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Abstract 

Cortisol, the primary glucocorticoid (GC) in teleosts signals through either the genomic 

pathway, by activating the intracellular glucocorticoid receptor (GR) and/or the 

mineralocorticoid receptor (MR), or through non-genomic pathways. However, the 

mechanism of action of non-genomic cortisol signalling is far from clear, and there is a 

complete lack of consensus as to the physiological significance of this rapid action. The major 

goal of this thesis was to determine the mode of action of cortisol in bringing about rapid 

changes in intracellular Ca
2+

 levels [iCa
2+

] as a nongenomic response, and to assess the 

physiological consequences of this rapid effect at the cellular and organismal level. This was 

tested using rainbow trout (Oncorhynchus mykiss) hepatocytes (non-excitable) and zebrafish 

(Danio rerio) muscle (excitable) explant as in vitro and ex vivo models, respectively. The 

results indicate that a direct interaction of cortisol with the calcium release-activated (CRAC) 

channel may be responsible for the rapid increase in [iCa
2+

] due to cortisol. This increase in 

[iCa
2+

] with cortisol played a key role in the translocation of intracellular GR to the plasma 

membrane. This was evident because inhibition of the CRAC channel abolished the 

colocalization of GR to the caveolin-1 on the plasma membrane of hepatocytes. Cortisol also 

stimulated a rapid increase in [iCa
2+

] in zebrafish muscle explants, underscoring a conserved 

non-genomic role for cortisol in rapidly increasing [iCa
2+

] in excitable and non-excitable cells. 

A zebrafish tail-fin amputation model was used to investigate the physiological role of 

nongenomic and genomic cortisol signalling in regulating epimorphic regeneration. Cortisol 

rapidly increased [iCa
2+

] at the amputated site, and this corresponded with an increased 

ORAI1 (protein subunit of CRAC) expression at the site. Also, an increase in cell proliferation 

of ORAI1 expressing cells and blastema formation was evident at 24 h in response to cortisol 

stimulation, but absent in the GR knockout and MR knockout larvae, suggesting that this 

CRAC channel protein may be both non-genomically and genomically regulated by cortisol. 

Taken together, this thesis represents a significant contribution to the mechanism of action of 

rapid nongenomic effects of cortisol, which is essential to our understanding of the role of 

cortisol in stress adaptation in vertebrates.   
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Preface 

Chapter 1: Portions of this introductory text are used with permission from Das, C., Thraya, 

M., Vijayan, M.M., 2018. Nongenomic cortisol signalling in fish. Gen. Comp. Endocrinol. 

265, 121–127. https://doi.org/10.1016/j.ygcen.2018.04.019, of which I am an author. 
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1.1 Stress response in Teleosts 

Stress can be defined as a threatened or disturbed state of an organism which triggers a series 

of events to re-establish homeostasis. This threatened state of the animal, depending on the 

duration and/or the intensity of the stressor, may lead to either a compensatory physiological  

response  that is adaptive and regain homeostasis (eustress) or maladaptive (distress) and 

detrimental to the animal (Schreck & Tort, 2016). The organismal stress response can be 

broadly categorized in to primary, secondary and tertiary stress response. The primary stress 

response is characterized by an increase in stress hormones to mobilize energy reserves 

(Wendelaar Bonga, 1997). The major response involves the neuroendocrine activation, 

including the rapid release of the key stress hormones catecholamines and cortisol to 

reestablish homeostasis after stressor exposure. The autonomic nervous system is 

responsible for the rapid release of catecholamines, epinephrine, and norepinephrine, 

whereas neuroendocrine activation results in the release of glucocorticoids (GCs). 

Catecholamines are released rapidly after stressor exposure, and are also cleared 

rapidly from the circulation. Immediately following the catecholamine release, cortisol, the 

primary GC in teleosts, is released by stimulation of the hypothalamus-pituitary-interrenal 

(HPI) axis (Wendelaar Bonga, 1997; Mommsen et al., 1999b) (Fig. 1.1), which is analogous 

to the hypothalamus-pituitary-adrenal axis in mammals. Stimulation of the hypothalamus 

releases corticotrophin-releasing factor (CRF), which in turn stimulates the secretion of 

adrenocorticotropic hormone (ACTH) from the anterior pituitary. Circulating ACTH binds 

to the melanocortin 2 receptor (MC2R) on steroidogenic cells located in the head kidney 

(Aluru & Vijayan, 2009; Vijayan et al., 2010), and activates cortisol biosynthesis 

(Mommsen et al., 1999a). Cortisol is released into circulation, and at the cellular level exerts 

its effects by binding to either the glucocorticoid receptor (GR) or the mineralocorticoid 

receptor (MR) (Duval et al., 1983). The major role of GCs in response to acute stress is to 

allow energy substrate availability for the animal to cope with stress. The secondary stress 

response is characterized by changes to whole body energy demands, including alterations in 

tissue metabolite and ion levels, and protein expression (Barton, 2002). Prolonged effects of 

stress on the organism leads to alterations in the energy status, including reduced nutirent 
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acquisiton, leading to a reduction in growth and reproduction (Sadoul & Vijayan, 2016). The 

prolonged alteration in the physiological status of an animal may lead to the tertiary stress 

responses, including behavioural changes, growth and performance, and most importantly 

survival of the animal (Barton, 2002). 

 

Figure 1. 1 Schematic representation on the release of major stress hormones upon 

stressor exposure in teleost.  

Primary stress response involves the rapid release of catecholamines, followed by cortisol 

release in response to the hypothalamus-pituitary-interrenal axis activation. Abbreviations: 

Corticotropic releasing hormone (CRH), Adrenocorticotropic hormone (ACTH). Adapted 

from Schreck and Tort, 2016) 

 

1.2 Glucocorticoid Signalling  

        Glucocorticoids action in response to stressor exposure is highly conserved among 

vertebrates and is essential for organismal adaption to stress (Wendelaar Bonga, 1997; 

Mommsen et al., 1999b; Sapolsky et al., 2000; Song & Buttgereit, 2006). Cortisol, a 

multifunctional hormone, interacts with other hormones including catecholamines, in 

assisiting with stress adaptation (Mommsen et al., 1999a; Vijayan et al., 2010). The series of 

events post-hormone binding to GR involves transcriptional regualtion and is termed the 
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genomic response. The GR-mediated response has a lag-time ranging from hours to days, 

unlike catecholamine response which is rapid (Borski et al., 2002). 

1.2.1. Genomic signalling 

Glucocorticoids response is mediated via activation of GR and/or MR, both of which 

are ligand-bound transcritpion factors and translocate to the nucleus post-GC binding. In the 

nucleus, this complex binds to glucocorticoid response elements (GREs) upstream of target 

genes to activate or suppress gene transcription (Falkenstein et al., 2000) (Fig. 1.2). 

Activation of GR by GCs has been widely studied in the context of stress coping, and they 

play an important role in energy substrate mobilization, ion regulation and immune function. 

However, little is known about the role of MR activation in stress adaptation (de Kloet, 

2014; Sakamoto et al., 2016; Joëls & de Kloet, 2017; Faught & Vijayan, 2018a). 

Intrestingly, a recent report indicated an interplay between GR and MR in modulating the 

stress response in lower vertebrates (Faught & Vijayan, 2018a). Taken together, GR and MR 

are key players in mediating the cortisol effects, thereby allowing the animal to cope with 

stress (Barton, 2011; Faught & Vijayan, 2018a). 

Most teleosts have two paralogs of GR (GR1and GR2) (Ducouret et al., 1995; 

Bury et al., 2003) except zebrafish (Danio rerio), which has only a single GR with a splice 

variant, GRβ (Alsop & Vijayan, 2009; Schaaf et al., 2009). GR isoforms have shown 

differential sensitivity towards binding to cortisol. GR2 showed affinity towards low levels 

of cortisol, whereas GR1 showed activation with only high levels of cortisol (Bury et al., 

2003; Prunet et al., 2006; Bury & Sturm, 2007). MR which is ubiquitously expressed and 

belongs to the same nuclear receptor subfamily has a 10 fold higher affinity for cortisol than 

GR (Baker et al., 2007), but little is known about their role in the stress response in fish. 

The role of GR in the stress response has been widely studied, and this receptor 

activation is involved in many physiological processes including, metabolism, immunity, 

growth and development and neuronal functions (Mommsen et al., 1999b; Faught & 

Vijayan, 2016a; Nesan & Vijayan, 2016). GR regulates may transcription factors, including 

signal transducers, transcriptional activator (STAT) proteins, nuclear factor kappa B ( NFkB) 
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and activator protein 1 (AP-1) (De Bosscher et al., 2006). While the genomic response 

requires gene transcription and protein synthesis, which may take hours to days to elicit a 

response, studies have highlighted rapid GC mediated rapid cellular responses independent 

of GR actiation, referred to as the non-genomic steroid signalling (Borski, 2000; Falkenstein 

et al., 2000; Borski et al., 2002; Dooley et al., 2012; Johnstone III et al., 2019). 

 

Figure 1. 2 Schematic showing the genomic pathway of GC action.  

Cortisol is a lipophilic molecule and diffuses through the plasma membrane and binds to its 

intracellular receptors, the glucocorticoid receptor or the mineralocorticoid receptor. These 

receptors form a heterocomplex with heat shock proteins, which is required for ligand 

binding. Upon ligand binding, the heat shock protien dissociates from the complex, and the 

ligand-receptor complex translocates to the nucleus and binds to the glucocorticoid response 

elements (GREs) of target genes, initiating or inhibiting gene transcription.  
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1.2.2. Non-genomic signalling 

There is increasing evidence that GCs are involved in rapid, non-genomic signalling. Non-

genomic effects are independent of gene regulation and protein synthesis (Papakonstanti et 

al., 2003). Rapid non-genomic actions of steroids may occur by three major routes: 1) 

activation of intracellular steroid receptor that translocates to the plasma membrane and 

intiates rapid second messenger cascades (Lösel & Wehling, 2003; Groeneweg et al., 2011), 

2) non-specific interactions with cellular membranes causing changes in membrane 

biophysical properties (Dindia et al., 2012; Espinoza et al., 2016; Aedo et al., 2019), and 3) 

interaction with a membrane-specific protein that binds the steroid and activates 

signalling(Panettieri et al., 2019). Most studies on the topic of rapid glucocorticoid actions 

have focused on mammalian models, with only a handful of studies using teleosts as a model 

(Dindia et al., 2012; Espinoza et al., 2017; Das et al., 2018). Even though studies have 

suggested localization of membrane receptor-mediated rapid activation of signalling by GCs, 

no study has yet identified a membrane signalling protein specific for GCs in any model 

system. Mammalian studies strongly support the hypothesis that rapid glucocorticoid action 

is mediated by a membrane bound receptor; however, no membrane receptor for 

glucocorticoid has been cloned and sequenced in any model organism till date (Das et al., 

2018).  

When studying non-genomic action , there are few major requirements, including 1) 

the time of onset of the response, 2) use of a membrane impermeable steroid analogue that 

produces a similar effect as the steroid, and 3) to observe whether the effects were persistent 

even after blocking the GC receptor.  Several theories have been put forth to understand the 

link between these rapid effects with cellular responses, and the possible ways such a fast 

response is mediated by GC stimulation. Studies have shown a plasma-membrane-bound 

form of GR in B cells and peripheral blood mononuclear cells (PBMCs)  in human, and this 

receptor can trigger a chain of intracellular events directly or indirectly via crosstalk with 

other pathways (Bartholome et al., 2004). Recent studies have also demonstrated the rapid 

effects of GCs on downstream signalling cascades. This may involve single G protein- 

subunit or multiple G protein subunits in the activation of multiple signalling pathways, as 

seen, for instance, in the activation of corticotropin-releasing hormone receptors (Blank et 
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al., 2003). Findings from rat hippocampal membrane showed that GCs activated Gs/cAMP 

and Gq/PLC-βsignalling pathways, suggesting the association of this steroid to multiple G 

proteins, including Gs and Gq/11 (Zhang et al., 2012). This study also showed the 

involvement of phospholipase C (PLC) / protein kinase C (PKC) pathways in response to 

GC stimulation. GCs binding sites in the plasma membrane has been reported in neurons 

(Liposits and Bohn, 1993; Orchinik et  al.,1991), lymphocytes (Gametchu, 1987), and rat 

pituitary plasma membrane (Koch et al., 1978). Also, in teleosts, cortisol binding sites have 

been reported in the liver and kidney of the mozambique tilapia (Oreochromis 

mossambicus), but the mechanisms leading to the rapid cell signalling by GCs warrants 

further study (Bury et al., 2003; Johnstone III et al., 2019).  

 

1.2.2.1 Non- genomic GC effects mediated through changes in membrane properties 

Independent of a membrane bound receptor, GCs affect membrane fluidity and orderness. 

