and Wnts] have also been shown to act as guidance cues (Gallo et al., 

1997; Song and Poo, 1999; Wen et al., 2007; Killeen and Sybingco, 2008).  Guidance 

cues are divided into soluble or contact-mediated attractants or repellants (Bastiani et al., 

1984; Raper et al., 1984; Fambrough and Goodman, 1996), and further categorised based 

on their calcium-dependent or calcium-independent mechanism of action [reviewed in 

(Tessier-Lavigne and Goodman, 1996; Song and Poo, 1999; Dickson, 2002)].  Guidance 

cues act via intracellular signaling pathways that converge on the microtubule and actin 

cytoskeleton to inform motile responses, with cyclic nucleotides and calcium known to 

be key regulators of the intracellular signaling (Dickson, 2002; Henley et al., 2004; Zheng 

and Poo, 2007; Dent et al., 2011; Sutherland and Goodhill, 2013).  Although much has 

been discovered regarding the importance of calcium and cyclic nucleotides as signaling 

molecules that control growth cone motility, the mechanisms that regulate these 

intracellular signaling pathways are not fully understood.   

 

To ensure the precision of axon pathfinding, guidance cues not only elicit motile 

responses in appropriate axons at specific locations, but also act at distinct developmental 

times, otherwise axon pathfinding is perturbed (Vitriol and Zheng, 2012; Goodhill, 2016).  

Accordingly, complex regulatory mechanisms exist to control the response of an axon to 

each guidance cue.  The repertoire of guidance cue receptors expressed by a growth cone  
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Figure 1.1: Illustration of an axonal growth cone.   
 

The growth cone is comprised of two structurally distinct regions: the central zone located 

at the distal end of the axon shaft, and the peripheral zone with its numerous projecting 

filopodia interspersed with membranous lamellipodia (the boundary between the central 

and peripheral zones is demarcated by a dashed line).  Filopodia contain F-actin bundles 

and projecting microtubules, while lamellipodia are formed by a meshwork of F-actin.   
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is key for determining whether a guidance cue influences axon pathfinding (Stein and 

Tessier-Lavigne, 2001; Hanson and Landmesser, 2004; Sato-Maeda et al., 2006).  For 

example, motor neurons exiting the mouse spinal cord encounter a proximal choice point 

that triggers axons from the medial motor column to turn and extend dorsally, but has no 

effect on the outgrowth of axons from the hypaxial and lateral motor columns that 

continue to extend ventrally (Bonanomi and Pfaff, 2010).   

 

Selective expression of the ephrin-A receptors EphA3 and EphA4 by axons of the medial 

motor column, is thought to underlie the high selectivity of this EphrinA expressing 

choice point (Shirasaki et al., 2006; Gallarda et al., 2008), illustrating how gudaince cue 

receptor expression can control axon pathfinding descisions.  However, regulating axon 

pathfinding by manipulating receptor expression can be more complex than simply 

expressing or not expressing a guidance cue receptor, with individual guidance cues 

capable of eliciting both attraction or repulsion depending on the stage of axon outgrowth 

(Brose et al., 1999; Stein and Tessier-Lavigne, 2001; Lieberam et al., 2005; Sato-Maeda 

et al., 2006; Hernandez-Fleming et al., 2017).  This phenomenon is vital for axon 

guidance decisions that occur at intermediate targets where axons grow towards, and then 

away from, a certain point in space and time.  The classic example is midline crossing by 

commissural interneuron axons at the floor plate, where growth cones of commissural 

axons are initially attracted to the midline by netrin-1, while remaining insensitive to 

repulsive cues such as slit and semaphorin3a (sema3a) (Kennedy et al., 1994; Serafini et 

al., 1994; 1996; Brose et al., 1999; Niclou et al., 2000; Stein and Tessier-Lavigne, 2001).  

However, once the growth cone reaches the midline, slit binding to its receptor 

roundabout (Robo) silences netrin-1 mediated attraction, with slit/sema3a triggering 

repulsion of the commissural axon away from the midline, preventing recrossing (Stein 

and Tessier-Lavigne, 2001).  Intermediate targets can also express guidance cues at 

certain developmental stages and therefore the timing of when a growth cone reaches the 

intermediate target, as well as the timing of guidance cues expression by the intermediate 

target, can regulate the behaviour of navigating axons (Lauderdale et al., 1997; Sato-

Maeda et al., 2006; Bonanomi and Pfaff, 2010; Tedeschi et al., 2016).  Finally, as 

guidance cues ultimately act on the cytoskeleton to regulate growth cone motility, the 

intracellular signaling pathways activated downstream of guidance cue receptor 

activation are key determinants of axon pathfinding (Kaplan et al., 2013; Sutherland and 

Goodhill, 2013; Averaimo and Nicol, 2014).  Two key signaling molecules known to be 
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responsible for transducing guidance signals into changes in the cytoskeleton are calcium 

and the cyclic nucleotides.   

 

 

1.3.1 Cyclic nucleotides as regulators of axon pathfinding 

 

Cyclic nucleotides are signaling molecules that play a crucial role in the regulation of 

axon guidance (Lohof et al., 1992; Ming et al., 1997; Song et al., 1997; Song and Poo, 

1999; Nishiyama et al., 2003; Averaimo and Nicol, 2014).  Cyclic nucleotides are 

generated by enzymatic degradation of adenosine triphosphate (ATP) and guanosine 

triphosphate (GTP) to cyclic adenosine monophosphate (cAMP) and cyclic guanosine 

monophosphate (cGMP) respectively (Defer et al., 2000; Padayatti et al., 2004).  Cyclic 

nucleotides regulate growth cone attraction and repulsion in a manner that depends on the 

ratio of cAMP to cGMP (Lohof et al., 1992; Ming et al., 1997; Song et al., 1997; Tojima 

et al., 2009; Shelly et al., 2010).  In principle, a higher level of cAMP compared to cGMP 

promotes growth cone attraction via the activation of protein kinase A (PKA), whilst a 

higher level of cGMP compared to cAMP induces growth cone repulsion via activation 

of protein kinase G (PKG) (Song et al., 1997; Song and Poo, 1999; Nishiyama et al., 

2003; Shelly et al., 2010; Nicol et al., 2011; Averaimo and Nicol, 2014).  By activating 

PKA and PKG, cyclic nucleotides regulate intracellular calcium signaling to impact 

growth cone motility [for reviews see (Tojima et al., 2011; Sutherland and Goodhill, 

2013; Averaimo and Nicol, 2014)], and therefore will be discuused in terms of their 

interactions with the calcium signaling pathway.   

 

 

1.3.2 Calcium as a regulator of axon guidance 

 

Calcium is a key second messenger molecule in all cells, and a major function of calcium 

signaling is to communicate receptor activation to intracellular effector proteins that, in 

turn, elicit cellular responses (Berridge, 1998; Berridge et al., 2003).  Calcium has long 

been implicated in the regulation of axon pathfinding (Gundersen and Barrett, 1980).  It 

is believed that calcium signaling has dual functions in the regulation of axon pathfinding, 

with global calcium signals regulating the rate of axon extension, and localised calcium 

signals regulating ‘steering’ of the growth cone and therefore the direction of axon 
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outgrowth (Spitzer, 2006; Zheng and Poo, 2007; Averaimo and Nicol, 2014).  Hence, 

mechanisms that regulate the spatial and temporal localisation of calcium signaling are 

believed to be vital for controlling axon pathfinding.  To understand how calcium signals 

are regulated in space and time, it is important to understand the types of calcium signals 

observed in neurons.   

 

 

1.3.3 Precise patterns of calcium signaling are expressed in neurons 

 

Calcium signaling is crucial for correct nervous system development, with precise 

patterns of calcium signaling shown to regulate proliferation and differentiation, cell type 

specification, cell motility, axon pathfinding, as well as neurotransmitter specification 

and synaptogenesis (Gu et al., 1994; Komuro and Rakic, 1996; Owens and Kriegstein, 

1998; Gomez and Spitzer, 1999; Blankenship and Feller, 2009; Kirkby et al., 2013).  

Patterns of calcium signaling observed include waves, spikes, puffs and sparks, which 

differ in their spatial and temporal properties, as well as the cellular processes that they 

mediate (Zheng and Poo, 2007; Rosenberg and Spitzer, 2011; Ross, 2012; Miyazaki and 

Ross, 2013).  

 

Calcium waves are sustained, regenerative rises in intracellular calcium that propagate 

within a cell, or group of cells (Gu et al., 1994; Charles et al., 1996; Garaschuk et al., 

2000; Lautermilch and Spitzer, 2000; Weissman et al., 2004; Ross, 2012).  Calcium 

waves conform to a classical model of signaling (Bootman and Berridge, 1995), whereby 

an exogenous signal triggers calcium release from the ER to elevate intracellular calcium, 

which is subsequently amplified by further release of calcium from the ER (Clapham, 

1995; Berridge, 1998; Weissman et al., 2004; Ross, 2012).  As such, calcium waves begin 

as localised events, but propagate through the cell by sequential release of calcium from 

the ER, and are therefore confined by the diffusion limit of calcium within the cytosol 

and the spatial localisation of ER calcium release channels (Berridge, 2006; Rizzuto and 

Pozzan, 2006; Pani and Singh, 2009; Yang et al., 2010).   

 

Calcium waves regulate cell proliferation and differentiation, as well as gene expression 

(Spitzer et al., 1994; Gu and Spitzer, 1995; Owens and Kriegstein, 1998; Jessell, 2000; 

Weissman et al., 2004; Bonanomi and Pfaff, 2010), suggesting that calcium waves are 
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responsible for long-term changes in neuronal function.  Consistent with this hypothesis, 

gap junctions permit calcium waves to propagate between cells (Charles et al., 1996; 

Weissman et al., 2004; Jang et al., 2017).  In this way, waves can synchronize activity 

between adjacent cells to orchestrate cell division, cell fate determination, as well as cell 

motility during nervous system development (Charles et al., 1996; Garaschuk et al., 2000; 

Jessell, 2000; Montoro and Yuste, 2004; Weissman et al., 2004; Bonanomi and Pfaff, 

2010).   

 

Similar to waves, calcium spikes are global calcium transients that are propagated within 

the cell by the sequential release of calcium form the ER (Meyer and Stryer, 1991; Gu et 

al., 1994; Rosenberg and Spitzer, 2011).  However, spikes differ from waves in terms of 

the kinetics of the calcium transient (Spitzer and Gu, 1997; Rosenberg and Spitzer, 2011).  

While waves are slow and persist in the order of a minute, spikes are more rapid, lasting 

only a few seconds (Gu et al., 1994; Rosenberg and Spitzer, 2011).  Spikes regulate axon 

pathfinding, neurotransmitter specification, and are therefore crucial for the wiring of 

neuronal circuits (Gomez et al., 1995; Feller, 1999; Gomez and Spitzer, 1999; Borodinsky 

et al., 2004; Kirkby et al., 2013; Plazas et al., 2013; Borodinsky et al., 2014).   

 

Unlike spikes and waves, puffs and sparks are highly localised calcium transients that 

occur within subcellular compartments or microdomains (Bootman et al., 2001; Tovey et 

al., 2001; Ouyang et al., 2005; Berridge, 2006; Miyazaki and Ross, 2013).  Sparks and 

puffs result from the activation of individual, or small numbers of ER calcium release 

channels (Brown and Griffith, 1983; Satin and Adams, 1987; Bootman and Berridge, 

1995; Berridge, 1998; Tovey et al., 2001).  Given that sparks and puffs occur in discrete 

sub-cellular compartments, they are thought to regulate spatially localised events such as 

synaptic remodeling (Mattson et al., 2000; Miyazaki and Ross, 2013; Chen et al., 2015), 

steering in cell motility (Laude and Simpson, 2009; Wei et al., 2009), as well as filopodial 

motility and growth cone turning (Lau et al., 1999; Gomez et al., 2001; Robles et al., 

2003; Akiyama et al., 2009; Shim et al., 2013).  Hence, by shaping calcium signals in 

space and time, neurons can activate distinct cellular processes, all of which are required 

for nervous system development.   

 

Although the past two decades has seen an explosion in our understanding of the 

importance of precise patterns of calcium signaling for nervous system development 
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(Rosenberg and Spitzer, 2011; Toth et al., 2016), the molecular mechanisms responsible 

for the spatiotemporal control of calcium signaling in neurons remains to be fully 

elucidated.  Given the exquisite correlation between distinct spatial and temporal patterns 

of calcium signaling and the motile behaviours expressed by navigating growth cones 

(Gomez and Spitzer, 1999; Zheng, 2000; Wen et al., 2004b), calcium signaling during 

axon pathfinding represents a good model to investigate the molecular mechanisms that 

regulate nervous system development.   

 

 

1.3.4 Global calcium signals regulate axon extension  

 

The calcium “set point” theory is a prevailing hypothesis for describing the regulation of 

axon extension by calcium.  The set point theory suggests that axon outgrowth occurs 

over a narrow range of intracellular calcium concentration, with fluctuations above or 

below this set-point causing axons to accelerate, slow, pause or collapse (Kater and Mills, 

1991; Fields et al., 1993; Gomez and Spitzer, 2000; Zheng, 2000; Henley et al., 2004; 

Wen et al., 2004b; Zheng and Poo, 2007; Sutherland et al., 2014).  Growth cones generate 

spontaneous calcium transients in vitro and in vivo, and these transients modulate the rate 

of axon extension in a frequency-dependent manner (Gomez et al., 1995; Gomez and 

Spitzer, 1999; Tang and Kalil, 2005; Hutchins and Kalil, 2008).  The frequency of 

spontaneous calcium transients is inversely related to the rate of axon outgrowth, with 

high frequency calcium transients causing axons to slow down and pause at intermediate 

targets (Gomez and Spitzer, 1999; Plazas et al., 2013), while growth cones expressing 

low frequency calcium transients exhibit accelerated axon extension (Gomez and Spitzer, 

1999; Tang et al., 2003; Plazas et al., 2013).  By maintaining a set-point for calcium, 

calcium-dependent effector proteins are able to discriminate between subtle differences 

in the change in concentration of intracellular calcium that occur with calcium oscillations 

(Tomida et al., 2003).  Calcium/calmodulin-dependent protein kinase II (CaMKII) is 

activated by large amplitude increases in calcium, and as such is thought to act as a spike 

frequency detector (Malinow et al., 1989; Deisseroth et al., 1995; De Koninck and 

Schulman, 1998; Hudmon and Schulman, 2002).  CaMKII has been shown to be activated 

by sustained increases in intracellular calcium that occur with higher frequency calcium 

transients resulting in axon branching, filopodial formation, and promotes filopodial 

dynamics (Borodinsky et al., 2003; Fink et al., 2003; Tang et al., 2003).  Accordingly, 
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CaMKII is activated in growth cones that exhibit an increased frequency of calcium 

transients, with CaMKII activity correlating with larger, more complex growth cones 

(Tang et al., 2003), slowing axon extension and increasing the time spent sampling the 

local environment and slowing axon outgrowth (Ren and Suter, 2016).  In contrast, lower 

frequency calcium transients activate the phosphatase calcineurin (CaN), which is 

activated by lower amplitude calcium signals and opposes the actions of CaMKII, leading 

to a less complex growth cone and increased axon extension (Lautermilch and Spitzer, 

2000).  Therefore, precise patterns of calcium signaling have distinct effects on axon 

outgrowth.  Accordingly, increasing or decreasing the frequency of calcium transients in 

a navigating axons results in errors in axon pathfinding in vivo (Shim et al., 2005; Plazas 

et al., 2013), which illustrates the importance of precise patterns of calcium signaling for 

axon pathfinding.  While global changes in intracellular calcium are crucial for mediating 

rates of axon outgrowth, the direction of growth cone motility is dependent on spatially 

localised calcium transients (Zheng, 2000; Wen et al., 2004b; Nicol et al., 2011).   

 

 

1.3.5 Localised calcium signals regulate growth cone motility  

 

Growth cone motility is biased in the direction of the stabilised filopodia and therefore 

signals that cause asymmetric stabilisation or destabilisation of the actin and microtubule 

cytoskeletons within the growth cone will induce a growth cone turning response 

(Dickson, 2002; Chilton, 2006; Dent et al., 2011).  Calcium has been shown to mediate 

growth cone motility both towards (attraction) and away from (repulsion) a source of 

guidance cue, with the concentration of intracellular calcium highest on the side of the 

growth cone nearest to the source of guidance cue, irrespective of whether the guidance 

cue causes attraction or repulsion (Zheng, 2000; Henley et al., 2004; Tojima et al., 2011; 

Sutherland et al., 2014).  Therefore, regulatory mechanisms must exist to differentiate 

between attractive and repulsive calcium signals, with the spatiotemporal localisation of 

calcium signaling proposed to be a key factor in determining growth cone motility in 

response to calcium signaling (Tojima et al., 2011).   

 

The significance of spatially and temporally localised calcium signals for growth cone 

turning was elegantly demonstrated by the use of focal laser-induced photolysis (FLIP) 

to increase intracellular calcium concentration in a spatially restricted manner in Xenopus 
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growth cones (Zheng, 2000).  In this study, a spatially localised calcium signal on one 

side of the growth cone was shown to be sufficient to induce attractive growth cone 

turning in the direction of the elevated intracellular calcium (Zheng, 2000).  However, 

when the same experiment was conducted in zero extracellular calcium (which decreases 

intracellular calcium), the turning response to the same focal increase in intracellular 

calcium was switched to repulsion (Zheng, 2000), suggesting that both the spatial 

localisation and the magnitude of the calcium signal together determine whether calcium 

induces attraction or repulsion.  Consistent with this hypothesis, the attractive guidance 

cue netrin-1 induced a large, asymmetric calcium signaling on the turning side of the 

growth cone (Hong et al., 2000).  However, when calcium influx or calcium release from 

internal stores is inhibited prior to the application of netrin-1, the turning response was 

switched from attraction to repulsion (Hong et al., 2000).  Moreover, the repulsive 

guidance cue myelin associated glycoproteins (MAG) induces a small calcium signal that 

induces turning away from the source of MAG (Henley et al., 2004).  Together, these 

results provided crucial evidence that localised calcium signals are sufficient to cause 

both attraction and repulsion, and that the spatiotemporal dynamics of the calcium signal 

determine the polarity of the growth cone turning response.  Hence, a model of growth 

cone turning has been proposed whereby spatially restricted, larger amplitude calcium 

signals promote growth cone turning towards the calcium signal, and spatially restricted, 

small amplitude calcium signals promote growth cone turning away from the calcium 

signal (Henley and Poo, 2004; Gomez and Zheng, 2006; Zheng and Poo, 2007).  

However, it remained to be determined how these precise spatiotemporal patterns of 

calcium signaling are transduced into distinct motile responses.   

 

The microtubules of the growth cone cytoskeleton are key downstream targets of 

guidance cue mediated calcium signaling, with microtubule stabilisation and extension 

biasing growth cone motility in the direction of stabilised microtubules (Dent et al., 2011).  

Microtubules are constantly growing and shrinking as tubulin molecules are added or 

removed from the plus-end in a process termed ‘dynamic instability’ (Kirschner and 

Mitchson, 1986).  The extension and stabilisation of microtubules is promoted by the 

activation of CaMKII (Goto et al., 1985; Yamamoto et al., 1985), and activation of 

CaMKII is required for attraction in response to guidance cues such as acetylcholine 

(Zheng et al., 1994; Wen et al., 2004b).  In contrast, CaN opposes CaMKII activity and 

is associated with microtubule destabilisation (Goto et al., 1985; Yamamoto et al., 1985), 
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and growth cone repulsion (Chang et al., 1995; Wen et al., 2004b).  Together, these 

studies suggest that CaN or CaMKII are activated upstream of microtubule 

stabilsaiton/destabilsation to control the direction of growth cone turning.   

 

Evidence for a CaN-CaMKII switch in the growth cone was provided by an investigation 

of calcium-mediated growth cone turning in Xenopus spinal neurons (Wen et al., 2004b).  

In this study, FLIP was used to induce a localised calcium signal that is sufficient to 

induce growth cone attraction as previously reported (Zheng, 2000).  When CaMKII was 

inhibited, FLIP-mediated attractive growth cone turning was abolished (Wen et al., 

2004b), suggesting that CaMKII is required for growth cone attraction mediated in 

response to a localised larger amplitude calcium signals.  However, when FLIP was used 

to cause growth cone repulsion in calcium-depleted conditions (Zheng, 2000), inhibition 

of CaN caused growth cone repulsion to be switched to attraction (Wen et al., 2004b).  

To determine if this switch to attraction is caused by CaMKII being activated when CaN 

is inhibited, CaMKII and CaN were inhibited concurrently.  When CaMKII and CaN 

were both inhibited, growth cone turning in response to a localised calcium signal was 

abolished (Wen et al., 2004b).  A mathematical model describing the relationship between 

CaMKII and CaN during growth cone turning was recently published by Forbes and 

colleagues (Forbes et al., 2012).  This model describes how the higher affinity that CaN 

has for calcium-calmodulin binding compared to CaMKII leads to a preferential 

activation of CaN at lower calcium concentrations, whereas CaMKII is predominantly 

activated at higher calcium concentrations (Forbes et al., 2012).  These studies illustrate 

the importance of precise spatial and temporal localisation of calcium signaling for the 

regulation of growth cone motility, and describe a mechanism by which distinct patterns 

of calcium signaling differentially signal to the growth cone cytoskeleton.  However, 

regulation of growth cone motility by the CaN-CaMKII switch in response to distinct 

calcium signals does not fully explain how precise patterns of calcium signaling control 

growth cone motility.   

 

In addition to the asymmetric stabilisation of the cytoskeleton, growth cone turning also 

relies on shifts in the balance between endocytosis and exocytosis.  The repulsive 

guidance cues sema3A and myelin associated glycoprotein (MAG) trigger a localised low 

amplitude calcium signals (Henley et al., 2004; Togashi et al., 2008), as well as inducing 

clatherin-mediated endocytosis via β1-integrin internalisation (Carlstrom et al., 2010; 
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Hines et al., 2010).  These data suggest that focal small amplitude calcium signals and 

localised endocytosis act together to trigger growth cone repulsion.  In contrast, larger 

amplitude calcium signals promote microtubule-based trafficking of vesicle-associated 

membrane protein 2 (VAMP2) positive vesicles to the turning side of the growth cone, 

leading to VAMP2-dependent exocytosis (Tojima et al., 2007; Akiyama and Kamiguchi, 

2013; Ros et al., 2015; Wada et al., 2016).  Given that VAMP2-mediated exocytosis is 

reported to regulate insertion of guidance cue receptors into the plasma membrane (Singh 

et al., 2004; Tojima et al., 2007; Araki et al., 2010), these findings suggest that 

asymmetric trafficking and insertion of vesicles increases the sensitivity of the turning 

side of the growth cone to guidance cues, facilitating growth cone turning.  In addition, 

CaMKII  activates cyclin-dependent kinase 5 (Cdk5), which in turn inhibits clatherin-

mediated endocytosis, inhibiting repulsion (Tojima et al., 2014).  Hence, localised large 

amplitude calcium signals both promote attraction and inhibit repulsion.  These studies 

illustrate how distinct spatial and temporal patterns of calcium signaling determine the 

polarity of growth cone motility by modulating microtubule stabilisation and membrane 

dynamics.  Taken together, these studies inform a model of growth cone motility whereby 

distinct spatial and temporal patterns of calcium signaling regulate attraction versus 

repulsion (Fig. 1.2).  While these studies highlight the importance of spatial and temporal 

patterns of calcium signaling for the regulation of growth cone motility, the mechanisms 

responsible for regulating the spatial and temporal localisation of calcium during growth 

cone motility remain to be fully elucidated.   

 

One mechanism by which growth cones may control the spatial regulation of calcium 

signaling is to regulate ER remodeling within the growth cone.  Rac is a small calcium-

dependent G-protein, and activation of Rac triggers microtubule extension into the 

periphery of the growth cone (Jin et al., 2005; Zhang and Forscher, 2009; Dent et al., 

2011).  Rac-dependent microtubule extension is required for remodeling of the ER 

towards the leading edge of the growth cone (Zhang and Forscher, 2009).  Given that the 

ER is a large intracellular pool of calcium that is released to generate calcium signals in 

response to guidance cues (Li et al., 2005; Akiyama et al., 2009; Gasperini et al., 2009; 

Sutherland et al., 2014), these findings suggested that ER remodeling to the leading edge 

of the growth cone is a regulatory mechanism for the localisation of sustained elevations 

in calcium within the growth cone.   
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1.4 Mechanisms of calcium influx and release in the growth cone  

 

Given that precise patterns of calcium signaling determine the direction of growth cone 

motility, it is important to understand how distinct spatiotemporal patterns of calcium are 

produced.  Calcium signals are shaped by the influx of extracellular calcium and the 

release of calcium from internal stores, with each calcium signal being the product of the 

calcium influx and release mechanism that contribute to the calcium signal.  Hence, it has 

been hypothesised that guidance cues produce distinct calcium signals according to the 

source of calcium used to generate the calcium signal (Tojima et al., 2011).  Calcium 

influx and release mechanisms of importance for growth cone motility include calcium 

influx via transient receptor potential (TRP) channels and voltage-dependent calcium 

channels (VDCC), release of stored calcium from the ER, as well as calcium influx via 

store-operated calcium entry (SOCE).   

 

 

1.4.1 Mechanisms of calcium influx: TRP channels 

 

TRP channels are a family of non-selective cation channels that trigger sustained calcium 

influx into the cell (Kennedy et al., 1994; Serafini et al., 1994; 1996; Brose et al., 1999; 

Niclou et al., 2000; Stein and Tessier-Lavigne, 2001; Ramsey et al., 2006).  Mammalian 

TRP channels includes 6 sub-families, which are further divided into channel subtype [for 

reviews see (Ramsey et al., 2006; Nilius and Owsianik, 2011)].  Although many TRP 

family members are expressed in growth cones (Goswami et al., 2007; Goswami, 2010; 

Shibasaki et al., 2010; Kerstein et al., 2015), the best evidence for the requirement of TRP 

channels for growth cone motility exists for TRPC (canonical) channels (Greka et al., 

2003; Li et al., 2005; Wang and Poo, 2005; Shim et al., 2013).  

 

Calcium entry via TRPC channels is crucial for growth cone motility, with calcium influx 

via TRPC channels mediating growth cone attraction in response to BDNF, netrin-1 and 

glutamate (Li et al., 1999; Kim et al., 2003; Li et al., 2005; Wang and Poo, 2005), as well 

as repulsion in response to myelin-associated glycoprotein (MAG) (Shim et al., 2005).   
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Figure 1.2: The spatial and temporal properties of calcium signaling determines the 

polarity of growth cone motility.   

 

In response to a repulsive guidance cue, a smaller amplitude calcium signal on the side 

of the growth cone facing towards the source of guidance cue activates calcineurin (CaN) 

in preference to calcium/calmodulin-dependent kinase II (CaMKII), which promotes 

destabilisation of the microtubule cytoskeleton and, hence, growth cone repulsion.  

Repulsive guidance cues also promote clatherin-mediated endocytosis.  In contrast, 

attractive guidance cues elicit a larger amplitude calcium on the side of the growth cone 

facing towards the source of guidance cue.  This larger amplitude calcium signal activates 

CaMKII in preference to calcineurin CaN, which promotes extension and stabilisation of 

microtubules to the turning side of the growth cone.  In addition, larger amplitude calcium 

signal promotes the trafficking of VAMP2-coated vesicles to the turning side of the 

growth cone, with VAMP2-mediated exocytosis increases the sensitivity of the turning 

side of the growth cone to attractive guidance cues via the insertion of additional guidance 

cue receptors into the plasma membrane.   
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Therefore, calcium influx via TRPC channels can regulate both attraction and repulsion.  

When TRPC channels are inhibited, growth cone turning towards BDNF and netrin-1 is 

abolished (Li et al., 2005; Shim et al., 2005; Wang and Poo, 2005), suggesting that 

calcium influx via TRPC channels is important for the generation of large amplitude 

calcium signals associated with growth cone attraction.  Receptor stimulation by BDNF 

and netrin-1 triggers asymmetric phosphoinositide-3-kinase (PI3K)-dependent 

production of PIP3 within the growth cone (Li et al., 2005; Henle et al., 2011).  This 

localised production of PIP3 causes activation of the Akt (protein kinase B), which in turn 

phosphorylates and activates TRPC channels to cause localised calcium influx (Li et al., 

2005; Henle et al., 2011).  These findings suggest that calcium influx in response to 

BDNF and netrin-1 is mediated by TRPC channel opening, which is regulated by a PI3K-

PIP3-Akt pathway (Fig.1.3).   

 

Inhibition of TRPC channels also abolishes growth cone repulsion away from MAG 

(Shim et al., 2005).  Although evidence suggests that MAG interacts with β1-integrin to 

stimulate asymmetric endocytosis and growth cone repulsion (Goh et al., 2008; Hines et 

al., 2010; Tojima et al., 2010),  MAG is also reported to cause a low amplitude rise in 

intracellular calcium on the side of the growth cone facing the source of guidance cue 

(Henley et al., 2004).  Although this small rise in intracellular calcium has been attributed 

to calcium release from the ER (Henley et al., 2004), extracellular calcium is required for 

MAG induced repulsion (Song et al., 1998), and inhibition of TRPC channels abolishes 

MAG-dependent growth cone repulsion (Shim et al., 2005).  Therefore, these studies 

suggest that calcium entry via TRPC channels is important for MAG induced repulsion, 

however the mechanisms that underlie this process remain to be fully elucidated.   It 

should also be noted that not all guidance cues activate TRPC channels.  A reduction of 

TRPC channel expression has no effect on growth cone repulsion to sema-3a (Shim et 

al., 2005), consistent with previous findings that sema-3a induces a small influx of 

calcium via cyclic nucleotide gated (CNG) channels, but not via TRPC channels (Togashi 

et al., 2008).  These studies confirm the importance of calcium influx via TRPC channels 

for correct growth cone motility, however they also illustrate the complexity of calcium 

signaling.  Given that calcium influx via TRPC channels is implicated in growth cone 

repulsion (Shim et al., 2005), it is predicted that calcium influx via TRPC channels alone 

is insufficient to generate the large amplitude calcium signals required for growth cone 
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attraction.  Consistent with this prediction, calcium entry via TRPC channels is believed 

to activate further calcium influx via L-type VDCC.   

 

 

1.4.2 Mechanisms of calcium influx: voltage-dependent calcium channels  

 

VDCC have been reported to regulate axon outgrowth, however their role in steering 

growth cones in response to guidance cues remains controversial.  Numerous VDCC 

subtypes are expressed in growth cones, including N-, L-, P- and T-type VDCC (Fox et 

al., 1987; Bean, 1989); with L-type VDCC the most extensively studied subtype in growth 

cone guidance (Gomez et al., 1995; 2001; Tang et al., 2003).  Studies conducted in 

Xenopus spinal neurons have demonstrated that calcium influx via L-type VDCC is 

required for growth cone attraction in response to netrin-1 (Hong et al., 2000; Nishiyama 

et al., 2003).   In Xenopus growth cones, netrin-1 stimulates an increase in the amplitude 

of VDCC-dependent calcium currents, which is blocked by the inhibition of L-type 

VDCC (Nishiyama et al., 2003).  These findings confirmed results from a previous study 

which showed that L-type VDCC are required for netrin-1 induced elevations in 

intracellular calcium in Xenopus growth cones (Hong et al., 2000).  Interestingly, 

inhibition of L-type VDCC was shown to convert netrin-1 induced attraction into 

repulsion (Hong et al., 2000).  Given that L-type VDCC are reported to be activated 

downstream of TRPC channel activation in Xenopus spinal neurons (Wang and Poo, 

2005), these findings inform a model of calcium signaling whereby guidance cues firstly 

activate calcium entry via TRPC, with increased intracellular calcium triggering a further 

influx of calcium via L-type VDCC that induces attractive growth cone turning 

downstream of CaMKII activation (Fig. 1.3).  Hence, when L-type VDCC channels are 

inhibited, TRPC channels still trigger an influx of calcium, but there is no amplification 

of this calcium signal.  As such, the small calcium signal induced by netrin-1 results in 

growth cone repulsion, presumably via the activation of CaN (Wen et al., 2004b).  Taken 

together with function of TRPC channels, these findings are consistent with the 

hypothesis that the source of calcium is crucial for determining growth cone motility in 

response to calcium signaling.   

 

Interestingly, studies carried out in rodent neurons have reported that inhibition of L-type 

VDCC has no effect on BDNF mediated growth cone turning in mammalian cerebellar 
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or dorsal root ganglion (DRG) neurons (Li et al., 2005; Gasperini et al., 2009).  Similarly, 

unpublished observations from this laboratory suggest that inhibition of L-type VDCC 

has no effect on the attractive turning response to netrin-1 by growth cones of DRG 

sensory neurons (unpublished observations).  These studies suggest that netrin-1 

mediated calcium influxes via L-type VDCC may be specific to Xenopus spinal neurons, 

may function in a cell-type specific manner, or may be dependent on the maturation state 

of the cell (Ohbayashi et al., 1998).  Nevertheless, many axon guidance studies have been 

conducted in Xenopus spinal neurons, therefore it is important to note the significance of 

calcium entry via L-type VDCC for growth cone turning in this model.  These studies 

illustrate how the cell-type, the repertoire of guidance cue receptors expressed, as well as 

the ligands that each growth cone encounters, can add to the complexity of calcium 

signals observed in navigating growth cones.  However, further complexity is introduced 

when calcium release from internal stores is considered.   

 

 

1.4.3 Mechanisms of calcium release from the endoplasmic reticulum 

 

The ER is a continuous membranous structure that spans the entire neuron, including the 

soma, axon, dendrites, as well as extending into the periphery of the growth cone 

(Yamada et al., 1971; Dailey and Bridgman, 1989; 1991; Terasaki et al., 1994; Berridge, 

1998; de Juan-Sanz et al., 2017).  ER calcium represents a large pool of intracellular 

calcium that can be released in response to guidance cue signaling (Henley and Poo, 2004; 

Tojima et al., 2011), and  release of calcium from the ER plays a crucial role in the 

generation of localised calcium signals that mediate steering of the growth cone (Takei et 

al., 1998; Hong et al., 2000; Henley et al., 2004; Ooashi et al., 2005; Akiyama et al., 

2009).  ER calcium release occurs via two mechanisms: inositol triphosphate (IP3)-

induced calcium release (IICR), and/or calcium induced-calcium release (CICR).   

 

 

1.4.3.1 IP3-induced calcium release (IICR) 

 

IICR refers to release of calcium from the ER that occurs in an IP3-dependent manner via 

the activation of IP3 receptors (IP3R) on the ER membrane (Burgess et al., 1984; Berridge, 

2002).  IP3 is an intracellular signaling molecule generated by phospholipase C (PLC)-
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dependent hydrolysis of phosphatidylinositol-4-5-bisphophate (PIP2), which diffuses 

within the cytoplasm to bind IP3R located on the ER membrane, triggering calcium 

release from the ER (Berridge and Irvine, 1989).  Calcium release by IICR is vital for 

axon pathfinding, with netrin-1, NGF, and BDNF found to initiate attractive growth cone 

turning via activation of the PLC-IP3-IP3R pathway (Ming et al., 1999; Li et al., 2005; 

Akiyama et al., 2009).  Likewise, a gradient of guidance cues across the growth cone 

results in asymmetric generation of IP3 on the side of the growth cone facing the source 

of guidance cue (Akiyama et al., 2009), correlating with sustained asymmetric rises in 

calcium observed in response to gradients of guidance cue (Wang and Poo, 2005; 

Gasperini et al., 2009).  This attractive turning response is abolished by inhibition of PLC 

or by depletion of calcium from the ER (Li et al., 2005; Akiyama et al., 2009), implying 

that release of calcium from ER via IICR is sufficient to induce growth cone attraction.  

These data suggest that calcium release form the ER via the PLC-IP3-IP3R pathway 

regulates calcium entry via TRPC channels during the growth cone turning response (Fig. 

1.3).  Together, these findings demonstrate the importance of IICR for correct growth 

cone motility in response to guidance cue signaling, and illustrate the importance of 

calcium release from the ER as a source of calcium for correct growth cone motility.   

 

 

1.4.3.2 Calcium-induced calcium release (CICR) 

 

Calcium release from the ER via calcium-induced calcium release (CICR) is activated by 

increased intracellular calcium, with free calcium ions binding to ryanodine receptors 

(RyR) located in the ER membrane, causing potentiation of RyR-mediated calcium 

release (Berridge, 2002).  Activation of CICR is required for growth cone attraction 

(Hong et al., 2000; Ooashi et al., 2005; Tojima et al., 2007), with inhibition of CICR 

switching netrin-1 mediated attraction to repulsion (Hong et al., 2000).  Although CICR 

is required for netrin-1 mediated attraction, inhibition of CICR has no effect on BDNF 

mediated growth cone turning, or calcium signaling in response to BDNF (Li et al., 2005).  

Unlike IICR, activation of CICR alone with a low concentration of ryanodine causes 

growth cone repulsion (Hong et al., 2000), suggesting that CICR must be paired with an 

influx of extracellular calcium or IICR to generate large amplitude calcium signals that 

mediate attraction.  This finding is consistent with the hypothesis that the source of 

calcium is important for determining growth cone motility in response to guidance cue 
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signaling (Ooashi et al., 2005; Tojima et al., 2007), and suggests that the mode of calcium 

release from the ER is an important factor in determining growth cone turning responses.   

 

 

1.4.4 Calcium influx mechanisms: store-operated calcium entry  

 

Growth cone motility is known to require sustained, localised calcium signals formed by 

calcium influx and release of calcium from the ER (Li et al., 2005; Ooashi et al., 2005; 

Gasperini et al., 2009; Tojima et al., 2011).  However, intracellular calcium is rapidly 

buffered within the cytoplasm (Faas et al., 2011), and the ER is a finite source of calcium, 

that is rapidly depleted upon release via IICR and/or CICR (Ooashi et al., 2005; Gasperini 

et al., 2009).  Therefore, an additional mechanism of calcium influx must exist to sustain 

elevated intracellular calcium and replenish the ER calcium store during growth cone 

motility.  It has been suggested that this mechanism of calcium influx is store-operated 

calcium entry (SOCE) (Li et al., 2005; Gasperini et al., 2009; Mitchell et al., 2012; Shim 

et al., 2013).  SOCE refers to a specific mode of calcium influx that is triggered in 

response to a depletion of calcium from the ER, which refills the ER calcium store and 

sustains elevated intracellular calcium (Putney, 1986).  Briefly, SOCE occurs when the 

ER-resident, calcium sensing protein stromal interacting molecule 1 (STIM1) is activated 

by depletion of ER calcium, which triggers STIM1 to bind and activate Orai proteins in 

the plasma membrane, leading to the formation of calcium-release activated calcium 

(CRAC) channels and SOCE [discussed in detail below (Luik et al., 2008; Park et al., 

2009)].  Recent studies have suggested that STIM1 is necessary for attractive growth cone 

turning in response to BDNF (Mitchell et al., 2012), and netrin-1 (Shim et al., 2013), as 

well as midline crossing by commissural neurons of the Xenopus spinal cord (Shim et al., 

2013), which supports a hypothesis whereby SOCE is activated in growth cones to 

mediate growth cone motility during axon pathfinding.   
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Figure 1.3: The source of calcium is a key determinate of growth cone motility 

responses.   