For instance, physiochemical interaction of cortisol with the plasma membrane affect 

membrane properties, including cholesterol trafficking, packaging of lipid rafts, orderness of 

lipid bodies, including saturated and unsaturated phospholipids in the bilayer (Falkenstein & 

Wehling, 2000; Losel et al., 2003; Dindia et al., 2012), leading to initiation of secondary 

signalling cascades (Dindia et al., 2013a). A growing body of work on rapid effects of GCs 

have shown that this steroid affects membrane fluidity. This includes changes in fetal rat 

liver microsomal membrane bipphysical properties in the perinatal stages (Kapitulnik et al., 

1986), and GCs-mediated fluidity changes in rabbit cardiac endothelial cell membranes 

(Gerritsen et al., 1991). A recent study in fish showed for the first time the role of cortisol in 

mediating rapid downstream effects (Dindia et al., 2012, 2013a). This study showed a rapid 

alteration in liver plasma membrane fluidity in response to the stressed level of cortisol in 

rainbow trout (Onchorynchus. mykiss). Cortisol-mediated changes were well supported by 

the inability of membrane impermeable cortisol conjugated BSA to alter membrane fluidity 

(Dindia et al., 2012). Also, Dindia et al. (2012) demonstrated cortisol-mediated changes to 

membrane fluidity and topography in trout hepatocytes within 10 min, and this corresponded 

with phosphorylation of substrate proteins for protein kinases, including PKA, PKC and Akt, 
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suggesting a rapid action of cortisol during the acute stress response. However, the 

mechanism leading to these changes are far from clear. 

 

1.2.2.2 Non- genomic effects of GC mediated through a putative membrane GR 

While there are many studies in various cell types suggesting the presence of a 

putative membrane-bound GR (mGR), the localization and characterization of this receptor 

has not been carried out. Membrane-bound GR has been proposed to interact with membrane-

bound G-protein coupled receptors (GPCRs) (Ffrench-Mullen, 1995). For instance, rapid 

effect of corticosterone showed NMDA-evoked currents (within 1 min of exposure) in 

hippocampal neurons, which was proposed to be mediated via mGR-GPCR coordination 

(Zhang et al., 2011b; Johnstone III et al., 2019). Corticosterone also mediates rapid PKC-

dependent activation of ERK1/2 MAPK pathway involving mGR in PC12 cells (Qiu et al., 

2001). Traditionally GR has shown to be involved in the regulation of downstream metabolic 

effects, which are slower; however, mGR involvement in rapid effects suugests an early 

priming event, which may act as a preparatory step for longer and slower downstream 

processes (Vernocchi et al., 2013).  

Further studies have supported mGR colocalization with caveolin-1 (Cav-1) rich 

areas on the plasma membrane. Involvement of Cav-1 in rapid non-genomic action has been 

proposed (Matthews et al., 2008), but the mechanism is far from clear. Dexamethasone 

treatment in lung epithelial cells (A549) led to a rapid increase in the phosphorylation status 

of Cav-1 and protein kinase B (PKB/Akt). Further, fractionation analysis suggested a 

membrane-bound interaction of GR with Cav-1 (Matthews et al., 2008). Even though studies 

have suggested mGR interaction with Cav-1, reports in human CD14+ monocytes revealed no 

interaction between Cav-1 and mGR (Spies et al., 2006). Also a recent study suggested Cav-1 

as not a reliable limiting component for mGR activation (Vernocchi et al., 2013). Since 

palmitoylation is considered a major post-translational modification for subcellular trafficking 

of nuclear receptors across cellular membrane (Czuba et al., 2018), further studies needs to be 

carried out to understand the mode of recruitment of GR to the membrane, and whether Cav-1 

interaction with mGR is a cell-specific event. Even though limited studies have focused on 

non-genomic cortisol responses in teleosts, a recent report suggested the involvement of mGR 
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in rapid reactive oxygen species (ROS) production in trout skeletal myotubes (Espinoza et al., 

2017).  This study suggested the presence of mGR, but this receptor is yet to be cloned and 

sequenced. Recent study from our lab suggested the presence of both GR and MR on the 

plasma membrane of trout liver using immunodetection (Thraya, 2018), leading to the 

proposal that these receptors may be involved in the cortisol-mediated rapid actions for stress 

adaptation. 

 

1.2.2.3 Non- genomic effects on cellular processes 

Non-genomic GC effects have been reported on different cellular processes, 

including actin structures, neuronal membranes, trans-membrane currents, intracellular Ca
2+

 

mobilization, and signal transduction pathways (Rhen & Cidlowski, 2005; Samarasinghe et 

al., 2011; Johnstone III et al., 2019). Rapid GCs-mediated cellular effects have been 

reported in different cell types, including cardiomyocytes, immune cells, brain and skeletal 

muscle (Wehling et al., 1995; Buttgereit & Scheffold, 2002; Löwenberg et al., 2005; 

Boldizsar et al., 2010). GCs have been shown to inhibit recruitment of signalling factors to 

activate epidermal growth factor (EGF) receptors through a receptor‐ dependent and 

transcription‐ independent mechanism within minutes in a human adenocarcinoma cell line 

(Croxtall et al., 2000). Rapid GCs actions have also been reported to show 

immunosuppressive effects mediated through Lck and Fyn in human CD4+ lymphocytes 

(Löwenberg et al., 2005). GCs also modulate responses to glutamate transmission in 

prefrontal cortex and hippocampal neurons of rats (Popoli et al., 2012), and elicits rapid 

signalling in rat immune cells (Buttgereit & Scheffold, 2002; Boldizsar et al., 2010).  

Along with the immune regulatory effects in human and rodent models, rapid cortisol 

effect was also seen in fish, in particular Channa punctatus, exhibited suppressed phagocytic 

activity in splenic phagocytes in a time- and concentration-dependent manner (Roy & Rai, 

2009). Studies have shown in adult rodents, a rapid glucocorticoid-mediated feedback 

mechanism on the HPA axis via endo-cannabinoids resulting in inhibition of glutamate 

release from presynaptic neurons as a model of the stress response and adaptation in 

neonates (Buwembo et al., 2013). GC has also been shown to enhance the cerebral function 
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in terms of memory and stability in human and rodents (Buwembo et al., 2013), suggesting a 

myriad of physiological processes controlled by rapid actions of GCs.  

1.2.3. Calcium (Ca
2+

) as a mediator for rapid nongenomic signalling 

Second messenger-mediated signalling events are rapid and are responsible for 

activating most downstream processes. Even though calcium is a widely studied second 

messenger molecule for various pathways, less is known on its role in non-genomic rapid 

signalling. GCs have shown to affect the basal Ca
2+

 levels (Sze & Byung, 1995), and studies 

have also showed an increase or decrease in intracellular Ca
2+

 (iCa
2+

) levels depending on 

the cell types (Joëls & Karst, 2012; Panettieri et al., 2019). Non-genomic glucocorticoid 

action has been previously shown to be responsible for intracellular calcium spikes in 

different cell lines (Sze & Iqbal, 1994; Qiu et al., 1998; Wagner et al., 1999). These spikes  

reported by glucocorticoid addition to cells are of varying order of magnitude, peak and 

amplitude (Berridge et al., 2000). GCs showed a higher selectivity for L-type Ca
2+

 channels 

over N-type channels post-agonist activation in the mouse hippocampus (Chameau et al., 

2007). However, the cause for this channel- selectivity with GCs is least understood. 

GC-mediated alterations in calcium levels are cell type- and species-specific. Short term 

exposure to GCs modulate rapid increase in iCa
2+

 in mouse cortical collecting duct (Harvey, 

1998), and in rat vascular smooth muscle cells (Wehling et al., 1995). However, the 

mechanism behind this rapid action is unknown. GCs have also showed reduction in basal 

Ca
2+

levels. For instance, dexamethasone treated bronchial epithelial cells showed a rapid 

decline in basal Ca
2+

 levels within 30 seconds of exposure. These acute stimulatory and 

inhibitory effect of GCs were observed even in the presence of the GR antagonist and 

protein inhibitors, supporting a GR independent non-genomic pathway (Karst et al., 2002; 

Das et al., 2018; Panettieri et al., 2019). The mode of this rapid Ca
2+

 rise was reported to be 

dependent on IP3 pathway (Schwartz et al., 2016). An increase in Ca
2+

 is exhibited due to a 

marked increase in IP3 levels which in turn is associated with calcium-lipid associated PKC 

translocation. Though GC-modulated calcium alterations were showed to be mostly 

dependent on Ca
2+ 

ATPases, adenyl cyclase , sarco/endoplasmic reticulum (SERCA) and 

PKA, less is understood on involvement of any other mode of Ca
2+ 

activation pathways 
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(Urbach et al., 2002). Further studies on GC-mediated rise in iCa
2+

 levels were shown to be 

tightly regulated by sarco/endoplasmic reticulum Ca
2+ 

ATPase (SERCA), suggesting that 

SERCA may play a significant role in Ca
2+

 alteration in response to GC. Hence further 

investigations on GCs-mediated calcium signalling must target the regulatory mechanism of 

SERCA in agonist dependent Ca
2+

 increase, and involvement of other calcium-selective 

channels in the GC-mediated non-genomic response. 

Evidence on the rapid rise in iCa
2+

 levels mediated via GC has been strongly supported 

in mammalian models, but little is known in fish. Cortisol and corticosterone rapidly affected 

brachial Na
+
–K

+
 ATPase in vitro, and Ca

2+
 ATPase, Na

+
, K

+
 and Ca

2+
 ions in vivo in O. 

mossambicus (Sunny & Oommen, 2001). This finding suggests an influx of ions into the cell 

via GCs action, which can be activated via a putative membrane bound GC receptor linked 

with pumps and exchangers on gill membrane (Sunny & Oommen, 2001). Along with this, 

rapid non-genomic action of cortisol showed inhibition of prolactin release in O. 

mossambicus through a non-genomic membrane-associated mechanism with a rapid 

reduction in intracellular Ca
2+

 and cAMP levels (Borski et al., 1991b, 2001). Though 

involvement of rapid changes to intracellular Ca
2+ 

levels are reported, our understanding on 

GC interaction with membrane associated Ca
2+

 channels are limited. 

 GC mediated Ca
2+

 regulation in cellular system is provided, but how this Ca
2+

 is 

regulated, maintained, and the physiological implication sof this calcium modulation is 

unlcear. However, the observation that GCs mocualte calcium warrants studies to understand 

the role of GC in regulating calcium selective channel, which allows Ca
2+

 entry or removal 

when evoked by agonist. The present study is focused on determination of the rapid effect of 

cortisol on changes to iCa
2+

 levels. The focus was to understand the mode of action of GCs, 

in particular, the mechanism involved in agonist-dependent Ca
2+

 entry, as it becomes critical 

to understand the various calcium pathways that are regulated by GCs. 
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1.2.3.1. Calcium homeostasis and signalling   

Calcium is regarded as a universal secondary messenger for activation of several 

signalling pathways, including cell proliferation, apoptosis, necrosis, motility, and gene 

expression (Foradori, Weiser, and Handa 2008; Berridge et al. 2000). The versatility of 

calcium is defined in terms of speed, amplitude, and spatio-temporal patterning that decide 

the signal transduction to downstream cascades. Output and input signals for calcium release 

are completely dependent on the time, space, amplitude and strength of the stimulating 

agonist (Berridge et al., 2000, 2003; Chameau et al., 2007).  

Recent studies have shown that cells are capable of encoding specific information 

from both the frequency and amplitude of calcium signals (Dolmetsch et al., 1997; Berridge 

et al., 2000). The spatial organization of calcium release from internal stores decides the fate 

of the cellular processes involved. These spatial changes are differentiated as blip/quark, 

puff/spark, and intracellular waves (Berridge et al., 2003). Blip /quark are usually sharp 

quick spikes which are sufficient to trigger a fast-cellular response, such as muscle 

contraction. Long-term calcium release is showed as an intracellular wave that is often 

regarded as a trigger for downstream signalling cascades (Berridge et al., 2000). Slower and 

faster channel conductance is also very important to determine the calcium-activated 

pathways and the nature of flow confirms the importance towards maintaining cell 

physiology (Zamponi, 2005). Intracellular calcium release plays a key role in signal 

transduction and hence tightly regulated via receptors located on the sarcoplasmic and 

endoplasmic reticulum (ER) (Zamponi, 2005).  

1.2.3.2. Intracellular receptor mediated calcium release 

Intracellular receptors are located on ER, the internal calcium storehouse which gets 

activated by a slight drop in iCa
2+

 levels. This drop in iCa
2+

 is followed by activation of the 

intracellular membrane receptors, Inositol 1,4,5 trisphosphate(IP3R) and ryanodine receptors 

(RyR). These ER receptors can be activated by various events including external stimuli-

activated phospholipase C (PLC), Ca
2+

 and by membrane-associated receptor activation 

(Thomas et al., 1996; Berridge et al., 2003). PLC-dependent phosphatidylinositol (PIP2) 
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pathway further activates release of diacylglycerol (DAG) and inositol 1,4,5 triphosphate 

(IP3). DAG remains bound to the membrane, and IP3 is released as a soluble protein into the 

cytosol. IP3, in turn, activates receptor IP3R and ryanodine receptor (RyR) to release calcium. 

Opening of these receptors is tightly controlled by calcium feedback mechanism which 

implies that more calcium will inhibit Ca
2+

 flux by shutting the internal receptors to avoid 

cell death (Berridge et al., 2003; Zamponi, 2005; Islam, 2012).  

IP3 and ryanodine receptors are the major ion channel proteins associated with 

intracellular release that are modulated by Ca
2+ 

changes in the cell (Zamponi, 2005). These 

receptors are calcium sensitive and work in a biphasic way. This means that Ca
2+

 is the 

primary determinant to activate internal stores and also to block calcium-induced calcium 

release events. Like the involvement of receptors to control Ca
2+

 release and influx, several 

calcium-binding proteins are stimulated during an activation which results in binding of 

these proteins to Ca
2+

 to regulate different process. These are called calcium sensors that 

include PKC, calmodulin and calreticulin (Bagur & Hajnóczky, 2017). The most commonly 

studied sensor to induce signal transduction in a calcium-dependent kinase pathway is 

calmodulin-dependent kinases (CAMK) (Swulius & Waxham, 2008). Calcium signalling in 

a cell is a highly intercommunicating process that follows sharp changes in the signal 

allowing compartmentalization and/or expulsion of calcium from the cell depending on cell 

condition. Hence, understanding the major Ca
2+

 activated process regulated by GCs would 

be important to shed light on the rapid non-genomic actions of GCs.  

 

1.2.3.3  Calcium channels and their role 

Voltage gated ion channels and G-protein coupled receptors (GPCRs)  

Calcium channels are divided into intracellular and plasma membrane ones based on their 

localization and function (Islam, 2012), which again depends on the requirement of calcium 

and the amplitude of signal initiated. Intracellular calcium is tightly regulated via calcium-

binding proteins, including parvalbumin, calbindin, calreticulin, calmodulin, and troponin 

(Berridge et al., 2003). These calcium sensors regulate many processes, including 
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contraction of smooth muscle, crosstalk between signalling pathways, protein modulation 

and metabolism to effector sites. Calcium can be derived from the extracellular source via 

ligand-gated, also called as receptor-operated channels (ROCS), store-operated channels 

(SOCS), and voltage gated channels (VOCS), which after activation open these calcium or 

calcium-dependent channels and allows intracellular calcium entry from the extracellular 

space or activate calcium release from intracellular stores. Alongside, there are second 

messenger operated channels (SMOCS), controlled by secondary messenger molecules such 

as Ca
2+

, cyclic nucleotide gated channel, and arachidonic acid-sensitive channel (Berridge et 

al., 2003). 

Voltage gated calcium entry occurs in excitable cells and less common in non-

excitable cells. Voltage gated channels represents a huge family of channel proteins which 

comprises sodium and potassium permeable channels and mostly involved in excitation–

contraction and secretion coupling processes. Activation of voltage gated calcium channels 

causes rapid influx of Ca
2+

 from the extracellular medium. Membrane depolarization leads to 

rapid calcium entry and is widely studied in response to drug delivery for therapeutic 

implication (Zamponi, 2005). In non-excitable cells, on the other hand, receptor operated, 

second messenger activated and store operated calcium channels are the most abundant 

(Mauger & Claret, 1988; Islam, 2012). Taking receptor activated calcium entry into 

discussion, activation of GPCRs  linked to calcium channels is  mostly focussed in non-

excitable cells. In particular, Gq/11, Gα subtypes, are involved in calcium signal transduction 

from exterior to cell interior , and the resultant activation of phospholipase C facilitates 

downstream activation of PKC and PKA pathways.  

Apart from this calcium entry into the cellular system, there is evidence of existence 

of cationic selective membrane channels, which opens up upon activation via a stimulus 

(Putney et al., 2001). These cationic selective channels are further divided into transient 

receptor potential channel (TRPC) and store operated calcium channel (SOCE) (Parekh & 

Putney, 2005).  
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1.2.3.4. Transient receptor potential channels(TRPCs) 

TRPCs are present in various cell types. TRPC allows transport of  Ca
2+

, Mg
2+

 and other 

trace ion entry under stimuli. TRPC is sensitive to voltage changes in response to thermal 

and chemical stimuli (Samanta et al., 2018). That’s why TRPCs participate in excitatory 

cells as sensory regulators. Apart from voltage sensing, TRPCs are sensitive to membrane 

phophoinositides, the phospholipid  present in the plasma membrane (Nilius & Owsianik, 

2011) and responsible for Ca
2+

 signalling.  TRPCs even get activated by an increase in the 

phosphorylation status of protein kinases. Protein kinase C (PKC) phosphorylation have 

shown to both activate and desensitize TRPC channel (Premkumar & Ahern, 2000). 

Additionally, protein kinase A (PKA) activation by prostaglandin E2 potentiates TRPCs. 

TRPCs are mostly activated and stimulated via IP3 pathway. Studies have shown opposite 

effects of these protein kinases on channel activation. The mode of protein kinases-mediated 

action on TRPCs are still unclear (Bhave et al., 2003).   

TRPCs are modulated by different type of ligands. These ligands are classified into 

groups which can activate heat, cold, and chemically sensitive TRPCs. Given that these 

channels are activated by various triggers, this makes these channels important 

pharmacological targets. Also, due to the dependency of these channels on a IP3-modulated 

calcium release from internal stores, it excludes the availability of any other calcium 

selective channel associated on the membrane. TRPCs are one of the most widely stimulated 

channels that may provide novel insight into pathological conditions. 

1.2.3.5. Store operated calcium channels 

 Store-operated channels are a group of channels which were recently added to the 

calcium selective channel group. These channels are based on the calcium influx factor 

which initiates activation of capacitative calcium entry or through calcium release-activated 

calcium (CRAC) channel. The CRAC channels are activated by a sensor mediated process 

which can sense a slight drop in intracellular calcium level. The major calcium sensor to 

allow the opening of store operated calcium proteins are stromal interaction molecule 1 and 

2 (STIM1 and 2), and these proteins plays critical role in sensing depletion of calcium levels 
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in the endoplasmic reticulum (Putney et al., 2001; Parekh & Putney, 2005). This slight drop 

in calcium concentration aggregates STIM molecules to form a bridge, which translocates 

and attaches to the distinct plasma membrane associated junctions followed by opening of 

the CRAC channels, which consists of subunits of ORAI 1, 2, and 3 proteins. Calcium influx 

can be short lived or long lasting depending on the sensor activation and the cell 

requirement. Short-lived calcium rise can be generated via transient receptor calcium 

channels whereas long lasting calcium influx can be via ORAI channels on the plasma 

membrane. The major difference between other calcium selective channels in comparison to 

ORAI is the calcium flow through the channel. ORAI has a single channel conductance of 

only ~20 fS, and hence plays a critical role in physiological processes as it takes care of not 

to overload cells with Ca
2+ 

and due to the slow flow of ions into the cell also restricts the 

Ca
2+ 

elevation to small pockets around the channel.  

Even though the binding of STIM is still not clear, the understanding of the number of 

calcium activation domain (CAD) residues throughout ORAI and structure of ORAI 

revealed certain interesting features regarding the binding residues which dictate the bonding 

strategies of STIM on to ORAI. Crystallization of the active ORAI structure has given 

insights into the binding and activation of calcium activation domain for influx into the cell. 

Crystallization study confirmed ORAI as a hexameric protein package which has four major 

subunits, M1, 2, 3 and 4, out of which M1 helix subunits are responsible for the central pore 

lining. The structural stoichiometry and STIM coupling is characterized using light 

scattering which revealed the importance of other ORAI subunits and their functional 

properties (Hou et al., 2012). ORAI channel structure showed a distinctive feature of the 

channel which is the presence of a  highly selective filter formed by glutamate side chains 

(E106 in human ORAI). The selective filter shows a filter differentiation throughout the 

pore. The pore width in the outside is narrow (6Å) while in the centre is much wider(12Å). 

Pore entrance dimension varies to avoid the entry of water carried with Ca
2+ 

hence at the 

narrow pore when the water is already shed off  the pore dimension increases at the center to 

allow a faster flow of ions. The Ca
2+

 ion journey through ORAI channel is different in 

comparison to any other Ca
2+

 selective channel as it does not operate based on a “knock on” 

mechanism. The “knock on” is based on an existing ion replaced by another ion, rather it is 
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dependent on the needs of cell, while the ORAI channel has many selective  binding sites 

which have not been characterized, but has been seen to play a critical role in activation for 

channel opening. In the crystal structure of ORAI even though M1 helixes line for the pore 

opening, M3 and 4 helix and their respective extension are very critical for channel opening 

because of the presence of binding residues on these extensions for STIM.  

These helices are also critical as they are exterior to the channel and are in close 

proximity to the cytosolic side. Evidence suggests that the C-terminal cytosolic segment of 

ORAI, the M4 extension amino acids 263-301 in human ORAI is important in interacting 

with ER sensor STIM.  This part of ORAI is called as STIM-ORAI activating region or 

SOAR. In drosophila ORAI structure , the cytosolic M4 extension helices  showed the 

residues which bind to the STIM site as Leu
319

 and Ile
316

 similar to human ORAI leu
273

, 

leu
276

, respectively (Roos et al., 2005; Hou et al., 2012).  Studies suggest that the binding 

residues coupling with STIM cannot be the only way to open up the channel as the 

interaction of these residues with any other molecule, including protein, hormone or any 

other active coiled structure, could potentially activate the complex. Mutation to the binding 

residues can possibly disturb the coupling and hence making the channel inactive to any 

changes to intracellular Ca
2+

 levels. Studies have suggested the activation of these residues 

via other components, such as a nexus sequence that connects ORAI with STIM and any 

mutation to this critical sequence can keep the channel in a irreversible open state 

conformation (Zhou et al., 2016).  

1.3. Techniques used to detect rapid cortisol actions 

Non-genomic activities have demonstrated the key components of membrane transduction 

cascades. Among these actions, the two important trails followed in the present study are 1) 

steroid interaction with phospholipid bilayer in a non-specific manner that has shown to 

affect the membrane properties (Kapitulnik et al., 1986; Dindia et al., 2012, 2013a), and 2) 

rapid changes to intracellular calcium levels, which is a key signalling molecule for stress 

regulatory pathways (Berchtold et al., 2000; Pinton et al., 2008; Putney, 2010; Kuo & 

Ehrlich, 2015). 
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1.3.1. Quantification of acute calcium changes in a cellular system 

Calcium imaging is one of the most versatile methods used for analyzing acute changes 

to cellular calcium (Ca
2+

).  Fluorescent calcium indicators have proved to be the best non-

invasive way for determination of rapid Ca
2+

 alterations within a cellular system. Fluorescent 

indicators are further classified into two major subgroups 1) Ratiometric (dual wavelength) 

indicators, and 2) Single wavelength indicators. Ratiometric dual wavelength indicators have 

two excitation wavelengths and a single emission wavelength at 510 nm. Dual wavelength 

indicator such as FURA-2AM, the indicator is excited at 340 nm (for Ca
2+ 

bound form) and 380 

nm (for Ca
2+

 free form) with emission at 510 nm. The ratio of the fluorescent intensities 

measured at each excitation wavelength (380/340 nm) determines the free calcium 

concentration present in real time. On the contrary, single wavelength indicators have a single 

excitation, but two emission wavelengths. Due to this reason, a single wavelength indicator is 

not a preferable marker in a system subjected to rapid fluctuations in Ca
2+

 concentrations. 

Further characterization of calcium typically requires the involvement of chelators, agonist and 

antagonist to determine the pathways involved. Proper analysis of Imaging data is carried out 

by using Image J. Image J look up table (LUT) was used further to find the image with areas of 

higher and lower intensities, which also gives an indication of high and low Ca
2+

 regions within 

a cellular system. 

1.3.2. Studying changes to membrane biophysical properties  

Laurdan spectroscopy is widely used to understand the changes to membrane biophysical 

properties due to its sensitivity to the solvent relaxation effect. Laurdan (6- lauroyl, 1-2 di-

ethyl amino naphthalene) is a fluorescent dye, which detects the polarity changes via 

changes to laurdan emission spectrum. When the lipids in a membrane are in a gel phase, the 

emission maximum of laurdan gets centered on 440 nm (due to compactness of membrane) 

and when the membrane changes to a liquid crystalline phase emission gets shifted more 

towards 490 nm (due to reduction in compactness-laurdan gets freedom to rotate inside the 

membrane bilayer). This shift in laurdan emission spectra is due to few water molecules at 

the glycerol backbone. Mobility of water molecules in the lipid bilayer allows the laurdan 
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probe to rotate and shift the emission spectrum (Parasassi et al., 1991; Harris et al., 2002; 

Sánchez et al., 2007). 

1.4. Hypothesis and Objectives:  

While the mode of action of GCs in bringing about rapid effects is unclear, the possible 

scenarios include steroid-mediated changes to membrane properties (Ayrout et al., 2017; 

Johnstone III et al., 2019), and the possibility of membrane-specific glucocorticoid receptor 

activation (Croxtall et al., 2000; Bartholome et al., 2004). Recent studies suggest alteration 

to membrane properties due to steroid intercalation as a means to activate signalling 

pathways (Lösel & Wehling, 2003; Dindia et al., 2012, 2013a), but the mechanism of action 

needs to be elucidated. Very little is known about the mode of action of GCs in the rapid 

alteration of signalling processes, and in turn modulating cellular stress response (Dindia et 

al., 2012; Johnstone III et al., 2019). As GCs are key player in the stress-mediated health 

effects, elucidating the signalling pathways modulated by this steroid may provide valuable 

insights into the mode of action of GCs, which may allow for targeted drug development to 

combat stress-mediated health defects. The goal of this thesis was to dissect out the role of 

cortisol in the modulation of intracellular calcium, and to determine whether these rapid 

actions have any physiological significance in allowing animals to cope with stress. To 

fulfill this goal, we tested the hypothesis that cortisol rapidly modulates calcium pathways to 

mediate cellular stress responses (Fig.1.3). We used rainbow trout hepatocytes (Faught & 

Vijayan, 2016b), a non-excitable cell, and zebrafish muscle explants, an excitable cell 

system, as models to investigate rapid cortisol action at the cellular and tissue level. 