 

In growth cone repulsion, guidance cue receptor activation leads to a relatively small 

influx of extracellar calcium, or a small release of ER calcium, generating a small 

amplitude calcium signal that activates calcineurin in preference to CaMKII.  Activation 

of calcineurin promotes growth cone repulsion, as well as inhibiting CaMKII to inhibit 

growth cone attraction.   

 

In growth cone attraction, guidance cue receptor activation leads to activation of calcium 

influx via TRPC channels via the PI3K-PIP3-Akt pathway, and potentially further 

calcium influx via the activation of L-type VDCC.  Receptor activation also leads to IP3 

production, which diffuses in the cytosol to bind and activate IP3R located on the ER 

membrane, triggering calcium release via IICR.  The resulting increase in intracellular 

calcium produces a further release of ER calcium via CICR, leading to a large amplitude 

rise in intracellular calcium.  As ER calcium is depleted, STIM1 activates SOCE by 

triggering CRAC channel formation, with the resulting influx of calcium via SOCE 

refilling the depleted ER calcium store, and potentiating elevated intracellular calcium.  

The resulting sustained, large amplitude rise in intracellular calcium activates CaMKII in 

preference to calcineurin and promotes growth cone attraction.  
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1.5 Store-operated calcium entry (SOCE) 

 

The concept of SOCE was first proposed by James Putney in the mid 1980s as a 

mechanism to explain the compensatory influx of extracellular calcium that is observed 

in response to the depletion of calcium from the ER (Putney, 1986).  Although SOCE was 

initially predicted to be a mechanism of calcium entry for non-excitable cells (Hoth and 

Penner, 1992), SOCE was subsequently shown to be present in excitable cells (Putney, 

2003), including neurons (Baba et al., 2003; Bouron et al., 2005; Kachoei et al., 2006).  

However, the mechanism of SOCE and its molecular components remained to be 

elucidated.   

 

 

1.5.1.1 Store-operated channels: CRAC channels 

 

CRAC channels were first described in mast cells as a calcium influx channels that 

mediates a sustained inward calcium current (termed ICRAC) in response to ER calcium 

depletion, which occurrs independent of a change in membrane voltage (Hoth and Penner, 

1992; 1993).  As such, the CRAC channel was proposed to be the calcium permeable 

channel responsible for calcium influx during SOCE.  However, despite 

electrophysiological evidence for the existence of CRAC channels  (Hoth and Penner, 

1992; 1993), the identity of the CRAC channel remained to be elucidated.   

 

Orai1 (also termed CRAC modulator 1 (CRACM1)) was first identified as a candidate 

CRAC channel protein by a genetic screen of patients with severe combined immune 

deficiency (SCID) (Feske et al., 2006), a disease in which immune cells exhibit defective 

calcium influx via SOCE (Feske et al., 2005).  At a similar time, Orai1 was identified by 

RNA interference (RNAi) screens aiming to identify regulators of SOCE in Drosophila 

S2 cells (Feske et al., 2006; Vig et al., 2006).  However, the key pieces of data that 

revealed that Orai1 was the molecular constituent of the CRAC channel was that 

expression of Orai1 together with the ER-localised calcium sensing protein STIM1 

activates SOCE with calcium influx that resembles ICRAC (Peinelt et al., 2006; Soboloff 

et al., 2006b), and mutation of the pore-forming residue of Orai1 abrogated calcium influx 

via SOCE (Vig et al., 2006).  Hence, it was concluded that Orai1 is a molecular 

constituent of the CRAC channel.   
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However, the Orai family of proteins includes three Orai homologs in mammals: Orai1, 

Orai2 and Orai3 (Feske et al., 2006), and all three Orai homologues are capable of 

forming CRAC channels (Prakriya et al., 2006; Schindl et al., 2008; 2009).  Orai proteins 

are plasma membrane localised proteins that contain four transmembrane domains with 

both N- and C-termini located within the cytoplasm (Feske et al., 2006; Vig et al., 2006), 

and structural analysis has revealed that CRAC channels are formed by Orai hexamers 

(Hou et al., 2012; Cai et al., 2016), with Orai1-3 able to heteromultimerise to form CRAC 

channels containing multiple Orai family members (Inayama et al., 2015).  Furthermore, 

each Orai protein confers the CRAC channel with distinct calcium conduction and 

inactivation kinetics (DeHaven et al., 2007; Lis et al., 2007), suggesting that calcium 

influx via SOCE can be shaped by the expression of different Orai proteins (Moccia et 

al., 2015).  

 

 

1.5.2 Store-operated channels: TRPC channels  

 

It was long argued that TRPC channels were CRAC channels (Putney et al., 2001), as 

evidence suggest that TRPC channels were activated in response to ER calcium depletion 

(Zitt et al., 1996; Kiselyov et al., 1998).  However, these results were not reproducible in 

other laboratories (McKay et al., 2000).  Furthermore, calcium influx via TRPC channels 

does not produce the highly specific ICRAC (Feske et al., 2005), which is the hallmark of 

CRAC channel mediated SOCE (Hoth and Penner, 1992; 1993), suggesting that TRPC 

channels are not CRAC channels.  However, given that STIM1 is able to activate a store-

dependent calcium influx via TRPC channels (Huang et al., 2006; Yuan et al., 2007; 

Wang et al., 2008; Antigny et al., 2011; Li et al., 2012; Somasundaram et al., 2014; Ong 

and Ambudkar, 2015), it is now recognized that TRPC and CRAC channels can both 

function as store-operated channels activated in response to calcium depletion from the 

ER [for reviews see (Wang et al., 2008; Hogan and Rao, 2015; Majewski and Kuznicki, 

2015)].  Consequently, herein SOCE refers to STIM-mediated calcium influxes elicited 

by CRAC and/or TRPC channels.   
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1.6 Stromal interacting molecule (STIM) proteins 

 

For SOCE to occur, depletion of ER calcium must be communicated to store-operated 

channels located on the plasma membrane (Putney et al., 2001).  Early studies in mast 

cells demonstrated that there is a delay between ER calcium depletion and the activation 

of SOCE (Hoth and Penner, 1992; 1993), implying that a signaling process activates 

CRAC channels in response to ER calcium depletion.  Of the various signaling 

mechanisms proposed (Putney et al., 2001), experimental evidence supported a 

mechanism of direct coupling between ER and plasma membrane localised regulatory 

elements (Venkatachalam et al., 2002).  A key piece of evidence for this direct coupling 

hypothesis was provided by the demonstration that calcium release from the ER and 

calcium influx via SOCE is highly colocalised (Jaconi et al., 1997), suggesting that 

proximity of the ER with the plasma membrane is required for SOCE to occur.  

 

Stromal interacting molecule (STIM) proteins are a family of two type I transmembrane 

proteins first identified as candidate tumour suppressor genes (Parker et al., 1996; 

Sabbioni et al., 1997; Manji et al., 2000; Williams et al., 2001).  The first STIM protein 

identified was human STIM1, which was discovered as a rhabdomyosarcoma-releated 

gene within chromosome region 11p15.5 (Parker et al., 1996), which was implicated in 

the development of several cancers including rhabdomyosarcoma, Wilms tumour and 

adrenal carcinoma (Parker et al., 1996; Sabbioni et al., 1997; Manji et al., 2000; Williams 

et al., 2001).  A second STIM protein, termed STIM2, was also identified, which 

exhibited significant homology with STIM1 (Williams et al., 2001), suggesting a 

conserved function.  Orthologs for STIM1 and STIM2 have been identified in all 

vertebrates, including zebrafish (Danio rerio), Xenopus, and rodents, whilst invertebrates 

such as C. elegans and Drosophila express a single STIM ortholog (Williams et al., 2001; 

Cai, 2007a).  The high degree with which  STIM proteins have been conserved during 

evolution (Williams et al., 2001; Cai, 2007a), coupled with the demonstration that STIM 

proteins exhibited near ubiquitous expression in most tissues (Williams et al., 2001), 

suggested that STIM proteins have highly important biological functions.  As STIM1 had 

a putative role as a tumour suppressor gene (Parker et al., 1996; Williams et al., 2001; 

2002), and possessed a sterile-α-motif (SAM) domain, α-helical coiled-coil domains, and 

numerous phosphorylated residues (Parker et al., 1996; Williams et al., 2001; 2002), it 
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was theorised that STIM1 would form higher order structures that function as part of a 

signaling pathway (Williams et al., 2002).   

 

 

1.6.1 Regulation of SOCE by STIM proteins 

 

The first evidence that STIM1 regulated SOCE was provided by RNAi screens aiming to 

identify the molecular mediators of SOCE (Liou et al., 2005; Roos et al., 2005).  Using 

RNAi in Drosophila S2 cells, Roos and colleagues showed that of 170 candidate genes 

screened, only knockdown of Drosophila STIM (dSTIM) inhibited ICRAC, with calcium 

influx reduced by 90% in cells lacking dSTIM (Roos et al., 2005).  When similar 

experiments were conducted by reducing STIM1 expression in mammalian HEK293 

cells, SOCE was reduced by 60% (Roos et al., 2005), suggesting that STIM1 is a 

conserved regulator of SOCE in both vertebrates and invertebrates.  A similar RNAi 

screen of 2,304 proteins in HeLa cells identified both STIM1 and STIM2 as proteins 

required for SOCE (Liou et al., 2005).  Together, these findings revealed that STIM 

proteins were molecular components of SOCE, however how the function of STIM 

protein during SOCE remained to be determined.   

 

It was suggested that STIM proteins could function in several ways to regulate SOCE.  

Firstly, the simplest explanation of the above results would be that STIM proteins 

constitute the CRAC channel, whether as a constitutive plasma membrane protein, or by 

translation of ER-localised STIM1 into the plasma membrane upon activation (Roos et 

al., 2005; Zhang et al., 2005).  Secondly, as STIM1 was observed on both the ER and the 

plasma membranes, it was proposed that homophilic interactions between STIM1 

proteins initiates SOCE by activation of independent CRAC channels (Zhang et al., 

2005).  Lastly, it was hypothesised that activated STIM1 located within the ER membrane 

could directly interact with CRAC channels on the plasma membrane to trigger SOCE, 

without interactions with plasma membrane localised STIM1 (Liou et al., 2005; Roos et 

al., 2005).  The final hypothesis was proven correct with the observation that STIM1 is 

an ER-localised protein that translocates towards the plasma membrane in response to 

depletion of calcium from the ER, but is not inserted into the plasma membrane (Liou et 

al., 2005).  Subsequent studies would identify Orai proteins as the molecule constituents 

of CRAC channels (Feske et al., 2006; Peinelt et al., 2006; Vig et al., 2006), which are 
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directly bound and regulated by STIM1 (Muik et al., 2008; Derler et al., 2009; Yuan et 

al., 2009; Zhou et al., 2014), thus proving that STIM1 is an ER-localised calcium sensing 

protein responsible for the activation of SOCE.   

 

In addition to STIM proteins, SOCE is also regulated by STIM interacting proteins 

including the ER-resident SOCE-associated regulatory factor (SARAF), which binds to 

STIM1 coupled with Orai to attenuate SOCE,  preventing excessive store-refilling (Palty 

et al., 2012; Jha et al., 2013; Palty and Isacoff, 2015; Albarran et al., 2016).  While 

acknowledging the important role that these regulatory proteins play in the fine tuning of 

calcium influx via SOCE, this thesis focuses on the regulation of SOCE mediated by 

STIM proteins.  

 

 

1.6.2 Stromal interacting molecule 1 (STIM1)  

 

STIM1 is a 77-kDa ER-resident calcium sensing protein that that is required to initiate 

SOCE in response to depletion of calcium from the ER.  STIM1 is a type I transmembrane 

protein with an N-terminal region within the ER lumen, and a cytosolic C-terminal region 

(Williams et al., 2001; Roos et al., 2005; Zhang et al., 2005; Dziadek and Johnstone, 

2007; Liou et al., 2007).  The luminal N-terminal region of STIM1 is comprised of an 

ER-localisation sequence or signal motif, an EF-hand that binds calcium, a ‘hidden’ EF-

hand that does not participate in calcium binding, and a SAM domain involved in STIM1 

conformational changes and oligomerisation (Huang et al., 2006; Stathopulos et al., 2006; 

Zheng et al., 2008; Yuan et al., 2009; Covington et al., 2010; Zheng et al., 2011).  While 

the calcium-binding EF-hand imparts STIM1 with the ability to sense ER calcium 

concentrations (Liou et al., 2005; Zhang et al., 2005; Mercer, 2006; Stathopulos et al., 

2006), the remaining N-terminal protein domains are responsible for communicating 

changes in calcium binding to STIM1 C-terminal protein domains, which in turn regulate 

effector functions of STIM1, including CRAC channel activation (Stathopulos et al., 

2006; Luik et al., 2008; Muik et al., 2011).  Here, the structure of STIM1 will be reviewed 

to provide insight into the function of STIM1 during SOCE (Fig. 1.4).   

 

The luminal region of STIM1 is involved in calcium binding, and regulates the activation 

state of STIM1.  The STIM1 EF-hand is a low affinity calcium-binding motif that confers 
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STIM1 with its calcium sensory function (Liou et al., 2005).  The low affinity of the 

STIM1 EF-hand for calcium, coupled with the 1:1 binding between calcium ions and the 

EF-hand (Stathopulos et al., 2006), means that STIM1 is able to sense changes in the 

concentration of calcium within the ER lumen.  ER calcium is high under resting 

conditions and consequently STIM1 remains bound to calcium (Liou et al., 2005; 

Stathopulos et al., 2006).  This inactive form of STIM1 is present as a dimer and is 

distributed throughout the ER (Zhou et al., 2014) (Fig. 1.4).  When calcium concentration 

in the ER is decreased the low affinity of calcium for the EF-hand results in dissociation 

of calcium from the EF-hand (Liou et al., 2005; Stathopulos et al., 2006).  As a result, 

conformational changes in the SAM domain occur that promote STIM1 oligomerisation, 

which activates STIM1 and causes SOCE via CRAC channels (Stathopulos et al., 2006; 

Luik et al., 2008; Shim et al., 2014).  Accordingly, a constitutively active STIM1 (an EF-

hand mutant STIM1 that is unable to bind calcium) is present in puncta and continuously 

activates calcium influx via SOCE (Zhang et al., 2005).  These studies provide a 

mechanism for ER calcium-dependent SOCE by regulating the activation state of STIM1, 

however they do not explain how STIM1 interacts with CRAC channels to facilitate 

SOCE.   

 

STIM1 contains three α-helical coiled-coil domains (CCD), termed CC1-3 (Fig. 1.4), 

which are responsible for controlling CRAC channel activation by STIM1 (Kawasaki et 

al., 2009; Muik et al., 2009; 2011).  When STIM1 is inactive, an acidic region within CC1 

(which shares high homology with the STIM1 binding site on CRAC channels) binds 

CC2/CC3 to inhibit STIM1-mediated CRAC channel activation (Korzeniowski et al., 

2010). Conformational changes within STIM1 that result from calcium dissociation from 

the EF-hand promote STIM1 dimers to assemble into a higher order oligomer (Zhou et 

al., 2014). As a consequence of oligomer formation, STIM1 undergoes translocation 

(remaining within the ER) to areas of close apposition between the ER and plasma 

membrane (Liou et al., 2005; Soboloff et al., 2006b; Liou et al., 2007), which are known 

as ER-PM junctions (Wu et al., 2012; 2014; Hogan, 2015).   Oligomerisation is critical 

for activation of CRAC channels, as demonstrated by the poor activation of SOCE when 

the full cytoplasmic region of STIM1 is expressed alone (Korzeniowski et al., 2010).  It 

is believed that oligomer formation releases CC2/CC3 regions from CC1 (Korzeniowski 

et al., 2010; Kim and Muallem, 2011), which enables a STIM1 orai-activating  region 

(SOAR) domain within the CC2/CC3 region to bind and activate CRAC channels (Derler 
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et al., 2009; Yuan et al., 2009; Kim and Muallem, 2011; Fahrner et al., 2014).  This SOAR 

domain has previously been shown to be sufficient and necessary for STIM1-mediated 

activation of CRAC channels (Yeromin et al., 2006; Muik et al., 2008; Park et al., 2009; 

Kim and Muallem, 2011).  Therefore, the structure of STIM1 informs a model of STIM1-

mediated SOCE whereby calcium depletion from the ER causes dissociation of calcium 

from the EF-hand, stimulating conformational changes that trigger STIM1 

oligomerisation, and subsequently the translocation of STIM1 to ER-PM junctions.  Once 

localised at ER-PM junctions, STIM1 interacts with Orai to trigger calcium influx via 

SOCE (Fig. 1.4).  However, this model does not take into account the important functions 

of the unstructured region located at the C-terminus of STIM1.   

 

A key role of the C-terminus of STIM1 is to regulate the translocation of STIM1 to ER-

PM junctions (Grigoriev et al., 2008; Sampieri et al., 2009; Asanov et al., 2013).  The 

unstructured C-terminus of STIM1 contains a serine/proline-rich region that is proposed 

to be phosphorylated to regulate STIM1 interactions with the microtubule cytoskeleton 

to facilitate translocation of STIM1 (and the ER) within cells (Grigoriev et al., 2008; 

Pozo-Guisado et al., 2010; Asanov et al., 2013; Pozo-Guisado et al., 2013; Casas-Rua et 

al., 2015).  This active translocation and localisation of STIM1 at ER-PM junctions is 

thought to occur via STIM1 interactions with the microtubule plus end tracking protein 

end binding (EB), and the actin binding protein adenomatous polyposis coli (APC) 

(Grigoriev et al., 2008; Asanov et al., 2013).  The function of STIM1 as a regulator of ER 

remodeling has not been shown in neuronal cells.  However, EB proteins and APC are 

expressed in the neuronal growth cone (Stepanova et al., 2003; Koester et al., 2007), 

suggesting that the ability of STIM1 to regulate trafficking of the ER within the growth 

cone may be a further mechanism by which calcium signals are regulated in space and 

time.   

 

 

1.6.3 Stromal interacting molecule 2 (STIM2)  

 

STIM1 and STIM2 homologues are conserved within vertebrates (Cai, 2007a), implying 

that both STIM proteins have an evolutionarily important role.  Despite the high degree 

of homology between STIM1 and STIM2 (Williams et al., 2001), STIM proteins are 

believed to exhibit distinct functions, including in the regulation of  SOCE (Soboloff et 
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al., 2006a; Brandman et al., 2007; Parvez et al., 2008).  Early studies proposed that STIM2 

inhibits SOCE, possibly by direct coupling to STIM1 to inhibit STIM-mediated SOCE 

(Soboloff et al., 2006a).  However, other studies have shown that STIM2 is able to initiate 

SOCE (Liou et al., 2005; Soboloff et al., 2006b), suggesting that the inhibitory influence 

of STIM2 may have been an artifact of STIM2 overexpression.  More recent studies have 

suggested that STIM2 activates SOCE to regulate basal calcium homeostasis (Brandman 

et al., 2007; Thiel et al., 2013).  An RNAi screen of 2,304 proteins in HeLa cells aimed 

at identifying regulators of basal calcium concentration, identified STIM2 as the strongest 

positive regulator of basal calcium (Brandman et al., 2007).  Accordingly, STIM2 is 

activated by smaller depletions of ER calcium compared to STIM1, while reduced 

expression of STIM2 causes a decrease in basal cytosolic and ER calcium concentrations 

(Brandman et al., 2007).  One interpretation of these findings is that STIM2 primarily 

regulates basal calcium homeostasis, while STIM1 is responsible for regulating SOCE 

induced by receptor-activated depletion of ER calcium.  Another interpretation is that 

STIM2 regulates cellular responses to sub-maximal receptor activation.  Further studies 

are required to dissect the different roles of STIM1 and STIM2 in calcium signaling.   
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Figure 1.4: STIM1 is an ER-localised calcium sensing protein that regulates calcium 

influx via store-operated calcium entry.   

 

(a) A schematic of STIM1 illustrating the major protein domains that confer STIM1 with 

the ability to activate SOCE in response to ER calcium depletion.  In the inactive state, 

the EF-hand is bound to calcium and the auto-inhibitory function of the coiled-coil 

domain prevents STIM1 binding to Orai via the CRAC channel activation domain (CAD).  

However, upon the depleted of calcium from the ER, calcium dissociates from the EF-

hand, activating STIM1.  Activated STIM1 alters conformation leading to the release of 

the CAD domain, forms higher order structures via oligomerisation with other activated 

STIM1 proteins, and translocates to ER-PM junctions.  The translocation of STIM1 to 

ER-PM junctions is regulated via the S/P rich region and the K-rich region, via 

interactions with EB and APC proteins.  One located at ER-PM junctions, STIM1 binds 

and activate Orai proteins via the CAD domain, triggering calcium influx via CRAC 

channels.  

 

(b) A diagram illustrating STIM1-medaited SOCE.  In calcium replete conditions (top), 

STIM1 is observed throughout the ER bound to calcium.  When the ER is depleted of 

calcium (b), activated STIM1 translocates together with the ER to form ER-PM junctions, 

triggering CRAC channel formation and calcium influx via SOCE.   
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1.7 STIM1-mediated SOCE regulates calcium signaling in neurons 

 

In neurons, STIM1 regulates SOCE to maintain basal intracellular calcium levels and 

sustain calcium signaling for the activation of calcium signaling pathways, which in turn 

modulate neuronal functions [recently reviewed by (Majewski and Kuznicki, 2015)].  

STIM1 is widely expressed in the adult nervous system (Klejman et al., 2009; Skibinska-

Kijek et al., 2009; Gemes et al., 2011), with an enrichment of STIM1 expression observed 

in layer V neurons of the cortex (Klejman et al., 2009; Skibinska-Kijek et al., 2009), the 

granule neurons of the dentate gyrus (Klejman et al., 2009), pyramidal cells of CA1-CA3 

(Klejman et al., 2009), and by Purkinje cells of the cerebellum (Dziadek and Johnstone, 

2007; Klejman et al., 2009; Skibinska-Kijek et al., 2009; Hartmann et al., 2014).  These 

data suggest that STIM1 and SOCE have an important role in regulating the function of 

these neuronal subtypes in the mature nervous system.  In contrast, the pattern of STIM1 

expression in the developing nervous system is not as well understood.  STIM1 is known 

to be expressed by mouse DRG neurons and peripheral axon tracts at embryonic day 16 

(E16) (Dziadek and Johnstone, 2007), and by dorsal horn neurons from the neonatal 

spinal cord (Xia et al., 2014).  Furthermore, in vitro studies have shown that STIM1 is 

expressed by hippocampal, cortical, and DRG neurons isolated from the embryonic 

nervous system (Gasperini et al., 2009; Klejman et al., 2009; Mitchell et al., 2012), 

suggesting that STIM1 is appropriately expressed to regulate SOCE in neurons during 

development.  Evidence suggests that Orai1-3 are also expressed in the developing and 

adult nervous systems (Gross et al., 2007; Gwack et al., 2007; Takahashi et al., 2007; 

Berna-Erro et al., 2009; Hartmann et al., 2014), however the pattern of Orai expression 

in development remains to be determined.   

 

As expected from the ubiquitous nature of STIM1 expression in the brain, defective 

SOCE has been associated with a wide range of diseases of the nervous system.  Diseases 

in which SOCE has so far been implicated include Alzheimer’s and Huntington’s diseases 

(Yoo et al., 2000; Bojarski et al., 2008; Wojda et al., 2008; Sun et al., 2014a; Zhang et 

al., 2015), epilepsy (Steinbeck et al., 2011), hypoxia-induced neuronal cell death (Berna-

Erro et al., 2009; Zhang et al., 2014), axonal injury (Gemes et al., 2011), as well as 

deleterious calcium signaling events induced by traumatic brain injury (Hou et al., 2014; 

Rao et al., 2015).   
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At the cellular level, STIM1-dependent SOCE is present in the dendrites of hippocampal 

neurons (Ng et al., 2011), with inhibition of SOCE reducing the ability of hippocampal 

synapses to undergo long term potentiation (Baba et al., 2003).  In mice that have had 

STIM1 expression ablated from forebrain neurons, there is a delay in both memory 

acquisition and the reversal of learning (Garcia-Alvarez et al., 2015).  In contrast, when 

SOCE is activated in the CA1 region of the hippocampus using an optically controlled 

STIM1 (OptoSTIM1), mice exhibit an increase in contextual memory formation (Kyung 

et al., 2015), suggesting that STIM1-mediated SOCE is an important regulator of synaptic 

plasticity.  Furthermore, when the STIM1 gene is knocked out of cerebellar Purkinje 

neurons, metabotropic glutamate receptor type 1  (mGluR1)-dependent synaptic calcium 

transients were attenuated, and this was associated with defects in motor coordination 

(Hartmann et al., 2014).  Consistent with STIM1-mediateing SOCE at the synapse, both 

ER calcium release and the refilling of ER calcium stores following mGluR1-mediated 

synaptic calcium transients were attenuated (Hartmann et al., 2014).  STIM1 is also 

important in the pre-synaptic axon,  with STIM1 regulating neurotransmitter release by 

controlling ER calcium levels (de Juan-Sanz et al., 2017).  Together, these findings 

suggest that spatially localised calcium signals at the synapse are regulated by the refilling 

of the ER calcium store via STIM1-mediated SOCE, providing evidence that STIM1 is 

important for the regulation of localised calcium signaling in neurons.   

 

 

1.8 STIM1 in growth cone motility and axon pathfinding 

 

Axon guidance requires discrete spatial and temporal patterns of calcium signaling to 

steer axons towards their final targets.  Although the past few decades have seen a surge 

in our understanding of the processes that govern axon guidance, the mechanisms 

responsible for regulating the spatial and temporal localisation of calcium signaling 

within the pathfinding axon remains to be elucidated.  Given that release of calcium from 

the ER is vital for the generation of sustained calcium signals in response to 

environmental guidance cues (Hong et al., 2000; Henley et al., 2004; Ooashi et al., 2005; 

Gasperini et al., 2009), it is predicted that release of calcium from the ER is a key source 

of calcium for correct growth cone motility (Tojima et al., 2011).  However, the ER is a 

finite source of calcium, and further calcium influx is required to sustain increased 

intracellular calcium and refill the depleted ER calcium store.  Interestingly, recent 
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evidence has implicated STIM1 in the regulation of growth cone motility in vitro 

(Mitchell et al., 2012; Shim et al., 2013), with STIM1 shown to be required for sustained 

elevations in intracellular calcium in response to guidance cue signaling (Mitchell et al., 

2012).  However, the function of STIM1 for axon pathfinding is not well understood.  

Here, I will outline what is known regarding the function of STIM1 in growth cone 

motility.   

 

STIM1 expression has been shown in growth cones of cultured mammalian DRG sensory 

neurons (Gasperini et al., 2009; Mitchell et al., 2012), as well as growth cones of Xenopus 

spinal neurons (Shim et al., 2013), indicating that STIM1 is a conserved component of 

the calcium signaling machinery in growth cones.  Depletion of growth cone ER calcium 

stores stimulates co-localisation of STIM1 and Orai1 on the turning side of the growth 

cone, and is associated with a sustained rise in intracellular calcium (Mitchell et al., 2012).  

This sustained rise in intracellular calcium was abolished when STIM1 expression was 

reduced (Mitchell et al., 2012), providing evidence that STIM1-mediated SOCE functions 

in the growth cones to refill depleted ER calcium stores.  Significantly, when STIM1 

expression was reduced, the growth cone turning response to BDNF was switched from 

attraction to repulsion (Mitchell et al., 2012).  This finding is consistent with STIM1 being 

required for localised, larger amplitude calcium signals that trigger growth cone 

attraction.  In similar experiments conducted on Xenopus spinal neurons, STIM1 was 

shown to be required for netrin-1 mediated growth cone attraction, with attraction 

switched to repulsion when STIM1 function was perturbed (Shim et al., 2013).  In this 

experimental paradigm, reduced STIM1 function decreased the number of filopodia 

exhibiting calcium transients and reduced the frequency of calcium transients in freely 

growing growth cones in vitro (Shim et al., 2013), suggesting that STIM1-mediated 

SOCE regulates both localised and global calcium transients.   

 

Interestingly, STIM1 expression is also necessary for sema3a induced growth cone 

repulsion (Mitchell et al., 2012).  Sema3a is classically described as a calcium-insensitive 

repulsive guidance cue (Song and Poo, 1999).  As such, STIM1 knockdown was not 

expected to alter sema3a induced repulsion.  Although small influxes of calcium occur in 

response to sema3a via CNG channels (Togashi et al., 2008), CNG-mediated calcium 

influxes are minimal (Togashi et al., 2008; Mitchell et al., 2012).  Accordingly, STIM1 

knockdown had little effect on sema3a induced calcium influx, and sema3a-mediated 
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repulsion still occurred when calcium was depleted from the extracellular media (Mitchell 

et al., 2012).  As such it is unlikely that STIM1 perturbs sema3a turning in a calcium-

dependent manner.  STIM1 has previously been described to interact with cAMP 

signaling via the store-operated cAMP pathway (Lefkimmiatis et al., 2009), suggesting 

that cAMP may be regulated by STIM1 in growth cones.  Given that cyclic nucleotides 

play an important role in regulating growth cone motility (Song et al., 1997; Tojima et 

al., 2009; Nicol et al., 2011), defects in cyclic nucleotide signaling may underlie the 

attenuation of sema3a-mediated repulsion when STIM1 expression is reduced.  

Therefore, although STIM1 is best understood as the ER-localised regulator of SOCE, 

these findings suggest that STIM1 may also interact with other intracellular signaling 

pathways to regulate growth cone motility and, hence, axon pathfinding.   

 

 

1.9 Hypothesis and aims  

 

Over the past few decades, evidence has accumulated to support an important role for 

spatial and temporal localisation of calcium signaling during growth cone motility (Hong 

et al., 2000; Zheng, 2000; Henley et al., 2004; Akiyama et al., 2009; Gasperini et al., 

2009).  More recently, the hypothesis has emerged that the source of calcium is vital for 

determining the outcome of guidance cue signaling, with release of calcium from the ER 

being a crucial mechanism for the regulation of growth cone motility (Ooashi et al., 2005; 

Tojima et al., 2007), implying that the refilling of the ER calcium store is crucial for 

correct axon pathfinding.  Previous studies have shown that expression of STIM1 is 

required for correct growth cone motility in vitro (Mitchell et al., 2012; Shim et al., 2013).  

Furthermore, when STIM1 function was perturbed in developing Xenopus embryos, 

errors were observed in midline crossing by spinal commissural axons (Shim et al., 2013).  

Although these data provide evidence that STIM1 has a role in axon pathfinding in vivo, 

the function of STIM1 during axon pathfinding remains unclear.  Furthermore, the 

developmental expression of STIM1 remains poorly defined, and as such it is unknown 

whether STIM1 is correctly expressed in development to regulate axon pathfinding.  As 

such, the central hypothesis to be addressed by this thesis is that STIM proteins exhibit 

discrete cellular patterns of expression during embryonic development, and STIM1-

mediated calcium signaling is necessary for correct axon guidance during nervous system 

development.   
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For STIM1 to function as a regulator of calcium signaling in axon pathfinding, STIM1 

should be expressed in the developing nervous system.  Despite the expression of STIM 

proteins in the adult nervous system being well described (Skibinska-Kijek et al., 2009), 

little is known regarding the expression of STIM proteins in development.  Therefore, the 

pattern of expression of STIM proteins in the developing rodent nervous system was 

compared with expression in the zebrafish (Danio rerio) nervous system to ascertain the 

conservation of STIM1 expression in nervous system development.  Using zebrafish as 

an experimental model, the importance of STIM1 expression for embryonic development 

was determined, with a focus on the requirement of STIM1 expression for axon 

pathfinding by motor neurons in the live, intact nervous system.  Finally, given that 

STIM1 functions to regulate SOCE, the requirement of STIM1 for the regulation of 

calcium signaling during motor neuron axon pathfinding in vivo was investigated.   
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Chapter 2: STIM1 is expressed in the developing vertebrate nervous system 

 

2.1. Introduction 

 

The role of STIM1 in the nervous system, including the contribution of SOCE to neuronal 

calcium signaling, has been controversial [for recent reviews see (Hooper et al., 2014; 

Majewski and Kuznicki, 2015; Lu and Fivaz, 2016)].  The function of STIM1 as a 

regulator of SOCE was initially discovered and characterised in non-excitable cells such 

as immune cells and platelets (Hoth and Penner, 1993; Liou et al., 2005; Feske et al., 

2006; Grosse et al., 2007), where SOCE is the primary mode of calcium influx (Putney, 

2007).  In contrast, neurons express an extensive array of calcium channels (Brini et al., 

2014), with calcium influx into neurons having long been ascribed to voltage-dependent 

and receptor-operated channels (Berridge, 1998).  Consequently, the importance of a low 

conductance calcium influx channel such as the CRAC channel for the regulation of 

neuronal function has been questioned (Putney, 2003; Lu and Fivaz, 2016).  However, 

there is growing evidence that neurons harness STIM1-medaited SOCE to regulate 

cellular processes.   

 

STIM1 is expressed in many neuronal subtypes, where it regulates calcium entry via 

SOCE (Kraft, 2015; Majewski and Kuznicki, 2015).  STIM1-mediated SOCE has been 

shown to regulate neural precursor cell proliferation and differentiation (Li et al., 2012; 

Somasundaram et al., 2014; Hao et al., 2016), gene expression (Lalonde et al., 2014; 

Somasundaram et al., 2014; Kar and Parekh, 2015; Kar et al., 2016), cell migration (Tsai 

et al., 2014; Casas-Rua et al., 2015), axon pathfinding (Mitchell et al., 2012; Shim et al., 

2013), as well as synaptic transmission (Bouron, 2000; Ng et al., 2011; Hartmann et al., 

2014).  Evidence also suggests that calcium influx via SOCE is required to maintain basal 

calcium levels in neurons, with SOCE opposing a continual ER calcium leak (Samtleben 

et al., 2015).  Therefore, it is hypothesised that STIM1-mediated SOCE is an important 

regulator of calcium in the developing nervous system.   

 

There is little experimental evidence that STIM1 is expressed by neurons in development 

in vivo.  Indeed, most of what is known regarding STIM1 expression in the nervous 

system has been determined by studying the adult rodent nervous system (Dziadek and 

Johnstone, 2007; Klejman et al., 2009; Skibinska-Kijek et al., 2009; Hartmann et al., 
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2014; Hou et al., 2014; Zhang et al., 2014; Rao et al., 2015), or by studying neurons and 

glia in vitro (Dziadek and Johnstone, 2007; Gasperini et al., 2009; Klejman et al., 2009; 

Gruszczynska-Biegala et al., 2011; Mitchell et al., 2012; Moreno et al., 2012; Michaelis 

et al., 2014; Sun et al., 2014b).  However, STIM1 mRNA and protein have been detected 

in embryonic human and mouse brain lysates (Williams et al., 2001; Dziadek and 

Johnstone, 2007), as well as lysates of the neonatal mouse spinal cord (Xia et al., 2014).  

Moreover, STIM1 mRNA is present in the embryonic mouse brain at E16 (Stiber et al., 

2008), and STIM1 protein is expressed in mouse DRG neurons and in peripheral axon 

tracts at E16 (Dziadek and Johnstone, 2007).  Although these studies indicate that STIM1 

is expressed in the embryonic nervous system, the ontogeny of STIM1 during 

development remains largely unknown.  Similarly, the pattern of expression for Orai 

protein in the developing nervous system remains unknown.  All three Orai isoforms have 

been isolated together with STIM1 from the neonatal mouse spinal cord (Xia et al., 2014), 

while Orai1 and Orai2 form discrete puncta with STIM1 in growth cones of embryonic 

DRG neurons in vitro (Mitchell et al., 2012).  Therefore, it would be predicted that STIM 

and Orai proteins co-express during nervous system development.   

 

STIM2, which is derived from a second mammalian STIM gene, is reported to be 

expressed in the adult and embryonic rodent nervous systems (Berna-Erro et al., 2009; 

Gruszczynska-Biegala et al., 2011; Steinbeck et al., 2011; Gruszczynska-Biegala and 

Kuznicki, 2013; Rao et al., 2015).  The two STIM proteins have different roles in the 

regulation of calcium [for recent reviews see (Hooper et al., 2014; Kraft, 2015; Majewski 

and Kuznicki, 2015)].  STIM1 triggers SOCE in response to larger decreases in ER 

calcium (Stathopulos et al., 2006; Thiel et al., 2013), mediates larger calcium influx via 

SOCE (Soboloff et al., 2006a; 2006b; Zhou et al., 2009), and is associated with calcium 

signaling events that control cellular processes such gene expression, axon guidance and 

synaptic transmission (Ng et al., 2011; Mitchell et al., 2012; Shim et al., 2013; Hartmann 

et al., 2014; Hou et al., 2014; Kar and Parekh, 2015; Kyung et al., 2015).  Conversely, 

STIM2 is activated in response to small decreases in ER calcium levels and mediates a 

less robust calcium influx via SOCE (Soboloff et al., 2006a; 2006b; Zhou et al., 2009), 

and is associated with the regulation of basal calcium homeostasis (Brandman et al., 2007; 

Thiel et al., 2013).  Despite evidence that STIM1 and STIM2 function differently to 

regulate SOCE (Stathopulos et al., 2006; Brandman et al., 2007; Thiel et al., 2013), and 

the known importance of precise patterns of calcium signaling for regulating neural 
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development (Owens and Kriegstein, 1998; Borodinsky et al., 2004; Weissman et al., 

2004; Komuro and Kumada, 2005), the cellular expression of STIM proteins in the 

developing nervous system has not been determined.   

  

Zebrafish (Danio rerio) have emerged as a powerful tool to study nervous system 

development.  Zebrafish embryos exhibit rapid, highly stereotypic development, and their 

tissues are transparent during early development (Kimmel et al., 1995), meaning that 

neurodevelopmental processes such as axon pathfinding can be studied in the live, intact 

nervous system (Del Bene et al., 2010; Seredick et al., 2012; Ahrens et al., 2013; Heap et 

al., 2013; Plazas et al., 2013; Portugues et al., 2013; Sainath and Granato, 2013; Koyama 

et al., 2016).  Advances in genetic tools means that it is possible to investigate defined 

populations of cells within the developing embryo (Scott et al., 2007; Don et al., 2017).  

Combined with the recent evolution of genetically encoded calcium indicators, such as 

the GCaMP family of calcium indicators (Akerboom et al., 2012), this means that calcium 

dynamics can be studied in specific neuronal populations (Ahrens et al., 2012; 2013; 

Koyama et al., 2016).  Furthermore, zebrafish motor neurons exhibit highly reproducible 

and well defined axon pathfinding behaviours at discrete developmental stages (Eisen et 

al., 1986; Myers et al., 1986; Beattie et al., 2000; Plazas et al., 2013).  Accordingly, the 

zebrafish was chosen as a model to study the role of STIM1 in nervous system 

development.   

 

There is no data to describe STIM1 expression or function in the zebrafish nervous 

system.  A previous phylogenetic analysis of STIM1 has suggested that two STIM1 

orthologs are present in the zebrafish, which were termed zebrafish STIM1a (zSTIM1a) 

and zSTIM1b (Cai, 2007a).  Studies have shown that zSTIM1 is localised with zOrai1 to 

cleavage furrows during the first two cell divisions post fertilisation (Chan et al., 2016), 

mediating sustained, spatially restricted calcium signals that are important for furrow 

deepening and daughter cell apposition (Chan et al., 2015; 2016).  Furthermore, zebrafish 

Orai1b (zOrai1b) has been shown to be important for skeletal and cardiac muscle function 

in zebrafish, with reduced zOrai1b expression resulting in cardiac failure and skeletal 

myopathy by 2 days post fertilisation (Volkers et al., 2012).  Together, these findings 

suggest that SOCE is important for zebrafish development, supporting the utility of 

zebrafish as a model to study the role of STIM1 in the developing nervous system.    
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These studies aim to characterise and compare the expression of STIM1 proteins in the 

developing mouse and zebrafish nervous systems.  The expression of STIM1, STIM2, 

and the three STIM binding partners, Orai1, Orai2 and Orai3, was investigated in 

developing mouse nervous system.  Furthermore, given the conjecture surrounding the 

neuronal functions of STIM1 and STIM2, the ontogeny of STIM1 and STIM2 was 

compared during mouse nervous system development.  As data suggested that STIM1 is 

the major STIM protein in neurons during development, the pattern of zSTIM1 

expression was described in development and compared with the pattern STIM1 

expression in mice to infer whether the function of STIM1 in the developing nervous 

systems is conserved across vertebrate species.   
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2.2. Materials and methods 

 

2.2.1. Ethical declaration 

 

Procedures relating to the care and use of animals were approved by the Animal Ethics 

Committee of the University of Tasmania (Ethics approval numbers: A0013470, 

A0013741 and A0016061).  All procedures were consistent with the Australian code for 

the care and use of animals for scientific purposes, 8th edition  (National Health and 

Medical Research Council (Australia), 2013).   

 

 

2.2.2. Animals 

 

Mouse embryos (C57BL/6 strain) were obtained at embryonic day 13 (E13), E15, or post-

natal day 5 (P5).  To obtain mouse embryos, adult pregnant C57BL/6 mice were 

euthanised by carbon dioxide asphyxiation, with embryos resected from the mother by 

caesarean section, removed from their yolk sac, and euthanised by chilling on ice 

followed by decapitation.  C57BL/6 mice at P5 were euthanised by decapitation.  Neural 

tissues were rapidly dissected and processed for experiments as outlined below.    

 

Zebrafish were maintained in a laboratory colony on a 14-hour (hr) light/10-hr dark cycle.  

Embryos were obtained from natural spawning events, maintained at 28°C in 0.5X E2 

medium and staged for experiments by external morphology according to established 

guidelines (Kimmel et al., 1995).   

 

 

2.2.3. In situ hybridisation: riboprobes   

 

Anti-sense riboprobes were synthesised by in vitro transcription using T3 or T7 RNA 

polymerase (New England Biolabs, MA, USA), and digoxin (DIG)-labeled or fluorescein 

isothiocyanate (FITC)-labeled deoxynucleotides (dNTPs; Roche, Basal, Switzerland).  

Riboprobe synthesis reactions were performed per Table 2.1, with riboprobes spanning 

the entire nucleotide sequence.  
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Table 1.1: Riboprobe synthesis reactions. 
 

The synthesis of specific riboprobes was performed as outlined.  The mRNA targeted by 

the riboprobe, the species of the mRNA target, the plasmid from which each DNA 

template was generated, the accession number corresponding to target DNA template, the 

source of the plasmid DNA, the restriction enzyme used to linearise the plasmid DNA 

(cutting at the 5’ end), the RNA polymerase employed for the synthesis of the riboprobe, 

and whether riboprobe was generated using fluorescein isothiocyanate (FITC)-labeled or 

digoxin (DIG)-labeled deoxynucleotides (dNTPs) is defined.  
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2.2.4. In situ hybridisation: cryosections 

 

To investigate STIM and Orai expression in the embryonic nervous system, cryosections 

of mouse or zebrafish tissue were probed for STIM or Orai mRNA by in situ 

hybridisation.  Tissues harvested from mice at E13, E15 and P5, as well as zebrafish 

embryos at 12, 24, 48, 72 and 96 hours (hr) post fertilisation, were fixed in 4% (w/v) 

paraformaldehyde (PFA; Sigma-Aldrich, MI, USA) in diethyl pyrocarbonate (DEPC)-

treated phosphate buffered saline (PBS) overnight at 4°C.  Mouse tissues were 

cryoprotected in DEPC-treated 20% sucrose solution overnight at 4°C.  Zebrafish tissue 

was cryoprotected by sequential overnight incubations at 4°C in DEPC-treated 15, 20, 

and 30% sucrose solutions.  Tissues were mounted in Tissue-Tek O.C.T. compound 

(Sakura Finetek, CA, USA), rapidly frozen, and stored at -80°C.  Sections were cut on a 

CM 1850 cryostat (Leica Microsystems, Germany) at 15-20 µm, mounted onto glass 

slides (Dako FLEX IHC microscope slides; Agilent Technologies, CA, USA), air dried 

for 4 hr, and, if required, stored at -20°C 

 

To perform in situ hybridisation on cryosections, each riboprobe was first denatured at 

70°C for 5 min in pre-heated hybridisation solution [50% formamide (Sigma-Aldrich), 

0.1 mg/mLyeast tRNA (Roche), 10% (w/v) dextran sulphate, 1X Denhardt’s solution and 

1X hydridisation salts solution (0.2 M NaCl, 5 mM EDTA, 10 mM Tris-HCl pH 7.5, 5 

mM NaH2PO4, 5 mM Na2HPO4); 1:1,000 dilution].  Once denatured, riboprobes were 

immediately added to tissue sections and incubated in a sealed humidified hybridisation 

chamber overnight at 65°C.  Following hybridisation, tissue sections were washed in 

65°C wash buffer (50% formamide, 1X hydridisation salts solution, 0.1% Tween-20), 

and maleic acid buffer containing Tween-20 (MABT; 100 mM malaeic acid, 150 mM 

NaCl, 0.1% Tween-20).  Sections were blocked at room temperature for 1 hr with in situ 

blocking solution [2% blocking reagent (Sigma-Aldrich) 10% heat inactivated sheep 

serum (Invitrogen) in DEPC-treated PBS], before riboprobes were labeled by overnight 

incubation at 4°C with alkaline phosphatase (AP)-conjugated anti-DIG Fab fragments or 

anti-FITC Fab fragments (Roche; 1:1,1000 in PBS pH 7.4).  Anti-DIG and anti-FITC Fab 

fragments were subsequently detected using AP-catalysed fluorescent or chromogenic 

substrates as outlined below.   
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To detect riboprobes using a chromogenic reaction, sections were first incubated for 15 

minutes at room temperature in pre-developing buffer (100 mM NaCl, 50 mM MgCl2, 

100 mM Tris pH 9.8). 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; Roche) and 

nitroblue tetrazolium (NBT; Roche) containing developing buffer (BCIP/NBT at 1:1,000 

in pre-developing buffer) was then applied to tissue sections and incubated at 37°C for 2-

4 hr until colour had developed sufficiently.  Sections were subsequently dehydrated in 

ascending concentrations of ethanol, xylene washed, and mounted in DPX mounting 

media (Sigma-Aldrich).  Images were acquired using a DM2500 M microscope (Leica 

Microsystems) equipped with a HC Plan Fluotar 10x objective (Leica Microsystems), or 

a Zeiss Lab.A1 microscope equipped with a N-Achroplan 5x objective (Carl Zeiss, 

Germany).   

 

To detect riboprobes by fluorescence microscopy, fast red solution [Fast Red tablet 

(Roche) dissolved in 0.1M Tris pH 8.0/0.4M NaCl] was applied to tissue and incubated 

at 37°C for 2-3 hr.  To visualise nuclei, sections were incubated with 4',6-diamidino-2-

phenylindole (DAPI; Sigma-Aldrich) for 10 min at 1:20,000 in PBS, before slides were 

mounted in fluorescence mounting medium (Agilent Technologies).  Images were 

acquired using an BX50 microscope (Olympus, Tokyo, Japan) equipped with a 

UPlanSApo 60x-1.35-water immersion objective and a PlanApo 40x air objective 

(Nikon, Tokyo, Japan), a CoolSNAP HQ2 CCD camera (Photometrics, AZ, USA), and 

NIS Elements 6 software (Nikon).  Images were prepared for manuscript using ImageJ 

(National Institute Health (NIH), MD, USA) and Adobe Illustrator CS6 (Adobe Systems, 

CA, USA). 

 

 

2.2.5. In situ hybridisation: zebrafish whole mounts  

 

To prepare zebrafish embryos for whole mount in situ hybridisation, fixed embryos were 

first permeabilised by dehydration in ascending concentrations of methanol (50-100%), 

and then stored overnight at -20°C in 100% methanol.  To aid the entry of riboprobes, 

embryos were permeabilised by digestion in Proteinase K (PK, 10 µg/mL in DEPC-

treated PBS; ThermoFisher Scientific, CA, USA) for a maximum of 15 min (depending 

on developmental stage).  To stop PK activity, embryos were rinsed twice in glycine (26.6 

µM) and post-fixed for 20 min in DEPC-treated 4% PFA.  For hybridisation of 
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riboprobes, embryos were first pre-incubated with hybridisation buffer for 10 min at 

65°C.  Riboprobes were denatured at 70°C for 5 min in hybridisation solution before 

being added to embryos and incubated at 65°C for 48 hr.  To visualise riboprobes, 

embryos were incubated with anti-DIG-AP Fab fragments or anti-FITC-AP Fab 

fragments (1:500 in MABT) for 48 hr at 4°C, which were then detected by incubation 

with a chromogenic substrate (NBT/BCIP) for 4-8 hr at 37°C.  For imaging, embryos 

were cleared by incubating overnight at 4°C with glycerol, before being mounted in 

glycerol.  Images was acquired with a SZX16 zoom stereo-microscope (Olympus) 

equipped with a DFC295 CMOS camera (Leica Microsystems).  Images were prepared 

using ImageJ (NIH) and Adobe Illustrator CS6 (Adobe). 

 

 

2.2.6. Immunohistochemistry  

 

Tissues from E13, E15 and P5 mice were fixed and sectioned for immunohistochemistry 

as described above for in situ hybridisation (Section 2.2.3).  Cryosections were blocked 

and permeabilised for 1 hr at room temperature with 5% normal goat serum and 0.4% 

Triton X-100 in PBS pH 7.4. Primary antibodies for STIM1 (rabbit polyclonal, Sigma-

Aldrich; 1:500), STIM2 (rabbit polyclonal, Alamone labs, Israel; 1:500), Nestin (mouse 

monoclonal, BD Biosciences, NJ, USA; 1:1,000) and NeuN (mouse monoclonal, 

Biosenses Laboratories, Norway; 1:750) were detected using Alexa Fluor-488/594 

conjugated secondary antibodies (ThermoFischer; 1:1,000).  Images were acquired with 

a BX50 microscope (Olympus) equipped with a UPlanSApo 60x-1.35 NA water 

immersion lens (Nikon), a PlanApo-40X lens (Nikon), a PlanApo-20X, or a PlanApo-4X 

lens with a CoolSNAP HQ2 CCD camera (Photometrics), and NIS elements software 

(Nikon).  ImageJ (NIH) and Adobe Illustrator CS6 (Adobe) was used to prepare images. 

 

 

2.2.7. Analysis of STIM1 protein homology in zebrafish  

 

Zebrafish STIM1 orthologs were identified from a library of translated nucleotides 

(tblastn tool; National Center for Biotechnology Information (NCBI)) using the human 

STIM1 sequence as a reference sequence.  To confirm the specificity of this bioinformatic 

approach to identify zebrafish STIM1 orthologs, the same approach was used to identify 
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STIM1 orthologs in species where STIM1 function has previously been studied.  

Accordingly, STIM1 orthologs were also identified for mouse (Mus musculus), rat 

(Rattus norvegicus), Xenopus (Xenopus tropicalis) and Drosophila (Drosophila 

melanogaster).  Furthermore, as two STIM1 orthologs were predicted to exist in 

zebrafish, the human STIM2 protein sequence was used to identify zebrafish zSTIM2 

orthologs to exclude the possibility that a second zSTIM1 ortholog is zSTIM2.   

 

To calculate the degree of protein sequence homology between human and zebrafish 

STIM1 proteins, the protein sequence alignment tools Megablast and Blastp (NCBI) were 

used to compare protein sequences with the human STIM1 protein sequence.  To confirm 

the specificity of this approach, protein sequences for mouse, rat, Xenopus and 

Drosophila STIM proteins served as controls (for a list of STIM protein sequences used 

in the bioinformatic analyses see Table 2.2).  Protein sequence homology was assessed 

by comparing protein sequence coverage and conservation.  Domain coverage was 

calculated as the percentage of the total query protein sequence that aligned to the human 

STIM1 protein sequence.  Whereas domain conservation was calculated as the percentage 

of identical amino acids to human STIM protein sequence within the across the aligned 

protein sequence.  Together, these parameters provide information regarding the amount 

of the query protein that can be aligned to human STIM1, as well as the degree of 

homology in the region of the query protein that aligns with human STIM1.   
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Table 2.2: STIM protein sequences used for protein sequence analyses.   

 
The species, protein name, and protein accession number are provided for each of the 

STIM proteins used in the bioinformatic analyses. 

 

  

Species Protein 
Protein accession 

number 

Homo sapiens STIM1 NP_003147.2 

Homo sapiens STIM2 NP_001162589.1 

Mus musculus STIM1 NP_033313.2 

Rattus norvegicus STIM1 NP_001101966.2 

Xenopus tropicalis xSTIM1 NP_001090506.1 

Danio rerio zSTIM1a NP_001038264.1 

Danio rerio zSTIM1b NP_001189470.1 

Danio rerio zSTIM2a XP_002660454.3 

Danio rerio zSTIM2b XP_692356.4 

Drosophila 

melanogaster 
dSTIM NP_996470.2 
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2.3. Results 

 

2.3.1. STIM and Orai are expressed in the embryonic mouse nervous system  

 

The expression of the molecular constituents of SOCE, STIM1-2 and Orai1-3, is poorly 

characterised in the developing nervous system.  However, STIM1 transcripts are 

reported to be present throughout the mouse brain at E16 (Stiber et al., 2008), and 

presented in DRG sensory neurons express STIM1 at E16 (Dziadek and Johnstone, 2007), 

suggesting that the constituents of SOCE are expressed in the developing nervous system 

by E16.  To examine the distribution of STIM and Orai mRNA in the embryonic mouse 

nervous system, coronal sections were taken through the developing telencephalon and 

spinal cord at E15 to perform in situ hybridisation.  

 

STIM1 and STIM2 transcripts were enriched in the dorsal and medial pallium, as well as 

in the lateral ganglionic eminence (Fig. 2.2a-b), suggesting that STIM proteins are widely 

expressed in the developing brain.  STIM1 transcripts were detected at similar levels in 

the ventricular zone and cortical plate of the developing cortex, while STIM2 transcripts 

were enriched in the ventricular zone compared with the cortical plate (Fig. 2.1a-b), 

suggesting that STIM1 and STIM2 are differentially expressed in development.  STIM1 

and STIM2 transcripts were also present in the mouse spinal cord and associated DRG at 

E15 (Fig. 2. 1g-h), which is consistent with the detection of both STIM proteins in 

neonatal mouse spinal cord lysates (Xia et al., 2014).  STIM expression in the DRG is 

also consistent with mouse DRG neurons expressing STIM1 at E16 (Dziadek and 

Johnstone, 2007), and STIM1 being required for axon guidance by DRG sensory neurons 

(Mitchell et al., 2012).  Together, these findings indicate that STIM1 and STIM2 mRNA 

are widely expressed in the developing mouse nervous system,  which is consistent with 

in vitro observations that SOCE regulates cellular process involved in neuronal 

development (Li et al., 2012; Mitchell et al., 2012; Shim et al., 2013; Hao et al., 2014; 

Somasundaram et al., 2014).  

 

In situ hybridisation analysis of coronal sections through the developing telencephalon 

and spinal cord at E15 also revealed that Orai1-3 transcripts were expressed in an 

overlapping pattern with STIM1 and STIM2 transcripts in the mouse brain and spinal 

cord at E15 (Fig. 2.1).  Orai1 transcripts were widely distributed, but detected at low 
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levels in the brain, detected in the dorsal and medial pallium, as well as the lateral 

ganglionic eminence (Fig. 2.1c).  This observation is consistent with previous findings 

that Orai1 is diffusely expressed in the adult brain (Klejman et al., 2009).  In contrast, 

Orai2 transcripts were also observed in the dorsal/medial pallium and lateral ganglionic 

eminence, however Orai2 transcripts were enriched in the intermediate zone and cortical 

plate (Fig. 2.1d).  Orai3 transcripts were also observed in the dorsal/medial pallium and 

lateral ganglionic eminence, and detected at higher levels than Orai1 (Fig. 2.1e).  Similar 

to STIM1-2 transcripts, Orai1-3 transcripts were widely distributed in the spinal cord and 

associated DRG at E15 (Fig. 2.1i-k), which is consistent with STIM and Orai proteins 

being expressed together in the neonatal mouse spinal cord (Xia et al., 2014).  Although 

expression of the molecular constituents of SOCE overlapped in some regions of the 

developing nervous system, STIM and Orai transcripts were also detected in discrete 

patterns.  As Orai1-3 confer CRAC channels with distinct calcium influx properties 

(DeHaven et al., 2007; Lis et al., 2007), and STIM1 and STIM2 activate SOCE in 

response to different levels of calcium depletion from the ER (Stathopulos et al., 2006; 

Brandman et al., 2007; Thiel et al., 2013), these results suggest that cells express different 

molecular constituents of SOCE as a mechanism to regulate calcium signaling in 

development.   
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Figure 2.1: STIM1 and STIM2 transcripts are expressed with Orai1-3 transcripts 

in the embryonic mouse brain and spinal cord.  

 

In situ hybridisation on coronal sections of the mouse brain and spinal cord at E15.                 

(a-e) Coronal sections through the telencephalon at E15 illustrate STIM and Orai 

transcript expression in the developing brain.  (a) STIM1 transcripts were distributed 

throughout the ventricular zone and cortical plate of the dorsal and medial pallium.  

STIM1 transcripts were also observed in the lateral ganglionic eminence.  (b) The pattern 

of STIM2 transcript expression resembles STIM1 transcript expression in the developing 

brain at E15.  However, more intense STIM2 transcript expression is observed in the 

ventricular zone of the dorsal and medial pallium, as well as the lateral ganglionic 

eminence.  (c) Orai1 transcript expression parallels STIM1 and STIM2 transcript 

expression, and is diffusely observed in the ventricular zone of the dorsal and medial 

pallium, as well as the lateral ganglionic eminence. (d) Orai2 transcripts were most 

evident in the cortical plate of the dorsal and medial pallium, and exhibit intense 

expression in the intermediate/subplate zones between the ventricular zone and the 

cortical plate.  (e)  Orai3 transcript expression is diffuse within the developing brain.   (f)  

in situ hybridisation for PDGFRα transcipts (specific for oligodendrocyte progenitor 

cells) was used as a positive control for the method (a-e).  (g-k) Coronal sections through 

the rostral spinal cord at E15 demonstrates that STIM and Orai transcripts are similarly 

expressed in the developing spinal cord. (g) STIM1 transcripts were detected throughout 

the dorsal and ventral horns of the spinal cord at E15.  STIM1 transcripts were also 

detected in the associated dorsal root ganglion.  (h-k) STIM2 and Orai1-3 transcript 

expression parallels STIM1 transcript expression in the spinal cord at E15.  (l) PDGFRα 

riboprobe is a positive control to show the specificity of the hybridisation reaction.  Scale 

bars illustrate 20 µm for (a-f) and 40 µm for (g-l).  Anatomical landmarks in (a) and (g) 

are correct for all images of the brain and spinal cord respectively.  Abbreviations: CP 

= cortical plate; DH = dorsal horn; DRG = dorsal rot ganglion; DP = dorsal pallium; 

IZ = intermediate zone; LGE = lateral ganglionic eminence; MP = medial pallium; VH 

= ventral horn; VZ = ventricular zone.  
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To further investigate the regional expression of STIM1 and STIM2 in development, the 

expression pattern of STIM1 and STIM2 transcripts was examined at higher power using 

fluorescence in situ hybridisation.  STIM1 and STIM2 transcripts exhibited distinct 

patterns of expression in the mouse cortex and spinal cord at E15 (Fig. 2.2 and Fig 2.3).  

Low power images confirmed that STIM1 and STIM2 transcripts were present 

throughout the brain at E15 (Fig. 2.2a-b, e-f).  Higher power images showed that STIM1 

transcripts are present at similar levels in the ventricular zone and cortical plate at E15 

(Fig. 2.2c-d).  While STIM2 transcripts were also present in the ventricular zone and 

cortical plate of the developing cortex, dissimilar to STIM1, STIM2 transcripts appeared 

abundant in the ventricular zone, but reduced in the cortical plate (Fig. 2.2g-h), suggesting 

that STIM2 expression may be downregulated with neuronal maturation.  STIM1 

transcripts were also detected throughout the grey matter of the spinal cord at E15 (Fig. 

2.3a-b), with an enrichment of STIM1 transcripts in the ventricular zone and within the 

ventral horn (Fig. 2.3c-d).  STIM1 transcripts were also enriched in the DRG (Fig. 2.3c-

d), supporting previous studies that showed STIM1 expression in rodent DRG neurons 

(Dziadek and Johnstone, 2007; Gasperini et al., 2009; Mitchell et al., 2012).  Furthermore, 

STIM2 transcripts detected in the spinal cord were more diffuse than STIM1 transcripts 

(Fig. 2.3e-h), providing further evidence that STIM1 and STIM2 have different patterns 

of expression in the developing nervous system.  As STIM1 and STIM2 mRNA were 

previously reported to be expressed in most embryonic tissues (Williams et al., 2001; 

Dziadek and Johnstone, 2007; Oh-Hora et al., 2008; Stiber et al., 2008), a zero riboprobe 

control served as a negative control for the hybridisation reactions in lieu of tissue 

negative for STIM1 or STIM2.  An absence of signal in the zero riboprobe control 

demonstrated specificity of the hybridisation reactions for STIM1 and STIM2 riboprobes 

(Fig. 2.2i-j and Fig. 2.3i-j).  Taken together, these data confirm that STIM1 and STIM2 

transcripts are present in the embryonic mouse nervous system and, for the first time, 

illustrate the distinct patterns of STIM1 and STIM2 mRNA localisation, which suggests 

that STIM proteins have different roles in development.   
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Figure 2.2: STIM1 and STIM2 transcripts exhibit distinct patterns of expression in 

the mouse cortex at E15.  

 

In situ hybridisation for STIM1 and STIM2 on coronal sections taken from the caudal 

telencephalon at E15.  (a-b) STIM1 transcripts are widely expressed in the mouse brain 

at E15.  (c-d) Higher resolution images of the cortex, indicated by the box in (a-b), 

illustrate that STIM1 transcripts are present at similar levels in the ventricular zone and 

cortical plate of the cortex at E15.  (e-f) STIM2 transcripts are also present in the mouse 

brain at E15.  (g-h) Higher resolution images of the cortex, which is indicated by the box 

in (a-b), illustrate that STIM2 transcript expression is prominent in the ventricular zone, 

comparable with STIM1 transcript expression, but lower in the cortical plate compared 

with STIM1 transcripts.  (i-j) Absence of fluorescence in the zero riboprobe control 

demonstrates the specificity of the hybridisation reaction for STIM1 and STIM2 

riboprobes.   

 

Scale bar denotes 200 µm for images (a), (b), (e), (f), (i) and (j), but 10 µm for (c), (d), 

(g) and (h). Abbreviations: CP = cortical plate; Ctx = cortex; GE = ganglionic eminence; 

IZ = intermediate zone; VZ = ventricular zone. 
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Figure 2.3: STIM1 and STIM2 transcripts exhibit distinct patterns of expression in 

the spinal cord at E15.  

 

In situ hybridisation on coronal tissue sections of the rostral mouse spinal cord at E15.  

(a-d) STIM1 transcripts are present in the mouse spinal cord at E15 throughout the grey 

matter (dashed line denotes the boundary between the grey and white matter), including 

in the ventricular zone and ventral horn.  STIM1 transcripts are also present in the 

accompanying dorsal root ganglion.  (e-h) STIM2 transcripts are widely expressed in the 

mouse spinal cord with diffuse STIM2 expression observed throughout the grey and 

white matter.  STIM2 expression is also present within the dorsal root ganglion, albeit 

less strongly than STIM1.  (i-j) Absence of fluorescence in the zero riboprobe control 

demonstrates specificity of the hybridisation reaction for STIM1 and STIM2 riboprobes 

in the cortex and spinal cord.   

 

Scale bar denotes 200 µm for images (a), (b), (e) and (f), but 10 µm for (c), (d), (g) and 

(h). Abbreviations: DH = dorsal horn; DRG = dorsal root ganglion; GM = grey matter; 

VH = ventral horn; VZ = ventricular zone; WM = white matter.   
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2.3.2. STIM1 is the major neuronal STIM protein during development 

 

Compared to STIM1 transcripts, STIM2 transcripts were detected at lower levels in the 

cortical plate and its expression was more diffuse within the spinal cord.  The expression 

of STIM1 and STIM2 proteins in neurons is contentious, with some reports suggesting 

that STIM2 is the neuronal STIM protein in the embryonic and adult nervous systems 

(Berna-Erro et al., 2009; Skibinska-Kijek et al., 2009; Gruszczynska-Biegala et al., 2011), 

while other studies suggest that STIM1 and STIM2 are ubiquitously expressed, albeit at 

different levels, in the adult nervous system (Dziadek and Johnstone, 2007; Steinbeck et 

al., 2011; Xia et al., 2014).  To determine whether STIM1 and STIM2 proteins are 

differentially expressed during development, immunohistochemistry was used to 

examine the pattern of expression for STIM1 and STIM2 in the cortex at E13, E15 and 

P5 to encompass early, mid and late stage corticogenesis (Sances et al., 2016).   

 

STIM1 was widely expressed in the mouse cortex at E13, E15 and P5 (Fig. 2.4).  At E13, 

STIM1 protein was widely expressed in the brain, with robust STIM1- immunoreactivity 

(IR) detected in both the dorsal pallium and the retrosplenial neocortex, with an 

enrichment of STIM1 expression observed in the ventricular zone (Fig. 2.4a-b). STIM1 

protein expression remained high throughout the cortex at E15, with intense STIM1-IR 

detected in the ventricular zone and cortical plate (Fig. 2.4g-i).  At P5, STIM1-IR was 

diffuse in all cortical layers, with diffuse cellular expression shown for layer IV-V (Fig 

2.4o-p), which contains the first born, mature neurons of the cortex (Rakic et al., 2009).  

STIM2 protein was also expressed in the mouse cortex at E13, E15 and P5 (Fig. 2.4).  

Significantly, in contrast to STIM1, STIM2-IR at E13 and E15 was observed in process-

like structures extending from the ventricular zone to the marginal zone of the developing 

cortex (Fig. 2.4c-d and j-l).  However, by P5, STIM2-IR was no longer observed in 

process-like structures, but was widely expressed in the cortex, with diffuse cellular 

expression shown for layer IV-V (Fig. 2.4q-r), which was similar to STIM1 expression 

at P5.  This observation that STIM2-IR localises to process-like structures in the 

embryonic cortex, but not the post-natal cortex, is indicative of radial glial expression 

(Anthony et al., 2004; Walker et al., 2010).  Hence, these data suggest that STIM proteins 

are developmentally regulated and exhibit distinct patterns of expression in the embryonic 

nervous system.   
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Figure 2.4: STIM1 and STIM2 proteins exhibit different patterns of expression in 

the mouse cortex over a time course of development. 

 

Immunohistochemistry for STIM1 and STIM2 on coronal sections of the mouse brain at 

E13 (a-f), E15 (g-n), and P5 (o-t).  STIM1 protein is expressed in the mouse cortex 

throughout nervous system development.  (a-b) Coronal section through the caudal 

telencephalon at E13 showing that STIM1 is widely expressed in the brain, with the 

presence STIM1-IR in the dorsal pallium and retrosplenial neocortex illustrating 

expression of STIM1 in the early neocortex.  (g-i) Coronal section through the rostral 

telencephalon at E15 illustrating that STIM1 is widely expressed in the brain, with the 

presence of STIM1-IR in the ventricular zone and cortical plate showing diffuse STIM1 

expression in the developing cortex.  (o-p) Coronal section through the piriform cortex at 

P5, showing that STIM1-IR is detected throughout the cortex, with higher magnification 

of layer IV-V of the cortex illustrating the diffuse cell labelling of STIM1-IR in the cortex.  

STIM2 protein is expressed in the mouse cortex throughout nervous system development, 

but is observed in process-like structures in the embryonic nervous system.  (c-d) Coronal 

section through the caudal telencephalon at E13 showing that STIM2 is widely expressed 

in the brain, with STIM2-IR localising to process–like structures that radiate away from 

the ventricular zone in both the dorsal pallium and retrosplenial neocortex (denoted by 

arrows).  (j-l) Coronal section through the rostral telencephalon at E15 illustrating that 

STIM2 is widely expressed in the brain, with STIM2-IR still observed in process-like 

structures that radiate way from the ventricular zone and into the cortical plate (arrows).  

(q-r) Coronal section through the piriform cortex at P5 showing that STIM2-IR is 

observed throughout the cortex, with higher magnification of layer IV-V of the cortex 

showing that STIM2 exhibits diffuse cell expression in the cortex.  (e, m, s) Zero primary 

antibody control (1ºAb control) probed with AlexFluor-594 illustrates the specificity of 

STIM1-IR and STIM2-IR.  (f, n, t) Corresponding DAPI-stained images confirming that 

images (e, m, s) are from similar brain regions probed for STIM1 and STIM2 expression.   

Scale bar denotes 200 µm for (a), (c), (g) and (j), 20 µm for (o) and (q), and 10 µm for 

remaining images.  Asterisks indicate the location of the ventricle.  Abbreviations: Ctx = 

cortex; CP = cortical plate; DP = dorsal pallium; GE = ganglionic eminence; PT = 

pretectum; RS = retrosplenial neocortex; vTH = ventral thalamus; VZ ventricular zone.  
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To investigate whether STIM proteins are expressed in a cell-type specific manner in 

development, the expression of STIM1 and STIM2 proteins by NeuN-labelled neurons 

and nestin-labelled radial glial stem cells was examined in the E15 mouse spinal cord.  

Double immunolabelling for STIM1 with the neuronal nuclei marker NeuN showed that 

STIM1-IR is detected surrounding neuronal nuclei in the mouse spinal cord at E15 (Fig. 

2.5a-h).  An absence of co-localisation between STIM1-IR and nestin-IR revealed that 

STIM1 is not expressed by radial glia at E15 (Fig 2.6a-h).  These findings suggest that 

STIM1 is expressed by neurons, but not radial glia, in the developing nervous system.  In 

contrast, double immunolabelling for STIM2 with nestin revealed that STIM2-IR and 

nestin-IR are highly co-localised in the mouse spinal cord at E15 (Fig 2.7a-h).  STIM2-

IR was also observed in close proximity with NeuN-IR in the mouse spinal cord at E15 

(Fig. 2.8a-h), albeit STIM2-IR was detected at lower levels than was observed for STIM1 

(compare Fig. 2.8h with 2.4h).   

 

Given that STIM2 co-localised with nestin-positive radial glia in the embryonic spinal 

cord, and STIM2-IR was localised to process-like structures in the embryonic cortex but 

not the post-natal cortex, it was reasoned that STIM2 is expressed by radial glia in the 

embryonic cortex.  Double immunolabelling for STIM2 with nestin revealed that STIM2-

IR is highly localised with nestin-IR within process like-structures (arrows) in the cortex 

at E15 (Fig. 2.9).  In contrast, STIM1-IR and nestin-IR were not observed to co-localise 

in process-like structures in the embryonic cortex (Fig. 2.10).  However, STIM1-IR and 

STIM2-IR were both highly co-localised with nestin-IR in cells lining the ventricle (Fig. 

2.9 and Fig. 2.10), consistent with previous reports that STIM1 and STIM2 are co-

expressed in neural progenitor cells (Li et al., 2012; Somasundaram et al., 2014).  

Moreover, previous work from this lab has also shown that STIM2 expression localises 

with glial fibrillary acidic protein (GFAP) positive astrocytes in the early post-natal 

rodent cortex (Hadrill et al., in preperation), as well as being localised to PDGFRα 

positive oligodendrocyte precursor cells in the embryonic mouse cortex (data not shown).  

However, STIM2 was not as strongly expressed in these cell types compared to radial 

glia.  Taken together, these data suggest that STIM1 is more widely expressed in the 

nervous system compared with STIM2, with STIM2 expression largely restricted to radial 

glia in development.  As such, it was concluded that STIM1 is the major neuronal STIM 

protein in development.   
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Figure 2.5: STIM1 is expressed by neurons in the mouse spinal cord at E15. 

 

Immunolabelling for STIM1 (a,e), NeuN (b,f) and DAPI (c,g) on coronal sections of the 

mouse spinal cord at E15 illustrating STIM1-IR in neurons during nervous system 

development.  (a-d) STIM1-IR is localised to neurons in the spinal cord at E15.  Merged 

image (d) shows intense STIM1-IR (red) localised to the grey matter of the developing 

spinal cord and the accompanying DRG, which are indicated by NeuN-labelling of 

neurons (green).  (e-h) Higher resolution images of the ventral horn, which is indicated 

by the box in (d). Merged image (h) illustrates that STIM1-IR (red) is localised to NeuN-

positive neurons (green) within the spinal cord at E15.  Scale bar denotes 100 µm for 

images (a-d) and 10 µm for images (e-h).  Abbreviations: DRG = dorsal root ganglion; 

GM = grey matter; VH = ventral horn; VZ = ventricular zone; WM = white matter.    
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Figure 2.6: STIM1 is not expressed by radial glia in the mouse spinal cord at E15. 

 

Immunolabelling for STIM1 (a,e), nestin (b,f) and DAPI (c,g) on coronal sections of the 

mouse spinal cord at E15 illustrating that STIM1 is not expressed by radial glia in nervous 

system development.  (a-d) STIM1-IR does not localise with radial glia in the spinal cord 

at E15.  Merged image (d) shows that STIM1-IR (red) is present in the grey matter of the 

spinal cord at E15, while nestin-IR (green), a radial glia marker, is observed in process-

like structures that traverse the spinal cord from the ventricular zone to the pial surface, 

indicative of radial glial processes.  (e-h) Higher resolution images of the ventral horn, 

which is indicated by the box in (d).  Merged image (h) illustrates that STIM1-IR (red) is 

not localised to nestin-positive radial glial processes (green) within the spinal cord at E15.  

Scale bar denotes 100 µm for images (a-d) and 10 µm for images (e-h).  Abbreviations: 

DRG = dorsal root ganglion; GM = grey matter; PS = Pial surface; VH = ventral horn; 

VZ = ventricular zone; WM = white matter.    
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Figure 2.7: STIM2 is expressed by radial glia in the mouse spinal cord at E15. 

 

Immunolabelling for STIM2 (a,e), nestin (b,f) and DAPI (c,g) on coronal sections of the 

mouse spinal cord at E15 illustrating that STIM2 expression co-localises with the radial 

glia marker nestin in nervous system development.  (a-d) STIM2-IR is localised with 

nestin-IR in the spinal cord at E15.  Merged image (d) shows that STIM2-IR (red) and 

nestin-IR (green) co-localise in process-like structures that traverse the spinal cord from 

the ventricular zone to the pial surface, which are indicative of radial glial processes.  (e-

h) Higher resolution images of the marginal zone, which is indicated by the box in (d).  

Merged image (h) illustrates that STIM2-IR (red) is localised with nestin-IR (green) in 

radial glial processes within the spinal cord at E15.  Scale bar denotes 100 µm for images 

(a-d) and 10 µm for images (e-h).  Abbreviations: DRG = dorsal root ganglion; GM = 

grey matter; PS = Pial surface; VH = ventral horn; VZ = ventricular zone; WM = white 

matter.    
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Figure 2.8: STIM2 is expressed by neurons in the mouse spinal cord at E15, but at 

lower levels than STIM1. 

 

Immunolabelling for STIM2 (a,e), NeuN (b,f) and DAPI (c,g) on coronal sections of the 

mouse spinal cord at E15 illustrating some STIM2 expression by neurons in nervous 

system development.  (a-d) STIM2-IR is predominantly expressed in process-like 

structures clearly evident in the spinal cord white matter, but is also evident in the grey 

matter denoted by NeuN-IR. (e-h) Higher resolution images of the ventral horn area 

indicated in (d).  Merged image (h) illustrates that STIM2-IR (red) is localised in process-

like structures, but also weakly expressed in close proximity with neurons as denoted by 

NeuN-IR (green).  Scale bar denotes 100 µm for images (a-d) and 10 µm for images (e-

h).  Abbreviations: DRG = dorsal root ganglion; GM = grey matter; PS = Pial surface; 

VH = ventral horn; VZ = ventricular zone; WM = white matter.    
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Figure 2.9: STIM2 is expressed by radial glia in the mouse cortex at E15. 