Furthermore, rapid cortisol mediated physiological significances was tested using a tail fin 

amputation model to understand the mode of rapid cortisol action in facilitating recovery 

from a traumatic injury. 

The specific objectives were to investigate: 

1) The role of cortisol in modulating iCa
2+

 levels in trout hepatocytes (Chapter 2) 

2) Whether the cortisol- mediated Ca
2+

 influx facilitate GR translocation in trout 

hepatocytes (Chapter 3)  
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3) Whether cortisol- mediated i [Ca
2+

] rise is conserved in skeletal muscle (Chapter 4) 

4) The physiological significance of cortisol-mediated i [Ca
2+

] rise (Chapter 5) 

 

 
 

Figure 1. 3 Hypothetical diagram representing several possible theories that might be 

involved in rapid cortisol mediated action on i [Ca
2+

].  

The theories cover the different sources of calcium entry into a cellular system such as 

VOCS, SOCE and SMOCS. Abbreviations: Extracellular calcium (ex Ca
2+

), Intracellular 

calcium (iCa
2+

), Calcium release activated channel (CRAC), Sarcoendoplasmic reticulum 

calciumATPase’s (SERCA), Phospholipase C (PLC), Inositol 1,4,5 trisphosphate (IP3), 

Diacylglycerol (DAG), Plasma-membrane calciumATPase’s (PMCA), Ryanodine receptor 

(RyR) 
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CHAPTER 2: Rapid intracellular calcium rise by cortisol is mediated by 

calcium release-activated calcium channel in hepatocytes 
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2.1 Introduction  

Glucocorticoids (GCs) play an important role in allowing animals to regain homeostasis 

in the face of environmental challenges (Wendelaar Bonga, 1997; Mommsen et al., 1999b; 

Schreck & Tort, 2016). The GCs actions related to stress coping are mediated mostly by the 

activation of glucocorticoid receptor (GR), a ligand-bound transcription factor that regulates 

target genes expression (Aluru & Vijayan, 2009). It is clear that in addition to its genomic 

effects, GCs also elicit rapid signalling events that does not involve the activation of gene 

transcription (Panettieri et al., 2019).  However, the mechanisms by which GCs bring about 

these rapid nongenomic signalling are currently unknown.  

Studies have shown that GCs stimulate second messenger signalling, including rapid 

changes to intracellular cAMP and calcium (iCa
2+

) levels, leading to downstream 

phosphorylation of protein kinases and associated cellular responses (Johnstone III et al., 

2019; Panettieri et al., 2019). In hepatocytes, which are non-excitable cells, cortisol rapidly 

increased the phosphorylation of PKA, PKB and PKC in a teleost model (Dindia et al., 

2012), suggesting activation of putative membrane receptor(s) and/or alterations in 

membrane biophysical properties as possible modes of action for GCs (Dindia et al., 2012, 

2013a; Das et al., 2018). 

Intracellular Ca
2+

 is a critical second messenger involved in many physiological 

activities, including excitability in neurons, muscle contraction and modulation of cellular 

stress in hepatocytes (Das et al., 2018). Non-genomic steroid signalling mediated through 

fast alterations in iCa
2+

 levels have been reported previously (Borski et al., 2001; 

Kammermeier et al., 2000). The physiological effects of rapid intracellular calcium rise 

includes alterations in the number and size of tight junctions between epithelial cells (Perret 

et al., 2001), modulation of ion transporters and exchangers (Lösel et al., 2002; Lösel & 

Wehling, 2003), increase in phosphorylation of protein kinases (D’arezzo et al., 2004; 

Muchekehu & Harvey, 2008), and alteration in the expression of pro-inflammatory cytokines 

in human monocytes (Asea et al., 2000). GCs also nongenomically modulate iCa
2+

 levels 

(Kim et al., 2009; Chen et al., 2011), and studies have shown that this steroid either 

stimulate or inhibit basal Ca
2+ 

 levels in a tissue-specific manner (Joëls and Karst, 2012; 
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Panettieri et al., 2019). In teleosts, GC rapidly reduced iCa
2+

levels in the prolactin cells of 

the Mozambique tilapia (Oreochromis mossambicus), leading to a decrease in the stimulated 

prolactin secretion (Hyde et al., 2004). However, GC was also shown to increase PKA and 

PKC in rainbow trout (Oncorhynchus mykiss) hepatocytes (Dindia et al., 2013). While most 

studies have looked at the nongenomic calcium dynamics and downstream effects, the 

mechanisms leading to the GC-stimulated rapid calcium changes are unclear. Given that 

trout hepatocytes rapidly respond to cortisol by phosphorylating protein kinases (Dindia et 

al., 2013), we tested the hypothesis that stressed level of cortisol stimulates plasma 

membrane associated calcium selective channel to modulate rapid calcium fluxes in trout 

hepatocytes. Results indicate that cortisol rapidly increases iCa
2+

 levels in trout hepatocytes, 

and, for the first time, we are showing that this is mediated by the regulation of the calcium 

release-activated calcium (CRAC) channel in hepatocytes. 

2.2 Materials and methods 

2.2.1 Reagents 

Collagenase (Type IV), bovine serum albumin (BSA), Leibovitz L-15 medium were 

obtained from Invitrogen life technology. Cortisol (hydrocortisone), testosterone (4- 

androsten-17β-ol-3-one), corticosterone and β-estradiol (1,3,5 [10]-estradiol -3,17 β-dio), 

dexamethasone, EGTA (Ethylene glycol bis (β- Amino ethyl ether)- N, N, N’, N’-

Tetraacetic acid), nifedipine, ryanodine, trypan blue and cadmium chloride were purchased 

from Sigma, USA. Pluoronic
®-F 127 (20% solution in DMSO, Molecular probes, USA), 

BAPTA-AM (1,2-bis o aminophenoxy) ethane- N, N, N’, N’-Tetraacetic acid), 

Xestospongin, H-89, U73122 and Fura 2-AM were purchased from Life Technologies, USA. 

Cortisol conjugated BSA was purchased from EastCoast Bio, USA. All hormones utilized 

during the experiment were dissolved in ethanol, the final concentration of which never 

exceeded 0.01%. All other chemicals were of analytical grade and were purchased from 

local suppliers.  
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2.2.2 Antibodies  

Caveolin-1 mouse monoclonal antibody (Luo et al., 2018; Kim et al., 2019b) (1:500), 

ORAI-1 rabbit polyclonal antibody (Eylenstein et al., 2011; Diercks et al., 2018) (1:250), 

protein A purified mouse monoclonal cortisol antibody (1:100) and Anti plant alpha tubulin 

antibody(1:200) were used in this study. Secondary antibodies used were Alexa 488 goat 

anti-rabbit IgG and Alexa 594 donkey anti-mouse IgG (Invitrogen, CAN). 

 

2.2.3 Animals 

 Rainbow trout (200-300 g) maintained at the Animal care Facility (Department of 

Bioscience, University of Calgary) were used for the study. The tank was supplied with a 

constant flow of aerated de-chlorinated water with temperature maintained at (10±2°C) and 

photoperiod was set at 12 hL: 12 hD. Trout were fed commercial trout feed (Martin Mills, 

Elmira, ON) to satiety once daily. All the experimental procedures were approved by the 

Animal Care Committee at the University of Calgary, and were in accordance with the 

Canadian Council on Animal Care guidelines.  

 

2.2.4 Hepatocyte isolation and cell suspension 

Hepatocytes were isolated following collagenase digestion as described previously (Sathiyaa 

et al., 2001). In brief, fish were euthanized with an overdose of 2-phenoxyethanol (600µl/L; 

Fluka Analytica, USA), followed by bleeding the fish to maximize blood drain and minimize 

red blood cell contamination during hepatocyte isolation. The fish was dissected, and the 

portal vein cannulated to perfuse the liver with Medium A [(in mM), NaCl 136.9, KCL 5.4, 

MgSO4.7H2O 0.8,Na2HPO4.12H2O 0.33, KH2PO4 0.44, HEPES 5.0, HEPES Na 5.0] for 15-

20 min to remove blood, followed by Medium B (Medium A with 5mg/10ml collagenase; 

Life technology) digestion for 20-30 min. Buffers used for cannulation and enzymatic 

digestion were kept on ice throughout the process. After the perfusion, liver was chopped 

into pieces using a sterile scalpel and transferred to a petri dish with Medium A. This 

suspension was filtered through two nylon filters (250 and 75µm) to get rid of any 
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undigested pieces. The cell suspension was centrifuged 3 times (MultifugeX3R centrifuge, 

Thermo Scientific) at 200 x g for 5 min at 11°C with Medium A, after which the pellet was 

re-suspended in Medium C (Medium A with 1.5mM CaCl2 and 1% BSA) and centrifuged as 

mentioned above. The pellet was re-suspended in 25 ml of L-15 medium (Leibovitz’s 

medium with 5mM NaHCO3 and antibiotic/antimycotic solution) and allowed to settle down 

on ice for 30 min. The medium was aspirated, and the settled cells were re-suspended in 

10ml of L-15 medium followed by cell counting using a haemocytometer. Cell viability was 

checked using trypan blue (Sigma) dye exclusion test (Strober, 2001), and the viability was 

>95%. The cell suspension at a concentration of 0.75x 10
5
 million cells per ml L-15 medium 

were incubated in 15ml falcon tube at 11°C on a slow tube rotator for 24 h prior to 

treatments and calcium imaging.  

 

2.2.5 Cytosolic Ca
2+

 measurements 

After overnight incubation cells were subjected to washing and centrifugation at 200 xg for 5 

min followed by trypan blue test.  The cells were washed with Medium C and incubated with 

FURA-2 AM (10 µM in Medium C; Life technology) and 5µl of 20% pluronic-F127 

(Thermo Scientific) in DMSO for 1.5 h followed by washing and centrifugation at 200 xg 

for 5min. Then, the cell pellet was re-suspended in medium C for 30 min for the cell 

esterases to carry out de-esterification of FURA-2AM to allow binding of FURA to calcium, 

followed by imaging. Briefly, cell suspension (50 µl) was mounted on a coverslip (of 

approx. 18mm) attached to a petri dish of 28mm diameter (Bootman et al., 2013). This 

whole set up was then mounted on an inverted microscope (Qimaging RETIGA
TM

 EXi 

FAST 1394) for imaging. Hormones/drugs were added directly to the medium. The 

inhibitors were added during the dye incubation period. Times and concentration of each 

drug used during experiment are indicated clearly in the result section. Cells were imaged 

within seconds after drugs/hormone treatment for 10 min at 10 s interval between each 

recording.  

Intracellular calcium was expressed as a ratio of fluorescence intensities at 340 

(bound form of calcium) and 380 nm (free form of calcium). Hence, settings were made on 
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lambda DG 4 for filters switching from 340 to 380 nm wavelengths, respectively, followed 

by exposure and gain settings. Light emitted from a 75-W xenon arc lamp (AH2-RX, Zeiss) 

passed through an excitation filter set (Chroma) to generate ultraviolet monochromatic 

waves of 340 and 380 nm. With the aid of a computerized filter wheel (Lambda 10-2, Sutter 

Instruments), the cells in the chamber were alternately exposed to the two waves through an 

objective (40× /340/0.90 N.A.). All image acquisition was computer-controlled by Northern 

Eclipse (EMPIX, Imaging). Images acquired were corrected for background fluorescence 

and shading across the field of view before calculating the ratio of the fluorescent emission 

intensities at each excitation wavelength (380/340 nm). Images were acquired at 10 s 

intervals to reduce photo bleaching. The exposure parameters for 340 and 380nm were kept 

unchanged throughout the experiment. All measurements were made at room temperature 

(~20°C).  

 

2.2.6 Validation of dye compartmentalization 

To examine whether there are any calcium pockets at the intracellular level such as in 

mitochondria and nucleus, which might allow an intracellular calcium flux into the cytosol, 

Triton X-100 was used. Triton X-100 permeabilized hepatocyte cell membrane and 

organelles that releases trapped Ca
2+

 inside the organelles after FURA-2AM incubation. Dye 

compartmentalization was a confirmatory step to determine that no residual FURA were 

trapped in the organelles apart from the cytosol. Our ratiometric recordings of Ca
2+

 bound 

and Ca
2+

 free form showed no significant rise in calcium after triton treatment indicating no 

compartmentalization within the cell. 

 

2.2.7 Double immuno-fluorescent labelling 

Isolated hepatocytes were cultured on 22 mm coverslips in 6 well plates followed 

by 24 hour of overnight incubation prior to exposure to treatments. After exposure to cortisol 

at 5, 10, 20, 30 and 60 min, the coverslips were fixed using ice cold methanol and stored at 
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4°C. Further, coverslips were tapped on paper towel to get rid of any excess methanol 

followed by air drying. Hydrophobic pen was used to draw a barrier around the coverslip 

boundary to secure the central area for antibody application. Coverslips with cells attached 

were then incubated with a permeabilization buffer (0.1%TritonX-100 in Medium A) for 10 

min followed by washing with Medium A (with 0.1%Tween- 20) 3 times at 5 min interval. 

The permeabilized cells were incubated with a blocking solution (Medium A with 2% BSA) 

for 3 h at 37°C followed by overnight incubation with anti-ORAI antibody (Eylenstein et al., 

2011; Zhang et al., 2016; Diercks et al., 2018) at 4°C. The next day cells were then probed 

with the secondary antibody, which consisted of goat anti-rabbit Alexa 488 conjugate 

(1:500) (Shiue et al., 2009). Double antibody staining was carried out by incubating the cells 

with anti Cav-1antibody (1:250) (Luo et al., 2018; Kim et al., 2019b) for overnight at 4°C. 

Secondary antibody donkey anti-mouse Alexa 594 conjugate (1:500) (Zhu et al., 2016) was 

carried out the next day after washing. DAPI (100ng/ml) staining was done to identify 

nuclear localization prior mounting. Coverslips were mounted to clean slides using DABCO 

(Antifade reagent, Sigma aldrich, CAN) followed by sealing the periphery using transparent 

nail paint. This whole mounting step lasts for an hour to air dry. Post drying, slides were 

wrapped in aluminium foil and stored at 4°C until imaging. This step is crucial in keeping 

the staining stable for longer period with less photo bleaching. 

 

2.2.8 Western blotting 

Membrane fractions of trout liver were prepared using ultracentrifugation at 100,000 xg as 

described previously (Thraya, 2018). Membrane fraction enrichment and any cytosolic 

contamination was detected by measuring the activities of 5’AMP nucleotidase (Solyom et 

al., 1972) and lactate dehydrogenase (LDH; Gravel et al., 2009), respectively. Protein 

concentration was measured using bicinchoninic acid (BCA) method (Walker, 1996). 

Membrane fractions obtained and liver homogenate was diluted in laemmli’s buffer 

[0.06MTRIS-HCL(pH6.8), 20%(V/V) glycerol, 0.02% (w/v) SDS, 0.025%(w/v) 

bromophenol blue, 5% β mercaptoethanol]. A total of 40μg protein lysates was resolved on a 

10% SDS-PAGE, transferred onto a 0.45 μm nitrocellulose membrane (Biorad, CAN) as 
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described previously (Thraya, 2018). At room temperature, membranes were blocked for 1 h 

in 5% skim milk, following by an overnight incubation with rabbit polyclonal ORAI-

1primary antibody (1:250) at 4°C. Membrane were further washed and incubated with 

secondary anti rabbit horse radish peroxidase (HRP) (1:3300 diluted in 5% skim milk) for 1 

hour at room temperature. Blots were washed followed by protein band detection using 

chemiluminiscence substrate ECLplus™incubation according to manufacturer’s instructions 

and imaged using Syngene G- Box Imager (Syngene, USA). 

 

2.2.9 In silico structural modelling 

The docking was done using AutoDock Vina v1.1 program. Input files for AutoDock Vina 

were prepared using AutoDock tools (The Scripps Research Institute, La Jolla, CA, USA). 

File preparation involved changing atom type, removal of water molecules and addition of 

polar hydrogen atoms. Structure files were saved in PDBQT format. CRAC channel 

structure (X-ray crystal structure of Drosophila melanogaster) was downloaded from RCSB 

protein data back in PDBQT format (Hou et al., 2012). Further, metal ions were removed 

from the structure to avoid insignificant binding. Polar hydrogens were added to the PDB 

file using AutoDockTools and converted to PDBQT file. Hydrogen addition mimics a more 

realistic environment for docking. To find all the binding site on CRAC, the grid was 

modified to cover the entire protein (CRAC), as we are unaware of the binding sites.  The 

ligands including cortisol, corticosterone, estradiol, testosterone and dexamethasone were 

used from ZINC database (Irwin & Shoichet, 2005). The Drosophila melanogaster CRAC 

channel (4HKR.pdb) was used as a receptor. The receptor protein coordinates of CRAC 

channel with PDB id of 4HKR.pdb were considered to study binding sites. The structural 

integrity of the binding was assessed by analyzing the root mean square deviation (RMSD) 

between interacting molecules. RMSD values are used to validate protein-ligand binding in 

terms of binding energy and interaction established between protein and ligand. CRAC 

channel structure is a hexameric assembly of four transmembrane helices (M1-M4) and helix 

extension of M4 extending into the cytosol. The channel pore is made up of six M1 helices 

to form the inner pore. M2 and M3 together form the outer lining for M1 helices and 
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separates them from M4 helices. M4 helices are the peripheral outer ring subunit of CRAC 

that interacts with STIM for channel gating (Hou et al., 2012). Studies confirm that STIM 

binding to Leu
319

 or Ile
319

 at the M4 extension A and B is critical for channel activation(Hou 

et al., 2012). The best results containing 8 coordinates of each ligand (as mentioned above) 

are considered for further analysis. PyMOL was used to predict the orientation of amino 

acids. The metal ions, known to bind the core of the receptor, were removed at the beginning 

of the docking process to avoid non-specific binding predictions. The exhaustiveness value 

was set to default (8) and a local computer (with 8 core CPUs) was used for the docking. 

During the docking process, the receptor was treated as a rigid molecule and the ligands 

were flexible in the binding site. One single best score-binding site of each ligand was 

considered for further analysis.  

 

2.2.10 Statistics and data analyses 

 The values presented were expressed as the mean ± SEM. Data were analyzed using student 

t-test or one-way ANOVA followed by a post hoc Holm Sidak test. Equal variance was 

tested using levene median test and normality was tested using Shapiro wilk test. A p value 

<0.05 was considered significant. 

 

2.3 Results  

2.3.1 Cortisol rapidly increases iCa
2+

 

To determine whether cortisol elevated iCa
2+ 

levels, trout hepatocytes were exposed to 

stressed level of cortisol (100 ng/ml) and the calcium flux measured using FURA-2AM 

ratiometric dye changes. Ratiometric changes reflect the iCa
2+ 

pool, and the higher 

fluorescence intensity seen with cortisol is due to the increase in iCa
2+

 level (Fig. 2.1a). 

Approximately 75-80% of hepatocytes responded to the treatment and showed a similar 

change in calcium profile with cortisol treatment. Basal Ca
2+

 level was measured in 
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hepatocytes without any cortisol addition (control cell with 0.01% ethanol). The temporal 

calcium increase with cortisol lasted for at least 600 s (Fig. 2.1b). Acute cortisol significantly 

increased iCa
2+

 level within a minute in trout hepatocytes (Fig. 2.1c; p <0.001). Dose-

response study showed that cortisol at 5 ,10 and 100 ng/ml, significantly increased calcium 

levels compared to the control cells (Fig. 2.1d; p<0.05). The 100 ng/ml treatment gave the 

maximal response and it was significantly higher than others(Fig. 2.1d;p<0.05). To establish 

if cortisol mediated response was repeatable, hepatocytes were washed after the first 

exposure with cortisol and then remeasured 10 min later. Basal calcium reading was 

recorded prior to repeated exposure with cortisol (100ng/ml). Repeated cortisol exposure 

showed a rise in calcium level similar to the first exposure (Fig. 2.1e).  
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Figure 2. 1 Cortisol stimulates rapid intracellular Ca
2+ 

rise in trout hepatocytes  

(a) Representative fluorescence images with ratiometric dye FURA-2AM either with (100 

ng/ml) or without the addition of cortisol at time 0 and 1min. (b) A representative line graph 

of the temporal calcium dynamics in response to cortisol addition over 10 min. (c) A bar 

graph showing the ratiometric intensity at 1 min (t-test; p<0.001). (d) Graph showing the 

ratiometric intensity with different concentrations of cortisol (5,10 and 100ng/ml) at 1min. 

(e) A representative line graph of the temporal calcium dynamics in response to repeated 

cortisol stimulation. All bars represent mean ± SEM (n = 4-5 fish; approx.100 cells from 

each fish); Bars with different letters are significantly different; one-way ANOVA; Holm 

Sidak post hoc test; p<0.05. Scale bar represents cell diameter of 5 μm. Abbreviations: 

Cortisol (CORT). 
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2.3.2 Rapid calcium response is nongenomic and specific to cortisol 

To exclude any role for intracellular receptors in this calcium response, cells were 

exposed to membrane impermeable cortisol analog (BSA-conjugated cortisol). Acute 

treatment with BSA-conjugated cortisol also showed an increase in fluorescence in 

hepatocytes similar to that seen with cortisol (Fig. 2.2a, b). Dose-response study showed that 

at cortisol-BSA 5 ,10 and 100 ng/ml, significantly increased calcium levels compared to the 

control cells (Fig. 2.2c; p<0.05). The 100 ng/ml treatment gave the maximal response and it 

was significantly higher than others (Fig. 2.2c; p<0.05). To identify whether cortisol 

mediated effect was independent of cytosolic GR activation, hepatocytes were incubated 

with cortisol or cortisol-BSA in the presence of RU486 (GR antagonist; 1000 ng/ml) for 1 h 

prior to steroid stimulation. Both the cortisol groups with RU486 showed significant 

increase in iCa
2+ 

levels compared to the control and RU486 groups (Fig. 2.2d; p<0.05).The 

cortisol-mediated  iCa
2+ 

 rise in trout heaptocytes was not abolished in the presence of 

RU486 (Fig. 2.2d).To investigate whether other steroids are able to elicit a similar iCa
2+

 

response, cells were exposed to various steroids, including testosterone (100 ng/ml), 

corticosterone (100 ng/ml), estradiol (100 ng/ml) and dexamethasone (100 ng/ml). The 

Cortisol(100 ng/ml) treatment gave the maximal response and it was significantly higher 

than others (Fig. 2.2e; p<0.05). There was a significant increase in iCa
2+

 with 

dexamethasone (100 ng/ml) and cortisol, but not with corticosterone and testosterone when 

compared to the control cells. However, the response with cortisol was significantly higher 

than that seen with dexamethasone or others (Fig. 2.2e; p<0.05).  
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Figure 2. 2 Cortisol-mediated intracellular calcium rise is glucocorticoid receptor 

independent  

(a) Representative fluorescence images with ratiometric dye FURA-2AM either with (100 

ng/ml) or without the addition of cortisol conjugated BSA at time 0 and 1min. (b) A 

representative line graph of the temporal calcium dynamics in response to cortisol 

conjugated BSA addition within 10 min. (c) Graph showing the ratiometric intensity with 

different concentrations of cortisol conjugated BSA (5,10 and 100ng/ml) at 1 min. (d) A bar 

graph showing the ratiometric intensity at 1 min with the GR antagonist RU486 with or 

without cortisol and cortisol conjugated BSA. (e) A bar graph showing the ratiometric 

intensity at 1min with different steroids, including testosterone (T), corticosterone (B), 

estradiol (E2), dexamethasone (DEX), and cortisol (F). All bars represent mean ± SEM (n = 

4-5 fish; approx.100 cells from each fish); Bars with different letters are significantly 

different; one-way ANOVA; Holm Sidak post hoc test; p<0.05. Scale bar represents cell 

diameter of 5 μm. Abbreviations: Cortisol (CORT), Cortisol conjugated BSA (CORT-BSA). 
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2.3.3 Cortisol-mediated rise in iCa
2+

 is mostly due to extracellular Ca
2+

 influx  

The source of the iCa
2+

 increase with cortisol was tested using intracellular and 

extracellular calcium chelators. To test this, hepatocytes were incubated with extracellular 

calcium chelator, EGTA (2 mM), and intracellular chelator, BAPTA-AM (10 μM), for 30 

min prior to cortisol stimulation. Extracellular Ca
2+

 chelation with EGTA inhibited cortisol-

induced iCa
2+

increase (Fig. 2.3a; p<0.05). EGTA treated cells when stimulated with cortisol 

showed a significant difference with EGTA group (Fig. 2.3a; p<0.05). BAPTA-AM is a 

known chelator of intracellular calcium stores and any free calcium influxes from 

extracellular medium (Collatz et al., 1997). Chelating iCa
2+

using BAPTA-AM, completely 

abolished the cortisol-stimulated iCa
2+  

(Fig. 2.3b; p<0.05). We further probed whether the 

extracellular calcium entry in response to acute cortisol stimulation was mediated by voltage 

gated channel gating. Hepatocytes were pre-incubated with L-type calcium channel blocker 

nifedipine (10 μM) (Vornanen, 1997), and the non-specific channel blocker cadmium (1-10 

μM) for 30 min (Verbost et al., 1987) before cortisol stimulation (Fig. 2.3c, d). Nifedipine 

treatment did not abolish the cortisol-mediated  rise in iCa
2+

 levels (Fig. 2.3c). Nifedipine 

alone  showed significant difference than the control group (Fig. 2.3c; p<0.05). Nifedipine 

treated cells with cortisol showed significant difference than cortisol. Cadmium exposure 

substantially reduced cortisol-mediated rise in iCa
2+

 in trout hepatocytes (Fig. 2.3d).  
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Figure 2. 3 Source of intracellular calcium  

(a) A bar graph showing the ratiometric intensity at 1 min with extracellular calcium 

chelator, EGTA with or without cortisol. (b) A bar graph showing the ratiometric intensity at 

1 min with an intracellular chelator, BAPTA-AM with or without cortisol. (c) A bar graph 

showing the ratiometric intensity at 1 min with L-type calcium channel inhibitor, Nife, with 

or without cortisol. (d) A bar graph showing the ratiometric intensity at 1 min with a non-

specific calcium channel inhibitor, CAD with or without cortisol. All bars represent mean ± 

SEM (n =4-5 fish, approx.100 cells from each fish); Bars with different letters are 

significantly different; one-way ANOVA; Holm Sidak post hoc test; p<0.05. Abbreviations: 

Cortisol (CORT), Nifedipine (Nife), Cadmium (CAD), Ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N’,N’- tetraacetic acid) (EGTA), 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-

tetraacetic acid)-acetoxy methyl ester (BAPTA-AM). 
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2.3.4 Cortisol modulates rapid calcium release from intracellular stores  

A calcium release pathway responsible for any downstream activation is also 

dependent on endoplasmic calcium stores. The two important receptors responsible for 

calcium release are Inositol triphosphate receptor (IP3R) and Ryanodine receptor (RyR). 