 

Immunolabelling for STIM2 and Nestin on coronal sections through the mouse cortex at 

E15.  STIM2-IR (a-c) and Nestin-IR (d-f) in the cortex at E15, with merged images (g-i) 

illustrating the localisation of STIM2-IR to radial glia in the embryonic cortex.  Scale bar 

denotes 200 µm for images (a), (d) and (g), 20 µm for images (b), (e) and (h), and 10 µm 

for images (c), (f) and (i).  Abbreviations: CP = cortical plate; Ctx = cortex; GE = 

ganglionic eminence; VZ = ventricular zone.   
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Figure 2.10: STIM1 is weakly expressed in radial glial processes in the mouse cortex 

at E15. 

 

Immunolabelling for STIM1 and Nestin on coronal sections through the mouse cortex at 

E15.  STIM1-IR (a-c) and Nestin-IR (d-f) in the cortex at E15, with merged images (g-i) 

illustrating that STIM1 and nestin do not colocalised in the embryonic cortex.  Scale bar 

denotes 200 µm for images (a), (d) and (g), 20 µm for images (b), (e) and (h), and 10 µm 

for images (c), (f) and (i).  Abbreviations: CP = cortical plate; Ctx = cortex; GE = 

ganglionic eminence; VZ = ventricular zone.   
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2.3.3. Two STIM1 orthologs exist in zebrafish: identification of zSTIM1a 

and zSTIM1b  

 

Data presented in this chapter suggest that STIM1 is the major neuronal STIM protein 

during mammalian development.  No data is available regarding STIM expression or 

function in the zebrafish nervous system.  However, a previous phylogenic analysis of 

STIM proteins identified two predicted zSTIM1 proteins, termed zSTIM1a and zSTIM1b 

(Cai, 2007a).  This study sought to confirm that STIM orthologs exists in zebrafish, and 

to determine the level of homology between zebrafish and human STIM proteins.  Human 

STIM1 is alternatively spliced with a larger 4.4 kilobase transcript predominating in the 

embryonic human brain (Williams et al., 2001).  Hence, the resulting 685 amino acid 

STIM1 protein product was used to identify potential zebrafish orthologs from a library 

of translated nucleotides using an established search tool (tblastn; NCBI).  Two potential 

zSTIM1 proteins, zSTIM1a and zSTIM1b, were identified using this approach, and 

alignment of the protein sequences for zSTIM1a and zSTIM1b with human STIM1 (Fig. 

2.11), illustrated the homology of zebrafish orthologs with human STIM1 (discussed in 

detail below).  The specificity of this approach for identifying STIM1 orthologs was 

determined by using the same approach to detect STIM1 orthologs in mouse, rat, Xenopus 

and Drosophila, where STIM1 has previously been studied (Roos et al., 2005; Zhang et 

al., 2005; Dziadek and Johnstone, 2007; Eid et al., 2008; Klejman et al., 2009; Skibinska-

Kijek et al., 2009; Shim et al., 2013).  A single STIM1 ortholog was identified in each 

species (alignments not shown), confirming the specificity of this bioinformatic 

approach.  Furthermore, when the human STIM2 protein sequence was used to identify 

potential zebrafish STIM2 (zSTIM2) orthologs, two predicted zSTIM2 proteins termed 

zSTIM2a and zSTIM2b were identified (alignments not shown), suggesting that 

zSTIM1a and zSTIM1b are STIM1 orthologs, and do not represent STIM2 orthologs.  

Therefore, it was concluded that two zSTIM1 proteins exist in zebrafish.  As data 

suggested that STIM1 is the major neuronal STIM protein in mammalian development, 

zSTIM2 proteins were not investigated further.   
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Figure 2.11: zSTIM1a and zSTIM1b are orthologs of human STIM1.   

 

Sequence alignment of predicted zebrafish STIM1 (zSTIM1) proteins, zSTIM1a and 

zSTIM1b, with human STIM1 protein.  Dark grey shading denotes residues conserved 

with human STIM1, light grey shading indicates residues conserved between zSTIM1 

proteins alone.  Red bars above sequences indicate described protein domains in the 

human STIM1 protein sequence to illustrate the homology between zebrafish and human 

STIM1 proteins. 
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To investigate whether zSTIM1a and zSTIM1b are homologous to human STIM1, 

protein sequence homology was assessed by calculating protein sequence coverage and 

conservation.  Protein sequence coverage was defined as the percentage of each STIM1 

ortholog protein sequence that aligned to human STIM1, with protein sequence 

conservation  defined as the percentage of amino acids identical to human STIM1 across 

the aligned protein sequence.  Given that STIM1 proteins identified in mouse, rat, 

Xenopus and Drosophila are reported to be functionally similar to human STIM1 (Roos 

et al., 2005; Zhang et al., 2005; Stathopulos et al., 2006; Eid et al., 2008), STIM1 from 

these species served as controls for this analysis.  The high degree of homology between 

human STIM1 and other mammalian STIM1 proteins was confirmed, with mouse and rat 

STIM1 proteins found to share a very high degree of sequence homology with human 

STIM1 (both exhibited 86% protein sequence coverage and 98% protein sequence 

conservation; Table 2.3).  Moreover, Xenopus STIM1 exhibited 85% protein sequence 

coverage and 82% protein sequence conservations (Table 2.3), while Drosophila STIM 

displayed only 39% protein sequence coverage and 68% protein sequence conservation 

(Table 2.3).  In comparison, zSTIM1a exhibited 80% protein sequence coverage and 78% 

proteins sequence conservation (Table 2.3), with zSTIM1b found to be less homologous, 

sharing only 59% protein sequence coverage and 68% proteins sequence conservation 

(Table 2.3).  These data indicate that zSTIM1a and zSTIM1b share protein sequence 

homology that is comparable with Xenopus STIM1 and Drosophila STIM.  Given that  

Xenopus STIM1 and Drosophila STIM perform functions similar to STIM1 (Roos et al., 

2005; Zhang et al., 2005; Eid et al., 2008; Venkiteswaran and Hasan, 2009; Shim et al., 

2013), these findings suggest that zSTIM1 will function in a comparable fashion to 

mammalian STIM1.  

 

Homology of function can be predicted by the conservation of protein domains that 

mediate specific functions of a protein (Gu, 2001).  Therefore, protein sequence 

homology was determined for protein domains known to be required for STIM1 functions 

(Fig. 2.12).  Protein domains were selected based on previous evidence illustrating their 

importance for STIM1 function (Muik et al., 2008; Stathopulos et al., 2008; Frischauf et 

al., 2009; Zheng et al., 2011; Fahrner et al., 2014; Palty and Isacoff, 2015), with protein 

sequence conservation calculated for the N-terminal EF-hand/sterile alpha motif (EF-

SAM) domain, the C-terminal coil-coiled 1 (CC1) domain, the coil-coiled 2/3 (CC2/CC3) 

domain, the C-terminal inhibitory domain (CTID), and the C-terminal unstructured 
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region (domains are denoted in Fig. 2.11 and represented diagrammatically in Fig. 2.12a-

b).  zSTIM1 proteins exhibited a large degree of protein sequence conservation in protein 

domains required for the calcium regulatory EF-SAM domain (76% and 64% for 

zSTIM1a and zSTIM1b respectively), for CRAC channel interactions via the CC1 

domain (85%, 68%) and CC2-CC3 domain (88%, 83%; Fig. 2.12 c).  However, both 

zSTIM1 proteins exhibited less homology in the CTID (59%, 48%) and the C-terminal 

unstructured region (40%, 39%; Fig. 2.12c).  This reduced homology in C-terminal 

protein domains is consistent with reduced sequence homology in the C-terminus of 

Xenopus and Drosophila STIM1 proteins (Williams et al., 2001; Dziadek and Johnstone, 

2007), which function in a similar manner to human STIM1 (Eid et al., 2008; Oh-Hora et 

al., 2008; Stiber et al., 2008; Venkiteswaran and Hasan, 2009).  Therefore, these findings 

predict that calcium sensing and CRAC channel regulatory functions of STIM1 are 

conserved in zSTIM1 proteins. 
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 Chromosome 
Protein size 

(# amino 
acids) 

Protein 
coverage 

(%)* 

Protein 
sequence 

conservation 
(%)* 

Human 
STIM1 11 791 - - 

Mouse 
STIM1 7 685 86 98 

Rat 
STIM1 1 685 86 98 

Xenopus 
STIM1 2 668 85 82 

Drosophila 
STIM X 561 39 68 

Zebrafish 
STIM1a 15 676 80 78 

Zebrafish 
STIM1b 21 642 59 68 

 

 

Table 2.3: STIM1 is conserved across vertebrate and invertebrate species.   

Protein sequence conservation and coverage were calculated by alignment of protein 

sequences against the human STIM1 protein sequence using the BLAST® tool (blastp, 

NCBI).  Protein coverage: percentage of sequences of STIM1 orthologs aligned to human 

STIM1 protein sequence.  Protein sequence conservation: the percentage of identical 

amino acids to human STIM1 across the full protein sequence.  

* Compared with human STIM1. 
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Figure 2.12: zSTIM1a and zSTIM1b share a high degree of protein sequence 
homology with human STIM1.  
 

The homology between human and zebrafish STIM1 proteins was assessed by calculating 

protein sequence conservation within protein domains known to be crucial for the 

function of STIM1.  (a-b) Diagrammatic representation of (a) human STIM1 and (b) 

zebrafish STIM1a illustrating protein domains known to be required for STIM1 function.  

STIM1 protein domains were identified in the zSTIM1a protein sequence using the 

sequence alignment shown in Fig. 2.8 (numbers below each domain refer to the amino 

acid residues comprising each domain).  Diagrams illustrate the EF-hand, hidden EF-

hand, sterile-alpha motif (SAM), transmembrane domain, coiled-coil 1 (CC1), CC2, and 

CC3 domains, C-terminal inhibitory domain (CTID), serine/proline (S/P)-rich region and 

lysine (K)-rich region.  The EF-SAM domain, STIM1 Orai1-activating region (SOAR, or 

CC2/CC3), and the C-terminal unstructured region are also specified.  (c) zSTIM1a and 

zSTIM1b exhibit protein sequence conservation with human STIM1 in protein domains 

required for STIM1 function.  Protein domains analysed included the EF-SAM domain 

(amino acids 57-196 of zSTIM1a), CC1 domain (232-336), CC2/CC3 (328-436), CTID 

(454-538) and the C-terminal unstructured region (539-676).   

Domain conservation: percentage of identical amino acids to human STIM1 across the 

aligned zebrafish protein domain sequence.  Domain coverage: percentage of human 

STIM1 protein domain matched with the aligned zebrafish protein domain sequence.   
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2.3.4. zSTIM1a is the most conserved zebrafish STIM1 ortholog  

 

zSTIM1a exhibited a higher degree of protein sequence homology with human STIM 

compared to zSTIM1b.  Hence, it was reasoned that zSTIM1a and zSTIM1b could exhibit 

protein specific functions.  When protein sequence homology was calculated between 

zSTIM1 proteins, it was found that zSTIM1b exhibits 98% protein sequence coverage 

and 65% protein sequence conservation compared with zSTIM1a (see Fig. 2.11 for 

protein sequence alignment), suggesting that zSTIM1a and zSTIM1b are functionally 

distinct proteins.  To investigate whether zSTIM1a and zSTIM1b are functionally distinct 

proteins, the conservation of sequence motifs required for the calcium binding, CRAC 

channel activation, and microtubule plus-end tracking functions of STIM1 were 

investigated.   

 

The calcium binding residues of the EF-hand (denoted by X, Y, Z, -Y, -X and -Z in Fig. 

2.11a) are highly conserved in STIM1 orthologs (Cai, 2007a), as illustrated by alignment 

of human and mouse STIM1 EF-hands (Fig. 2.13a).  The EF-hand of zSTIM1a and 

zSTIM1b exhibited a high degree of conservation with human STIM1 EF-hand (Fig. 

2.13a), suggesting that the ability of zSTIM1 proteins to bind calcium is similar to human 

STIM1.  However, zSTIM1a and zSTIM1b exhibit a substitution at a single calcium-

binding residue (denoted by -Y in Fig. 2.13a).  This calcium-binding residue has 

previously been shown to be the cause of divergent calcium binding properties of STIM1 

and STIM2, where a glycine is present at the -Y residue of the EF-hand (Soboloff et al., 

2006b; Brandman et al., 2007; Stathopulos et al., 2008; Thiel et al., 2013).  However, in 

zSTIM1a and zSTIM1b aspartate is substituted with an asparagine and a serine 

respectively, which maintains a polar residue at -Y.  The presence of a similar substitution 

in Drosophila STIM (dSTIM; Fig. 2.13a), which functions in a similar manner to human 

STIM1 (Roos et al., 2005; Zhang et al., 2005), would suggest that zSTIM1a and zSTIM1b 

retain the capacity to detect changes in the concentration of ER calcium. 

 

The SOAR domain (amino acids 344-442 of human STIM1; denoted in Fig. 2.13b) is 

sufficient to activate Orai1 and trigger SOCE (Yuan et al., 2009; Kim and Muallem, 2011; 

Zhou et al., 2014).  zSTIM1a shared 92% protein sequence conservation with human 

STIM1, while zSTIM1b was found to exhibit 85% protein sequence conservation (Fig. 
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2.13b).  Therefore, it would be predicted that both zSTIM1a and zSTIM1b retain the 

ability to trigger CRAC channel formation and calcium influx SOCE.    

 

STIM1 interacts with End-Binding (EB) proteins, which are a family of microtubule plus-

end tracking proteins (+TIP) that bind to growing ends of microtubules (Stepanova et al., 

2003; Honnappa et al., 2009).  The binding of STIM1 to EB proteins is mediated by a 

TRIP motif (denoted green in Fig. 2.13c), which is located in the c-terminus of STIM1 

(Grigoriev et al., 2008; Honnappa et al., 2009).  Protein sequence analysis revealed that 

zSTIM1a exhibits a similar motif (NRIP, denoted green in Fig. 2.13c).  Whilst the 

asparagine substitution at the first position of the TRIP motif in zSTIM1a may decrease 

the affinity of zSTIM1a to EB (Wen et al., 2004a; Honnappa et al., 2009; Buey et al., 

2012), the hydrophobicity of the preceding residues likely compensates for this 

substitution (Buey et al., 2012).  Therefore, these data predict that zSTIM1a retains the 

capacity to function as a +TIP protein.  In contrast, there was an absence of a TRIP motif 

in the entire zSTIM1b sequence, with an IRVS sequence located at the predicted site of 

the TRIP motif (Fig. 2.13c). Whilst the effect of an isoleucine substitution at the first 

position of the TRIP motif is unknown, substitution of the final proline residue is not 

tolerated, and results in the abrogation of EB binding  (Honnappa et al., 2009; Buey et 

al., 2012; Jiang et al., 2012).  These data predict that zSTIM1a, but not zSTIM1b, retains 

the ability to function as a +TIP protein, suggesting that zSTIM1a is the more conserved 

zSTIM1 protein.   

 

Phosphorylation of STIM1 by extracellular regulated kinases 1 and 2 (ERK1/2) regulates 

the dissociation of STIM1 from EB and the activation of SOCE (Pozo-Guisado et al., 

2010; 2013; Casas-Rua et al., 2015; Tomas-Martin et al., 2015).  ERK1/2 phosphorylates 

serine residues S575, S608 and S621 (denoted by # above sequence alignment Fig. 2.13c) 

and threonine at T626 (^ in Fig. 2.13c).  Furthermore, phosphorylation at S628 (denoted 

by D above sequence alignment in Fig. 2.13c) occurs in response to thapsigargin-mediated 

activation of SOCE (Pozo-Guisado et al., 2010), and is important for ER exclusion during 

mitosis (Smyth et al., 2012).  Therefore, to further explore whether zSTIM1a and 

zSTIM1b are distinct proteins, the presence of key phosphorylated residues in zSTIM1a 

and zSTIM1b was investigated.  Consistent with the high degree of conserved function 

between mammalian STIM1 proteins, mouse STIM1 exhibits complete conservation of 

all phosphorylated residues (Fig. 2.13c-d).  zSTIM1a retained the specific ERK1/2 
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phosphorylation sites corresponding to S575 and T626 in human STIM1, and the 

thapsigargin-induced phosphorylation site corresponding to S628 of human STIM1 

(underlined in Fig. 2.13c).  However, zSTIM1a does not exhibit the phosphorylation sites 

corresponding to S608 and S621 of human STIM1 (Fig. 2.13c-d).  In contrast, zSTIM1b 

does not retain any of the specific ERK1/2 consensus sequences corresponding to S575, 

S608, S621 or T626, or the consensus sequence for phosphorylation of S628 (Fig. 2.13c-

d), suggesting that zSTIM1a and zSTIM1b are not regulated by the same intracellular 

signaling pathways.  In particular, these findings predict that zSTIM1b does not interact 

with microtubules by binding EB proteins, and would therefore not be predicted to retain 

the ER remodeling functions of STIM1.  As such, further studies conducted in this thesis 

focuses on zSTIM1a.  
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Figure 2.13: STIM1a is the most functionally conserved STIM1 ortholog in 

zebrafish.  

 

Protein sequence alignments illustrating the conservation of residues crucial for STIM1 

protein function in zebrafish STIM1 (zSTIM1) proteins.  (a) Sequence alignment for the 

EF-hand domain between human STIM1, mouse STIM1, zSTIM1a, zSTIM1b and 

Drosophila STIM (dSTIM).  EF-hands are comprised of six negatively charged residues 

located within a calcium-binding loop between two α-helices (Bhattacharya et al., 2004; 

Grabarek, 2006; Zheng et al., 2008), as denoted below EF-hand sequences.  Calcium 

binding residues are denoted by X, Y, Z, -Y, -X and -Z above protein sequences (Liou et 

al., 2005; Stathopulos et al., 2006; Cai, 2007a; Zheng et al., 2008).  Black denotes residues 

conserved to human STIM1 proteins, with grey indicating residues not conserved to 

human STIM1 proteins.  Red denotes aspartate residues corresponding to D70 in human 

STIM1.  Mutation at this residue prevents calcium binding, resulting in a constitutively 

active STIM1 protein (Liou et al., 2005; Shim et al., 2013).  Green illustrates glycine in 

human STIM2, illustrating polar to non-polar substitution at the -Y residue associated 

with the reduced affinity of the EF-hand for calcium in STIM2 (Zheng et al., 2008).  (b) 

Sequence alignment for the STIM1 Orai1 activating region (SOAR) between human 

STIM1, zSTIM1a and zSTIM1b. Black denotes residues conserved with human STIM1 

proteins, and grey indicating residues not conserved with human STIM1 proteins.  (c) 

Sequence alignment for the serine/proline-rich region, illustrating conservation of the 

end-binding protein interaction motif (TRIP – denoted green) and phosphorylated 

residues (red) that regulate STIM1 function.  ERK1/2 phosphorylated serine residues are 

indicated by # above the sequence alignment, whilst a serine phosphorylated in response 

to thapsigargin is denoted by D.  (d) Table presenting the conservation of phosphorylated 

residues presented in (c) that are important for the trafficking of STIM1 within the cell 

and activation of SOCE.  This table illustrates that zSTIM1a, but not zSTIM1b, retains 

crucial residues phosphorylated when STIM1 is activated and trafficked to ER-PM 

junction to initiate SOCE.    
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2.3.5. zSTIM1a is expressed during zebrafish embryonic development, 

including throughout the nervous system.   

 

As zSTIM1a was identified as the more highly conserved zSTIM1 protein, it was 

hypothesised that zSTIM1a would be expressed during zebrafish nervous system 

development.  Whole mount in situ hybridisation was performed to determine the pattern 

of zSTIM1a transcript distribution over a time course from 12 to 96 hpf, encompassing 

key stages of nervous system development (Kimmel et al., 1995).  zSTIM1a transcripts 

were detected throughout the embryo at 12 hpf, with zSTIM1a transcripts highly 

expressed in the eye primordium at this developmental stage (denoted by arrow; Fig. 

2.14a).  By 24 hpf, zSTIM1a was enriched in the eye (arrow), brain (left arrowhead), and 

in somites (right arrowhead) located along the developing tail (Fig. 2.14b,c).  Viewed at 

higher power (Fig. 2.14c), the intense zSTIM1a expression was evident in the somites 

along the developing tail is obvious (arrow in Fig. 2.14b, and Fig. 2.14c).  At 48 hpf, 

zSTIM1a transcripts remained enriched in the brain and somites (Fig. 2.14d), as well as 

being detected in the developing heart (denoted by arrowhead in Fig. 2.14d-f), correlating 

with zOrai1b expression at the same developmental stage (Volkers et al., 2012).  By 72 

hpf, zSTIM1a transcripts remained enriched in the brain and heart (Fig. 2.14e).  However, 

the intensity of zSTIM1a transcripts in the somites appeared to decrease (Fig. 2.14e), 

which correlates with the known decrease in STIM1 expression by mammalian skeletal 

muscle with development (Stiber et al., 2008).  At 72 hpf, zSTIM1a transcripts were also 

enriched in the heart (arrowhead) and swim bladder (arrow).  At 96 hpf, zSTIM1a 

transcripts remained evident in the brain and somites at similar levels to 72 hpf (Fig. 

2.14e).  zSTIM1a also remained enriched in the heart (lower arrowhead), swim bladder 

(arrow) and the otic vesicle (upper arrowhead; Fig. 2.14e).  A zero riboprobe control 

confirmed the specificity of the hybridisation reactions in 96 hpf tissue (Fig 2.14g).  

Therefore, zSTIM1a is expressed in zebrafish throughout a time course of nervous system 

development.   
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Figure 2.14: zSTIM1a is expressed throughout a time course of nervous system 
development.   
 

(a-h) Whole mount in situ hybridisation demonstrates zSTIM1a transcript expression in 

zebrafish embryos from 12 to 96 hpf.  (a) At 12 hpf zSTIM1a transcripts are enriched in 

in the eye primordium (arrow), and are present throughout the embryo.  (b) At 24 hpf 

zSTIM1a transcripts showed intense staining within the forebrain (arrow), throughout the 

hindbrain (arrowhead), and in somites located along the developing trunk (upper arrow).  

(c) Higher power view at 24 hpf shows the intense zSTIM1a transcript expression within 

somites.  (d) At 48 hpf zSTIM1a transcripts remained present in the brain and somites.  

(e) At 72 hpf, zSTIM1a transcripts remained enriched in the brain, but were less intense 

in the somites.  (f) At 96 hpf, zSTIM1a transcripts were observed in the brain, somites, 

heart, otic vesicle and swim bladder.  (g) A zero riboprobe control at 96 hpf illustrates 

specificity of hybridisation reaction.   
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To confirm that zSTIM1a transcripts are expressed in the nervous system, in situ 

hybridisation was performed on coronal sections through the zebrafish nervous system at 

96 hpf.  zSTIM1a transcripts were detected throughout the forebrain, including in the 

pallium and subpallium (Fig. 2.15a).   zSTIM1a transcripts were also present within the 

cellular layers of the retina (Fig. 2.15a-b), and in the midbrain, signified by expression in 

the optic tectum and the caudal tuberculum (Fig. 2.15b).  In the hindbrain, zSTIM1a 

transcripts were present in the medulla oblongata (Fig. 2.15c).  However, zSTIM1a was 

less intense in surrounding myotomes (Fig. 2.15c), which correlates with the decrease in 

zSTIM1a transcripts observed in somites at 96 hpf (see Fig. 2.15e).  zSTIM1a transcripts 

were also present within the cells of the spinal cord at 96 hpf, again more strongly than 

the overlying myotomes (Fig. 2.15d).  As zSTIM1a transcripts appeared to be 

ubiquitously expressed within the nervous system at 96 hpf, it was concluded that 

zSTIM1a is widely expressed in the zebrafish nervous system.  This finding is consistent 

with the previous observation that STIM1 is widely expressed in the developing rodent 

nervous system, suggesting that expression of STIM1 in the developing nervous system 

is conserved across vertebrate species.   

 

To further investigate the finding that zSTIM1a is expressed in the developing zebrafish 

nervous system, zSTIM1 protein expression was examined using immunoblotting and 

immunohistochemistry.  However, commercially available anti-STIM1 antibodies raised 

against both the N- and C-terminal segments of the human STIM1 protein proved 

unreliable for detecting STIM1 proteins in zebrafish (data not shown).   
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Figure 2.15: zSTIM1a is expressed throughout the zebrafish nervous system.  
 

(a-d) zSTIM1a transcripts are present throughout the developing zebrafish nervous 

system at 96 hpf.  (a) Coronal section through the telencephalon and diencephalon 

illustrate zSTIM1a transcripts are present throughout the pallium, subpallium and 

preoptic hypothalamus.  (b) Coronal section through the mesencephalon confirm that 

zSTIM1a transcripts are evident in the optic tectum and caudal tuberculum.  (c) Coronal 

section through the myelencephalon illustrate that zSTIM1a transcripts are present in the 

medulla oblongata.  (d) Coronal section through the rostral spinal cord showing that 

zSTIM1a transcripts are present in the spinal cord, as well as being present at a lower 

level in the surrounding myotome.  Scale bar illustrates 100 µm for all images. 
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2.4. Discussion 

 

Findings presented in this chapter provide evidence that the molecular machinery for 

SOCE (STIM1, STIM2 and Orai1-3), are expressed in the developing mouse nervous 

system, exhibiting both overlapping and discrete patterns of expression.  Distinct patterns 

of calcium signaling, such as waves and spikes, are required to properly pattern the 

developing nervous system (Bezprozvanny et al., 1991; Spitzer et al., 1994; Oancea and 

Meyer, 1996; Bito et al., 1997; Buonanno and Fields, 1999; Carey and Matsumoto, 1999; 

Hirota et al., 1999), and these calcium transients are reliant on calcium release from the 

ER (Bezprozvanny et al., 1991; Oancea and Meyer, 1996; Bito et al., 1997; Carey and 

Matsumoto, 1999; Hirota et al., 1999).  Therefore, it is predicted that SOCE regulates 

calcium signaling events during nervous system development.  STIM1 expression was 

observed to localise with the neuronal marker NeuN, whilst STIM2 expression was 

largely co-localised with the radial glia marker Nestin.  These data support the hypotheses 

that STIM1 is the major neuronal STIM protein in development, and provide evidence to 

suggest that STIM1-mediated SOCE is important for neurogenesis.   

 

STIM1 expression in the nervous system is highly conserved between vertebrate species.  

Data presented in this chapter demonstrate that two STIM1 orthologs exist in zebrafish, 

with zSTIM1a the more highly conserved STIM1 ortholog.  zSTIM1a was found to be 

expressed during zebrafish development, including throughout the nervous system in a 

pattern of expression that correlates with mammalian STIM1 expression.  Together, these 

studies reveal that STIM1 is the major neuronal STIM protein and that STIM1 is 

expressed during vertebrate nervous system development.  As such, zebrafish will be used 

in subsequent chapters as an experimental model to investigate the function of STIM1 in 

nervous system development in vivo.   

 
The molecular constituents of SOCE are expressed in the developing mammalian 

nervous system 

 

Despite a wealth of knowledge regarding the expression of STIM proteins in the adult 

nervous system (Klejman et al., 2009; Skibinska-Kijek et al., 2009), the ontogeny of 

STIM proteins in the embryonic nervous system is not well understood.  Data presented 

in this chapter reveals the pattern of STIM1 and STIM2 expression in the embryonic 



 101 

mouse nervous system, which is consistent with findings obtained from embryonic and 

neonatal brain/spinal cord lysates (Williams et al., 2001; Dziadek and Johnstone, 2007; 

Xia et al., 2014).  Significantly, STIM1 and STIM2 strongly co-localised with nestin in 

the ventricular zone of the cortex at E15, indicating that STIM proteins are highly 

expressed in progenitor cells that proliferate and differentiate to give rise most of the 

neurons and glial cells (Davis and Temple, 1994; Qian et al., 2000).  At this 

developmental stage, spontaneous calcium transients generated in cells of the ventricular 

zone occur independent of electrical activity, glutamate or GABA signaling, and require 

release of calcium from the ER (Owens and Kriegstein, 1998; Owens et al., 2000).  Given 

that STIM proteins trigger SOCE in response to ER calcium depletion (Soboloff et al., 

2006b; Muik et al., 2008), and SOCE has been shown to be crucial for neural progenitor 

cell proliferation and differentiation (Li et al., 2012; Somasundaram et al., 2014; Hao et 

al., 2016), these findings suggest that STIM1 and STIM2 are appropriately expressed to 

control calcium signaling events during neuronal development.   

 

As STIM proteins regulate calcium influxes by interacting with Orai proteins to trigger 

SOCE (Peinelt et al., 2006; Soboloff et al., 2006b; Zhou et al., 2014), it was predicted 

that STIM and Orai proteins are co-expressed in development.  All three Orai proteins 

were present in the embryonic mouse brain and spinal cord at E15, and expression of 

Orai1-3 overlapped with STIM1 and STIM2 at this developmental stage.  These 

observations correlate with data at both the transcript and protein level that shows STIM 

and Orai protein co-expression in neonatal and adult spinal cords (Xia et al., 2014), and 

cultured neurons (Klejman et al., 2009; Gruszczynska-Biegala et al., 2011; Mitchell et 

al., 2012).  These observations also correlate with the SOCE occurring in both neurons 

and glia (Bouron, 2000; Emptage et al., 2000; Michaelis et al., 2014; Müller et al., 2014).  

In vitro studies have shown that SOCE is required for neural precursor cell proliferation 

and differentiation (Li et al., 2012; Somasundaram et al., 2014; Hao et al., 2016), the 

regulation of gene expression (Lalonde et al., 2014; Somasundaram et al., 2014), as well 

as cell motility (Tsai et al., 2014), which are essential for corticogenesis [for reviews see 

(Luhmann et al., 2016; Toth et al., 2016)].  Hence, the pattern of expression for STIM 

and Orai proteins observed in this study is consistent with SOCE being involved in the 

generation of calcium oscillations that regulate multiple aspects of neural development.  

Furthermore, the observation that STIM and Orai proteins are enriched in DRG sensory 

neurons correlates with data from this lab that suggests STIM1 is necessary for axon 
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pathfinding by DRG neurons (Mitchell et al., 2012).  Taken together, these data confirm 

that the molecular constituents of SOCE are expressed in the developing mouse nervous 

system, providing further evidence to suggest that calcium influx via SOCE contributes 

to the regulation of neuronal function during development.   

 

Shaping calcium signals by regulating expression of the molecular constituents of 

SOCE  

 

It has been hypothesised that the spatial and temporal properties of calcium influx via 

SOCE can be altered by expressing different molecular constituents of SOCE, and that 

by regulating expression of STIM and Orai proteins, cells can modulate calcium influx 

via SOCE  (Moccia et al., 2015).  Orai1-3 have been shown to heteromultimerise to form 

CRAC channels (Inayama et al., 2015), with each Orai protein differentially affecting 

calcium conductance and calcium-dependent deactivation kinetics of the resulting CRAC 

channel (DeHaven et al., 2007; Lis et al., 2007; Moccia et al., 2015).  Likewise, 

differential expression of STIM1 and STIM2 may act as a regulatory mechanism to shape 

calcium signaling, with STIM2-mediated SOCE characterised by slower activation 

kinetics and smaller oscillations in intracellular calcium (Brandman et al., 2007; Thiel et 

al., 2013; Moccia et al., 2015), while STIM1 mediates larger amplitude increases in 

intracellular calcium that lead to the activation of downstream signaling pathways 

(Venkiteswaran and Hasan, 2009; Ng et al., 2011; Mitchell et al., 2012; Hartmann et al., 

2014; Tsai et al., 2014; Zhang et al., 2014; Pathak et al., 2015).  Therefore, the observation 

that STIM1-2 and Orai1-3 exhibit distinct expression patterns in the developing nervous 

system may suggest that expression of the molecular components of SOCE is a regulatory 

mechanism to shape calcium signaling in the nervous system.   

 

Fine-tuning of calcium signals by regulation STIM and Orai protein expression is likely 

to be highly complex.  Recent studies have revealed that splice variants of mammalian 

STIM2, STIM2.1 and STIM2.2, inhibit and promote SOCE respectively (Graham et al., 

2011; Miederer et al., 2015; Rana et al., 2015).  Whilst a longer splice variant of 

mammalian STIM1, known as STIM1L, is reported to be expressed in the adult nervous 

system (Darbellay et al., 2011), and forms stable STIM1-Orai interactions for fast, 

repeated, calcium influx via SOCE (Darbellay et al., 2011; Sauc et al., 2015).  As such, 

future studies should investigate whether splice variants of STIM proteins are present in 
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the developing nervous system, their ontogeny in development, as well as their 

contribution to calcium dynamics in neurons should be addressed.   

 

STIM2 is expressed by radial glia in the embryonic rodent nervous system 

 

STIM2 localised strongly with process-like structures that were positive for nestin in both 

the brain and spinal cord at E15.  In the mouse cortex and spinal cord at E15, nestin labels 

radial glia processes that extend from the ventricular zone to the pial surface (Shibata et 

al., 1997; Choi et al., 2009; Walker et al., 2010).  This finding is supported by the 

observation that STIM2 expression is restricted to radial glia in the embryonic rat nervous 

system and GFAP expressing astrocytes in the early post-natal nervous system (Hadrill 

et al., in preparation).  Although STIM2 was also evident in neurons, expression was less 

intense compared with STIM1 expression.  Moreover, STIM2 was present in the cortical 

plate at a lower level than in the ventricular zone, suggesting that STIM2 is 

downregulated as neurogenesis proceeds.  This downregulation of STIM2 with 

neurogenesis provides support for a model whereby SOCE is decreased in neurons in 

concert with an upregulation of voltage-dependent and ligand-gated calcium channels 

[reviewed in (Toth et al., 2016)].  Indeed, downregulation of SOCE is associated with the 

progression of neural precursor cells to mature neurons, with a decrease in Orai 

expression (or calcium influx via SOCE) observed in most neural precursor cells that 

have acquired the mature neuronal marker doublecortin in vitro (Somasundaram et al., 

2014).  Therefore, STIM2 expression data presented here is consistent with STIM2 being 

predominating localised to radial glia in the embryonic nervous system.   

 

STIM1 is the major neuronal STIM protein expressed in embryonic development 

 

As neurogenesis progresses, immature cortical neurons migrate from the ventricular zone 

to the cortical plate before beginning the process of axon pathfinding to form neuronal 

circuitry (Rakic, 1988; Gomez et al., 1995; Noctor et al., 2004).  Unlike STIM2, STIM1 

expression remained high in the cortical plate.  This data provides evidence to suggest 

that STIM proteins are differentially expressed in development, with STIM1 expression 

maintained in immature neurons.  This observation was supported by the finding that 

STIM1 localised to neurons in the embryonic nervous system, while STIM2 was enriched 

in radial glia.  Likewise, in vitro studies have shown that STIM1-mediated SOCE is 
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required for correct cell motility and growth cone motility (Mitchell et al., 2012; Shim et 

al., 2013; Tsai et al., 2014), while STIM1 expression is also necessary for correct axon 

pathfinding by Xenopus spinal interneurons (Shim et al., 2013).  Significantly,  immature 

neurons exhibit higher frequency calcium spikes associated with the regulation of cell 

motility, axon pathfinding, neurotransmitter specification and synaptogenesis (Gomez et 

al., 1995; Gu and Spitzer, 1995; Borodinsky et al., 2004; Torborg et al., 2004; Kirkby et 

al., 2013).  While STIM1 mediates fast ER refilling in Purkinje neurons following 

synaptic calcium transients, which is required for higher frequency calcium transients 

(Hartmann et al., 2014).  Taken together, these data provide evidence for STIM1-

mediated SOCE being required for the generation of higher frequency spikes that regulate 

distinct processes during neuronal development, in particular the wiring of the nervous 

system.   

 

STIM proteins exhibit similar expression patterns in the post-natal nervous system 

 

In the post-natal nervous system, STIM1 and STIM2 were observed to be similarly 

expressed within the cortex.  This observation is consistent with neurons expressing both 

STIM proteins in the mature nervous system (Klejman et al., 2009; Skibinska-Kijek et 

al., 2009; Steinbeck et al., 2011), and calcium influx via SOCE regulating synaptic 

calcium signaling (Emptage et al., 2000; Bouron et al., 2005; Hartmann et al., 2014; 

Kyung et al., 2015).  As neurons develop, there is an upregulation of activity dependent 

ion channels, while the expression of STIM proteins and store-operated channels 

decreases (Toth et al., 2016).  However, the small conductance of CRAC channels (Hoth 

and Penner, 1993), coupled with their high selectivity for calcium and spatial localisation 

to ER-PM junctions (Luik et al., 2006; DeHaven et al., 2007; Lis et al., 2007), confers 

SOCE with the ability to be a highly efficient and selective calcium influx mechanism 

that is uniquely poised to create calcium microdomains for the activation of specific 

calcium signaling pathway, providing a model for STIM function whereby SOCE is 

required for spatially localised calcium signals in mature neurons.   

 

Taken together, these data suggest that STIM proteins are differentially expressed during 

neuronal development, with STIM1 being the major neuronal STIM protein throughout 

all stages of embryonic development, but that STIM2 is expressed in neurons of the post-

natal nervous system.   
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Two zSTIM1 orthologs exist in zebrafish: zSTIM1a and zSTIM1b  

 

Expression of STIM1 has been shown to be necessary for correct growth cone motility 

(Mitchell et al., 2012; Shim et al., 2013). Findings presented in this chapter suggest that 

STIM1 is the major STIM protein in neurons during development, which is consistent 

with STIM1 regulating axon pathfinding in vivo.  To decipher the role of STIM in axon 

guidance in vivo, the zebrafish was chosen as an animal model of development.  For 

zebrafish to be used as a model, STIM1 must be expressed during zebrafish nervous 

system development.  Accordingly, these studies confirmed that STIM1 proteins exist in 

zebrafish, determined the degree of homology between mammalian and zebrafish STIM 

proteins, and established whether STIM1 is expressed in a similar fashion to mammalian 

STIM1 during nervous system development in zebrafish.   

 

Bioinformatic analysis revealed that the zebrafish genome encodes two STIM1 proteins, 

known as STIM1a and STIM1b.  This finding supports a previous phylogenic analysis of 

STIM1 that suggested two STIM1 orthologs are present in zebrafish (Cai, 2007a), and is 

consistent with the known duplication event that occurred in the cephalochordate genome 

following evolutionary divergence from other vertebrates (Holland et al., 1994; 

Postlethwait et al., 1998; Soshnikova et al., 2013).  Moreover, protein sequence analysis 

revealed that zSTIM1a and zSTIM1b share a high degree of protein sequence homology 

with human STIM1.  Taken together, these data suggest that two STIM1 orthologs exist 

in zebrafish.   