Hepatocytes were incubated with Xestospongin C (IP3R inhibitor; 10 μM) and ryanodine 

(RyR inhibitor; 20 μM) for 30 min prior to cortisol exposure. Blockade of IP3R did not 

significantly affect the cortisol-mediated rise in iCa
2+

 levels (Fig. 2.4a). However, ryanodine 

significantly reduced the cortisol-mediated rise in iCa
2+

 levels in trout hepatocytes (Fig. 

2.4b; p<0.05). To further test if the effect of cortisol may be upstream of receptor activation 

at the endoplasmic reticulum, we tested the role of PLC and PKA (Takenouchi et al., 2005; 

Lochner & Moolman, 2006; Song et al., 2015), key upstream modulators of IP3R and RYR, 

respectively, on cortisol-mediated iCa
2+

 rise in hepatocytes. We used U73122 (10 μM) to 

inhibit PLC activity (Wellerdieck et al., 1997; Sawisky & Chang, 2005), while H89 (10 μM) 

was used to inhibit PKA (Song et al., 2015; Cooper et al., 2018). PLC inhibition did not 

significantly alter the cortisol-mediated rise in iCa
2+

 levels in trout hepatocytes (Fig. 2.4c). 

However, PKA inhibition by H89 abolished the cortisol-mediated rise in iCa
2+

 levels in trout 

hepatocytes (Fig. 2.4d).  
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Figure 2. 4 Intracellular calcium release pathway  

(a) A bar graph showing the ratiometric intensity at 1 min with IP3R channel inhibitor, Xes 

C, with or without cortisol. (b) A bar graph showing the ratiometric intensity at 1 min with 

RyR inhibitor, ryanodine with or without cortisol. (c) A bar graph showing the ratiometric 

intensity at 1 min with PLC inhibitor, U73122 with or without cortisol (d) A bar graph 

showing the ratiometric intensity at 1 min with potent PKA inhibitor, H89 with or without 

cortisol. All bars represent mean ± SEM (n = 4-5 fish, approx.100 cells from each fish); Bars 

with different letters are significantly different; one-way ANOVA; Holm Sidak post hoc test; 

p<0.05. Abbreviations: Cortisol (CORT), Xestospongin C (Xes C), Phospholipase C (PLC), 

Protein kinase A (PKA). 
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2.3.5 Rapid cortisol action involve Store operated calcium channel (SOCC) activation 

As cortisol-mediated iCa
2+

 rise was predominantly from extracellular source, and this steroid 

also rapidly modulated calcium release from intracellular stores, we tested whether SOCC 

may be involved. Furthermore, complete intracellular store depletion was targeted to 

determine SOCC using thapsigargin (Tg; 10 μM), a SERCA inhibitor (James et al., 2016). 

Depleting intracellular calcium stores showed rapid influx of calcium into the cells (Fig. 

2.5a). Pre-treatment of hepatocytes with Tg for 30 min showed a significant rise in iCa
2+

 

concentration from control cells (Fig. 2.5a; p<0.05).  However, this increase in iCa
2+

 levels 

was significantly lower than cortisol-mediated iCa
2+

 rise seen in trout hepatocytes (Fig. 

2.5a). A significant increase in iCa
2+

 levels observed with Tg treated cells in response to 

cortisol than cortisol group(Fig. 2.5a; p<0.05). To determine if CRAC channel was involved 

in this cortisol-mediated iCa
2+

 rise, we pre-exposed hepatocytes to CpD5J-4, a CRAC 

specific inhibitor (Koyanagi et al., 2016) for 30 min. CRAC channel inhibition completely 

abolished the cortisol-stimulated rapid iCa
2+

 rise seen in hepatocytes (Fig. 2.5b; p<0.05). To 

further examine whether CRAC channel modulation is involved in the cortisol-mediated 

rapid increase in iCa
2+

 rise, hepatocytes were pre-exposed to antibodies to block either 

cortisol or ORAI-1, a protein subunit of CRAC channels, prior to cortisol addition in trout 

hepatocytes. Incubation with cortisol-specific antibody (1:100) (Nesan & Vijayan, 2016) did 

not elicit a iCa
2+

 rise (Fig. 2.5c). Also, ORAI-1 antibody (1:250) completely inhibited the 

cortisol-induced rise in iCa
2+

 in trout hepatocytes (Fig. 2.5c).  
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Figure 2. 5 Role of CRAC channel in cortisol-induced calcium entry  

(a) A bar graph showing the ratiometric intensity at 1 min with SERCA blocker, Tg with or 

without cortisol. (b) A bar graph showing the ratiometric intensity at 1 min with CRAC 

inhibitor, CpD5J-4 with or without cortisol. (c) A bar graph showing the ratiometric intensity 

at 1 min with CORT-Ab, with or without cortisol. All bars represent mean ± SEM (n = 4-5 

fish, approx.100 cells from each fish); Bars with different letters are significantly different; 

one-way ANOVA; Holm Sidak post hoc test; p<0.05. Abbreviations: Cortisol (CORT), 

Thapsigargin (Tg), Calcium release activated channel (CRAC), Cortisol antibody (CORT-

Ab). 
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2.3.6  ORAI-1 localization on trout hepatocyte membrane  

To confirm ORAI-1 expression and localization in hepatocytes, we carried out 

immunodetection and immunolocalization of ORAI-1 on membrane preparations and whole 

cell, respectively. Immunodetection revealed two protein bands for ORAI-1, one at 37 and 

the other at 51kDa in the trout liver homogenate (LH), crude liver membrane fraction(CLM) 

and purified liver plasma membrane fraction (PLPM) (Fig. 2.6a). There appears to be an 

enrichment of the ORAI-1 in the PLPM fraction compared to the CLM fraction (Fig. 2.6a). 

Furthermore, immunolabeling showed ORAI-1 expression on the plasma membrane of trout 

hepatocytes (Fig. 2.6b). This ORAI-1 expression on the membrane was greater after 5 min in 

the presence of cortisol (Fig. 2.6b). To examine whether ORAI-1 is localized on plasma 

membrane of trout hepatocytes, colocalization of ORAI-1 with caveolin-1, a caveolar marker 

protein present on the membrane (Van Deurs et al., 2003) was carried out using 

immunofluorescent staining (Fig. 2.6c). ORAI-1 appear to colocalize with Cav-1 on trout 

plasma membrane (Fig. 2.6c).  
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Figure 2. 6 Cortisol induced spatiotemporal changes to ORAI-1 distribution in trout 

hepatocytes  

(a) Western blotting of liver homogenates (LH) and purified membranes such as crude liver 

membrane (CLM) and plasma membrane protein fractions (PLMP) with ORAI-1 antibody. 

Blot shown indicates ORAI-1 expression on membrane fractions at ~37KDa. (b) 

Representative immunofluorescence images indicating spatiotemporal changes to ORAI-1 

distribution on the plasma membrane within 5min with and without cortisol, Arrows (in 

yellow) indicating distribution of ORAI-1. (c) Represents colocalization of ORAI-1 with 

Caveolin-1 on the plasma membrane. Colocalization was quantified using IMAGE J 

colocalization analyzer tool. A 2D multichannel histogram plot represents a linear 

correlation between channels. ORAI (green) and DAPI (blue); yellow arrows indicate ORAI 

localization at the membrane, n-5-6, 100 individual cells from each individual fish. Scale 

bar- 30μm. Abbreviations: Control (CONT), Cortisol (CORT), Cortisol conjugated BSA 

(CORT + BSA). 
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2.3.7 In silico prediction of cortisol binding to CRAC channel 

To explore the possibility that cortisol directly binds to CRAC channel protein as a 

possible mechanism for rapid iCa
2+

 rise, we carried out in silico molecular docking studies. 

Binding of multiple steroid ligands, including cortisol, corticosterone, testosterone, estradiol, 

and dexamethasone, to the drosophila CRAC channel (4HKR.pdb) was ascertained. Cortisol 

showed a strong binding interaction with CRAC channel gating site as indicated by the 

binding energy and RMSD values (Fig. 2.7a). The binding coordinates for other steroids, 

including corticosterone, testosterone and estradiol, were distributed throughout the surface 

of receptor reflecting non-specific binding, and no binding pocket was detected at the 

channel core (See Appendix). Consequently, no further study was carried out with these 

steroids. By comparing the best docking coordinates, it was clear that cortisol and 

dexamethasone were in the most favourable positions to bind CRAC (Fig. 2.7b). However, 

the larger distance (6.5 Å while for cortisol it is around 4.5Å) of the binding site of 

dexamethasone from the cavity residues may limit its influence for any interaction in 

channel gating (Fig. 2.7b). Due to the fluctuation of distances between the receptor binding 

site and the ligand, we used a higher distance cut-off of 4.5Å to calculate the close proximity 

residues of the receptor. Considering the local dynamics and conformational changes in the 

presence of solvent, distance of all the residues was calculated within 4.5Å from cortisol. 

Most of these residues were in the M4 extension helix of both chain A and B (Fig. 2.7c). 

Cortisol showed interaction with Ile
316

 and Leu
319

residues of chain A and B  (Fig. 2.7c). 

Sequence alignment (Clustal Omega, Uniprot) showed that the interacting amino-acid 

residues of ORAI are conserved across species (Fig. 2.7d). Hypothetical model with channel 

open and closed state was shown in the presence of cortisol (Fig. 2.7e). 
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Figure 2. 7 Potential role of cortisol in CRAC gating  

(a) Cluster of the binding coordinates from the docking results of cortisol interaction with 

CRAC channel indicating binding energy and RMSD values. (b) Interacting sites of cortisol 

(distance~4.6Å) and dexamethasone (distance ~ 6.5Å) at TM4 from chain B. (c) Cortisol 

interacting residues on CRAC chain A and B with close proximity (distance ~ 4.5Å). 

Residues interacting with cortisol are shown with respective coloring of their chain. (d) 

Sequence alignment showing the location of the residues at the TM3 and TM4 helices that 

are conserved. (e) Cortisol binding to the coiled residues Leu
319

 or Ileu
316 

can potentially 

unlatch the coiled structure and allow Ca
2+ 

gating by decreasing the energy barrier and 

increasing Ca
2+

selectivityof CRAC. Abbreviations:  iCa
2+ 

- Intracellular calcium, CRAC- 

Calcium release activated channel, Transmembrane helix 4(TM4).  
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2.4 Discussion 

This is the first study to show that an acute stimulation with cortisol rapidly increases 

iCa
2+ 

 levels within minutes in trout hepatocytes. Changes in intracellular calcium levels 

modulate several key downstream pathways involved in cellular stress response, including 

oxidative stress (Ermak & Davies, 2002), apoptosis (Pinton et al., 2008), cardiovascular 

function, inflammation and ion fluxes (Putney, 2010). Indeed, it was shown that cortisol 

treatment rapidly increases phosphorylation of PKA, PKB and PKC in trout hepatocytes 

(Dindia et al., 2013), supporting a role for calcium as a second messenger in mediating the 

rapid nongenomic actions of cortisol. GCs are key stress hormones and are important in re-

establishing homeostasis after stressor exposure (Mommsen et al., 1999; Faught et al., 2018). 

However, most of the stress coping actions of GCs have been attributed to its binding to GR, 

a ligand-bound transcription factor,  and regulating target genes involved in metabolism and 

immune function (Faught et al., 2016).  The results from this study underscores a 

nongenomic role for cortisol that is rapid, involving acute rise in iCa
2+  

levels, and may be a 

key driver of the cellular stress response.   

The rapid increase in iCa
2+

 levels in hepatocytes by cortisol stimulation is 

nongenomic given that RU486, a GR antagonist (Lee & Bols, 1989) failed to abolish the 

cortisol-mediated response. Also, this response was evident even with a membrane 

impermeable form of the steroid (BSA-cortisol), suggesting the presence of a protein on the 

plasma membrane as a transducer of the cortisol signal (Hyde et al., 2004). Several studies 

have proposed the presence of cortisol-induced membrane GR-mediated rapid intracellular 

responses, but a membrane-specific receptor for GCs have not been cloned and sequenced 

yet (Das et al., 2018; Johnston III et al., 2019). While several studies have showed GCs to 

modulate intracellular calcium levels (Panettieri et al., 2019), no study has actually 

investigated whether the origin of the calcium is from extracellular and/or intracellular 

stores. Our results suggest that cortisol rapidly increase calcium release from internal stores 

in trout hepatocytes. As EGTA chelates the extracellular calcium (Zamponi, 2005) the 

resultant modest increase in ratiometric intensity in the presence of cortisol and EGTA 

points to the release from internal stores, and this was supported by a complete absence of 
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fluorescence intensity in the presence of BAPTA-AM, which chelates all the internal free 

calcium (Collatz et al., 1997; Zamponi, 2005) (Fig. 2.3b). However, the significant drop 

(~60%) in iCa
2+

 levels in the presence of EGTA attests to the extracellular calcium as the 

major source for cortisol-induced rapid iCa
2+

 rise in trout hepatocytes.  