 

zSTIM1a, and not zSTIM1b, is the more highly conserved STIM1 ortholog in zebrafish  

 

To investigate the homology between zSTIM1 proteins and human STIM1, protein 

sequence conservation was calculated for protein domains of STIM1 that are required for 

STIM1 functions.  STIM1 proteins activate SOCE in response to decreased calcium in 

the ER lumen, which is sensed by the N-terminal EF-hand (Zhang et al., 2005; Zheng et 

al., 2008).  zSTIM1a and zSTIM1b both exhibited substitution at calcium binding 

residues within the EF-hand.  However, the substitution were similar to substitutions 

present in Drosophila STIM, which retains the ability to regulate SOCE in response to 

changes in ER calcium (Roos et al., 2005; Zhang et al., 2005).  Furthermore, the CC1/CC2 

domain (or STIM1 Orai1-activating region) is known to be required for STIM1 to trigger 
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SOCE (Kawasaki et al., 2009; Yuan et al., 2009; Kim and Muallem, 2011; Zhou et al., 

2014), and zSTIM1a and zSTIM1b both retain a high degree of homology within the 

coiled-coil domains.  As such, zSTIM1a and zSTIM1b were both predicted to respond to 

similar changes in ER calcium and bind and activate Orai proteins, meaning that both 

zSTIM1 proteins are predicted to regulate SOCE in response to similar changes in ER 

calcium levels, providing evidence for conservation of function between zSTIM1 

proteins.  However, regulation of SOCE by STIM1 is also reported to require interactions 

between STIM1 and the +TIP protein EB1 (Grigoriev et al., 2008; Pozo-Guisado et al., 

2010; Smyth et al., 2012; Yang et al., 2012; Asanov et al., 2013; Pozo-Guisado et al., 

2013; Casas-Rua et al., 2015; Tomas-Martin et al., 2015).  Significantly, zSTIM1a, but 

not zSTIM1b, was observed to retain the C-terminal TRIP motif responsible for 

conferring EB1 binding.  Although a threonine to aspartate substitution in the zSTIM1a 

EB1-binding motif may decrease the affinity of zSTIM1a for EB1 (Wen et al., 2004a; 

Honnappa et al., 2009; Buey et al., 2012), the hydrophobicity of the preceding residues 

likely compensates for this substitution (Buey et al., 2012).  Therefore, zSTIM1a, but not 

zSTIM1b, is predicted to be transported by the microtubule cytoskeleton to ER-PM 

junctions and activate SOCE, providing evidence to suggest that zSTIM1a is the more 

highly conserved zSTIM1 protein.  

 

In addition to the TRIP motif, phosphorylation of residues in the C-terminus of STIM1 

regulates STIM1-EB1 interactions and, therefore, SOCE.  ERK1/2 phosphorylation of 

serine/threonine residues within the unstructured serine/proline-rich region of STIM1 is 

vital for STIM1-mediated SOCE, as well as the exclusion of the ER during cell division 

(Pozo-Guisado et al., 2010; Smyth et al., 2012; Pozo-Guisado et al., 2013; Casas-Rua et 

al., 2015; Tomas-Martin et al., 2015), suggesting that phosphorylation of these residues 

is important for STIM1 trafficking within the cell.  ERK1/2 phosphorylates serine and 

threonine residues designated by a motif containing proline residues at the +1 and -2 

positions (PxS/TP), or by a less specific phosphorylation motif containing a proline 

residue only at the +1 position (S/TP) (Lawrence et al., 2008; Fernandes and Allbritton, 

2009; Pozo-Guisado et al., 2010).  As such, to investigate the homology between zSTIM 

proteins and human STIM1, the conservation of phosphorylated residues was 

investigated. Whilst zSTIM1a contained the phosphorylated residues S575, T626 and 

S628, zSTIM1b did not retain consensus sequences for known phosphorylated residues.  
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This data provides further evidence that zSTIM1a is the more highly conserved zSTIM1 

protein. 

 

zSTIM1a is expressed throughout nervous system development in the zebrafish. 

 

As STIM1 was expressed during mouse nervous system development, it was expected 

that zSTIM1a would be present in a similar pattern of expression in the zebrafish nervous 

system during development.  Using whole mount in situ hybridisation, zSTIM1a 

expressed was confirmed in the developing zebrafish nervous system, with zSTIM1a also 

highly upregulated in the somites and the heart.  These observations are consistent with 

the described pattern of zebrafish Orai1b (zOrai1b) transcripts in development (Volkers 

et al., 2012), suggesting that SOCE is important for zebrafish development.  When the 

cellular expression of zSTIM1a transcripts was examined at 96 hpf, zSTIM1a was shown 

to be expressed throughout the developing nervous system, similar to the pattern of 

expression observed for STIM1 in the developing mouse nervous system.  Taken 

together, data presented in this chapter provides evidence to suggest that STIM1 is the 

major neuronal STIM protein in development, and that expression of STIM1 in 

development is conserved across vertebrate nervous systems.  Hence, it was concluded 

that zebrafish are an appropriate model to study the function of STIM1 in development.   
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Chapter 3: STIM1 regulates axon pathfinding by motor neurons in vivo 

 

3.1. Introduction  

 

STIM1 is necessary for correct growth cone motility in vitro.  Reduced expression of 

STIM1 in rodent DRG sensory neurons causes a switch in growth cone turning response 

to BDNF from attraction to repulsion (Mitchell et al., 2012).  Similarly, perturbing STIM1 

function by overexpressing a dominant-negative or constitutively-active from of STIM1 

in Xenopus spinal neurons results in a switch in the turning response to netrin-1 from 

attraction to repulsion (Shim et al., 2013).  Importantly, attractive growth cone turning in 

response to both BDNF and netrin-1 requires spatially-restricted, sustained elevations in 

intracellular calcium, which is reliant on calcium release from the ER (Gomez and 

Spitzer, 1999; Zheng, 2000; Gomez et al., 2001; Wen et al., 2004b; Gasperini et al., 2009).  

Therefore, given that the ER is a finite source of calcium, it has been hypothesised that 

STIM1-mediated SOCE is required for the large amplitude increases in calcium required 

for growth cone attraction (Li et al., 2005; Gasperini et al., 2009; Mitchell et al., 2012).  

STIM1 is also necessary for sema3a-mediated growth cone repulsion (Mitchell et al., 

2012), and sema3a is considered a largely calcium-independent guidance cue that does 

not elicit calcium release from the ER (Togashi et al., 2008), suggesting that SOCE-

independent functions of STIM1 also contribute to the regulation of axon guidance.   

 

The zebrafish spinal motor system is an excellent model in which to study the 

mechanisms that regulate axon pathfinding in vivo.  Similar to other vertebrate species, 

zebrafish spinal motor neurons are classified into subtypes that exhibit distinct axon 

trajectories that enable each subtype to innervate the correct target (Eisen et al., 1986; 

Myers et al., 1986; Westerfield et al., 1986).  In the zebrafish embryo, each somite is 

initially innervated by three primary motor neurons: the rostral primary (RoP), middle 

primary (MiP), and caudal primary (CaP) motor neurons, which are identified by their 

combinatorial expression of LIM homoebox genes and their anatomical position within 

each spinal hemisegment (Eisen et al., 1986; Appel et al., 1995).  Primary motor neuron 

axogenesis begins with the CaP axon exiting the spinal cord via the ventral root at 

approximately 17 hpf (Eisen et al., 1986; Zeller et al., 2002; Hilario et al., 2010; Plazas 

et al., 2013).  Approximately 2 hr later, the MiP, then the RoP, begin axon pathfinding 

within the spinal cord, growing caudally to contact the CaP axon before also exiting the 
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spinal cord at the ventral root (Eisen et al., 1986; 1989; Pike et al., 1992; Bernhardt et al., 

1998).   

 

Axon pathfinding by primary spinal motor neurons is highly stereotypic (Fig. 3.1).  All 

three primary motor neurons extend away from the spinal cord along the common 

pathway (Eisen et al., 1986; Myers et al., 1986; Westerfield et al., 1986), which is a 

ventral projection from the spinal cord to the nascent horizontal myoseptum between the 

medial surface of the myotome and the notochord (Bernhardt et al., 1998).  Once each 

primary motor neuron axon reaches the horizontal myoseptum, they pause for up to 1 hr, 

before making vastly different pathfinding decisions (Eisen et al., 1986; Myers et al., 

1986; Melancon et al., 1997; Beattie et al., 2000; Plazas et al., 2013).  The CaP axon 

extends distal to the horizontal myoseptum to reach the ventral aspect of the notochord, 

before continuing towards the ventral muscle boundary.  By 48 hpf, the CaP axon has 

branched at the ventral muscle boundary, with one prominent branch extending in a 

dorsal-rostral direction to innervate the rostral myotome, and the other prominent branch 

extending dorsal-caudal direction to innervate the dorsal myotome (Myers et al., 1986).  

In contrast, once the MiP axon reaches the horizontal myoseptum, it sprouts a dorsal 

collateral growth cone, retracts the initial ventral axon, and grows dorsally to innervate 

the dorsal myotome (Eisen et al., 1986; Myers et al., 1986; Westerfield et al., 1986).  

Whilst the RoP axon branches at the horizontal myoseptum, with branches extending 

laterally to innervate the regions of the myotome located proximal to the horizontal 

myoseptum (Eisen et al., 1986; Myers et al., 1986; Westerfield et al., 1986).  Hence, CaP 

axons represent an isolated in vivo model of axon pathfinding in which to study the 

importance of STIM1 for axon guidance.  

 

Many of the cellular mechanisms underlying axon pathfinding by CaP axons have been 

elucidated, including motility at intermediate choice points, with a myriad of overlapping 

guidance cues and receptors identified to date (for reviews see (Beattie, 2000; Lewis and 

Eisen, 2003; Schneider and Granato, 2003; Fetcho et al., 2008; Bonanomi and Pfaff, 

2010)).  Consistent with Xenopus and mammalian models of growth cone guidance 

(Davies et al., 1986; Li et al., 2005; Gasperini et al., 2009), where the role of STIM1 in 

growth cone motility has previously been investigated (Mitchell et al., 2012; Shim et al., 

2013), cultured zebrafish motor neurons express the BDNF receptor TrkB and exhibit 

growth cone attraction towards a source of BDNF (Chen et al., 2013).  Furthermore,  
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Figure 3.1: Axon pathfinding by spinal primary motor neurons in highly stereotypic. 

 

Schematic illustrating the stereotypic axon pathfinding decisions made by the rostral 

(RoP), middle (MiP) and caudal (CaP) primary motor neurons of the zebrafish spinal cord 

to reach their distinct muscle targets.   
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zebrafish netrin-1 and sema3a orthologs, which exhibit a high degree of homology with 

mammalian proteins (Chen et al., 2013), are required for axon pathfinding by CaP 

neurons in vivo (Lauderdale et al., 1997; Shoji et al., 1998; Zeller and Granato, 1999; 

Sato-Maeda et al., 2006; Plazas et al., 2013).  As STIM1 is necessary for correct growth 

cone motility in response to BDNF, netrin-1 and sema3a in vitro (Mitchell et al., 2012; 

Shim et al., 2013), axon pathfinding by CaP axons represent an excellent model to study 

the importance of STIM1 for axon guidance in vivo.   

 

This chapter addresses the hypothesis that STIM1 is required for correct axon pathfinding 

in vivo by examining the effect of reduced zSTIM1a expression on axon pathfinding by 

zebrafish spinal motor neurons in vivo.  STIM1 was previously shown to be necessary for 

vertebrate and invertebrate development (Eid et al., 2008; Oh-Hora et al., 2008; Stiber et 

al., 2008).  However, no study has described the importance of zSTIM1a expression or 

function for zebrafish nervous system development or motor axon pathfinding.  

Therefore, the effect of reduced zSTIM1a expression on embryogenesis and axon 

pathfinding by spinal motor neurons was investigated.   
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3.2. Methods 

 

3.2.1. Animals 

 

Zebrafish embryos were obtained from natural spawning events and staged by external 

morphology according to established guidelines (Kimmel et al., 1995).  The 

Gal4s1020t/UAS:mCherry transgenic line utilised in these studies (Scott et al., 2007),  was 

a kind gift of Dr Ethan Scott (University of Queensland).   

 

 

3.2.2. Morpholino knockdown of zSTIM1a expression during development   

 

zSTIM1a expression was reduced during development using specific zSTIM1a 

translation blocking morpholino antisense oligonucleotides (morpholinos), which were 

designed and synthesised by GeneTools LLC (GeneTools, OR, USA).  zSTIM1a 

morpholino sequence (25mer) was complimentary to the translation start site (-19 to +6 

of zSTIM1a, ATG is indicated by parentheses below).  The control morpholino had 5 

bases mismatched (mismatched sites are italicised and in lower case within the sequence 

below).  Control and zSTIM1a morpholino were solubilised at 1 mM in MilliQ-water.  

 

zSTIM1a morpholino:  5’-TCACCAATCCGCTGAACTC(CAT)AGT-3’ 

Control morpholino:   5’-TCtCgAATCgGCTcAACTC(CAT)AcT-3’ 

 

For morpholino knockdown experiments, zebrafish embryos were injected at the 1-4 cell 

stage with zSTIM1a or control morpholino.  Glass capillaries (1.0 mm OD; Harvard 

Apparatus, Cambridge, UK) were pulled to a fine tip (P-97 Flaming/Brown Micropipette 

Puller; Sutter instruments, CA, USA) and backfilled with morpholino solution.  Under an 

Olympus SZX16 zoom stereo-microscope, the pipette tip was broken using fine forceps 

and the ejection volume was calibrated such that 1-2 nL, or 1.0 pmol of morpholino, was 

injected with each pressure ejection (PLI-10 pico-liter injector; Harvard Apparatus).  

Morpholinos were injected into the yolk at the 1-4 cell stage, proximal to the cells, 

allowing morpholinos to be incorporated by cytoplasmic streaming.  To control for the 

microinjection procedure, embryos were injected at the 1-4 cell stage with 1-2 nL of 

MilliQ-water alone (sham injection).   
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3.2.3. Assessing the effect of reduced zSTIM1a expression on zebrafish 

embryonic development  

 

The effect of reduced zSTIM1a expression on zebrafish development was assessed by 

measuring embryo survival, size, and the presence of gross anatomical defects.  Embryo 

survival was assessed at 8, 24, 48, 72 and 96 hpf, with embryo survival normalised to 

wild type controls.  The occurrence of anatomical defects was quantified at 24, 48, 72 and 

96 hpf.  To calculate embryo survival and the frequency of anatomical defects, embryos 

were observed using an SZX16 zoom stereo-microscope (Olympus) equipped with a 

DFC295 CMOS camera (Leica Microsystems).  Embryo size was assessed by measuring 

embryo length at 24 hpf, as well as measuring the height and width of trunk muscle 

segments.  Images were acquired at 24 hpf in brightfield using an UltraView Vox 

spinning disk confocal microscope equipped with Volocity software (PerkinElmer).  

Embryo length was measured by tracing a line from the primordial mouth along the 

notochord to the tip of the tail.  Muscle segment height was calculated by tracing a vertical 

line from the dorsal muscle boundary to the ventral muscle boundary, and muscle segment 

width was calculated by drawing a horizontal line from the rostral to caudal boundaries 

of the muscle at the level of the spinal cord.  Measurements were performed in ImageJ 

(NIH).  Images were prepared using ImageJ (NIH) and Adobe Illustrator CS6 (Adobe).  

All statistical tests were performed in GraphPad Prism6.0e (GraphPad Software).   

 

To examine the development of skeletal muscle, myosin heavy chain was expression was 

examined by whole mount immunohistochemistry at 30 hpf.  Embryos were fixed in 4% 

PFA at room temperature, permeabilised by dehydration in ascending concentrations of 

methanol (50-100%), and stored overnight in 100% methanol at -20°C.  To aid the entry 

of antibodies, embryos were permeabilised by digestion in Proteinase K (PK, 10 µg/mL 

in PBS; ThermoFisher Scientific, CA, USA) for 15 min.  To stop PK activity, embryos 

were rinsed in glycine (26.6 µM) and post-fixed for 20 min in 4% PFA.  Embryos were 

incubated for 48 hr with anti-myosin heavy chain (1:200; mouse monoclonal, clone 

A4.1025; Merck Millipore, VIC, Australaia) in blocking solution (10% goat serum, 0.4% 

Triton X-100, 0.1% dimethyl sulfoxide (DMSO) in PBS pH 7.4), and subsequently 

detected using AlexaFlour® 488-conjugated secondary antibodies [1:500; IgG (H+L) 

highly cross absorbed antibody, Invitrogen].  Confocal stacks were acquired with 1 µm 

optical sections using an Eclipse TiE microscope (Nikon) equipped with a Revolution® 
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DSD2 spinning disk (Andor, Belfast, UK), and NIS elements software (Nikon).  Images 

were prepared using ImageJ (NIH) and Adobe illustrator CS6 (Adobe).   

 

 

3.2.4. Imaging and analysis of CaP axon pathfinding in vivo 

 

The effect of reduced zSTIM1a expression on axon pathfinding in vivo, was assessed by 

visualising CaP axons in Gal4s1020t/UAS:mCherry embryos.  For imaging, embryos were 

anaesthetised [0.004% MS-222 (Sigma-Aldrich) dissolved in 0.5X E2 media] and 

immobilised in 1.5% low melt agarose (Promega, WI, USA).  Images were acquired with 

an UltraView Vox spinning disk confocal microscope equipped with Volocity software 

(PerkinElmer).  Imaging was restricted to CaP axons located in somites 6-9, with confocal 

stacks acquired with 1 µm increments using a 525 laser line and 568 emission filter or 

brightfield illumination.   

 

Pathfinding by CaP axons was assessed by measuring axon length at 20 hpf and 24 hpf, 

the location of the CaP axon at 24 hpf, the trajectory of the CaP axon away from key 

pathfinding choice points, the number of filopodia at the growth cone, and the presence 

of axonal branching events by 24 hpf.  Axon length was determined in ImageJ (NIH) by 

tracing a line through a z-projection of CaP axons from the point at which the axon exits 

the spinal cord to the most distal tip of the axon.  Given that zSTIM1a morphants were 

smaller than control morphants at 24 hpf, axon length at 24 hpf was normalised to muscle 

segment height.  The location of CaP axons was scored based on the position of their 

most distal point, with axons observed at the horizontal myoseptum, ventral notochord 

(which represent intermediate targets for the CaP axons) or within the ventral myotome.   

 

The effect of reduced zSTIM1a expression on CaP axon guidance at choice points was 

assessed by measuring the angle of axon outgrowth away from choice points.  The spinal 

cord, horizontal myoseptum and ventral notochord, were identified in brightfield.  These 

structures were then used as fiducial marks from which angles of CaP axon outgrowth 

were calculated.  Angles greater than 90° denoted a rostral angle of outgrowth, whilst an 

angle less than 90° signified a caudal angle of axon outgrowth.   
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The number of filopodia on CaP axons was quantified at 20 hpf and 24 hpf.  At 24 hpf, 

filopodia were counted in the distal 20 µm of the CaP axon, which includes the growth 

cone.  However, as a large percentage of CaP axons at 20 hpf were less than 20 µm in 

length, the total number of filopodia on CaP axons was measured.  Filopodia were defined 

as projections that extended greater or equal to 10 µm away from the shaft of the CaP 

axon.   

 

The number of branching events on each CaP axon was calculated at 24 hpf.  A branch 

of the CaP axon was defined as a projection from the CaP axon that was equal or greater 

than 10 µm in length with at least one subsequent filopodia. To ensure branches were 

from the CaP axon, branches were only counted if they originated ventral from the 

myoseptum, but more than 20 µm from the distal tip.   

 

Images were prepared using ImageJ (NIH) and Adobe illustrator CS6 (Adobe).  All 

statistical tests were performed in GraphPad Prism6.0e (GraphPad Software).  As no 

significant difference was observed between control morphants and wild type embryos 

for any measure, data presented will compare zSTIM1a morphants to control morphants 

alone.  The absence of an effect of control morpholino injection on zebrafish development 

compared to wild type embryos is demonstrated in Figs. 3.2-3.4, and then not shown.   
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3.3. Results  

 

3.3.1. zSTIM1a is important for survival of zebrafish embryos 

  

To investigate the role of zSTIM1a in axon guidance, expression of zSTIM1a was 

reduced by morpholino microinjection at the 1-4 cell stage of development.  STIM1 and 

SOCE have been described to be important for embryonic survival in mice, with STIM1 

or Orai1 knockout mice dying in the late embryonic or early post-natal period (Gwack et 

al., 2008; Oh-Hora et al., 2008; Stiber et al., 2008; Vig et al., 2008).  Similarly, STIM1 

function is essential for Drosophila survival past the 2nd or 3rd instar stage of development 

(Eid et al., 2008), suggesting that the requirement of STIM1 for survival is conserved 

across invertebrate and vertebrate species.  Therefore, it was reasoned that reducing 

zSTIM1a expression during zebrafish development would cause a decrease in embryo 

survival.  

 

Reduced zSTIM1a expression caused a decrease in embryo survival (Fig. 3.2).  Embryo 

survival at 96 hpf was reduced in zSTIM1a morphants (46.7% ± 4.8%, n=8 experiments 

of 50-150 embryos; p<0.0001), compared to both control morphants (87.5% ± 2.7%, n=8; 

p<0.001) and sham injected controls (98.5% ± 3.5%, n=5; p<0.001).  No significant 

difference was observed between control morphants and sham injected controls 

(p=0.0524).  The effect of zSTIM1a knockdown on embryo survival was evident by 8 

hpf, with the survival of zSTIM1a morphants remained significantly decreased compared 

to control morphants at all stages of development (8 hpf p<0.002; 24 hpf p<0.001; 48 hpf, 

p<0.001; 72 hpf p<0.001).  These data suggest that zSTIM1a expression is important for 

a critical event in early zebrafish development and, as such, zSTIM1a is vital for the 

survival of zebrafish embryos.  

 

 

  



 119 

Figure 3.2: Reduction of zSTIM1a expression decreased the survival of zebrafish 

embryos.  

 

The importance of zSTIM1a for embryonic development was investigated by assessing 

the effect of zSTIM1a knockdown on embryo survival.  The percent of embryos surviving 

(normalised to wild type) at 0, 8, 24, 48, 72 and 96 hpf is shown for sham injected 

embryos (solid black circles), control morphants (light grey circles) and zSTIM1a 

morphants (empty black circles).  Error bars represent SEM, with n values located in the 

legend correspond to the number of experiments, each of which included 50-150 

embryos.  Groups were compared using repeated One-way ANOVA with a Holm-Sidak 

correction for multiple comparisons (****p<0.0001 is correct for comparing zSTIM1a 

morphants to control morphants and sham injected controls).   
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3.3.2. Reduction of zSTIM1a expression in development decreases embryo 

size  

 

STIM1-/- mice are smaller than their STIM1+/- litter mates (Stiber et al., 2008).  To test 

whether reducing zSTIM1a expression in development similarly affects zebrafish embryo 

size, embryo length was measured at 24 hpf.  Reduced expression of zSTIM1a during 

development caused a decrease in the size of zebrafish embryos (Fig. 3.3a-c).  The length 

of zSTIM1a morphants (2.16 mm ± 0.026 mm, n=27 embryos) was reduced compared 

with both control morphants (2.56 mm ± 0.036 mm, n=14 embryos; p<0.05), and wild 

types (2.44 mm ± 0.026 mm, n=27 embryos; p<0.0005).  However, no change was 

observed between control morphants and wild types (p>0.9999).  These data support the 

hypothesis that zSTIM1a, and therefore SOCE, are important for the growth and 

development of zebrafish embryos, potentially caused by defects in skeletal muscle 

development.   

 

STIM1 is important for the development and function of skeletal muscles in mice and 

Drosophila (Eid et al., 2008; Stiber et al., 2008; Venkiteswaran and Hasan, 2009).  Hence, 

it was reasoned that reduced zSTIM1a expression would affect muscle development in 

zebrafish.  The effect of reduced zSTIM1a expression on the development of skeletal 

muscles was assessed at 24 hpf to coincide with the timing of spinal motor axon 

outgrowth.  Reduced expression of zSTIM1a resulted in a decreased size of tail muscle 

segments at 24 hpf (Fig. 3.3d-h).  The distance from the dorsal to ventral boundary of tail 

muscle segments was decreased in zSTIM1a morphants (154.0 µm ± 1.15 µm, n=81) 

compared with both control morphants (158.3 µm ± 1.18 µm, n=36; p<0.05) and wild 

types (159.7 µm ± 0.76 µm, n=66; p<0.0001).  Similarly, the distance from the anterior 

to posterior boundary of trunk muscle segments was reduced in zSTIM1a morphants 

(61.31 µm ± 0.63 µm, n=81) compared with both control morphants (64.01 µm ± 1.24 

µm, n=36; p<0.05) and wild types (65.07 µm ± 0.62 µm, n=66; p<0.0001).  There was 

no difference in tail muscle height or width between control morphants and wild types 

(p=0.31 and p=0.40 respectively).  Taken together, these data demonstrate that zSTIM1a 

morphants are smaller than controls at 24 hpf, which correlates with decreased tail 

muscles size at the same developmental stage.  These findings are consistent with findings 

from STIM1 knockout mice (Stiber et al., 2008), suggesting that the importance of STIM1 

for development of skeletal musculature is conserved across vertebrate species.   
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Figure 3.3: Reducing zSTIM1a expression in development decreases embryo size.  

 

(a-c) Reduced expression of zSTIM1a decreased embryo length. Representative images 

of (a) control morphant and (b) zSTIM1a morphant embryos at 24 hpf.  Embryo length 

was calculated by drawing a line from the primordial mouth, along the notochord, to the 

distal tip of the tail (illustrated by the dashed lines in (a) and (b)).  Scale bars denote 0.5 

mm. (c) embryo length, as measured from mouth to tail, at 24 hpf (in mm) is shown for 

wild type, control morphants and zSTIM1a morphants.  

 

(d-h) Reducing the expression of zSTIM1a during development decreased trunk muscle 

size. (d) Schematic illustrates the architecture of a single trunk muscle segment along the 

zebrafish tail.  Representative images of trunk muscles from (e) control and (f) zSTIM1a 

morphants at 24 hpf.  Horizontal dashed yellow lines denote the dorsal and ventral muscle 

boundaries used to calculate muscle segment height, whilst the slanted vertical dashed 

yellow lines show the somite boundary used to calculate muscle segment width.  White 

arrows represent the distances used to calculate trunk muscle height and width.  Scale 

bars denote 50 µm.  (g-h) The distance from the dorsal to ventral and anterior to posterior 

boundaries of trunk muscle segments (in µm) at 24 hpf is shown for control, control 

morphants and zSTIM1a morphants.  Groups were compared using One-way ANOVA 

with a Holm-Sidak correction for multiple comparisons (*p<0.05, ***p<0.0002).   
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As muscle length and height were reduced in zSTIM1a morphants, skeletal muscle 

development was assessed.  When zOrai1b expression was reduced in zebrafish, skeletal 

muscle development was perturbed, with distorted somite boundaries, detachment of 

myofilaments from the vertical myospeta and thinner myofibrils observed (Volkers et al., 

2012).  However, when myofilament structure was assessed in zSTIM1a morphants by 

immunolabelling for myosin heavy chain, no significant defects in skeletal cell 

development were observed (Fig. 3.4).  Somite boundaries were intact, myofilaments 

extended the length of each myotome (dashed lines), and the thickness of myofibrils 

appeared unchanged (Fig. 3.4d-e).  While no overt defects were found, a subtle change in 

myofibril shape was observed in zSTIM1a morphants, with myofibrils exhibiting a 

wavier appearance compared control morphants.  These data are consistent with a 

function of zSTIM1a in skeletal muscle cell development and function in zebrafish.   

 

 

3.3.3. Reduction of zSTIM1a expression causes anatomical defects in 

zebrafish embryos  

 

To further investigate the effect of reduced zSTIM1a expression on zebrafish 

development, the prevalence of anatomical defects in surviving zSTIM1a morphant and 

control embryos was assessed.  Anatomical defects observed in zSTIM1a morphants 

included bent/curled and/or shortened tails, and the presence of pericardial oedema and/or 

congestion of blood at the sinus venosus/caudal vein (Fig. 3.5a-b).  The number of 

zSTIM1a morphants with an anatomic defect (40.1% ± 4.9%; n=7 experiments; Fig. 3.5c) 

was increased compared with wild type, sham injected controls and control morphant 

embryos (p<0.0001 against all treatment groups).  Moreover, sham injected controls 

(8.6% ± 1.8%; n=4 experiments) and control morphants (11.7% ± 1.5%; n=7 

experiments) showed no significant increase in the number of embryos with an anatomic 

defect compared with wild type (2.2% ± 1.0%, n=5 experiments; p>0.9999 and p>0.2 

respectively).  These data provide evidence for a zSTIM1a phenotype whereby both 

cardiac and skeletal muscle function is perturbed during development.  These findings 

are consistent with cardiac defects observed in zOrai1b knockdown (Volkers et al., 2012), 

and skeletal myopathies in zebrafish and mice (Stiber et al., 2008; Volkers et al., 2012).  

Taken together, these data suggest that the importance of SOCE for cardiac and skeletal 

muscle development is conserved across species.    
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Figure 3.4: Reducing the expression of zSTIM1a during zebrafish embryogenesis 

does not cause overt defects in skeletal muscle anatomy.   

 

(a) Diagram depicts zebrafish skeletal muscle anatomy at 30 hpf.  Adaxial/muscle pioneer 

cells migrate superficially and generate slow muscle fibres.  Subsequently, fast muscle 

cells differentiate more medially.  (b-c) Transverse view of confocal stacks acquired at 

30 hpf from representative (b) control and (c) zSTIM1a morphant 

Gal4s1020t/UAS:mCherry embryos.  Spinal motor neurons (red) denote the spinal cord.  

Immunolabelling for myosin heavy chain (green) demonstrates normal skeletal muscle 

architecture in zSTIM1a morphant embryos.  Scale bars illustrate 10 µm.  (d-e) Maximum 

intensity projections of the lateral view of confocal stacks shown in (b-c), illustrating 

muscle cell development in control and zSTIM1a morphant embryos at 30 hpf.  Dotted 

lines denote a single myotome.  Scale bars illustrate 10 µm for (b) and (c) and 20 µm for 

(d) and (e).  Abbreviations: hm = horizontal myoseptum; n = notochord; sc = spinal cord.   
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Figure 3.5: Reducing the expression of zSTIM1a during zebrafish embryogenesis 

causes anatomical defects by 96 hpf.  

 

Reduction of zSTIM1a expression caused anatomical defects. (a-b) Representative 

images of (a) control morphant and (b) zSTIM1a morphant embryos.  Anatomic defects 

included bent/curled (arrowhead) or shortened tails, as well as defective cardiac function 

(arrow; pericardial oedema and blood congestion in the sinus venous and/or caudal vein).  

(c) The percent of embryos with an anatomic defect by 96 hpf is shown for wild type, 

sham injection, control morpholino and zSTIM1a morpholino treatment groups.  Error 

bars represent SD.  n values correspond to the number of experiments with at least 50 

embryos per experiment.  Treatment groups were compared using One-way ANOVA 

with a Holm-Sidak correction for multiple comparisons (****p<0.0001).   
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3.3.4. zSTIM1a regulates axon pathfinding by caudal primary (CaP) motor 

neurons in vivo 

 

No overt defects in nervous system development were observed in zSTIM1a morphants, 

however STIM1 has previously been shown to be necessary for growth cone motility 

(Mitchell et al., 2012; Shim et al., 2013).  As such, the effect of reduced zSTIM1a 

expression on axon pathfinding was investigated.  Perturbed CaP axon outgrowth has 

been attributed to CaP axons failing to exit the spinal cord and navigate the common 

pathway (Zeller and Granato, 1999; Zhang and Granato, 2000; Zeller et al., 2002; Feldner 

et al., 2005; 2007; Jing et al., 2009), or stalling/responding inappropriately at intermediate 

choice points, including the horizontal myoseptum and ventral notochord (Beattie et al., 

2000; Halloran et al., 2000; Hilario et al., 2010; Guillon et al., 2016).  If zSTIM1a 

expression is important for the outgrowth of CaP axons along the common pathway, then 

CaP axon length should be decreased at 20 hpf.  However, zSTIM1a was found to be 

dispensable for CaP axons to exit the spinal cord and traverse the common pathway (Fig. 

3.6), with no difference observed in CaP axon length at 20 hpf between zSTIM1a 

morphants (25.4 µm [min-max: 3.02 µm–43.99 µm], n=26 axons from 9 animals) and 

control morphants (25.4 µm [min-max: 8.44 µm–47.56 µm], n=29 axons from 10 

animals; p=0.49), with both control and zSTIM1a morphant CaP axons extending along 

the common pathway towards the nascent horizontal myoseptum.  These data suggest that 

STIM1 function is not required for CaP axons to exit the spinal cord and traverse the 

common pathway.   

 

As CaP axon outgrowth along the common pathway was unperturbed in zSTIM1a 

morphants, next the effect of reduced zSTIM1a expression on the ability of CaP axons to 

navigate from the horizontal myoseptum (via the ventral notochord) to the ventral 

myotome was assessed by measuring CaP axon length at 24 hpf.  zSTIM1a was found to 

be important for the ventral outgrowth of CaP axons away from the horizontal myoseptum 

(Fig. 3.6).  At 24 hpf, normalised CaP axon length was decreased in zSTIM1a morphants 

(0.434 [min-max: 0.130–0.710], n=77 axons from 27 animals) compared with control 

morphants (0.546 [min-max: 0.340–0.770], n=32 axons from 12 animals; p<0.0001).  

This finding demonstrated that zSTIM1a is required for the appropriate outgrowth of CaP 

axons ventral to the horizontal myoseptum.   
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 Figure 3.6: zSTIM1a is important for the outgrowth of CaP axons in vivo.   

 

(a) Schematic illustrating CaP axon trajectory.  After exiting the spinal cord at the ventral 

root at 17 hpf, CaP axons extend along the surface of the myotome around the notochord, 

arriving at the nascent horizontal myoseptum (dashed line) at approximately 20 hpf.  After 

pausing at the horizontal myoseptum, CaP axons extend via the ventral notochord (22-23 

hpf) towards the ventral muscle boundary (25-26 hpf). CaP axons eventually arborize 

within the ventral myotome to form neuro-muscular junctions (original figure).   

 

(b-c) Representative control and zSTIM1a morphant CaP axons illustrating the effect of 

reduced zSTIM1a expression on axon pathfinding in vivo.  Images are maximum intensity 

projections of confocal z-stacks acquired at 20 hpf (insets) and 24 hpf.  Scale bars denote 

5 µm and 10 µm respectively.   

 

(d-e) Cumulative frequency distributions demonstrate the length of CaP axons as 

measured at 20 hpf and 24 hpf.  Groups were compared by Kolmogorov-Smirnov test 

(***p<0.0001), with significance between groups indicated in the legends.   
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As zSTIM1a morphant CaP axons failed to extend as far as control morphant CaP axons 

by 24 hpf, it was reasoned that zSTIM1a morphant CaP axons may stall at intermediate 

targets.  To test this hypothesis, the location of CaP axons at 24 and 48 hpf in control or 

zSTIM1a morphants was categorised based on the location of their most distal aspect 

(Table 3.1).  At 24 and 48 hpf, CaP axons are predicted to be located on the medial surface 

of the ventral myotome distal to the ventral notochord, or located on the superficial 

surface of the ventral myotome respectively (refer to Fig. 3.6a for a diagram depicting 

anatomic landmarks).   

 

At 24 hpf, CaP axons of control morphants were predominantly located on the medial 

surface of the ventral myotome (93.7%), with the remainder located at the ventral 

notochord (6.3%).  In contrast, CaP axons of zSTIM1a morphants at 24 hpf were located 

at the horizontal myoseptum (5.1%) and ventral notochord (32.1%), with only 62.8% of 

CaP axons located on the medial surface of the ventral myotome, which was significantly 

reduced compared to controls (p<0.005).  Furthermore, 10.2% of zSTIM1a morphant 

axons located on the medial surface of the ventral myotome, but only 3.3% of control 

morphant axons, had bifurcated at the ventral notochord with both axon branches 

extending into distal aspect of the ventral myotome.  These data suggest that zSTIM1a is 

important for axon pathfinding by CaP axons via intermediate targets, with CaP axons of 

zSTIM1a morphants stalling inappropriately at the horizontal myoseptum and ventral 

notochord, supporting the finding that the length of CaP axons is reduced at 24 hpf in 

zSTIM1a morphants.   

 

By 48 hpf, 100% of control CaP axons were appropriately located on the superficial 

surface of the ventral myotome.  However, a greater number of CaP axons of zSTIM1a 

morphants were located at the horizontal myoseptum (7.5%) and ventral notochord 

(10.0%), reducing the number of CaP axons located on the superficial surface of the 

ventral myotome (82.5%, p<0.05).  Moreover, of the 82.5% of CaP axons of zSTIM1a 

morphants that reached superficial surface of the ventral myotome, 9% did so from an 

aberrant early branch.  These data provide further evidence that zSTIM1a regulates axon 

pathfinding via intermediate choice points during CaP axon pathfinding, suggesting that 

STIM1 functions to regulate motile behaviours of axons in vivo.   
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Table 3.2: zSTIM1a morphant CaP axons exhibit axon guidance defects, with CaP 

axons inappropriately stalling at the horizontal myoseptum, ventral notochord or 

ventral myotome boundary.   

 

CaP axons were visualised in Gal4s1020t/UAS:mCherry embryos at 24 or 48 hpf, with 

axons scored on the position of the most distal aspect of the axon.  The number of CaP 

axons at each location is represented as a fraction, with the corresponding percentage of 

total CaP axons shown in parentheses (n values represent the number of axons imaged in 

27 zSTIM1a morphant and 12 control morphant embryos).  Treatment groups were 

compared at 24 and 48 hpf using Chi squared analysis (*p<0.05, **p<0.005). 

 
± CaP axons located on the medial surface of the ventral myotome, distal to the notochord. 

# One control morphant and five zSTIM1a morphant CaP axons bifurcated at the ventral 

notochord, with both axonal branches extending ventrally towards the distal region of 

the ventral myotome.    
† Of the four zSTIM1a morphant axons stalled at the ventral myotome boundary, one axon 

exhibited an inappropriate caudal branch within the ventral myotome.  Whilst another 

axon bifurcated inappropriately, with both axonal branches stalling at the ventral 

myotome boundary. 
^ Three zSTIM1a morphant CaP axons (9% of total axons) located at the superficial 

surface of the ventral myotome had extended from an aberrant branch point.  

 

 

Location of CaP axons by 24 hpf ** Location of CaP axons by 48 hpf * 

Horizontal 
myoseptum 

Ventral 
notochord 

Ventral 
myotome± 

Ventral 
notochord 

Ventral 
myotome 
boundary 

Superficial 
surface of 
the ventral 
myotome 

Control 
morphants 

0/32 
(0) 

2/32 
(6.3) 

30/32 
(93.7)# 

0/44 
(0) 

0/44 
(0) 

44/44 
(100) 

zSTIM1a 
morphants 

4/78 
(5.1) 

25/78 
(32.1) 

49/78 
(62.8)# 

3/40 
(7.5) 

4/40 
(10.0)† 

33/40 
(82.5)^ 
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As zSTIM1a morphant CaP axons stalled at the horizontal myoseptum or ventral 

notochord, it was reasoned that zSTIM1a expression is important for motility at 

pathfinding choice points.  To further investigate the effect of zSTIM1a knockdown on 

axon guidance, the trajectory of axon outgrowth distal to the spinal cord, horizontal 

myoseptum and ventral notochord was assessed (Fig. 3.7).  The angle of CaP axon 

outgrowth ventral from the spinal cord was shifted rostrally in zSTIM1a morphants 

(89.90° [min-max: 59.06°-127.30°], n=72 axons from 27 embryos) compared with 

control morphants (76.67° [min-max: 43.07°-99.60°], n=32 axons from 12 embryos, 

p<0.0001; Fig. 3.7d).  Given the previous finding that zSTIM1a and control morphant 

CaP axons exhibit the same length by 20 hpf (see Fig. 3.7d), these data show that CaP 

axons with pathfinding defects as they extend distal to the spinal cord reach the horizontal 

myoseptum at an appropriate time, providing evidence for a subtle pathfinding defect in 

CaP axons extending to the horizontal myoseptum.  CaP axon guidance distal to the 

horizontal myoseptum was also perturbed in zSTIM1a morphants (Fig. 3.7e), with the 

ventral extension of the CaP axon distal to the horizontal myoseptum found to occur at a 

more rostral angle in zSTIM1a morphants (79.53° [min-max: 51.91°-125.90°], n=58 

axons) compared with control morphants (67.11° [min-max: 52.34°-84.82°], n=32 axons; 

p<0.0001). Furthermore, zSTIM1a morphants CaP axons were also observed to exhibit a 

greater variance in the range of axon outgrowth angles distal to the ventral notochord 

(60.34° [min-max: 1.99°-151.70°], n=64 axons) compared with control morphants 

(64.54° [min-max: 33.52°-70.36°], n=31 axons; p<0.01; Fig. 3.7f), suggesting that 

zSTIM1a is important for CaP axon extension distal to the ventral notochord.  Together, 

these data suggest that zSTIM1a expression is important for the guidance of CaP axons 

away from intermediate choice points, supporting the previous observation that zSTIM1a 

morphant CaP axons stall inappropriately at intermediate choice points.  
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Figure 3.7: zSTIM1a expression regulates the trajectory of CaP axon outgrowth 

from intermediate pathfinding choice points.   

 

 (a-b) Representative images of (a) control and (b) zSTIM1a morphant CaP axons at 24 

hpf.  mCherry images are maximum intensity projections showing the trajectory of CaP 

axon outgrowth.  Brightfield images are from a single confocal plane at the level that CaP 

axons exit the spinal cord and extend distal to the ventral notochord.  Dashed white lines 

illustrate the spinal cord (sc), horizontal myoseptum (hm), and ventral notochord (nc) 

from which angles of axon outgrowth were measured.  The dashed line indicates the 

horizontal myoseptum and has been superimposed from a different z-plane.   

 

(c-e) Cumulative frequency distributions show the angle of axon outgrowth from the (c) 

spinal cord, (d) horizontal myoseptum and (e) ventral notochord for control and zSTIM1a 

morphants. The angles of axon outgrowth distal to the spinal cord, horizontal myoseptum 

and ventral notochord were compared by Kolmogorov-Smironov test (**p<0.005, 
***p<0.001, ****p<0.0001).   
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3.3.5. zSTIM1a regulates filopodial number and is important for axonal 

branching by CaP axons in vivo.   

 

Calcium signaling, by acting on the actin and microtubule cytoskeleton, regulates 

filopodial protrusion, motility and stabilisation (Davenport et al., 1996; Lau et al., 1999; 

Gomez et al., 2001; Cheng et al., 2002; Robles et al., 2003; Dent et al., 2004; McVicker 

et al., 2014).  STIM1 has previously been shown to be required for the generation of 

filopodial calcium signals in response to netrin-1 (Shim et al., 2013).  Therefore, it was 

hypothesised that the formation and/or stabilisation of growth cone filopodia would be 

reduced in zSTIM1a morphant CaP axons.  To assess whether zSTIM1a is important for 

the formation or stabilisation of filopodia in pathfinding axons, the number of filopodia 

on CaP axons was assessed at 20 and 24 hpf (Fig. 3.8).  The number of filopodia observed 

on CaP axons at 20 hpf was reduced in zSTIM1a morphants (15.31 ± 1.21, n=26 axons), 

compared with control morphants (24.66 ± 1.16, n=29 axons; p<0.0001; Fig. 3.8c).  

Similarly, fewer filopodia were present on the distal 20 µm of zSTIM1a morphant CaP 

axons at 24 hpf (12.25 ± 0.54, n=53 axons) compared with control morphants (15.35 ± 

0.67, n=31 axons; p<0.001; Fig. 3.8f).  These data suggest that STIM1 is required for the 

generation or stabilisation of filopodial during CaP axon pathfinding.  

 

Since zSTIM1a morphant CaP axons exhibit fewer filopodia, and filopodia are precursors 

of axonal branches (Szebenyi et al., 1998; Kalil et al., 2000; Dent and Gertler, 2003), it 

was reasoned that zSTIM1a morphant CaP axons would exhibit less branching.  In 

zSTIM1a morphants, fewer CaP axons exhibited branching by 24 hpf (43.04%, n=78 

axons), compared with control morphants (65.63%, n=32 axons; p=0.0012; Fig. 3.9c).  

Taken together, these data suggest that zSTIM1a is important for the regulation of the 

number of filopodia as well as axonal branching in CaP axons.  
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Figure 3.8: Reduced zSTIM1a expression decreases the number of filopodia on CaP 

axons during axon pathfinding.    

 

CaP axons of zSTIM1a morphants exhibited perturbed filopodial dynamics during axon 

pathfinding in vivo.  (a-b) Representative control and zSTIM1a morphant CaP axons at 

20 hpf.  (c) the total number of filopodia present on CaP axons at 20 hpf. (d-e) 

Representative control and zSTIM1a morphant CaP axons at 24 hpf.  (f) the number of 

filopodia present in the distal 20 µm of CaP axons at 20 hpf.  Groups were compared by 

Mann-Whitney U-test (****p<0.0001, ***p<0.001).  Scale bars illustrate 5 µm.  
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Figure 3.9: Reduced expression of zSTIM1a decreases the number of CaP axons 

with a branch by 24 hpf.    

 

(a-b) Representative images of CaP axons at 24 hpf, illustrating axonal branches present 

in control morphants axons, but absent in zSTIM1a morphants.  Scale bar denotes 5 µm. 

(c) Percent of CaP axons with an axonal branch by 24 hpf for control morphants and 

zSTIM1a morphants.  Groups were compared by Fisher’s exact tests (*p<0.05).   
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3.4. Discussion 

 

Data presented in this chapter demonstrate the importance of STIM1 for nervous system 

development, in particular as a regulator of axon pathfinding by motor neurons in vivo.  

These studies provide evidence to suggest that zSTIM1a expression is crucial for 

zebrafish embryo survival and development, with gross defects were observed in cardiac 

and skeletal muscle development.  Moreover, reduced zSTIM1a expressed also resulted 

in subtle defects in the wiring of the nervous system, with CaP axons observed to be 

stalled at intermediate choice points, exhibited fewer filopodia, and reduced axonal 

branching.  Taken together, these data suggest that STIM1 is required for normal 

development, including nervous system development, and provide evidence that STIM1 

is required for correct axon pathfinding by motor neurons in vivo.   

 

zSTIM1a morphant embryos have a decreased rate of survival, are smaller than 

controls, and exhibit anatomic defects.  

 

zSTIM1a is important for the survival and correct development of zebrafish embryos, 

with zSTIM1a morphant embryos exhibiting reduced survival and smaller size, impaired 

cardiac function, as well as bent, curled or shortened tails.  The reduced survival of 

zSTIM1a morphants is consistent with vertebrate and invertebrate animal models in 

which STIM1 or SOCE have been perturbed in development (Eid et al., 2008; Gwack et 

al., 2008; Oh-Hora et al., 2008; Stiber et al., 2008; Vig et al., 2008; Pathak et al., 2017), 

with STIM1-/- and Orai1-/- mice dying in the late embryonic or early post-natal stage of 

development (Gwack et al., 2008; Oh-Hora et al., 2008; Stiber et al., 2008; Vig et al., 

2008).  Likewise, expression of dSTIM-specific RNAi, or overexpression of dSTIM, is 

embryonic lethal in Drosophila at the 2nd to 3rd instar stage of development (Eid et al., 

2008).  Recent work has shown that dSTIM knockout is lethal in Drosophila at the 2nd to 

3rd instar stage of development (Pathak et al., 2017), with dOrai knockout also lethal, but 

to a lesser extent than dSTIM (Pathak et al., 2017), suggesting that STIM1 is more 

important than Orai for survival, most likely reflecting the multiple functions of STIM1.  

Interestingly, pan-neuronal dSTIM knockout, or dSTIM knockout in dopaminergic 

neurons only, is lethal at the 3rd instar stage of development (Pathak et al., 2017).  

Although lethality was decreased compared to global knockout (Pathak et al., 2017), these 

results illustrate the necessity of STIM1 for nervous system development.  Therefore, the 
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observation that reduced expression of zSTIM1a causes reduced survival is consistent 

with a developmentally crucial function of STIM1.   

 

Likewise, the observation that zSTIM1a morphants are smaller than controls, and display 

cardiac and skeletal muscle defects, is consistent with findings from mice, Drosophila 

and zebrafish.  STIM1-/- and Orai1-/- mice are 25-30% smaller than heterozygous litter 

mates (Gwack et al., 2008; Stiber et al., 2008; Vig et al., 2008), and exhibit skeletal  

myopathy and defects in cardiac function (Gwack et al., 2008; Stiber et al., 2008; Vig et 

al., 2008).  zOrai1b morphant zebrafish embryos exhibit defects in skeletal and cardiac 

muscle function, with disruption of myofilaments and detachment of myofibrils from 

vertical myosepta observed in skeletal muscle from 48 hpf (Volkers et al., 2012).  dSTIM 

and dOrai knockout Drosophila also exhibit delayed development and are smaller than 

controls (Pathak et al., 2017).  Given the similarities between the zSTIM1a morphant 

phenotype and the effect of perturbing STIM1 or SOCE in other animal models, these 

findings suggest that STIM1 function in development is highly conserved between 

vertebrate and invertebrate species.   

 

Compared with mice and Drosophila, embryonic lethality resulting from reduced 

zSTIM1a expression in zebrafish occurred early in development.  The majority of deaths 

in zSTIM1a morphants occurred by 8 hpf, corresponding to gastrulation stage of 

development (Kimmel et al., 1995).  In contrast, STIM1-/- mice survive until post-natal 

day 1-2 (Oh-Hora et al., 2008; Stiber et al., 2008), and Drosophila with perturbed dSTIM 

function survive until the 2nd-3rd instar stage (Eid et al., 2008).  However, a recent study 

conducted in zebrafish has shown that STIM1-mediated SOCE regulates sustained 

calcium signals that drive cytokinesis and daughter cell apposition during the first cell 

divisions post fertilisation in zebrafish embryos (Chan et al., 2015; 2016), supporting a 

crucial role for STIM1 in the regulation of cell division in early embryogenesis.   

 

The observed pattern of zSTIM1a expression in development (described in Chapter 2), 

parallels zOrai1b expression in development (Volkers et al., 2012), and zSTIM1a 

morphants exhibit highly similar defects in cardiac and skeletal function when compared 

to zOrai1b morphants (Volkers et al., 2012).  This correlation provides further evidence 

to suggest that zSTIM1a regulates SOCE, and that zSTIM1a-mediated SOCE is required 

for zebrafish development.  However, in contradiction to data presented here, zOrai1b 
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morphants do not show reduced survival, with zOrai1b morphants described as 

indistinguishable from controls at 24 hpf (Volkers et al., 2012).  Several models can 

explain this phenotypic difference between zSTIM1a and zOrai1b morphants.   

 

Firstly, given that STIM1 initiates SOCE (Liou et al., 2005; Roos et al., 2005; Zhang et 

al., 2005), it would be predicted that zSTIM1a is more important than zOrai1b for SOCE.  

This prediction is consistent with the greater requirement of dSTIM compared with dOrai 

for Drosophila development (Pathak et al., 2015).  Furthermore, zebrafish have two 

zOrai1 isoforms (zOrai1a and zOrai1b), as well as a second family member zOrai2 (Cai, 

2007b), and calcium influx by SOCE can also be achieved via the activity of TRPC 

channels (Yuan et al., 2007; Alicia et al., 2008), as illustrated by STIM1-TRPC1 

interactions being necessary for SOCE in Xenopus spinal neurons in vitro (Shim et al., 

2013).  Hence, compensation by zOrai1a, zOrai2, or TRPC channels may be responsible 

for ameliorating the effect of zOrai1b knockdown on zebrafish survival, leading to a less 

severe phenotype compared with the zSTIM1a phenotype described herein.   

 

Secondly, SOCE-independent functions zSTIM1a could be required for zebrafish 

development.  STIM1 functions in a non-SOCE dependent  manner to regulate cAMP 

signaling via a store-operated cAMP pathway (Lefkimmiatis et al., 2009), and ER 

localisation within the cell via interactions with the microtubule cytoskeleton (Grigoriev 

et al., 2008; Smyth et al., 2012; Asanov et al., 2013).  Indeed, STIM1 regulates ER 

remodeling and calcium signaling events required for the exclusion of ER from the 

mitotic spindle during cell division in HeLa cells in vitro (Smyth et al., 2012).  Hence, 

non-SOCE dependent functions of zSTIM1a may also be required for zebrafish 

development, leading to decreased rate of survival when zSTIM1a expression was 

reduced.  Therefore, it is plausible that zSTIM1a could exhibit both SOCE-dependent and 

SOCE-independent functions in embryonic development, illustrating the importance of 

STIM1 for zebrafish development.   

 

As the zSTIM1a morphant phenotype closely resembles observed effects of STIM1 

dysfunction in other vertebrate and invertebrate animal models, this data corroborates 

findings from Chapter 2 that zSTIM1a, and not zSTIM1b, is the most conserved STIM1 

ortholog in zebrafish.  Moreover, given that endogenous zSTIM1b expression did not 

appear to compensate for the effect of reduced zSTIM1a expression on development, 
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these data would argue that that zSTIM1a and zSTIM1b have distinct functions.  

zSTIM1b was shown in Chapter 2 to lack the TRIP motif that regulates STIM1-EB 

interactions at microtubule tips, which is required for the ER remodeling function of 

STIM1 that has been shown in non-neuronal cells (Grigoriev et al., 2008; Asanov et al., 

2013).  If the ER remodeling function of zSTIM1a is crucial for zebrafish development, 

then knockdown of zSTIM1b should not recapitulates the effect of zSTIM1a knockdown.  

Therefore, data presented here may also suggest that the non-canonical function of 

STIM1 are important for development.     

 

An important limitation of this study is that a single translation blocking morpholino was 

used, and exogenous expression of STIM1 was not used to rescue zSTIM1a knockdown.  

Although a recent study has revealed a poor correlation between morpholino induced 

phenotypes and gene knockout phenotypes (Kok et al., 2015), this correlation does not 

hold true for all morpholino-induced phenotypes (Robu et al., 2007; Eisen and Smith, 

2008; Bill et al., 2009).  Furthermore, the strong similarities between the zSTIM1a 

morphant phenotype and other animal models of abolished or perturbed STIM1 function, 

and the lack of an effect of the mispaired control morpholino on development, would both 

argue for a specific effect of zSTIM1a knockdown on zebrafish development.  

Nevertheless, to validate the results presented herein future studies should utilize a second 

translation-blocking morpholino, a splice site targeted morpholino, or co-inject mRNA 

for human STIM1in an attempt to resuce the zSTIM1a morphant phenotype.  One 

technical limitation to the co-injection of human STIM1 is that overexpression of STIM1 

causes the aberrant activation of SOCE (Xu et al., 2006; Soboloff et al., 2006b), and 

results in perturbed cell function (Hewavitharana et al., 2008; Hajkova et al., 2011; Henke 

et al., 2012; Gwozdz et al., 2012a; 2012b; Henke et al., 2013; Wang et al., 2014; Vigont 

et al., 2015).  Consistent with these findings, attempts made to rescue the zSTIM1a 

knockdown by co-injecting DNA encoding for a YFP-tagged human STIM1 (Liou et al., 

2007) were unsuccessful, with injection of YFP-tagged human STIM1 alone affecting 

zebrafish development (data not shown).  While the lack of rescue experiment is an 

important limitation of these experiments, these findings presented herein are consistent 

with the known effect of perturbed STIM1 function in other animal models, while being 

distinct from generalized defects in convergent extension associated with morpholino 

toxicity (Robu et al., 2007; Eisen and Smith, 2008).  As such, a dominant-negative 
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zSTIM1a was synthesised to address the cell-autonomous effect of perturbed zSTIM1a 

function on axon pathfinding (see discussion below).   

 

Another important limitation of this study is that zSTIM1a knockdown could not be 

assessed due to a lack of antibodies capable of detecting zSTIM1a protein by 

immunoblotting (Chapter 2).  Hence the degree of protein knockdown induced by the 

zSTIM1a morpholino could not be measured.  However, injection of fluorescently tagged 

morpholinos at the 1-4 cell stage has been shown to result in an even distribution of 

morpholinos throughout the embryo by 4 hpf, which persists to at least 28 hpf (Nasevicius 

and Ekker, 2000).  While morpholinos targeted to green fluorescent protein (GFP) in GFP 

expressing zebrafish can effectively reduce GFP expression to 20% of control expression 

(Nasevicius and Ekker, 2000).  Therefore, given that the zSTIM1a morphant phenotype 

is consistent with other animal models of perturbed STIM1 function, it can be reasoned 

that zSTIM1a expression was reduced by injection of the zSTIM1a morpholino.   

 

zSTIM1a regulates axon pathfinding by zebrafish spinal motor neurons  

 

Although no gross morphological defects were observed in the nervous system when 

zSTIM1a expression was reduced, it has been well characterised that subtle defects in the 

wiring of the nervous system lead to severe neurodevelopmental disease (Lewis and 

Levitt, 2002; Powell et al., 2003; Fromer et al., 2014).  Hence, a hallmark of nervous 

system development is the fidelity with which each axon finds and synapses with its 

correct target (Dodd and Jessell, 1988; Catela et al., 2015).  Vital to this process is the 

way in which axons navigate via intermediate targets, which function as guideposts to 

ensure that each axons reaches an appropriate target (Lance-Jones and Landmesser, 1981; 

Bentley and Keshishian, 1982; Bentley and Caudy, 1983; Bastiani et al., 1984).  Indeed, 

axons that innervate distinct regions, such as the three primary motor neurons of each 

spinal cord hemisegment in zebrafish, can navigate via the same intermediate target 

(Eisen et al., 1986; Myers et al., 1986; Westerfield et al., 1986), highlighting how 

pathfinding decisions made by axons at intermediate choice points are crucial for the 

wiring of the nervous system in development (Beattie et al., 2000; Lieberam et al., 2005; 

Sato-Maeda et al., 2006; Hilario et al., 2010; Poliak et al., 2014).  Although CaP axons 

of zSTIM1a morphants exhibited subtle axon pathfinding defects as they exit the spinal 

cord, they could extend along the common pathway to reach the horizontal myoseptum 
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at the same time as CaP axons of control morphants.  These data suggest that zSTIM1a 

regulates axon pathfinding by CaP, but that zSTIM1a is ultimately dispensable for CaP 

axons to reach the horizontal myoseptum.  However, once the CaP axons of zSTIM1a 

morphants reach the horizontal myoseptum, they are more likely to stall inappropriately 

at the myoseptum or ventral notochord, two key intermediate targets for the CaP axon 

(Beattie et al., 2000).  One interpretation of this data is that zSTIM1a is important for 

axon guidance events at intermediate choice points during axon outgrowth.  Consistent 

with this interpretation, CaP axons were observed to be stalled inappropriately at 

intermediate choice points at 24 and 48 hpf, and the trajectory of axon outgrowth distal 

to the spinal cord, horizontal myoseptum and ventral notochord were perturbed.  Thus, 

zSTIM1a appears to be important for axon guidance throughout CaP axon outgrowth, 

with zSTIM1a knockdown causing a subtle pathfinding defect as CaP axons exit the 

spinal cord and navigate along the common pathway, but causing more overt defects as 

CaP navigate via intermediate targets.  Therefore, these findings are consistent with a role 

for STIM1 in the regulation of axon guidance in vivo, supporting previous studies that 

found STIM1 to be necessary for growth cone motility in mammalian DRG sensory 

neurons (Mitchell et al., 2012), and midline crossing by axons of  commissural 

interneurons in the Xenopus spinal cord (Shim et al., 2013).   

 

Data presented here illustrate that zSTIM1a expression is important for axon pathfinding 

by CaP neurons, however it does not identify the mechanism by which CaP axon 

pathfinding is perturbed.  STIM1 has been described to exhibit both SOCE-dependent 

and SOCE-independent functions (Roos et al., 2005; Zhang et al., 2005; Mercer, 2006; 

Peinelt et al., 2006; Grigoriev et al., 2008; Lefkimmiatis et al., 2009; Smyth et al., 2012; 

Asanov et al., 2013), both of which have been implicated in growth cone motility 

(Mitchell et al., 2012; Shim et al., 2013).  In the work presented here, reducing the 

expression zSTIM1a decreased the number of filopodia present on CaP axons.  Filopodia 

are crucial for axon guidance, with growth cones reoriented in response to single 

filopodial contacts with substrate-bound or diffusible guidance cues (O'Connor et al., 

1990; Gomez and Letourneau, 1994; Zheng et al., 1996), and a lack of filopodia 

associated with errors as axons navigate via intermediate choice points (Chien et al., 

1993).  Calcium is a crucial modulator of filopodial motility (Gomez et al., 2001; Robles 

et al., 2003), with STIM1 and SOCE shown to mediate filopodial calcium transients in 

Xenopus spinal neurons in vitro (Shim et al., 2013).  As ER calcium release contributes 
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to localised calcium signals in growth cones (Ooashi et al., 2005; Tojima et al., 2007; 

Gasperini et al., 2009), and localisation of ER to filopodia is proposed to be a mechanism 

to spatially restrict calcium signals (Davenport et al., 1996), the observed decrease in 

filopodial number in CaP axons of zSTIM1a morphants provides support for both a 

SOCE-dependent function of zSTIM1a in CaP axons, as well as a role for zSTIM1a as a 

+TIP protein that regulates ER remodeling in CaP axons enable localised calcium 

singling.  As discussed, examining the function of zSTIM1b in motor axon guidance, 

which is not predicted to retain the capacity to mediate ER remodeling (Chapter 2), 

should provide evidence as to whether the ER remodeling function of STIM1 is required 

for axon pathfinding.  Moreover, data presented cannot rule out that zSTIM1a functions 

to regulate store-operated cAMP signaling during axon pathfinding.  As such, future 

studies should aim to decipher the contributions of these diverse function of STIM1during 

axons guidance.  

 

Branching by the CaP axons has been well characterised (Eisen et al., 1986; Westerfield 

et al., 1986), with branches observed proximal to the CaP growth cone when the CaP 

axon is extending into the ventral myotome (Sainath and Granato, 2013).  Consistent with 

a role for zSTIM1a in the regulation of CaP axon guidance, zSTIM1a morphant CaP 

axons were less likely to exhibit an axonal branching event.  As filopodia are often the 

site of axonal branching events (Kalil et al., 2000; Szebenyi et al., 2001; Dent and Gertler, 

2003), and fewer filopodia were observed in zSTIM1a morphant CaP axons, it is not 

surprising that zSTIM1a morphant CaP axons possessed fewer branches.  Moreover, a 

calcium dependent process whereby axonal branches are promoted by localised, high 

frequency calcium transients has previously been described (Tang and Kalil, 2005).  

Interestingly, axonal branching was promoted by the local application of netrin-1 (Tang 

and Kalil, 2005), which has previously been shown to require STIM1-medaited SOCE to 

generate localised calcium signals in the growth cones of Xenopus neurons (Shim et al., 

2013).  Hence, decreased branching observed in CaP axons could be a direct result of 

perturbed zSTIM1a-mediated SOCE.   

 

Although defects in calcium signaling, cAMP signaling or ER remodeling can explain 

perturbed axon pathfinding by CaP neurons of zSTIM1a morphants, it should be noted 

that CaP axon pathfinding is not purely a cell autonomous process, with many myotome-

derived guidance cues known to inform motor axon outgrowth (Pike et al., 1992; 
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Lauderdale et al., 1997; Zeller and Granato, 1999; Beattie et al., 2000; Zhang and 

Granato, 2000; Zeller et al., 2002; Rodino-Klapac and Beattie, 2004; Birely et al., 2005; 

Schneider and Granato, 2006).  In the experiments presented here, zSTIM1a expression 

was reduced throughout the entire animal.  Therefore, the impact of reduced zSTIM1a 

expression on axon pathfinding may not be a cell-autonomous effect.  Given the myriad 

of guidance cues and receptors implicated in the control of motor neuron axon guidance 

(Dodd and Jessell, 1988; Beattie, 2000; Schneider and Granato, 2003; Bonanomi and 

Pfaff, 2010; Alaynick et al., 2011), the effect of zSTIM1a knockdown on axon guidance 

in vivo is likely to be highly complex, with zSTIM1a likely to be involved in the 

regulation of axon guidance via multiple autonomous and non-autonomous guidance 

mechanisms.   

 

Zebrafish sema3A1 and sema3A2 are crucial for CaP axon guidance (Roos et al., 1999; 

Halloran et al., 2000; Feldner et al., 2005; Sato-Maeda et al., 2006; Feldner et al., 2007; 

Palaisa and Granato, 2007; Plazas et al., 2013), with sema3A1 and sema3A2 acting via 

neuropillin-1a/PlexinA3 to trigger repulsion (Roos et al., 1999; Feldner et al., 2005; 2007; 

Palaisa and Granato, 2007; Plazas et al., 2013).  Knockdown experiments have 

demonstrated that sema3A1/2 signaling is important for the refinement of axon outgrowth 

along the common pathway (Feldner et al., 2005; 2007).  Interestingly, CaP axons 

downregulate neuropillin-1a (NP1a) after reaching the horizontal myoseptum (Sato-

Maeda et al., 2006), presumably to permit the ventral targeting of CaP axons into the 

sema3A1-expressing ventral myotome (Bernhardt et al., 1998; Shoji et al., 2003; Feldner 

et al., 2005; Sato-Maeda et al., 2006).  STIM1 is necessary for correct growth cone 

motility in response to sema3a (Mitchell et al., 2012).  Consistent with a role for STIM1 

in regulating axon guidance in response to sema3a, CaP axons of zSTIM1a morphants 

showed subtle pathfinding defects when traversing the common pathway, with a 

perturbed angle of extension distal to the spinal cord observed.  Interestingly, calcium 

signals are known to control gene expression (Jessell, 2000; Sharma et al., 2000; Groth 

and Mermelstein, 2003; Bonanomi and Pfaff, 2010; Somasundaram et al., 2014; Kar and 

Parekh, 2015; Kar et al., 2016), with guidance cue receptor expression regulated in a 

calcium dependent manner during axon outgrowth (Hanson and Landmesser, 2006).  

While calcium signals directly modulate sema3a-PlexinA3 signaling in pathfinding CaP 

axons (Plazas et al., 2013).  Therefore, it could be theorised that STIM1 interacts with 
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sema3a signaling both upstream of sema3a by controlling receptor expression, as well as 

downstream of sema3a by modulating sema3a-NP1a-PlexinA3 signaling.  

 

STIM1 has also been implicated in the regulation of axon pathfinding in response to 

netrin-1 (Shim et al., 2013).  The regulation of motor axon guidance by netrin-1 is highly 

complex, with netrin-1 exhibiting both attractive and repulsive  effects on motor neuron 

axon pathfinding (Hedgecock et al., 1990; Kolodziej et al., 1996; Mitchell et al., 1996; 

Winberg et al., 1998; Poliak et al., 2014).  In zebrafish embryos, adaxial cells that are 

initially located on the medial surface of the myotome, and muscle pioneer cells located 

at the horizontal myoseptum, express netrin-1a concurrent with CaP axon outgrowth 

(Lauderdale et al., 1997).  The proximity of CaP axons with adaxial cell during 

pathfinding (Melancon et al., 1997; Zeller and Granato, 1999), and the targeting of CaP 

axons to the horizontal myoseptum (Myers et al., 1986; Westerfield and Eisen, 1987; 

Eisen and Melancon, 2001), suggests that netrin-1a is important for CaP axon guidance.  

However, netrin-1a expression is not essential for CaP axon outgrowth, with axons 

projecting from the spinal cord in no tail mutants that lack muscle pioneer cells (Halpern 

et al., 1993), supporting the view that additional guidance mechanisms compensate for 

the loss of netrin-1 signaling in motor axon outgrowth (Poliak et al., 2014).  When the 

finding that zSTIM1a is important for the distal extension of CaP axons from both the 

spinal cord and horizontal myoseptum is considered together with data indicating that 

STIM1 is required for netrin-1mediated growth cone attraction (Shim et al., 2013), 

perturbed CaP axon guidance in zSTIM1a morphants may be caused by dysfunction in 

netrin-1 mediated axon outgrowth, but would not be predicted to cause the complete 

abrogation of CaP axon pathfinding.   

 

The observation that axon pathfinding by zSTIM1a morphant CaP axons is perturbed at 

the horizontal myoseptum and ventral notochord, but that CaP axons ultimately reach the 

ventral myotome, albeit late, is consistent with previous studies in which myotome-

derived guidance cues were perturbed.  Ablation of muscle pioneers located at the 

horizontal myoseptum causes CaP axons to stall at the presumptive myoseptum, however 

they eventually reach the ventral muscle (Melancon et al., 1997).  Suggesting that 

guidance signals produced by muscle pioneer cells influence axon outgrowth, but are not 

essential for targeting of the CaP axon to the ventral myotome.  Likewise, in stumpy 

mutants [mutation in collagen XIXa1 (Hilario et al., 2010)], CaP axons correctly navigate 
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to the horizontal myoseptum but stall at the myoseptum and/or ventral notochord before 

eventually extending distally towards the ventral myotome (Beattie et al., 2000; Hilario 

et al., 2010). Similarly, a loss of function in collagen XVb, which is laid down by adaxial 

cells in front of the CaP axon to regulate axon extension, results in truncated CaP axon 

outgrowth (Guillon et al., 2016).  In the topped mutant, CaP axons navigate correctly 

along the common pathway, but stall at the horizontal myoseptum, delaying their 

extension into the ventral myotome (Rodino-Klapac and Beattie, 2004).  Cell 

transplantation studies showed that topped expression in ventromedial fast muscle cells 

adjacent to the horizontal myoseptum, but not the CaP axon, is able to rescue ventral 

extension of the CaP axon  (Rodino-Klapac and Beattie, 2004).  Given that similar axon 

pathfinding defects are observed in zSTIM1a morphant CaP axons, it can be hypothesised 

that zSTIM1a functions in response to myotome-derived guidance cues to make 

appropriate guidance decisions during CaP axon outgrowth.  Significantly, data presented 

here also showed that skeletal muscle cell anatomy is intact at 30 hpf, providing evidence 

to suggest  that axon guidance defects observed in zSTIM1a morphants are not caused by 

an underlying defect in the development of skeletal muscle cells.  

 

These studies demonstrate the complexity of axon guidance by the CaP axon, and 

illustrate how, even though zSTIM1a knockdown perturbs axon guidance, other 

molecular mechanisms can still compensate, leading to CaP axons eventually reaching 

the ventral myotome.  They also illustrate the importance of myotome-derived guidance 

cues for CaP axon pathfinding.  In experiments presented here, zSTIM1a expression was 

reduced globally.  Given that STIM1 has previously been shown to be required for 

skeletal muscle development (Stiber et al., 2008), and zSTIM1a morphants exhibit 

perturbed tail development, it is probable that the effect of reduced zSTIM1a expression 

on CaP axon pathfinding is due to myotome dysfunction.  In unplugged mutants (mutation 

in the muscle specific receptor tyrosine kinase MuSK), CaP axons are not restricted to 

the centre of the myotome and stall at the horizontal myoseptum, yet CaP axons can still 

navigate into the ventral myotome (Zhang and Granato, 2000; Zhang et al., 2004; 

Flanagan-Steet, 2005; Panzer et al., 2005; Kim et al., 2006; Kim and Burden, 2007; Jing 

et al., 2009).  Wnt signalling via unplugged/MuSK pre-patterns acetylcholine receptors 

(AChR) along the medial aspect of the myotome (Jing et al., 2009), and axons navigating 

via AChR clusters (Flanagan-Steet, 2005; Kim and Burden, 2007), forming en passant 

synapses (Westerfield et al., 1986; Jontes et al., 2000; Flanagan-Steet, 2005; Panzer et 
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al., 2005), which establish the earliest movements of the embryo (Saint-Amant and 

Drapeau, 1998; 2000).  Furthermore, unplugged/MuSK signaling may also mediate CaP 

axon guidance by triggering deposition of extracellular matrix components by adaxial 

cells, such as tenascin-C and chondroitin sulfate proteoglycans (Zhang et al., 2004; 

Schweitzer et al., 2005).  Therefore, given that STIM1 has previously been implicated in 

regulation of signaling at neuromuscular junctions (Venkiteswaran and Hasan, 2009), it 

is plausible that perturbed zSTIM1a function leads to axon pathfinding errors due to 

perturbed formation or signaling at neuromuscular junctions.   

 

Deciphering the cell-autonomous function of zSTIM1a for axon pathfinding  

 

Given that the morpholino knockdown approach raised questions as to the cell-

autonomous effect of zSTIM1a knockdown, significant attempts were made to address 

whether perturbed zSTIM1a function in motor neurons is responsible for the defects in 

motor axon pathfinding in vivo (data not shown).  Based on previous studies that utilised 

dominant negative versions of STIM1 to perturb STIM1 function in mammalian or 

Xenopus models (Liou et al., 2005; Shim et al., 2013), a dominant negative version of 

zSTIM1a (DN-zSTIM1a) was generated.  To construct DN-zSTIM1a, an aspartate to 

alanine substitution was introduced at residue 70 of the calcium binding EF-hand (D70A), 

abolishing the ability of zSTIM1a to bind calcium, which produces a STIM1 protein that 

is constitutively active (Liou et al., 2005).  Next, zSTIM1a was truncated at amino acid 

233, abrogating the capacity of STIM1 to bind and activate Orai (Muik et al., 2009; Jha 

et al., 2013; Zhou et al., 2014), which produced DN-zSTIM1a.  Furthermore, to permit 

the visualisation of DN-zSTIM1a, mCherry was inserted between residues 23 and 24 of 

zSTIM1a.  Several strategies were used to express DN-zSTIM1a in zebrafish spinal motor 

neurons.  The first strategy involved the generation of a promotor sequence using 

triplicate repeat of a 125bp minimal sequence of the mnx1 enhancer region, based on a 

previously described method (Zelenchuk and Brusés, 2011). This enhancer region 

regulates expression of the transcription factor mnx1 (also known as Hb9), which is 

expressed by post-mitotic spinal motor neurons (Tanabe et al., 1998; Arber et al., 1999).  

However, injection of the DN-zSTIM1a could not be detected in motor neurons.  Hence, 

a second strategy utilising the Tol2 transposase system (Kwan et al., 2007; Asakawa and 

Kawakami, 2009; Don et al., 2017), was formulated.  In collaboration with Dr Emily Don 

and Dr Nick Cole (Macquarie University, Sydney, Australia), the synthesised DN-
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zSTIM1a sequence was inserted into the Tol2p2A destination vector (Kwan et al., 2007), 

downstream of the mnx1 enhancer sequence as recently described (Don et al., 2017).  Co-

injection of pTol2p2A-mnx1-DN-zSTIM1a with Tol2 transposase mRNA (synthesised 

from pCS2+-zT2TP (Suster et al., 2011)), lead to chimeric expression of DN-zSTIM1a in 

zebrafish spinal motor neurons (data not shown).  However, due to time constraints, the 

effect of DN-zSTIM1a expression for axon pathfinding by spinal motor neurons was not 

investigated for this thesis.  Therefore, to validate data presented herein, future studies 

should utilise the Tol2 strategy to investigate the cell-autonomous role of zSTIM1a in the 

regulation of CaP axon pathfinding.  

 

In summary, the data presented in this chapter suggest that zSTIM1a is important for 

zebrafish survival, muscle development, as well as the fine control of the wiring of the 

nervous system.  Crucially, these data provide evidence to suggest that zSTIM1a regulates 

axon pathfinding by CaP axons, and provides evidence to suggest that STIM1 regulates 

has multiple functions and regulates multiple aspects of axon pathfinding in vivo, 

including axonal motility at intermediate choice points, as well as filopodial dynamics 

and axon branching.   