The two major routes for extracellular calcium entry into the cells are through either 

the voltage-gated calcium channels (VGCC) and/or the store-operated calcium (SOC) 

channels (Berridge et al., 2003). Although calcium entry is mostly carried out by ion-

selective channels, hepatocytes are non-excitable cells and does not rely on voltage-

dependent Ca
2+

 channels (Wang et al., 2004). While the three major voltage gated calcium 

channels are T (transient), N (neuronal) and L (long lasting) type, the T and N types are 

present in excitable cells and not in hepatocytes (Mauger & Claret, 1988). We were unable 

to block the iCa
2+

 rise with nifedipine, a L-type channel inhibitor (Vornanen, 1997, 1998) 

excluding a role of L-type channels in the cortisol-mediated rapid calcium surge in trout 

hepatocytes (Fig. 2.3c). However, cadmium, a non-specific channel blocker of both VGCC 

and SOC channels (Amcheslavsky et al., 2015; McFadzean and Gibson, 2002; Thévenod, 

2018) abolished the iCa
2+ 

rise seen with cortisol (Fig. 2.3d), leading to the proposal that SOC 

entry (SOCE) may be regulated by cortisol stimulation. Indeed, studies have revealed the 

presence of SOC channels in rat hepatocytes (Gregory and Barritt, 2003; Rychkov et al., 

2001), but whether this channel activity is regulated by GCs is unknown.  

SOC channels are the major pathway for calcium signalling in nonexcitable cells, 

including hepatocytes (Prakriya and Lewis, 2015). These channels are activated in response 

to calcium depletion in the ER. Stromal interaction molecule (STIM) proteins that act as 

calcium sensors on the ER interact with calcium release-activated calcium channel protein 1 

(ORAI-1), which is a major component of CRAC channel pore protein, to regulate channel 

gating properties in response to ER calcium depletion (Feske et al., 2006; Prakriya et al., 

2006; Prakriya and Lewis, 2015). Consequently, the ER store depletion is a key stimulus for 

SOC channel activation. Calcium release pathway from ER stores are activated via inositol 

receptor (IP3R) and ryanodine receptor (RyR) gated channels (Berridge et al., 2000). While 

IP3R pathway or its upstream regulator phospholipase C (Takenouchi et al., 2005) failed to 

show involvement in cortisol-mediated iCa
2+ 

rise (Fig. 2.4 a,c), RyR activation was clearly 
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involved (Fig. 2.4b). The RyR is activated by PKA phosphorylation (Reiken et al., 2003), 

and our results suggest rapid PKA activation as a mode of action of cortisol in depleting the 

ER stores and activating the SOC channels. This was confirmed by using ryanodine (a RyR 

inhibitor; (Pisaniello et al., 2003), as well as a potent PKA inhibitor (Lochner & Moolman, 

2006)both of which reduced the cortisol-mediated iCa
2+

 levels by >50% (Figs. 2.4b, d). The 

results support our previous study showing that cortisol rapidly phosphorylates PKA 

substrates proteins (Dindia et al., 2012); however, the membrane receptor that transduces the 

signal is yet to be characterized.  

  There are two major type of SOC channels on the plasma membrane:1) the transient 

receptor potential channels (TRPCs), and 2) the calcium release-activated calcium channel 

(CRAC) (Parekh & Putney, 2005). As TRPCs activation is dependent on the IP3 pathway 

(Parekh & Putney, 2005; Rohacs, 2014; Hille et al., 2015), the lack of this pathway 

involvement in the cortisol-mediated calcium changes (Fig. 2.4 a,c) led us to propose CRAC 

activation as the possible route for extracellular calcium entry. This was tested by depleting 

the internal stores with thapsigargin (Tg), as this drug has been shown to allow STIM 

recruitment to the membrane and the associated CRAC channel activation (Yeung & 

Prakriya, 2018). Indeed Tg treatment led to an increase in iCa
2+

 levels in trout hepatocytes 

supporting its role in CRAC activation (Fig. 2.5a; Parekh and Putney, 2005). Interestingly, 

cortisol in the presence of Tg led to a greater increase in iCa
2+

 levels compared to the Tg 

alone, suggesting a possible regulation of the CRAC channel by this steroid (Fig. 2.5a). This 

was further supported by the complete abolishment of cortisol-induced rapid iCa
2+ 

rise in the 

presence of the CRAC channel-specific blocker Cpd5J-4 (Kim et al., 2014) (Fig. 2.5b). 

ORAI-1 channel proteins are present on trout liver, and these proteins are localized to the 

plasma membrane of trout hepatocytes (Fig. 2.6a, b). Our results for the first time indicate a 

rapid recruitment of ORAI-1 to the plasma membrane of trout hepatocytes within 5 minutes 

(Fig. 2.6b), and they do show colocalization with Cav-1, which is a marker protein  of lipid 

rafts (Fig. 2.6b, c; Okamoto, 1998). This rapid recruitment of ORAI-1 proteins to the plasma 

membrane may be playing a role in maintaining the cortisol-mediated calcium waves in 

hepatocytes.         
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Further using a molecular docking approach, we analysed the cortisol-specific 

interaction with CRAC channel. Although modulation of ion channel activity by steroids 

have been studied (Valverde et al., 1999; King et al., 2006; Bukiya et al., 2011), very little is 

known about steroid- mediated CRAC activation. Our modelling predicts a cortisol-binding 

pocket inside the CRAC channel, which may result in the channel pore opening by cortisol 

(Fig. 2.7). This binding confirmation was specific to cortisol, as estradiol, testosterone, 

corticosterone and dexamethasone were located at distances farther away from the channel 

pore and the binding residues to activate channel gating (Fig. 2.7). In the closed 

conformation, Ile
316

 and Leu
319

 residues on the chains A and B of M4 helix interact with one 

another to form a hydrophobic patch, leading to an antiparallel coiled-coil structure (Hou et 

al., 2012). During STIM binding, CAD (calcium activation domain) disrupts this coiled 

structure by forming similar coiled-coil interaction with itself and the M4 extension (Zhou et 

al., 2016, 2019). This process initiates a cascade of events, including structural changes in 

the binding site that propagates through conformational changes in the M4 and M3 helices to 

opening the channel for releasing Ca
2+

 to the cytosol (Zhou et al., 2016). Molecular docking 

studies predicted that cortisol binding to the Leu
319

 might be able to disrupt the Ile
316

 and 

Leu
319

 link and open the channel, similar to the conformational change associated with 

STIM binding (Zhou et al., 2010, 2016). STIM interaction with CRAC channel initiate pore 

helix rotation , reorientation of the selectivity filter, and decrease in the energy barrier 

resulting in channel opening (Zhou et al., 2016). Cortisol showed a strong binding 

predication to the STIM binding site, suggesting a possible direct role for this steroid in the  

opening the CRAC channel leading to a rapid rise in iCa
2+

 levels (Fig. 2.7a, b, c). Docking 

of cortisol was also performed with the recent model of both closed and open CRAC 

structure (Zhou et al., 2019). Interestingly, cortisol was able to bind to the STIM binding site 

only when the channel was in a closed state, while the steroid loses the binding pocket when 

the channel is in an open confirmation. Although, further studies are warranted to understand 

the exact nature and extent of the structural perturbation by cortisol binding of CRAC 

channels, we propose that cortisol may have a direct role in modulating CRAC channel 

gating.  
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In summary, the present study proposes a novel non-genomic cortisol action 

involving rapid rise in iCa
2+

 levels in trout hepatocytes. We propose two pathways, both of 

which are not mutually exclusive,  for this cortisol-mediated  rapid calcium surge: i) a direct 

effect involving the binding of cortisol to ORAI-1 leading to CRAC channel gating, and ii) 

an indirect effect involving cortisol binding to a membrane receptor leading to PKA-

mediated RyR activation, and SOCE (Fig. 2.8). Overall, we propose cortisol binding to the 

CRAC channel protein as a novel mechanism mediating the rapid nongenomic actions of 

cortisol. GCs are widely used therapeutics for inflammation and other immune-related 

disorders (Cain & Cidlowski, 2017), but chronic usage of this steroid leads to multiple side 

effects,  including osteoporosis, fluid and mineral imbalance and Type 2 diabetes, due to the 

genomic effects associated with GR activation (Cain & Cidlowski, 2017). Our in silico 

determination of a possible direct biding site for cortisol regulating pore opening on CRAC 

channel may have huge implications in the development of steroid drugs that specifically 

target this binding pocket. This will offset any unwanted side effects associated with GR 

activation (Panettieri et al., 2019). 
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Figure 2. 8 Proposed mode of rapid cortisol action in trout hepatocytes 

Cortisol rapidly increases intracellular calcium levels in trout hepatocytes. Two mode of 

actions are proposed based on the results of this study. One is the indirect effect of cortisol 

that included activation of a yet unknown membrane receptor by cortisol, resulting in the 

phosphorylation of PKA, leading to the activation of ryanodine receptor and the release of 

calcium from the endoplasmic reticulum (ER) stores. This decrease in ER calcium activates 

STIM and its interaction with the CRAC channel leading to the calcium influx from 

extracellular stores. The second direct effect involves cortisol binding to the CRAC channel 

(based on the in silico molecular docking approach) and opening the pore to allow 

extracellular calcium. CRAC channel are located on the plasma membrane in association 

with caveolin-1, a membrane lipid rich raft protein. Abbreviations:  iCa
2+ 

- Intracellular 

calcium, CRAC- Calcium release activated channel, ER- Endoplasmic reticulum, STIM- 

Stromal interaction molecule, RyR- Ryanodine receptor, PKA- Protein kinase A, MR-

Putative membrane receptor. 
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CHAPTER 3: Cortisol stimulates rapid glucocorticoid receptor 

recruitment to the plasma membrane in trout hepatocytes  
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3.1 Introduction 

Glucocorticoid receptor (GR), a major steroid receptor involved in stress adaptation, 

has been thought to play a role in the regulation of non-genomic rapid signalling by 

glucocorticoids (GCs) (Johnstone III et al., 2019). Although GC-induced rapid effects has 

been postulated to be mediated through a putative membrane GR (MbGR) (Ayrout et al., 

2017), to date, a membrane GR-like protein has never been cloned or sequenced in any 

animal model. It has been proposed that intracellular GR recruited to the plasma membrane 

may have a role in the rapid cell signalling, but the mechanisms leading to the membrane 

presence of GR has received scant attention.  

Steroid hormone receptors, including estrogen receptor (ER), androgen receptor 

(AR), and progesterone receptor (PR) exists on plasma membrane (Pedram et al., 2007), and 

involves palmitoylation at the ligand binding domain of the receptor (Pedram et al., 2007; 

Adlanmerini et al., 2014). For instance, ER has been shown to be associated with lipid raft 

caveolar rich membrane fractions (Kim et al., 1999; Razandi et al., 2002). Indeed, Cav-1, a 

major caveolar marker protein, play an important role in the membrane bound steroid 

receptor-mediated non-genomic signalling (Lu et al., 2001; Podar et al., 2003; Wu et al., 

1997), including activation of downstream protein kinases (Wilkenfeld et al., 2018).  

We recently showed that cortisol rapidly activates protein kinases, including protein 

kinase C (PKC) in rainbow trout (Oncorhynchus mykiss) hepatocytes (Dindia et al., 2012; 

Dindia et al., 2013). While these studies suggest a rapid nongenomic signalling by cortisol, 

the receptor(s) mediating these changes are unknown. A recent study in trout myocytes 

proposed a putative MbGR that might be involved in the rapid non-genomic changes 

(Espinoza et al., 2017). As the cortisol-mediated rapid cellular responses were abolished 

with RU486, a GR antagonist, this suggests the possibility that intracellular GR on the 

plasma membrane may be mediating the rapid response. This lead to the proposal that 

intracellular GR may be rapidly recruited to the plasma membrane, and may be involved in 

the rapid nongenomic response of GCs.  
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 Increase in intracellular calcium (iCa
2+

) is an important mediator of protein 

trafficking between intracellular compartments. Intracellular Ca
2+

 increase facilitate 

membrane localization of cytosolic phospholipase A2 in response to external stimuli in 

Chinese hamster ovary cell lines (Hirabayashi et al., 1999). A rise in intracellular calcium 

also mediated the translocation of cytosolic Ras-related C3 botulinum toxin substrate (Rac) 

to the plasma membrane in NIH 3T3 cells (Price et al., 2003).  It was recently shown that 

cortisol rapidly stimulated Ca
2+

influx in trout hepatocytes, and this was likely mediated by 

the activation of calcium release-activated calcium (CRAC) channels (Chapter 2).  

Modulation of calcium (Ca
2+

) influx by CRAC channel is considered a conserved 

mechanism, especially in non-excitable cells like the hepatocytes (Prakriya & Lewis, 2015). 