 

 

  



 154 

 

 

 

 

 

 
 

Chapter 4: 

STIM1 regulates calcium signaling in navigating 

motor axons in vivo 
 



 155 

Chapter 4: STIM1 regulates calcium signaling by navigating motor axons in vivo 

 

4.1. Introduction 

 

Spatial and temporal patterns of calcium signaling exhibited by growth cones are a 

product of the source of calcium used to generate the calcium signaling event. (Tojima et 

al., 2011).  Localised calcium signals are sufficient to ‘steer’ axon outgrowth (Zheng, 

2000), with growth cone attraction or repulsion triggered by the activation of alternate 

downstream pathways, such as the CaMKII-CaN molecular switch, which ultimately act 

on the cytoskeleton to inform growth cone motility (Robles et al., 2003; Henley et al., 

2004; Wen et al., 2004b; Forbes et al., 2012).  Hence, the selectivity by which calcium 

activates intracellular signaling pathways is determined by the amplitude, frequency and 

spatial localisation of the calcium signals, which is a function of the source of calcium 

used to generate the calcium signal (Zheng, 2000; Wen et al., 2004b; Rizzuto and Pozzan, 

2006; Cheng et al., 2011; Tojima et al., 2011; Kar and Parekh, 2015).  For example, higher 

amplitude calcium signals generated by release of ER calcium via IICR and CICR 

activates CaMKII and are sufficient to induce turning towards the side of the growth cone 

with elevated in intracellular calcium (Höpker et al., 1999; Hong et al., 2000; Jin et al., 

2005; Ooashi et al., 2005; Akiyama et al., 2009).  While lower amplitude calcium signals 

generated by calcium influx without release of ER calcium activates CaN to trigger 

turning away from the side of the growth cone with elevated in intracellular calcium 

(Hong et al., 2000; Wen et al., 2004b; Ooashi et al., 2005; Akiyama et al., 2009).  These 

studies illustrate the importance of the ER as a source of calcium during axon guidance.  

 

The ER is a crucial source of intracellular calcium for axon extension, with ER calcium 

release vital for the generation of spontaneous calcium transients.  Although calcium 

influx via L-type VDCC has been implicated in the regulation of spontaneous calcium 

transients in cortical neurons (Tang et al., 2003), inhibition of VDCC does not suppress 

spontaneous calcium spikes in growth cones of Xenopus spinal neurons (Gomez et al., 

1995) or rodent DRG sensory neurons (Gasperini et al., 2009), suggesting that calcium 

influx via non-voltage dependent calcium channels regulates spontaneous calcium 

transients in pathfinding axons.  Consistent with ER calcium playing a crucial role in the 

formation of spontaneous calcium transients, release of ER calcium potentiates calcium 

spikes in Xenopus spinal growth cones in vitro (Gomez et al., 1995), and depletion of ER 
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calcium with thapsigargin inducing robust spiking in previously quiet growth cones 

(Gomez et al., 1995).  Furthermore, release of calcium from the ER is required for axons 

to steer towards a source of guidance cue (Hong et al., 2000; Li et al., 2005; Ooashi et al., 

2005; Akiyama et al., 2009; Gasperini et al., 2009), with ER calcium release underpinning 

the sustained rise in intracellular calcium within growth cones in response to guidance 

cue signaling (Gasperini et al., 2009). To produce higher amplitude calcium signals, 

calcium influx via plasma membrane channels is amplified by the release of calcium from 

the ER, which is sufficient to induce axons to turn towards a source of guidance cue 

(Hong et al., 2000; Akiyama et al., 2009; Tojima, 2012).  In contrast, repulsion occurs if 

an influx of extracellular calcium occurs without subsequent amplification by ER calcium 

(Ooashi et al., 2005; Gasperini et al., 2009; Mitchell et al., 2012).  As the ER is a finite 

store of calcium that must be replenished by SOCE to sustain increased intracellular 

calcium, it has been suggested that calcium influx via SOCE is required to sustain 

intracellular calcium during attractive growth cone turning (Gasperini et al., 2009; 

Mitchell et al., 2012; Shim et al., 2013).  Consistent with this prediction, STIM1 

knockdown causes an attenuation of elevated intracellular calcium within growth cones 

in response to BDNF and netrin-1 (Mitchell et al., 2012; Shim et al., 2013), which 

correlates with perturbed growth cone turning to these guidance cues (Mitchell et al., 

2012; Shim et al., 2013).  However, it is not known whether STIM1 participates in the 

regulation of calcium signaling during axon pathfinding in the intact nervous system.  As 

previous results demonstrated that reduced zSTIM1a expression perturbs axon 

pathfinding by CaP neurons at intermediate targets, it would be predicted that zSTIM1a 

is important for the regulation of calcium signaling as CaP axons navigate via 

intermediate targets.  

 

Primary motor neurons of the zebrafish spinal cord exhibit two types of calcium 

transients: calcium waves and calcium spikes (Saint-Amant and Drapeau, 2000; Muto et 

al., 2011; Warp et al., 2012; Plazas et al., 2013).  Calcium waves are initiated by a central 

pattern generator located within the zebrafish spinal cord (Saint-Amant and Drapeau, 

1998; 2000), propagated via gap junctions (Saint-Amant and Drapeau, 2001; Plazas et 

al., 2013), and are present in axon-less neurons of the spinal cord prior to axon pathfinding 

(Ashworth and Bolsover, 2002; Plazas et al., 2013).  In contrast, between 18 and 24 hpf, 

calcium spikes are observed in zebrafish primary motor neurons alone, and then only once 

the axon pathfinding has been initiated (Plazas et al., 2013).  In CaP neurons, calcium 
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spikes are initiated in the distal axon and propagate to the soma, with a delay of less than 

a second in axons located both proximal and distal to the horizontal myoseptum (Plazas 

et al., 2013), illustrating the fast kinetics of calcium spiking in CaP axons.  The frequency 

of calcium spikes increases with axon outgrowth, with low frequency spikes detected in 

CaP soma as axogenesis begins and the CaP axon extends along the common pathway 

towards the horizontal myoseptum (Plazas et al., 2013), and higher frequency spikes and 

bursting spikes observed as CaP axons reach and navigate distal to the horizontal 

myoseptum (Plazas et al., 2013).  These observations are consistent with higher frequency 

calcium transients regulate pausing of Xenopus spinal neurons at intermediate choice 

points (Gomez and Spitzer, 1999).  However, to determine whether zSTIM1a-mediated 

SOCE is involved in the regulation of motor neuron pathfinding, first the presence and 

regulation of SOCE by zSTIM1a in zebrafish motor neurons needed to be established.  

The role of zSTIM1a-mediated SOCE in axon pathfinding was then assessed by 

measuring calcium transients in CaP axons navigating via selected intermediate targets 

in vivo.   
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4.2. Methods 

 

4.2.1. Animals 

 

Gal4s1020t/UAS:mCherry and Gal4s1020t/UAS:GCaMP5 transgenic lines (Scott et al., 

2007) were a kind gift of Dr Ethan Scott (University of Queensland).  Embryos were 

obtained from natural spawning events and staged by external morphology according to 

established guidelines (Kimmel et al., 1995).  

 

 

4.2.2. Morpholino knockdown of zSTIM1a expression 

 

Knockdown of zSTIM1a expression at the 1-4 stage was performed as previously 

described (see Chapter 3 2.1).   

 

 

4.2.3. Zebrafish spinal motor neuron cultures  

 

Spinal motor neuron cultures were generated from Gal4s1020t/UAS:mCherry embryos 

staged at 14 to 18 hpf using a protocol modified from previous reports (Andersen, 2001; 

Chen et al., 2013).  To isolate spinal cords, embryos were rinsed in 70% ethanol, washed 

in 0.5X E2 media, dechorionated, and all structures located anterior to the first somite, 

and distal from the tail bud, were removed with sharp forceps.  The yolk sac and Kupffer’s 

vesicle were then removed from the remaining tail, with the developing skin gently peeled 

away from the underlying tissue.  To generate dissociated cell cultures, tail segments 

containing spinal cords were removed from three embryos an placed into dissection media 

[in mM: 115 NaCL, 2.5 KCl, 0.4 EDTA, 8 HEPES, 0.025 % (m/v) trypsin, pH 7.5], and 

were incubated for 10 min at room temperature before being transferred into culture 

media [Leibovitz’s L-15 media (Invitrogen) supplemented with 2% fetal calf serum 

(Invitrogen), 1.25 D-glucose, 0.625 sodium pyruvate, 2.5 CaCl2, 4 HEPES, 

Penicillin/Streptomycin, 10 ng/mL ciliary neurotrophic factor (CNTF), 500 pg/mL basic 

fibroblast growth factor (bFGF), pH 7.5] and gently triturated 20 times.  Dissociated cells 

were plated onto glass coverslips that were pre-treated with poly-l-ornithine (1 mg/mL) 
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and Laminin (1 mg/mL), with cultures incubated at 28°C for 4 hr prior to commencing 

experiments.   

 

For imaging, cultures were maintained in culture media at 28°C in a humidified chamber.  

Images were acquired using a Nikon Eclipse TiE microscope, equipped with a 40X Fluor-

S oil-immersion objective with DIC optics (Nikon), and NIS Elements 6D software 

(Nikon).  Spinal motor neurons were identified by their morphology and expression of 

mCherry.  Images of navigating axons were acquired at 0.33 Hz for 25 min.  Images were 

prepared using ImageJ (NIH) and Adobe illustrator CS6 (Adobe).   

 

 

4.2.4. Immunocytochemistry 

  

Zebrafish spinal motor neuron cultures were fixed in 4% PFA at room temperature for 1 

hr before being incubated overnight at 4°C with antibodies for the homeobox genes 

Islet1/2 [39.4D5, Developmental Studies Hybridoma Bank (DSHB), University of Iowa 

(deposited by Jessell, T.M. and Brenner-Morton S.); 1:500].  Islet1/2 antibodies were 

detected using AlexaFlour® 488-conjugated secondary antibodies [IgG (H+L) highly 

cross absorbed antibody, Invitrogen; 1:1,000].  Images were acquired with an Olympus 

BX50 microscope equipped with a UPlanSApo 60x-1.35 water immersion lens (Nikon), 

CoolSNAP HQ2 CCD camera (Photometrics), and NIS elements software (Nikon).  

Images were prepared using ImageJ (NIH) and Adobe Illustrator CS6 (Adobe).  

 

 

4.2.5. Characterisation of SOCE in zebrafish spinal motor neurons in vitro 

 

To measure the concentration of intracellular calcium in zebrafish spinal motor neurons, 

cultures were loaded with Fura-2 AM (1 µM) in calcium-replete imaging media [in mM: 

Hanks Buffered Saline Solution (HBSS; Invitrogen) supplemented with 2.5 CaCl2, 1 

MgCl2, 10 D-glucose, 15 HEPES] for 10 min at room temperature, washed with fresh 

calcium-replete imaging media, and incubated at 28°C for a further 20 min prior to 

imaging.  Images were captured at 0.5 Hz for 25 min on an Eclipse TiE microscope 

(Nikon), equipped with a 40X Flour-S oil-immersion objective with DIC optics (Nikon) 

and NIS Elements 6D software (Nikon).  Fura-2 was alternatively excited at 340 and 380 
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nm with an attenuated illumination source (33% transmission; Lambda DG-4, Sutter 

Instruments, CA USA).  Images were acquired at 510 nm with an EMCCD digital camera 

(Evolve 512; Photometrics) using regions of interest (ROI) defined by NIS Elements 

(Nikon).  After subtracting background fluorescence, a ratio (R) of fluorescence at 340 

nm to fluorescence at 380 nm was calculated in the soma of identified motor neurons.   

 

To quantitate SOCE, cultures were maintained at 28°C in a humidified chamber, with a 

gravity flow exchange system used for media changes as appropriate.  The imaging 

protocol was as follows: baseline intracellular calcium was acquired for 2 min in calcium 

replete imaging media, before calcium was removed from the media by incubating cells 

for 5 min with calcium-free imaging media (in mM: HBSS supplemented with 1 MgCl2, 

10 D-glucose, 15 HEPES and 0.3 EGTA).  At 7 min, Thapsigargin (5 µM; Santa-Cruz 

Biotech, CA, USA), was added in calcium-free imaging media to induce depletion of ER 

calcium, and acquire minimal intracellular calcium (Rmin).  At 17 min, calcium was added 

with calcium-replete imaging media to trigger calcium influx via SOCE.  At 22 min, 

Ionomycin (5 µM; Sigma-Aldrich, USA) was added to induce maximal intracellular 

calcium (Rmax).  The concentration of intracellular calcium ([Ca2+]i) was calculated in NIS 

elements (Nikon) according to the formula [Ca2+]i = Keff x (R-Rmin)/(Rmax-R), where Keff 

represents the calcium binding constant of Fura-2 (Grynkiewicz et al., 1985).  Traces of 

[Ca2+]i (in nM) were generated in GraphPad Prism6.0e (GraphPad).  Baseline [Ca2+]i was 

calculated as the mean of the initial 2 min of imaging in calcium-replete conditions.  

Minimal calcium was an average of intracellular calcium acquired in calcium-free 

imaging media following depletion of ER calcium stores.  SOCE was measured as the 

change in [Ca2+]i from prior to re-addition of extracellular calcium to the peak [Ca2+]i 

upon re-addition of extracellular calcium.  Statistical tests were performed using 

GraphPad Prism6.0e (GraphPad), with images prepared using NIS elements (Nikon) and 

Adobe Illustrator CS6 (Adobe Systems, USA).   

 

 

4.2.6. Characterisation of calcium transients in CaP axons during axon 

pathfinding in vivo  

 

To image calcium transients in CaP axons, embryos were obtained from crosses between 

Gal4s1020t/UAS:mCherry and Gal4s1020t/UAS:GCaMP5 lines.  Embryos were raised to 17-
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18 hpf at 26°C, with Gal4s1020t/UAS:mCherry::GCaMP5 embryos selected for in vivo 

calcium imaging.  Prior to imaging, embryos were paralysed by yolk injection of α-

bungarotoxin (α-BT, Abcam, Cambridge, UK; 1-2 ηL of 0.25 mM α-BT in 0.1 M PBS, 

pH 7.4) and mounted in 1.5% low melt agarose (Promega, WI, USA).  Embryos were 

imaged from 18 to 25 hpf to acquire CaP axons (of somites 6-9) located proximal to the 

horizontal myoseptum, at the horizontal myoseptum, and distal to the horizontal 

myoseptum; which was defined by observing the most distal aspect of the CaP axon using 

mCherry expression.  Calcium imaging was performed with a Zeiss LSM 510 confocal 

imaging system equipped with a water-emersion 20x W-PLAN Achromatic lens (Zeiss).  

For calcium imaging, images were collected at 5 Hz for 5 min focusing on the distal 

aspect of CaP axons with the 488 laser line and 500-550 bandpass filter, with 2.5x digital 

zoom. 

 

Calcium transients were analysed by defining regions of interest in the distal axon shaft 

of CaP neurons in ImageJ (NIH).  Raw cumulative pixel intensity (fluorescence, F) were 

converted into a change in fluorescence from baseline fluorescence (ΔF/F0) using 

Microsoft Excel (Microsoft, CA, USA), and exported to MATLAB (MATLAB_R2016a, 

MathWorks, USA) for peak analysis.  Minimum ΔF/F0 was normalized to zero and 

calcium transients were identified as fluorescence peaks greater than two times the 

standard deviation of noise, greater than 10% of the maximum fluorescent signal, and 

lasting ≥0.2 sec (measured as peak width at half maxima).  Calcium transients were 

categorised as low frequency spikes (<7.5 spikes min-1), high frequency spikes (≥7.5 

spikes min-1), and bursting spikes (≥15 spikes min-1) measured as peak interval.  

Statistical tests were performed in GraphPad Prism6.0e (GraphPad). 
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4.3. Results  

  

4.3.1. zSTIM1a regulates SOCE in zebrafish spinal motor neurons 

 

To test whether zSTIM1a regulates SOCE in zebrafish spinal motor neurons, a protocol 

for the generation, maintenance and identification of zebrafish spinal motor neurons in 

vitro was developed.  Motor neuron cultures were generated from spinal cords of 14-18 

hpf Gal4s1020t/UAS:mCherry embryos (Fig. 4.1a).  By 4 hr after plating, spinal neurons 

were polarised with long axon extensions (Fig. 4.1b), that were actively extending (Fig. 

4.1c).  Spinal neurons identified by neuronal morphology (polarised with extending 

neurites) and mCherry expression were also positive for the primary motor neuron marker 

Islet1/2 (Fig. 4.1d).  These data suggest that identified neurons are primary motor 

neurons, illustrating the utility of this protocol to isolate, maintain and identify spinal 

motor neurons for calcium imaging studies.    

 

zSTIM1a regulates calcium homeostasis and SOCE in zebrafish spinal motor neurons in 

vitro (Fig. 4.2).  Spinal motor neurons isolated from zSTIM1a morphants exhibited 

reduced concentration of calcium at baseline (63.2 nM ± 3.7 nM, n=42 cells from 6 

cultures) compared with control morphants (113.2 nM ± 7.2 nM, n=25 cells from 3 

cultures; p<0.0001), suggesting that zSTIM1a regulates calcium homeostasis in spinal 

motor neurons.  When calcium was added to the media following ER calcium depletion 

in zero calcium media with thapsigargin, the magnitude of calcium influx (denoting 

calcium influx via SOCE) was reduced in motor neurons of zSTIM1a morphants (81.6 

nM ± 8.8 nM, n=42 cells from 6 cultures) compared with motor neurons of control 

morphants (184.3 nM ± 40.4 nM, n=25 cells from 3 cultures; p<0.005).  Taken together, 

these data suggest that zSTIM1a regulates SOCE, and that zSTIM1a-mediated SOCE is 

important for calcium homeostasis in zebrafish spinal motor neurons.   
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Figure 4.1: Characterisation of zebrafish spinal motor neuron cultures. 

 

(a) Diagram exhibiting the spinal cord dissection.  Dashed white lines depict the cut sites 

on a representative Gal4s1020t/UAS:mCherry embryo. (b) Representative spinal motor 

neuron 4 hr after plating (Arrows illustrate soma and arrowheads denote growth cones at 

the distal axon).  (c) Exploratory behaviour of an identified motor neuron axon 4 hr after 

plating over a time course of 25 min.  (d) Immunohistochemistry for the primary motor 

neuron marker Islet1/2 (green) in mCherry (red) expressing motor neurons fixed 4 hr after 

plating.  Scale bars denote 100 µm in (a), 10 µm in (b) and (d), and 5 µm in (c). 
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Figure 4.2: Reduced zSTIM1a expression decreases basal calcium and attenuates 

evoked SOCE in zebrafish spinal motor neurons in vitro. 

 

zSTIM1a is required for SOCE in zebrafish spinal motor neurons.  (a) Representative 

phase and pseudocoloured Fura-2 images of spinal motor neurons isolated from control 

and zSTIM1a morphants.  Fura-2 images were pseudocoloured according to the 

intracellular concentration of calcium ([Ca2+]i) in nM, with purple as lowest and red as 

highest.  Images were acquired at baseline in calcium-replete conditions (2.5 mM Ca2+), 

following store depletion with 5 µM thapsigargin (Tg) in zero calcium media (0 mM Ca2+ 

with Tg), and following the re-addition of extracellular calcium (2.5 mM [Ca2+]), 

representing the magnitude of calcium entry via SOCE. Scale bars in phase images 

illustrate 10 µm and are correct for pseudocoloured Fura-2 images.  (b-c) Average [Ca2+]i 

in (b) baseline and (c) store depleted conditions was calculated for spinal motor neurons 

isolated from control and zSTIM1a morphant embryos.  (d-e) The capacity of spinal 

motor neurons to trigger calcium influx via SOCE was assessed by determining the 

magnitude change in [Ca2+]i upon the re-addition of extracellular calcium following store-

depletion in zero extracellular calcium.  (d) Graph illustrates the change in [Ca2+]i within 

spinal motor neurons isolated from control and zSTIM1a morphants upon the re-addition 

of extracellular calcium.  Scale bar denotes 50 nM [Ca2+]i and 5 min.  (e) Average 

magnitude of calcium influx in spinal motor neurons from control and zSTIM1a 

morphants.  Treatment groups were compared by Student’s t-test (**p<0.005, 
****p<0.0001). 
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4.3.2. zSTIM1a regulates calcium transients in CaP axons during axon 

pathfinding in vivo 

 

To determine the effect of reduced zSTIM1a expression on calcium dynamics in CaP 

axons, spontaneous calcium transients were characterised in CaP axons of control 

morphants located proximal to the horizontal myoseptum (pre-myoseptum), at the 

horizontal myoseptum (myoseptum), and distal to the horizontal myoseptum (post-

myoseptum; Fig. 4.3a).  CaP axons of control morphants exhibited spontaneous calcium 

transients that increased in frequency when CaP axons were located at the myoseptum 

(0.11 ± 0.02 Hz, n=11), or post-myoseptum (0.11 ± 0.02 Hz, n=17;), compared to CaP 

axons located pre-myoseptum (0.05 ± 0.01 Hz, n=11; p<0.005 and p<0.0005 respectively; 

Fig. 4.3b).  However, no difference in transient frequency was detected between CaP 

axons of control morphants located at the myoseptum and post-myoseptum (p=0.85).  

These finding are consistent with previous observations of spontaneous calcium 

transients in CaP soma (Plazas et al., 2013), and suggest that the frequency of calcium 

transients increases as CaP axons reach the horizontal myoseptum, and remains high as 

CaP axons extend distal to the horizontal myoseptum.   

 

Three types of calcium transients were observed in CaP axons of control morphants (Fig. 

4.3c): low frequency spikes (<7.5 spikes min-1), high frequency spikes (≥7.5 spikes min-

1), and bursting spikes (≥15 spikes min-1), consistent with previous observations of 

spontaneous calcium transients in CaP soma (Plazas et al., 2013).  Importantly, CaP axons 

of control morphants expressed defined patterns of calcium transients depending on the 

stage of axon outgrowth.  Control CaP axons located pre-myoseptum predominantly 

expressed low frequency spikes (11.45 ± 1.35, n=11), with fewer high frequency spikes 

(3.00 ± 0.94, n=11; p<0.0001) or bursting spikes (1.27 ± 0.67, n=11; p<0.0001) observed 

(Fig. 4.3d).  In contrast, control CaP axons located at the myoseptum exhibited an 

increased number of high frequency spikes (11.35 ± 2.65, n=17), and bursting spikes 

(12.88 ± 2.44, n=17), compared with control CaP axons located pre-myoseptum (p<0.05 

and p<0.001 respectively).  However, the number of low frequency spikes in CaP axons 

located at the myoseptum (10.18 ± 1.73, n=17) was unchanged from pre-myoseptum 

(p=0.49).  Similarly, control CaP axons located post-myoseptum exhibited an increased 

number of high frequency spikes (17.55 ± 6.78, n=11) and bursting spikes (6.46 ± 2.31, 

n=11) compared with control CaP axons located pre-myoseptum (p<0.05 and p<0.001 
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respectively).  The number of low frequency spikes (9.91 ± 2.14, n=11) remained 

unchanged from pre myoseptum (p=0.55).  Comparing control CaP axons located post-

myoseptum with control CaP axons at the myoseptum revealed that the number of high 

frequency spikes was unchanged in CaP axons located post-myoseptum (p=0.30), 

however the number of bursting spikes trended towards being decreased (p<0.051).  

Taken together, these data demonstrate that the number of low frequency spikes remains 

unchanged with axon outgrowth, with high frequency spikes and bursting spikes 

increased when CaP axons are located at, or distal to, the horizontal myoseptum.  

Furthermore, these data also reveal that bursting spikes are highest at the myoseptum 

stage of axon outgrowth, which is consistent with axons pausing at the horizontal 

myoseptum (Gomez and Spitzer, 1999; Plazas et al., 2013).   
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Figure 4.3: CaP axons generate spontaneous calcium transients that increase in 

frequency with axon outgrowth. 

 

(a) Schematic depicts the localisation of CaP axons during calcium imaging.  CaP axons 

were located proximal to the horizontal myoseptum (pre-myoseptum), at the horizontal 

myoseptum (myoseptum), or distal to the horizontal myoseptum (post-myoseptum).  The 

horizontal myoseptum (hm) is denoted by a dashed line.  (b) Average frequency of 

calcium transients (in Hz) in CaP axons of control morphants at the pre-myoseptum, 

myoseptum, and post-myoseptum stage of axon outgrowth. Calcium transient frequencies 

were compared between stages of axon outgrowth using One-way ANOVA with Holm-

Sidak correction for multiple comparisons (**p<0.005).  (c) Example calcium traces from 

CaP axons of control morphants illustrating low frequency spikes (top; <7.5 spikes min-

1), high frequency spikes (middle; ≥7.5 spikes min-1), and bursting spikes (bottom; ≥15 

spikes min-1; bursting spikes are denoted by lines above traces).  Scale bar illustrates 25% 

of maximum change in fluorescence and 10 sec. (d) The average number of low 

frequency, high frequency, and bursting spikes observed in the 5 min imaging period in 

CaP axons of control morphants at the pre-myoseptum, myoseptum, and post-myoseptum 

stages of axon outgrowth.  The number of low, high and bursting spikes at each stage of 

axon outgrowth were compared using One-way ANOVA with Holm-Sidak correction for 

multiple comparisons (****p<0.0001).  The number of low high and bursting spikes were 

also compared between stages of axon outgrowth using One-way ANOVA with Holm-

Sidak correction for multiple comparisons (#p<0.05; ###p<0.005).   
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CaP axons of zSTIM1a morphants exhibit perturbed axon pathfinding (Chapter 3), and 

SOCE is attenuated in motor neurons cultured from zSTIM1a morphant embryos.  

Therefore, it was hypothesised that zSTIM1a-mediated calcium signaling would be 

perturbed in CaP axons during axon outgrowth in vivo.  To test this hypothesis, the effect 

of reduced zSTIM1a expression on the generation of spontaneous calcium transients in 

CaP axons was investigated.  CaP axons normally express spontaneous calcium transients 

(as shown in Fig. 4.3), however only 73.8% of CaP axons of zSTIM1a morphants were 

active within the same imaging period (Fig. 4.4b).  That is, 26.2% of CaP axons of 

zSTIM1a morphants exhibited zero calcium transients in 5-min, a phenomenon not 

observed in control morphants.  Importantly, zSTIM1a morphant embryos that contained 

CaP axons exhibiting zero calcium transients were alive following imaging, with a 

heartbeat and strong peripheral circulation observed.  In zSTIM1a morphants, 73.8% of 

CaP axons exhibited calcium transients, however in these axons the frequency of calcium 

transients was reduced at all stages of axon outgrowth.  Compared to control morphants, 

the frequency of calcium transients was decreased in CaP axons of zSTIM1a morphants 

pre-myoseptum (0.025 ± 0.011 Hz, n=7; p<0.05), at the myoseptum (0.069 ± 0.018 Hz, 

n=13; p<0.05), and post-horizontal myoseptum (0.073 ± 0.011 Hz, n=22; p<0.05).  

Together, these data suggest that zSTIM1a is required for the generation of spontaneous 

calcium transients by CaP axons.   

 

The frequency of calcium transients in CaP axons normally increases as CaP axons reach 

and extend distal to the myoseptum (see Fig. 4.3).  However, there was no increase in 

frequency of calcium transients between CaP axons located pre-myoseptum and CaP 

axons at the myoseptum in zSTIM1a morphants (Fig. 4.4c; p=0.12).  While there was an 

increase in calcium transient frequency in CaP axons located post-myoseptum when 

compared to CaP axons located pre-myoseptum in zSTIM1a morphants (p<0.05), the 

frequency of calcium transients was decreased compared to control morphants at the same 

stage of axon outgrowth (Fig. 4.4c).  

 

Based on the hypothesis that SOCE is required for sustained elevated intracellular 

calcium associated with higher frequency calcium transients, it was predicted that 

zSTIM1a was required for bursting spikes in CaP axons.  To test this hypothesis, the 

effect of reduced zSTIM1a expression on the types of calcium transients generated by 

CaP axons was assessed at each stage of axon outgrowth.  Reducing the expression of 
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zSTIM1a had no effect on the number of low frequency calcium spikes at any stage of 

axon outgrowth (Fig. 4.4d).  The number of low frequency spikes observed in CaP axons 

of zSTIM1a morphants located proximal to the horizontal myoseptum (6.43 ± 2.55, n=7), 

at the horizontal myoseptum (7.85 ± 2.55, n=13), and distal to the horizontal myoseptum 

(11.86 ± 2.13, n=22), was unchanged from CaP axons of control morphants (p=0.07, 

p=0.38 and p=0.57).  Reduced expression of zSTIM1a had no effect on the generation of 

high frequency spikes, with the number of high frequency spikes observed in CaP axons 

of zSTIM1a morphants located pre-myoseptum (1.14 ± 1.14, n=7), at the myoseptum 

(10.38 ± 4.58, n=13), and post-myoseptum (9.14 ± 3.00, n=22), unchanged from CaP 

axons of control morphants (p=0.23, p=0.85 and p=0.17).  In contrast, zSTIM1a was 

required for the generation of bursting spikes in CaP axons located at, and distal to, the 

horizontal myoseptum (Fig. 4.4d).  CaP axons of zSTIM1a morphant exhibited fewer 

bursting spikes compared to CaP axons of control morphants when located at the 

myoseptum (2.61 ± 1.56, N=13; p<0.005), or located post-myoseptum (1.55 ± 0.56, 

N=22; p<0.01).  Although bursting spikes were absent in CaP axons of zSTIM1a 

morphants located proximal to the horizontal myoseptum (0.00 ± 0.00, n=7), this was not 

significantly decreased when compared with control morphants (p=0.15).  Consistent 

with the hypothesis that zSTIM1a regulates high frequency transients, these data suggest 

that zSTIM1a plays a crucial role in the generation of bursting calcium spikes, but not 

high or low frequency spikes, in CaP axons during axon pathfinding.  
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Figure 4.4:  Reduced expression of zSTIM1a perturbs calcium transients in 

navigating CaP axons in vivo. 

 

(a) Representative calcium responses observed in CaP axons of control and zSTIM1a 

morphants located proximal to the horizontal myoseptum (pre-myoseptum), at the 

horizontal myoseptum (myoseptum), or distal to the horizontal myoseptum (post-

myoseptum).  Scale bar applies to all traces.   

 

(b) The percent of control and zSTIM1a morphant CaP axons exhibiting ≥1 calcium 

transients within a 5 min imaging period.  Groups were compared by Fisher’s exact test 

(***p<0.0005).  

 

(c) The average frequency of calcium transients (Hz) observed in CaP axons of control 

and zSTIM1a morphants located at the pre-myoseptum, myoseptum, or post-myoseptum 

stage of axon outgrowth.  Groups and stages of axon outgrowth were compared by Two-

way ANOVA with Holm-Sidak correction for multiple comparisons (*p<0.05). 

 

(d-f) The average number of low frequency spikes (<7.5 spikes min-1), high frequency 

spikes (≥7.5 spikes min-1), and bursting spikes (≥15 spikes min-1) observed in CaP axons 

of control and zSTIM1a morphants at the (d) pre-myoseptum, (e) myoseptum, or (f) post-

myoseptum stage of axon outgrowth.  Groups were compared by Two-way ANOVA with 

Holm-Sidak correction for multiple comparisons (*p<0.05, **p<0.005, ***p<0.0005).  

Legend in (c) applies to (d-f).   
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4.4. Discussion 

 

In this chapter, the function of STIM1 as a regulator of calcium signaling in pathfinding 

motor neurons was examined in vivo.  Findings from these studies provide evidence to 

suggest that zSTIM1a mediates SOCE in zebrafish spinal motor neurons in vitro, and that 

zSTIM1a contributes to the regulation of calcium signaling in navigating axons in vivo.  

Taken together, these data suggest that motor neurons harness STIM1-mediated SOCE to 

generate intracellular calcium signals that, in turn, inform axon pathfinding.   

 

zSTIM1a regulates SOCE in zebrafish spinal motor neurons. 

 

In neurons, the ER calcium store is partially emptied at rest, and requires constant 

replenishment in a voltage-independent process (Garaschuk et al., 1997; Usachev and 

Thayer, 1997; 1999; Verkhratsky, 2005), with evidence suggesting that SOCE is 

responsible for store refilling (Berna-Erro et al., 2009; Hartmann et al., 2014; Sun et al., 

2014a; Moccia et al., 2015; Samtleben et al., 2015).  Indeed, SOCE is required to maintain 

basal ER calcium homeostasis in rodent hippocampal neurons, with inhibition of SOCE 

causing a rapid decrease in ER calcium (Samtleben et al., 2015).  In the present study, 

SOCE was detected in zebrafish motor neurons, with reduced zSTIM1a expression 

attenuating calcium influx via SOCE and decreasing basal cytosolic calcium levels.  

These finding are consistent with previous reports of SOCE in hippocampal, cortical, 

cerebellar and DRG sensory neurons cultured from rodents (Baba et al., 2003; Gemes et 

al., 2011; Gruszczynska-Biegala et al., 2011; Steinbeck et al., 2011; Mitchell et al., 2012; 

Kyung et al., 2015); Drosophila neurons (Venkiteswaran and Hasan, 2009; Pathak et al., 

2015); Xenopus spinal neurons (Shim et al., 2013); and bag cell neurons of Aplysia 

(Kachoei et al., 2006).  Therefore, findings presented in this chapter provide evidence to 

suggest that STIM1-mediated SOCE is a conserved mechanism of calcium influx in 

neurons, and that calcium influx via SOCE regulates basal calcium homeostasis.  These 

data also support the observation that STIM1 is the major neuronal STIM protein in 

development (Chapter 2), providing further evidence to suggest that STIM1-mediated 

SOCE is important for neuronal development.   
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Calcium transients regulate axon pathfinding in a frequency-dependent manner 

 

Navigating axons exhibit spontaneous calcium transients in vitro and in vivo (Gu et al., 

1994; Gomez et al., 1995; Gu and Spitzer, 1995; Gomez and Spitzer, 1999; Tang et al., 

2003; Gasperini et al., 2009), which modulate axon extension in a frequency-dependent 

manner (for reviews see (Goldberg and Grabham, 1999; Gomez and Spitzer, 2000; 

Spitzer, 2006)).  Zebrafish spinal motor neurons primarily exhibit two types of 

spontaneous calcium transients, waves and spikes (Ashworth and Bolsover, 2002; Saint-

Amant, 2005; Plazas et al., 2013).  Calcium waves predominate in axon-less neurons prior 

to the onset of axon pathfinding (Ashworth and Bolsover, 2002; Plazas et al., 2013), while 

calcium spikes, which originate in the distal axon before spreading to the soma, 

predominate in actively navigating neurons (Saint-Amant and Drapeau, 2000; Plazas et 

al., 2013).  The spontaneous calcium spikes observed in CaP axons in this study are 

consistent with spontaneous spikes detected in the soma of navigating zebrafish motor 

neurons (Saint-Amant and Drapeau, 2001; Plazas et al., 2013), as well as being consistent 

with spontaneous activity observed in pathfinding chick and mouse motor neurons in vivo 

(Milner and Landmesser, 1999; Hanson and Landmesser, 2003; 2004).  These results 

provide evidence to support the hypothesis that spontaneous calcium transients have a 

crucial function in the regulation of axon pathfinding in vivo.   

 

The role of intermediate targets as choice points for navigating axons is a highly 

conserved process, with guidepost cells directing grasshopper neurons (Bentley and 

Keshishian, 1982; Bentley and Caudy, 1983; Bastiani et al., 1984), the limb plexus 

influencing motor axon outgrowth in chick and mice (Lance-Jones and Landmesser, 

1981; Tosney and Landmesser, 1985; Kania and Jessell, 2003; Poliak et al., 2014), and 

the horizontal myoseptum informing axon pathfinding by zebrafish motor neurons (Eisen 

et al., 1986; Myers et al., 1986; Westerfield et al., 1986; Beattie et al., 2000; Eisen and 

Melancon, 2001).  As precise spatiotemporal patterns of calcium signaling correlates with 

specific axon motility behaviours, it is hypothesised that axon motility at intermediate 

targets is regulated by calcium transients in a frequency-dependent manner (Gomez and 

Spitzer, 1999; Tang et al., 2003; Hutchins and Kalil, 2008; Plazas et al., 2013).  As 

calcium transient frequency is dependent on the location of the growth cone, the 

environment of the growth cone was suggested to be a key determinate of calcium 

transient frequency (Gomez and Spitzer, 1999).  This suggestion is consistent with data 
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presented in this chapter, with calcium transient frequency correlating with the position 

of the growth cone.  During the formation of the zebrafish motor circuit, CaP axons 

extend rapidly along the common pathway from the spinal cord to the horizontal 

myoseptum (Eisen et al., 1986; Myers et al., 1986; Plazas et al., 2013), which correlates 

with the observation here that CaP axons predominantly expressed low frequency calcium 

spikes during this time.  When CaP axons were located at the horizontal myoseptum, the 

frequency of calcium transients was increased, with an increased number of high 

frequency calcium spikes and bursting calcium spikes observed. Moreover, as CaP axons 

extended distal to the horizontal myoseptum, high frequency and bursting spikes were 

unchanged, consistent with CaP axons interacting with a second intermediate target, the 

ventral notochord (Beattie et al., 2000).  Therefore, results presented in this chapter 

provide evidence to support the hypothesis that spontaneous calcium transients regulate 

axon motility behaviour in vivo in a frequency dependent manner, with higher frequency 

transients associated with slowing and pausing behaviours as the CaP axon interacts with 

intermediate targets.   

 

zSTIM1a regulates the frequency of calcium transient in pathfinding axons in vivo 

 

Given the importance of spontaneous calcium transients for controlling axon pathfinding 

at intermediate targets (Gomez and Spitzer, 1999; Plazas et al., 2013), the reduced 

frequency of spontaneous calcium transients observed in CaP axons of zSTIM1a 

morphants provide a likely molecular mechanism to describe the perturbed axon 

pathfinding by CaP axons of zSTIM1a morphant embryos (Chapter 3).  Spontaneous 

calcium spikes are generated by local release of calcium from the ER via IICR, which is 

subsequently amplified and propagated through the neuron via release of ER calcium by 

CICR (Berridge, 2006; Rizzuto and Pozzan, 2006; Pani and Singh, 2009; Yang et al., 

2010).  Therefore, two interconnected mechanisms are proposed to mediate the reduced 

frequency of calcium transients in pathfinding CaP axons of zSTIM1a morphants: a 

decreased baseline concentration of ER calcium, and a reduced capacity to refill the ER 

calcium store between calcium transients.  Spontaneous calcium spikes rely on ER 

calcium release (Holliday et al., 1991; Clapham, 1995; Berridge, 1998), with calcium 

release from the ER potentiating calcium spikes, as well as triggering spikes in growth 

cones not previously spiking (Gomez et al., 1995).  SOCE is necessary for neurons to 

maintain ER calcium homeostasis, with inhibition of SOCE decreasing the concentration 
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of calcium in the ER (Samtleben et al., 2015).  Hence, it is likely that STIM1-deficient 

motor neurons have a decreased amount of ER calcium available to be released, thereby 

decreasing the capacity of motor neurons to elicit calcium spikes.   

 

Calcium spiking activity relies on refilling of the ER calcium store between calcium 

transients.  Extracellular calcium is required for spontaneous calcium spikes, as removal 

of extracellular calcium attenuates spontaneous calcium spikes (Holliday et al., 1991; 

Gomez et al., 1995; Gasperini et al., 2009).  When STIM1 expression was abolished in 

cerebellar Purkinje neurons, repetitive mGluR1-mediated synaptic calcium transients 

were strongly attenuated (Hartmann et al., 2014).  Given that mGluR1-mediated calcium 

transients rely on calcium release from the ER (Takechi et al., 1998; Hartmann et al., 

2008), and a key role of STIM1 is to trigger SOCE to replenish depleted ER calcium 

stores (Peinelt et al., 2006; Soboloff et al., 2006b), it was reasoned that a deficit in store 

refilling between synaptic calcium transients underlies the attenuation of synaptic 

calcium signals (Hartmann et al., 2014).  In zSTIM1a-deficient motor neurons, bursting 

spikes were selectively reduced without a commensurate decrease in the number of low 

or high frequency spikes.  Given that bursting spikes would deplete ER calcium stores 

more rapidly, the specificity of bursting spikes being decreased suggests an attenuation 

of the capacity of CaP neurons to refill the ER calcium store between calcium spikes.  

 

In this study, zSTIM1a expression was reduced using morpholino oligonucleotides, 

which abolished or attenuated calcium transients expressed by CaP axons.  As zSTIM1a 

expression was reduced, but not abolished, in these studies, it is predicted that some 

zSTIM1a is available to participate in SOCE.  Therefore, the finding that 26% of CaP 

axons of zSTIM1a morphants exhibited zero calcium transients during the imaging period 

may indicate that zSTIM1a expression was reduced to a greater extent in these neurons.  

However, a lack of appropriate STIM1 antibodies (see Chapter 2), prevented the 

quantification of zSTIM1a knockdown.  Given that reduced zSTIM1a expression also 

caused a decrease in the frequency of calcium transients at all stages of axon outgrowth, 

it can be reasoned that eliminating zSTIM1a expression may further attenuate, or even 

abolish, calcium spiking in all CaP axons.  However, further experiments are required to 

demonstrate whether zSTIM1a is necessary for the generation of spontaneous calcium 

transients in navigating axons in vivo.  Ablation of zSTIM1a expression in cell type 

specific manner, using gene editing technology such as the clustered regularly interspaced 
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short palindromic repeats (CRISPR)-Cas9 or transcription activator-like effector 

nucleases (TALEN) systems (Ekker, 2008; Bedell et al., 2012; Hwang et al., 2013; Peng 

et al., 2014; Kok et al., 2015), or expression of a dominant negative form of STIM1 (Liou 

et al., 2005; Shim et al., 2013), could be used to determine whether zSTIM1a is required 

for spontaneous calcium transients in pathfinding axons in vivo.  Furthermore, if calcium 

influx via SOCE is required for the generation of bursting spikes, then an attenuation of 

bursting spikes should be present in CaP axons lacking TRPC channels or CRAC 

channels (Orai proteins).  While significant progress was made to express of a dominant 

negative version of zSTIM1a (DN-zSTIM1a) in motor neurons (Chapter 3), time 

constraints meant that the effect of DN-zSTIM1a expression on the capacity of CaP axons 

to generate calcium spikes could not be investigated.  However, these experiments should 

be performed to validate results presented in this chapter.   

 

zSTIM1a is a regulator of axon guidance at intermediate targets  

 

As discussed, axon outgrowth is regulated by calcium transients in a frequency dependent 

manner (Gomez and Spitzer, 1999; Tang and Kalil, 2005; Hutchins and Kalil, 2008).  

Therefore, given that CaP axons exhibit a decrease in the frequency of calcium spikes at 

all stages of axon outgrowth when zSTIM1a expression was reduced, it would be 

predicted that axon outgrowth would occur more rapidly in zSTIM1a morphant CaP 

axons, perhaps decreasing the time spent at intermediate choice points.  However, this 

prediction is not supported by data presented in Chapter 3, where CaP axons of zSTIM1a 

morphants reached the horizontal myoseptum at the same time as control axons, but 

stalled inappropriately at this and subsequent intermediate targets.   

 

The observation that CaP axons of control and zSTIM1a morphants reach the horizontal 

myoseptum at the same time (Chapter 3), can be explained by analyzing the type of 

calcium spikes expressed in CaP axons located proximal to the myoseptum.  Low 

frequency spikes were expressed at similar levels in CaP axons of control and zSTIM1a 

morphants, even though the overall frequency of calcium transients was reduced.     Thus, 

it appears that axon extension in vivo occurs at a similar rate over a wide range of low 

frequency transients.  This finding is also consistent with the observation that CaP axons 

exhibit no defects in axon outgrowth when calcium spiking is suppressed by the stochastic 

expression of an inward rectifying potassium channel, or by exposure to the voltage-
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dependent sodium channel blocker tricaine (Plazas et al., 2013).  These data suggest that 

there is a wide range of calcium spike frequency that will enable CaP axons to navigate 

the common pathway.  However, these data do not explain why CaP axons of zSTIM1a 

morphants stall for longer at intermediate targets.   

 

The frequency of calcium transients was decreased in CaP axons of zSTIM1a morphants 

located at the myoseptum, with the number of bursting spikes selectively reduced.  These 

data suggest that high frequency spikes are sufficient to slow axon extension, consistent 

with both control and zSTIM1a morphants axons pausing at intermediate targets.  

However, bursting spikes were selectively reduced, suggesting that bursting spikes are 

required for the pathfinding decisions that allow the CaP axons to extend away from 

intermediate targets.  This suggestion correlates with the finding that CaP axons of 

zSTIM1a morphants are stalled at intermediate targets and exhibit perturbed angles of 

axon outgrowth as they extend away from intermediate targets (Chapter 3).  Therefore, 

these data provide evidence to suggest that the generation of bursting calcium spikes is 

required for correct axon pathfinding via intermediate targets, and that STIM1 plays a 

key role in the regulation of bursting calcium spikes.  Given that calcium spikes rely on 

calcium release from the ER (Meyer and Stryer, 1991; Berridge, 1998), these data support 

a model whereby STIM1 is required for the refilling of ER calcium store between calcium 

spikes to regulate axon pathfinding via intermediate targets.   

 

Directional motility, or ‘steering’ of pathfinding axons, is dependent on spatially and 

temporally localised calcium signals in the growth cone, which mediate both attraction 

and repulsion to extracellular guidance cues (Zheng, 2000; Gomez et al., 2001; Henley et 

al., 2004; Wen et al., 2004b; Ooashi et al., 2005).  In principle, growth cone motility is 

biased towards the side of the growth cone in which sustained, localised elevations in 

intracellular calcium occur, with both calcium release from the ER and calcium influx via 

STIM1-mediated SOCE necessary for attractive axon guidance (Ooashi et al., 2005; 

Gasperini et al., 2009; Mitchell et al., 2012).  Hence, a cogent argument can be made that 

SOCE, by refilling ER calcium stores, also mediates sustained, localised rises in 

intracellular calcium that potentiate the calcium-dependent remodeling of the growth 

cone in the direction of the attractive guidance cue (Gasperini et al., 2009; Mitchell et al., 

2012).  Consistent with this hypothesis, reduced STIM1 expression, or inhibition of 

STIM1 function, results in a switching in the motility response of growth cones from 
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attraction to repulsion upon BDNF or netrin-1 signaling (Mitchell et al., 2012; Shim et 

al., 2013).  In studies presented here, CaP axons stalled at intermediate targets and 

exhibited subtle defects in axon guidance when extending from intermediate targets 

(Chapter 3), which is associated with a specific reduction in bursting calcium spikes.  This 

data is consistent with previous studies the requirement of spontaneous activity for correct 

axon pathfinding (Hanson and Landmesser, 2006; Hanson et al., 2008; Kastanenka and 

Landmesser, 2010; 2013; Plazas et al., 2013).   

 

There are likely multiple mechanisms by which axon pathfinding is perturbed when 

bursting calcium spikes are attenuated.  One possibility is that reduced activity decreases 

the expression of guidance cue receptors on navigating axons.  In chick spinal neurons, 

inhibition of bursting activity prevents the normal expression of the Ephrin receptor 

EphA4 and the adhesion molecule polysialylated neural cell adhesion molecule (NCAM), 

leading to errors in motor axon pathfinding (Hanson and Landmesser, 2004).  

Interestingly, CaP axons downregulate the sema3A receptor neuropillin-1a once they 

reach the horizontal myoseptum (Sato-Maeda et al., 2006), which coincides with 

increased bursting activity.  Downregulation of neuropillin-1a permits CaP axons to 

extend into the sema3A1 expressing ventral myotome (Sato-Maeda et al., 2006; Feldner 

et al., 2007).  Therefore, in CaP axons of zSTIM1a morphants, a mechanism may exist 

whereby the attenuation of bursting calcium spikes prevents the downregulation of 

neuropillin-1a, leading to the stalling of CaP axons at the horizontal myoseptum observed 

in Chapter 3 as the CaP axons remains sensitive to sema3a in the ventral myotome.   

 

A second possibility is that activity based competition between axons underlies defects 

in axon pathfinding when activity is perturbed (Yu et al., 2004; Plazas et al., 2013).  

However, given that CaP axons navigate in the absence of interactions with other motor 

neurons (Myers et al., 1986; Westerfield et al., 1986), competition between axons is 

unlikely to explain errors in CaP axon pathfinding.  Indeed, previous studies have shown 

that if activity is abolished stochastically in the spinal cord, then CaP axon pathfinding is 

not perturbed (Plazas et al., 2013).  As such, competition between neurons is unlikely to 

explain defects in CaP axons of zSTIM1a morphants.   

 

Signaling between navigating axons and the underlying myotome may also regulate axon 

pathfinding by CaP neurons.  CaP axons navigate via pre-patterned AChR clusters 
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(Flanagan-Steet, 2005; Panzer et al., 2005), with signaling from the navigating CaP axons 

to the myotome inducing the earliest behavioral events observed in zebrafish embryos 

(Saint-Amant and Drapeau, 1998; 2000), suggesting that signaling between navigating 

CaP axons and the myoseptum may participate in the regulation of axon outgrowth.  

During axon outgrowth, motor neuron-derived agrin, as well as wnt signaling from the 

notochord, promote signaling via the kinase MuSK/unplugged, which leads to the 

stabilisation of pre-patterned AChR clusters (Sanes and Lichtman, 2001; Kim et al., 2006; 

Jing et al., 2009).  Studies have shown that axon pathfinding by CaP neurons is defective 

if the MuSK/unplugged signaling pathway is perturbed (Zhang and Granato, 2000; Zhang 

et al., 2004; Xu et al., 2005; Kim and Burden, 2007; Jing et al., 2009), suggested that 

signaling between pathfinding motor axons and the developing myotome regulate axon 

pathfinding (Panzer et al., 2005; Jing et al., 2009).  Inhibition of all synaptic activity with 

tetanus-toxin has no effect on axon pathfinding (Plazas et al., 2013), with AChR 

expression not required for CaP axons outgrowth (Westerfield et al., 1990), suggesting 

that the signaling between the navigating axon and the myotome is not essential for axon 

outgrowth.  However, reduced STIM1 function has previously been shown to strongly 

attenuate, but not abolish, synaptic activity at neuromuscular junctions (Venkiteswaran 

and Hasan, 2009).  Hence, signaling between navigating CaP axons and the myotome is 

likely to be perturbed in zSTIM1a morphants.  Given that defects in the 

MUSK/unplugged pathway causes perturbed axon outfought (Zhang and Granato, 2000; 

Zhang et al., 2004; Xu et al., 2005; Kim and Burden, 2007; Jing et al., 2009), defective 

signaling at AChR clusters cannot be ruled out as a mechanism that underlies perturbed 

axon pathfinding in zSTIM1a morphant embryos.  Future studies on this question could 

employ electrophysiology techniques to measure post-synaptic activity in the myotome, 

or measure the coiling behaviour of zSTIM1a morphant embryos, as both approaches 

could be used to investigate whether signaling between CaP axons and AChR clusters on 

the myotome is perturbed in zSTIM1a morphants.   

 

Taken together, these studies illustrate the complexity with which calcium regulates axon 

guidance.  Defects in axon pathfinding observed in CaP axons of zSTIM1a morphants 

are likely the result of complex interactions between spontaneous calcium transients, the 

regulation of guidance cue receptor expression and interactions between the pathfinding 

axon and the myotome.  Deciphering the cell-autonomous role of STIM1 in regulating 

axon pathfinding will be key to further understanding how STIM1 and SOCE regulate 
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axon guidance in vivo.  However, dissecting the role of zSTIM1a-mediated SOCE as a 

regulator of calcium signals that mediate axon pathfinding from STIM1 as a regulator of 

cell development, gene expression and cell motility, will prove challenging.  Given the 

transparent nature of zebrafish, optogenetics techniques, such as a light activated STIM1 

proteins (Kyung et al., 2015), and advances in calcium imaging, it may be possible to 

alter STIM1 function in pathfinding axons in a spatially and temporally restricted manner 

to dissect these functions.   

 

A further explanation for why decreasing the number of bursting spikes causes CaP axons 

to stall at intermediate choice points is that calcium signaling pathways are activated by 

transients at different frequencies (Tomida et al., 2003).  CaMKII is a spike frequency 

detector (Hudmon and Schulman, 2002), that promotes axon outgrowth (Borodinsky et 

al., 2003; Fink et al., 2003; Tang et al., 2003), increases filopodial dynamics (Lau et al., 

1999; Fink et al., 2003), triggers branch formation (Tang and Kalil, 2005), and determines 

the polarity of axon outgrowth (Zheng, 2000; Wen et al., 2004b).  CaMKII is activated 

by large amplitude, sustained rises in intracellular calcium (Wen et al., 2004b; McVicker 

et al., 2014), with STIM1 and calcium release from the ER both required for sustained 

rises in intracellular calcium in growth cones (Gasperini et al., 2009; Mitchell et al., 

2012).  Therefore, perhaps the sustained rise in intracellular calcium associated with 

bursting spikes are associated with CaMKII activation.  Hence, lack of CaMKII activation 

could explain why CaP axons of zSTIM1a morphants stall at intermediate targets, have a 

decreased number of filopodia, and exhibit fewer axonal branches.   

 

Likewise, calcium also activates the mitogen-activated protein kinases (MAPK)/ERK 

signaling pathway in pathfinding axons (Borodinsky et al., 2003; Tang and Kalil, 2005).  

The MAPK/ERK signaling pathway required for motor axon outgrowth in mice 

(Soundararajan et al., 2010).  While phosphorylation of STIM1 by ERK, which is 

conserved in zSTIM1a but not zSTIM1b (Chapter 2), is required for STIM1 to dissociate 

from EB1 and trigger SOCE (Pozo-Guisado et al., 2010; 2013; Casas-Rua et al., 2015; 

Tomas-Martin et al., 2015).  Therefore, activation of MAPK/ERK signaling pathway may 

represent a feedback mechanism to promote SOCE and replenish depleted calcium stores, 

thus facilitating high frequency calcium spikes.  In zSTIM1a-deficient axons, this 

feedback mechanism would be expected to be reduced, further limiting the capacity of 

CaP axons to generate calcium spikes.  Therefore, these studies argue for a more nuanced 
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view of the role of spontaneous calcium transients in regulating axon outgrowth at 

intermediate targets, and suggest that high and low frequency calcium transients regulate 

the rate of axon outgrowth, while bursting spikes are of particular importance for axon 

motility behaviours at intermediate targets.  

 

In Chapter 3, CaP axons of zSTIM1a morphants were observed to exhibit fewer filopodia, 

which are regulated by calcium signaling, and play crucial structural and sensory roles in 

axon outgrowth.  Axonal growth cones can be reoriented in response to a single filopodial 

contact (O'Connor et al., 1990; Oakley and Tosney, 1993; Gomez and Letourneau, 1994; 

Zheng et al., 1996), with growth cone motility biased in the direction of stabilised 

filopodia (reviewed in (Chilton, 2006; Dent et al., 2011)).  Indeed, axons lacking filopodia 

exhibit errors in axon pathfinding in vivo (Chien et al., 1993), suggesting that filopodia 

are a key determinate of axon motility behaviour.  Calcium signaling regulates filopodial 

dynamics, with a focal increase in intracellular calcium sufficient to induce filopodia 

formation (Davenport and Kater, 1992; Lau et al., 1999; Dent et al., 2004; Tang and Kalil, 

2005), while  filopodial motility is regulated in a calcium dependent manner (Chang et 

al., 1995; Szebenyi et al., 1998; Lau et al., 1999; Cheng et al., 2002; Tang et al., 2003; 

Tang and Kalil, 2005).  Furthermore, spatially localised calcium transients within 

filopodia correlate with growth cone motility behaviours (Gomez et al., 2001; Nicol et 

al., 2011).  Therefore, calcium transients are crucial for the formation and mobility of 

filopodia.  Moreover, it has long been hypothesised that localisation of internal stores to 

filopodia is a mechanism to amplify calcium signaling in a spatially restricted manner to 

inform growth cone motility (Davenport et al., 1996).   

 

Recent studies have shown that STIM1-mediated SOCE is required for filopodial calcium 

transients elicited by netrin-1 (Shim et al., 2013), and that STIM1 is localised to the 

turning side of the growth cone (Mitchell et al., 2012), and into filopodia (Shim et al., 

2013), in response to depletion of ER calcium stores.  By interacting with the microtubule 

cytoskeleton via EB1, STIM1 regulates remodeling of the ER in non-neuronal cells 

(Grigoriev et al., 2008; Smyth et al., 2012; Asanov et al., 2013).  Therefore, it could also 

be hypothesised that the reduced number of filopodia observed on CaP axons of zSTIM1a 

morphants, and the perturbed axon pathfinding at intermediate choice points, is the result 

of defects in the spatial localisation of calcium signaling within the growth cone caused 

by perturbing ER remodeling, as well as temporal defects in calcium entry via SOCE.  
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These data are further supported by the lack of a compensatory response by zSTIM1b 

when zSITM1a expression was reduced.  Given that zSTIM1b is not predicted to bind 

EB (Chapter 2), and therefore should not function to regulate ER remodeling, the finding 

that zSTIM1b does not compensate for zSTIM1a may suggest that STIM1-mediated ER 

remodeling is important for the regulation of filopodial dynamics, axon branching and 

correct navigational responses at intermediate targets.    

 

The data presented in this chapter suggest that zSTIM1a-mediated SOCE is required to 

refill depleted ER calcium stores, allowing for sustained, repeated bursting calcium spikes 

that regulate axon pathfinding in vivo.  Precise patterns of calcium signaling control 

multiple aspects of axon guidance, including the rate of axon extension, growth cone 

motility, filopodial dynamics, axonal branching, as well as regulating expression of 

guidance cue receptors and modulating intracellular signaling in response to guidance 

cues.  These data suggest that STIM1 is necessary for correct calcium signaling, which 

would provide a cellular mechanism by which reduced zSTIM1a expression causes 

defects in axon pathfinding by CaP neurons in vivo.  These findings suggest a novel 

mechanism by which calcium signaling is regulated by STIM1 during axon pathfinding 

in vivo.   
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Chapter 5: Conclusions and future directions 

 

This work has characterised the ontogeny of STIM1 during development and, by 

providing evidence for a requirement of STIM1 for the precise patterns of calcium 

signaling that regulate axon pathfinding in vivo, suggest a critical role for STIM1-

mediated calcium signaling for nervous system development.  The conservation of 

STIM1 expression in developing vertebrate nervous systems was revealed, with STIM1 

expressed in both mouse and zebrafish nervous systems, suggesting that STIM1 has a 

conserved function in nervous system development.  By examining the cellular 

localisation of STIM proteins in the embryonic mouse nervous, STIM1 was found to be 

the major neuronal STIM protein during development, with the second STIM protein, 

STIM2, primarily localised to radial glia.  Consistent with a critical function for STIM1 

in embryonic development, the most conserved zebrafish ortholog of STIM1, zSTIM1a, 

was required for the survival, growth and correct development of zebrafish embryos.  

zSTIM1a was shown to regulate SOCE in zebrafish spinal motor neurons, and the precise 

patterns of spontaneous calcium spikes in motor axons in vivo.  When zSTIM1a 

expression was reduced, bursting calcium spikes were specifically decreased in motor 

axons.  This dysregulation of calcium signaling in navigating axons correlated with motor 

axons stalling at intermediate targets, expressing fewer filopodia, and exhibiting defects 

in axon extension away from intermediate targets, suggesting that STIM1-mediated 

calcium signaling is necessary for correct axon pathfinding.  The findings presented in 

this thesis provide evidence that STIM1 function is vital for the normal regulation of 

calcium signaling and correct guidance of navigating axons in vivo, informing our 

understanding of the mechanisms that regulate calcium signaling during nervous system 

development.   

 
STIM1-mediated bursting calcium spikes are necessary for correct axon pathfinding  

 

Data presented here suggest that zSTIM1a regulates SOCE in zebrafish motor neurons in 

vitro, and that reduced zSTIM1a expression attenuates bursting calcium spikes in 

navigating CaP axons in vivo.  Calcium spikes depend on calcium release from the ER 

(Barish, 1991; Holliday et al., 1991), with bursting calcium spikes rapidly depleting the 

ER and, hence, there is a requirement for rapid refilling of the ER between spikes for 

bursting activity to be sustained.  Hence, this data indicates that STIM1-mediated SOCE 
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refills depleted ER calcium stores between calcium spikes in navigating axons, and is 

required to sustain elevated intracellular calcium for the regulation of axon pathfinding 

in vivo.  A feature of bursting calcium spikes is that elevated intracellular calcium is 

sustained, potentiating calcium signaling pathways to mediate long-term changes that 

mediate processes such as growth cone motility (Gomez et al., 2001).  These findings are 

consistent with previous reports showing that STIM1 is necessary to sustain elevated 

intracellular calcium in rodent growth cones turning towards BDNF (Mitchell et al., 

2012), that STIM1 is required for netrin-1 triggered increases in the frequency of 

filopodial calcium transients in Xenopus growth cones (Shim et al., 2013).  STIM1 also 

mediates store-refilling following fast mGluR-mediated synaptic calcium transients in 

Purkinje neurons (Hartmann et al., 2014).  Therefore, this data provides evidence that 

STIM1-mediated SOCE is a conserved mechanism for the regulation of precise patterns 

of calcium signaling in neurons.   

 

Calcium transients regulate axon pathfinding in a frequency-dependent manner.  Low 

frequency transients elicit axon extension, while higher frequency transients cause 

slowing of axon extension and pausing of axons at intermediate targets (Gomez and 

Spitzer, 1999; Tang et al., 2003; Plazas et al., 2013).  Data from control CaP axons 

supports this model, with low frequency calcium spikes predominating in axons 

extending along the common pathway to reach the horizontal myoseptum, while high 

frequency and bursting calcium spikes were increased in axons located at the horizontal 

myoseptum, a key choice point for CaP axon outgrowth.  In CaP axons of zSTIM1a 

morphants located at the horizontal myoseptum, there was an attenuation of bursting 

spikes, but no significant decrease in high or low frequency spikes.  This attenuation of 

bursting spikes produced a frequency of calcium transients that was so low that it was 

comparable to the frequency of calcium transients detected in control CaP axons 

extending along the common pathway.  Therefore, if axon pathfinding occurs in a 

frequency-dependent manner, then it would be predicted that CaP axons of zSTIM1a 

morphants would not pause at the horizontal myoseptum but continue to extend.  

However, CaP axons of zSTIM1a morphants stalled at intermediate targets such as the 

horizontal myoseptum and the ventral notochord.  These data suggest that it is not just 

the frequency of calcium transients that is important for determining axon outgrowth, but 

that the discrete spatiotemporal properties of bursting calcium spikes regulate distinct 

cellular processes that are important for axons to navigate away from intermediate targets.   
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These findings raise the question: what are the molecular mechanisms controlled by 

bursting calcium spikes that are required for correct axon pathfinding?  The stalling of 

CaP axons of zSTIM1a morphants at intermediate targets when bursting calcium spikes 

are attenuated can be explained by several mechanisms, including the dysregulation of 

guidance cue receptor expression and reduced filopodial number.  The onset of bursting 

activity in axons navigating via intermediate targets is known to trigger changes in 

guidance cue receptor expression that are required for correct axon pathfinding (Hanson 

and Landmesser, 2004).  It is also known that CaP axons downregulate the sema3A 

receptor neuropillin-1 when paused at the horizontal myoseptum, which facilitates 

extension into the sema3A-expressing ventral myotome (Shoji et al., 2003; Feldner et al., 

2005; Sato-Maeda et al., 2006).  Therefore, it could be predicted that expression of 

guidance cue receptors, such as neuropillin-1, is dysregulated in CaP axons of zSTIM1a 

morphants, causing defects in axon pathfinding.  Furthermore, for growth cones to make 

appropriate guidance decisions they must extend filopodia to sample their environment 

for guidance cues, which will inform the direction of growth cone motility by inducing 

either stabilisation or destabilisation of filopodia (Gomez and Letourneau, 1994; Zheng 

et al., 1996; Gomez et al., 2001).  If guidance cue receptor expression is dysregulated, 

then CaP axons could be predicted to not respond correctly to environmental guidance 

cues that normally promote filopodial extension and stabilisation to mediate axon 

outgrowth away from intermediate targets.  This prediction is supported the observation 

that CaP axons of zSTIM1a morphants are less likely to be branched, suggesting that CaP 

axons are not responding correctly to their environment.  However, stalling at 

intermediate targets and reduced axonal branching may also be the direct result of a 

reduced number of filopodia caused by an attenuation of bursting spikes.  One mechanism 

by which an attenuation of bursting calcium spikes could reduce the number of filopodia 

is via a decrease in the activity of CaMKII.  CaMKII is activated in response to larger 

amplitude increases in intracellular calcium, and is therefore activated by higher 

frequency calcium transients, with the activation of CaMKII promoting filopodial 

generation and extension (Tang et al., 2003; Tang and Kalil, 2005). (Tang et al., 2003).  

Therefore, when bursting calcium spikes are attenuated in CaP axons of zSTIM1a 

morphants, it could be predicted that there are less filopodia as a direct result, and that 

therefore the CaP axon is no longer able to sense appropriate guidance cues to form 

axonal branches or navigate correctly via intermediate targets.  Given that the expression 
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of guidance cue receptors and filopodial dynamics are so tightly interwoven in their 

regulation of axon pathfinding, it would be predicted that both mechanisms contribute 

axon pathfinding defects in response to an attenuation of bursting calcium spikes when 

zSTIM1a expression is reduced.   

 

A limitation of these studies is that zSTIM1a expression was reduced throughout the 

embryo, and therefore it is not possible to distinguish the cell autonomous effects of 

reduced zSTIM1a expression on calcium signaling and axon pathfinding by CaP neurons.  

To address this significant limitation, a dominant-negative (DN)-zSTIM1a that was 

genetically expressed within spinal motor neurons using the Tol2 expression system was 

generated, however time limitations prevented the effect of DN-zSTIM1a expression on 

axon pathfinding from being investigated.  Similar dominant-negative STIM1 proteins 

have been shown to disrupt SOCE (Liou et al., 2007), as well as cause defects in midline 

crossing by Xenopus spinal commissural axons (Shim et al., 2013).  Therefore, future 

experiments expressing DN-zSTIM1a in zebrafish spinal motor axons would be predicted 

to validate data presented here, and provide evidence for a cell-autonomous function of 

STIM1 in regulating calcium signaling and axon pathfinding in CaP neurons.  

Furthermore, as studies focused on spinal motor neurons, whether the function of STIM1 

as a regulator of axon pathfinding is a conserved process in other neural circuits remains 

to be determined.  Expressing DN-zSTIM1a in other zebrafish circuits that also exhibit 

highly stereotypic axon pathfinding behaviours would provide insights into the conserved 

function of STIM1 in axon pathfinding in vivo.  Candidate systems would include 

olfactory neurons (Celik et al., 2002; Arganda-Carreras et al., 2014), retinal ganglion cells 

(Karlstrom et al., 1996), Mauthner cells (Jontes et al., 2000), and neurons of the posterior 

lateral line (Shoji et al., 1998; Halloran et al., 2000).  These neurons exhibit precise axon 

pathfinding events during development, and mediate distinct behavioral responses that 

could be used to test the functional relevance of any defects observed in axon pathfinding 

when zSTIM1a function is perturbed.   

 

Data presented here suggests that STIM1-mediated bursting calcium spikes are crucial 

for axons to navigate via intermediate targets.  If STIM1-mediated bursting activity is 

required for correct navigational responses when axons are paused at intermediate targets, 

then restoring bursting activity would be predicted to rescue axon pathfinding in 

zSTIM1a-deficient motor neurons.  One approach would be to utilise optogenetic 
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techniques, such as expressing channelrhodopsin-2 (Nagel et al., 2003), in zebrafish 

spinal motor neurons to allow activity to be manipulated by light.  Bursting activity could 

potentially then be restored in CaP axons with reduced zSTIM1a expression (or 

expressing DN-zSTIM1a as outlined above), as the CaP axon reaches the horizontal 

myoseptum.  If the restoration of bursting activity rescues axon pathfinding by CaP axons, 

then these results would provide further evidence for a crucial role of bursting calcium 

spikes in regulating navigational decisions made by axons at intermediate targets.  

However, it has been hypothesised that the source of calcium used to generate a calcium 

signal is crucial for determining pathfinding decisions, with calcium release from the ER 

believed to provide distinct spatiotemporal patterns of calcium signaling within the 

growth cone (Tojima et al., 2011).  Hence, it is important to dissect the role of STIM1 in 

facilitating localised calcium release from the ER from its role in refilling the ER calcium 

store to facilitate bursting calcium spikes.  A light-activated STIM1 protein (Pham et al., 

2011; Kyung et al., 2015), could be expressed in spinal motor neurons with reduced 

zSTIM1a expression.  By activating the optically controlled STIM1 protein throughout 

the CaP neuron, or within the growth cone, would provide a mechanism to discriminate 

between the function of STIM1 as a global regulator SOCE and the function of STIM1 

as a regulator of spatially restricted calcium signaling within growth cones.   

 

Findings presented here confirm that low frequency calcium spikes promote axon 

extension, while high frequency calcium spikes slow axon extension and promote 

pausing.  These findings may suggest a model of axon pathfinding whereby STIM1-

mediated bursting calcium spikes are required for correct navigational responses of axons 

at intermediate targets (Fig. 5.1).  However, these data do not rule out the possibility that 

STIM1 has additional functions in the regulation of axon pathfinding beyond the 

regulation of SOCE.   
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Figure 5.1: STIM1 is required for bursting calcium spikes, which mediate axon 

outgrowth from intermediate targets.  

 

(a) Schematic depicting a proposed model for the role of distinct patterns of calcium 

signaling in the regulation of axon pathfinding by CaP axons via the horizontal 

myoseptum.  At 20 hpf, the CaP axons predominately expresses low frequency spikes, 

producing a narrow growth cone with few filopodia that promotes axon extension, 

correlating with CaP axons rapidly extending along the common pathway to reach the 

horizontal myoseptum.  At 20 hpf, expression of higher frequency spikes and bursting 

spikes promote filopodial formation, producing a larger, more complex growth cone that 

becomes paused at the horizontal myoseptum.  Bursting spikes may also trigger changes 

in guidance cue receptor and adhesion molecule expression, allowing the CaP axon to 

extend away from the horizontal myoseptum.  At 22 hpf, the CaP axon is extending away 

from the horizontal myoseptum, but spike frequency remains high as the CaP axon is 

navigating at a slower rate compared to pre-myoseptum towards a further intermediate 

target, the ventral notochord.   

 

(b) The importance of zSTIM1a-mediated bursting calcium spikes for axon pathfinding 

by CaP axons via the horizontal myoseptum.  At 20 hpf, the number of low frequency 

spikes generated in CaP axons of zSTIM1a morphants is comparable to control 

morphants.  As a result, axons navigate to the horizontal myoseptum largely unperturbed, 

arriving at the same time as controls.  At 22 hpf, CaP axons of zSTIM1a morphants 

located at the horizontal myoseptum exhibit a similar number of high frequency spikes, 

meaning that CaP axons of zSTIM1a morphants pause at the horizontal myoseptum.  

However, CaP axons of zSTIM1a morphants exhibit a significant attenuation of bursting 

spikes.  This may cause defects in the generation of filopodia, expression of guidance cue 

receptors and adhesion molecules, and hence cause CaP axons becoming stalled for 

longer at the horizontal myoseptum.   
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STIM1 is a multifaceted protein that regulates multiple aspects of axon pathfinding 

 

A tenet of axon pathfinding is that growth cones extend in the direction of stabilised 

filopodia.  Localised, larger amplitude calcium signals ‘steer’ axon outgrowth by 

triggering extension and stabilisation of microtubules into filopodia (Sabry et al., 1991; 

Davenport et al., 1993; Dent and Kalil, 2001; Schaefer et al., 2008; Zhang and Forscher, 

2009).  Calcium release from the ER is required for sustained, localised calcium signals 

that regulate growth cone motility (Hong et al., 2000; Ooashi et al., 2005; Akiyama et al., 

2009).  As such, remodeling of the ER into filopodia has been hypothesised to be a 

mechanism that localises calcium signals within the growth cone to facilitate growth cone 

motility (Davenport et al., 1996)   

 

Previous studies have shown that calcium signals trigger microtubule extension and 

stabilisation towards the turning side of the growth cone (Guan and Rao, 2003; Jin et al., 

2005; Zhang and Forscher, 2009), with ER remodeling to the periphery of the growth 

cone occurring in parallel with projecting microtubules in response to guidance cue 

mediated calcium signaling (Zhang and Forscher, 2009).  Given the ER-localisation of 

STIM1, it is unsurprising that STIM1 is actively trafficked to the turning side of the 

growth cone, as well as into filopodia, in response to guidance cue signaling or store-

depletion (Mitchell et al., 2012; Shim et al., 2013).  However, in non-neuronal cells,  

STIM1 interacts with the microtubule cytoskeleton to regulate ER remodeling, and this 

function of STIM1 facilitates localisation of calcium signaling within cells (Grigoriev et 

al., 2008; Asanov et al., 2013; Tsai et al., 2014; Casas-Rua et al., 2015).  Hence, it could 

be predicted that STIM1 functions to regulate spatial and temporal localisation of calcium 

signals within growth cones by controlling remodeling of the ER into filopodia, 

facilitating sustained calcium signals required for filopodial stabilisation.   

 

In non-neuronal cells, the interaction between STIM1 and the microtubule cytoskeleton 

is mediated by STIM1 binding to the microtubule plus-end tracking protein EB 

(Grigoriev et al., 2008).  EB proteins are present in the growth cone, and are necessary 

for correct growth cone motility (Stepanova et al., 2003).  Hence, STIM1 and EB are 

appropriately expressed to regulate ER remodeling in the growth cone.  However, it 

remains unknown whether STIM1 functions to regulate ER remodeling in the growth 

cone.  In work presented here, CaP axons exhibited fewer filopodia, showed perturbed 
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axon pathfinding, were less likely to have branched.  Given the critical role of spatially 

localised calcium signals for filopodial induction and motility (Tang and Kalil, 2005), 

branching (Hutchins and Kalil, 2008), and growth cone turning (Gomez et al., 2001), it 

is likely that defects in axon pathfinding observed in studies presented here could be 

caused by an inability of growth cones to produce spatially restricted calcium signals as 

a result of perturbed STIM1-mediated ER remodeling.   

 

To investigate whether the function of STIM1 as a regulator of ER remodeling contributes 

to the defects in axon pathfinding in CaP axons of zSTIM1a morphants, the ability of 

STIM1 to interact with EB could be perturbed in navigating CaP axons.  STIM1-EB 

interactions occur via a conserved TRIP motif (Honnappa et al., 2009), and are regulated 

by the phosphorylation of key residues in STIM1 (Pozo-Guisado et al., 2010; 2013; 

Tomas-Martin et al., 2015).  zSTIM1a with a mutated TRIP motif, or mutations in the 

phosphorylated residues predicted to regulate STIM1-EB interactions, could be expressed 

in CaP axons using the Tol2 expression system outlined herein.  If expression of mutant 

zSTIM1a results in defects in axon pathfinding, then these data would suggest that the 

function of STIM1 as a regulator of ER remodeling is crucial for axon pathfinding.  A 

second approach to address this question would be to reduce expression of zSTIM1b. 

zSTIM1b was found to have no discernable TRIP motif and does not retain consensus 

sequences for phosphorylation predicted to regulate the ER remodeling function of 

STIM1.  Hence, it could be predicted that reducing zSTIM1b expression would not 

impact the function of STIM1 in regulating ER remodeling.  Therefore, if reduced 

expression of zSTIM1b does not affect axon pathfinding by CaP neurons, then these data 

would argue for a crucial role of the ER remodeling function of STIM1 during axon 

pathfinding.  The fact that axon pathfinding defects are observed in zSTIM1a morphants, 

where endogenous zSTIM1b is still present, may suggest that the ER remodeling function 

of zSTIM1a is crucial for axon pathfinding.  

 

STIM1 may also regulate axon pathfinding via interactions with the cAMP/PKA 

signaling pathway.  In non-neuronal cells, STIM1 has been shown to trigger cAMP 

production via the store-operated cAMP signaling pathway (Lefkimmiatis et al., 2009), 

while Orai has also been shown to activate cAMP production (Willoughby et al., 2012).  

Induction of cAMP triggers the formation of STIM1 puncta (Tian et al., 2012), and 

potentiates ER calcium release via CICR (Tojima et al., 2011), suggesting that a positive 
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feedback mechanism exists to increase ER calcium release when SOCE is activated.  

Therefore, inhibition of the store-operated cAMP signaling pathway may also contribute 

to defects in calcium signaling and axon pathfinding observed in studies presented here.  

However, dissecting the role of the store-operated cAMP signaling pathway may be 

difficult due to the highly interconnected nature of cAMP signaling and calcium signaling 

in growth cone motility (Song et al., 1997; Nicol et al., 2011).   

 

In conclusion, data presented in this thesis provide evidence to support the hypothesis 

that STIM1 regulates calcium signaling in pathfinding axons in vivo, and is required for 

correct axon pathfinding in vivo.  These data suggest a role for STIM1-mediated SOCE 

in the refilling of ER calcium stores between calcium transients in navigating axons, and 

that STIM1 regulates calcium signaling required for correct axon pathfinding.  However, 

it is likely that STIM1 has multiple roles in the regulation of axon pathfinding.  As STIM1 

was found to be the major neuronal protein in development, and given the crucial role 

that precise patterns of calcium signaling play at each stage of neuronal development, 

these results argue for a critical role for STIM1 during nervous system development.   
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