Ca
2+

entry via CRAC is critical for many cellular responses, including lymphocyte 

degranulation (Maul-Pavicic et al., 2011), cell proliferation (Capiod, 2011), apoptosis (Qu et 

al., 2011), actin re-organization and dynamics (Hartzell et al., 2016), skeletal muscle 

signalling (Stiber & Rosenberg, 2011) and osteoclast differentiation for rapid repair (Zhou et 

al., 2011). Among these myriad CRAC-mediated activities, intracellular protein dynamics is 

thought to play an essential role in information transfer from the exterior to the interior 

(Giorgi et al., 2011). CRAC regulated Ca
2+

influx has been shown to modulate mitochondrial 

translocation to the plasma membrane in T cells, and cytosolic 5-lipoxygenase enzymes 

recruitment to the nuclear membrane in mast cells (Chang et al., 2006; Quintana et al., 

2006). However, whether Ca
2+

entry via CRAC plays a role in the steroid nuclear receptor 

trafficking is currently unknown. Given that cortisol rapidly increases intracellular calcium 

in trout hepatocytes (Chapter 2), we tested the hypothesis that cortisol triggers rapid GR 

recruitment to the plasma membrane in trout hepatocytes, as a means to facilitate rapid 

nongenomic GR signalling. The study also tested whether the membrane localization of GR 

targets the lipid rafts by colocalizing membrane GR expressions with Cav-1, a caveolar 

marker protein of lipid rich raft (Van Deurs et al., 2003). Furthermore, the study also 

assessed the role of membrane cholesterol content and actin cytoskeleton in regulating GR 

trafficking in trout hepatocytes.  
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3.2 Methods 

3.2.1 Reagents 

Cortisol (hydrocortisone), EGTA (Ethylene glycol bis (β- Amino ethyl ether)- N, N, N’, N’-

Tetraacetic acid), trypan blue, cholesterol and methyl β- cyclo dextrin (MβCD) was 

purchased from Sigma, USA. Pluoronic
®-F 127 (20% solution in DMSO, Molecular probes, 

USA) and Fura 2-AM were purchased from Life Technologies, USA. Cortisol conjugated 

BSA was purchased from EastCoast Bio, USA. All other chemicals were of analytical grade 

and were purchased from local suppliers.  

3.2.2 Antibodies 

The antibodies used in the present study were rabbit polyclonal antibody against rainbow 

trout GR (1:250) (Sathiyaa & Vijayan, 2003), Caveolin-1 mouse monoclonal antibody 

(1:500) (Luo et al., 2018; Kim et al., 2019b),  ORAI-1 rabbit polyclonal antibody (1:250) 

(Eylenstein et al., 2011; Diercks et al., 2018), and phalloidin conjugated TRITC (1:500) for 

F-actin detection (Schrader et al., 1998) (1:500). Secondary antibodies used were Alexa 488 

goat anti-rabbit IgG and Alexa 594 donkey anti-mouse IgG (Invitrogen, CAN). 

3.2.3 Animals 

Rainbow trout (200-300 g) maintained at the Animal Care Facility (Department of 

Biological Sciences, University of Calgary) was used for the study. The tank was supplied 

with a constant flow of aerated de-chlorinated water with temperature maintained at 

(10±2°C) and lights set at 12 hL: 12 hD photoperiod. Trout were fed commercial trout feed 

(Martin Mills, Elmira, ON) to satiety once daily. All the experimental procedures were 

approved by the animal care committee at the University of Calgary, and were in accordance 

with the CCAC (Canadian council on animal health care) guidelines.  

3.2.4 Hepatocyte isolation and cell suspension 

Hepatocytes were isolated following collagenase digestion procedure described previously 
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(Sathiyaa et al., 2001). In brief, fish were anaesthetized using 2-phenoxyethanol (Fluka 

Analytica, USA) at a concentration of 600 µl/L, followed by bleeding the fish by making a 

sharp cut using a razor blade at the caudal end to maximize blood drain and minimize blood 

contamination during cell isolation. The fish was dissected out, the liver was exposed, and 

the portal vein was cannulated. The liver was then perfused with Medium A (in mM), NaCl 

136.9, KCL 5.4, MgSO4.7H2O 0.8,Na2HPO4.12H2O 0.33, KH2PO4 0.44, HEPES 5.0, 

HEPES Na 5.0) to remove blood for 15-20 min followed by collagenase (Medium B: 

Medium A plus 5 mg/10 ml collagenase; Life technology) digestion for 20-30 min. Buffers 

used for cannulation and enzymatic digestion were kept on ice throughout the process. After 

perfusion, the liver was chopped into pieces using a sterile scalpel and transferred on to a 

petri dish with Medium A. This suspension was then filtered through two nylon mesh (250 

and 75 µm) to get rid of undigested tissue pieces. The cell suspension was then further 

subjected to 2-3 centrifugation (MultifugeX3R centrifuge, Thermo Scientific) steps at 200 g 

for 5 min at 11°C to get rid of any residual collagenase and red blood cells. After washing 

with Medium A, the pellet was re-suspended in Medium C (Medium A with 1.5 mM CaCl2 

and 1% BSA) and centrifuged as before, before the final re-suspension in 25 ml of L-15 

(Leibovitz’s medium with 5 mM NaHCO3, and antibiotic/antimycotic supplementation) on 

ice. After 30 min settling, the medium was slowly aspirated off without disturbing the pellet. 

The cell pellet was then re-suspended in 10 ml of L-15 medium followed by cell counting. 

Cell viability was checked using trypan blue (Sigma) dye exclusion test (Strober, 2001). Cell 

counting was carried out using a haemocytometer following cell isolation, as well as before 

treating hepatocytes with Fura 2-AM the next day. Dissociated cell suspension prepared 

were plated in 6 well petri plates at a concentration of 0.75x 10
5
 million cells per ml and 

incubated in L-15 medium at 11°C for 24 h.  

3.2.5 Cytosolic Ca
2+

 measurements 

Hepatocytes were incubated with FURA-2 AM (10 µM in Medium C; Life technology) and 

5 µl of 20% pluronic-F127 in DMSO for 1.5 h followed by washing and centrifugation at 

200 g for 5 min. Pluronic- F-127 was used to help disperse FURA-2AM. Cell viability was 

analyzed using trypan blue dye exclusion test before and after each treatment. The cell pellet 

was re-suspended in medium C for 30 min for the cell esterases to carry out de-esterification 
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followed by imaging. For treatments, cells were pre-incubated with cholesterol (1mM) and 

methyl β- cyclodextrin (MβCD) (10 mM) for 1 h in a serum free medium and then exposed 

to cortisol (100ng/ml) prior to cell Ca
2+

 recording. Cell suspension (50 µl) was mounted on a 

coverslip (of approx. 18mm) attached to a petri dish of 28 mm diameter constructed in the 

lab (Bootman et al., 2013) . This whole set up was then mounted on an inverted microscope 

(Qimaging RETIGA
TM

 EXi FAST 1394)) for imaging. Soon after 8-10 min of cell adhering 

period, the petri plate was slowly rotated and extra cell suspension (20-25µl) was removed. 

Cells were imaged for 10 min for Ca
2+ 

recording with an interval of 10 s in between each 

recording. 

Intracellular calcium was expressed as a ratio of fluorescence intensities at 340 nm 

(bound form of calcium) and 380 nm (free form of calcium). Light emitted from a 75-W 

xenon arc lamp (AH2-RX, Zeiss) passed through an excitation filter set (Chroma) to 

generate ultraviolet monochromatic waves of 340 and 380 nm. With the aid of a 

computerized filter wheel (Lambda 10-2, Sutter Instruments), the cells in the chamber were 

alternately exposed to the two waves through an objective (40X /340/0.90 N.A.). All image 

acquisition was computer-controlled by Northern Eclipse (EMPIX, Imaging). Images 

acquired were corrected for background fluorescence and shading across the field of view 

before calculating the ratio of the fluorescent emission intensities at each excitation 

wavelength (380/340 nm). Images were acquired at 10 s intervals to reduce photo bleaching. 

The exposure parameters for 340 and 380 nm were kept unchanged throughout the 

experiment. Pre-incubated cells with treatments were on ice prior to cortisol addition. All 

measurements were made at room temperature (~20°C).  

3.2.6 Double immunofluorescent labeling 

Isolated hepatocytes were cultured on 22 mm coverslips in 6 well plates followed 

by overnight incubation prior to exposure to treatments. Cultured cells were then exposed to 

cortisol at a concentration of 100 ng/ml in a time dependent manner and fixed with ice-cold 

methanol for immunostaining. For some experiments were membrane cholesterol content 

was manipulated, cells were treated with cholesterol (1mM) and methyl β- cyclodextrin 

(MβCD)(10 mM) in serum free medium for 1h at 11°C, the coverslips were then fixed using 
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ice-cold methanol and stored at 4°C. Cells were incubated in a serum free medium for 

cholesterol and methyl β- cyclodextrin treatment.  Excess methanol was removed and 

hydrophobic pen was used to draw a barrier around the coverslip boundary to secure the 

central area for antibody application. Coverslips with cells attached were then incubated with 

a permeabilization buffer (0.1% TritonX-100 in Medium A) for 10 min followed by washing 

with buffer (Medium A with 0.1% Tween- 20) for 3 times at 5 min interval. After 

permeabilization, cells were incubated with a blocking solution (2% BSA with sodium azide 

in medium A) for 3 h at 37°C followed by overnight incubation with anti-trout GR antibody 

(Sathiyaa & Vijayan, 2003) at 4°C. After overnight incubation, cells were washed as 

previously mentioned followed by secondary antibody goat anti-rabbit Alexa 488 conjugate 

labeling (Shiue et al., 2009). Double antibody staining is followed by incubating the cells 

with anti Cav-1antibody (1:250) (Luo et al., 2018; Kim et al., 2019b) overnight at 4°C. 

Secondary antibody donkey anti-mouse Alexa 594 conjugate labeling (Zhu et al., 2016) was 

done the very next day after washing. DAPI (100 ng/ml) is the final staining performed prior 

to mounting. Coverslips were mounted to clean slides using DABCO (Antifade reagent) 

followed by sealing the periphery using transparent nail paint. This whole mounting step 

lasts for an hour including air-drying. Post drying, slides were wrapped in aluminium foil 

and stored at 4°C until imaging. This step is crucial for keeping the staining stable for longer 

period with less photo bleaching. 

To determine whether two antibody binding regions are sharing the same 

spatiotemporal position, colocalization was used. Colocalization of GR (green) with Cav-1 

(red) was obtained using colocalization threshold/coloc-2 plugin platform of ImageJ. 

Combination of both probes, green and red gives yellow color when colocalized. 

Furthermore, stacking of green (GR) channel and red (Cav-1) channel using a specified 

region of interest (ROI), a 2D scatterplot/fluorogram was generated. The fluorogram 

determined the linear regression line showing colocalization of GR and Cav-1. Images were 

superimposed to determine spatial colocalization and to identify the colocalization pattern 

(Dunn et al., 2011). 
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3.2.7 Laurdan generalized polarization imaging and quantification 

Cells were pre-incubated with cholesterol (1mM) and methyl β- cyclodextrin (MβCD) (10 

mM) for 1h at 11°C in a serum free medium before laurdan (10 µM) (Gaus et al., 2003) 

probing. All the incubation steps were carried out in black 96 well plate (Greiner bio, 

Germany). Cells pre-treated with cholesterol and MβCD were used for basal reading before 

cortisol addition. Plate readings were taken at 19~20 °C for 10 min with 30 s interval 

between each reading. Data analysis was carried out by subtracting the background 

recordings from control cells with laurdan probe. Data represents reading at 10 min post-

cortisol exposure. 

Laurdan (6-lauroyl, 1-2 di-methylamino naphthalene) is a membrane probe, which is 

used widely to understand the membrane microarchitecture by relating the percentage of 

water retention in the membrane, which in turn affects the probe movement and signal. The 

changes to the dipole moment define the intramembranous environment. So, a slight change 

in the membrane microarchitecture not only will affect the rotation of laurdan, but also the 

generalized polarization (GP). Laurdan anisotropy measurements were taken using a spectro-

fluorimeter (Spectra-max Paradigm, USA). Sample plates prepared were observed at 350 nm 

excitation wavelength and two different emission wavelengths 440 and 490 nm, respectively. 

Changes to membrane parameters were calculated using generalized polarization (GP) shift. 

Values obtained under different emission intensities were calculated using equation adapted 

from Parassasi et al., 1991: 

GP = I440-I490/I440+I490 

3.2.8 Data acquisition and analysis 

Ion wave acquisition of northern eclipse software was used for ratiometric calcium 

imaging. The region of interest (ROI) was selected for each experiment with the respective 

background area. Data obtained using ion wave acquisition tool of Northern eclipse software 

was plotted on SIGMA plot against time (in sec) to get the time lapse changes of calcium 

and changes seen within a minute of cortisol stimulation. Images were created using ImageJ 

with LUT of 16 colors for intensity changes. Statistical significance was determined by one-
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way ANOVA followed by post hoc test (Tukey’s multiple comparison tests) to determine 

treatment differences. Equal variance was tested using levene median test and normality was 

tested using Shapiro wilk test. P< 0.05 was considered significant. 

 

 

3.3 Results 

3.3.1 Cortisol stimulates rapid GR translocation to the plasma membrane 

Immunolabeling with a trout-specific GR antibody was used to determine the spatial 

and temporal distribution of GR post-cortisol stimulation. Exposure of hepatocytes to acute 

stress levels of cortisol (100 ng/ml) led to rapid GR translocation to the plasma membrane 

within 5 min  (Fig. 3.1a). GR was localized in the cytoplasm and nucleus of trout 

hepatocytes (control group, Fig. 3.1a), but after cortisol stimulation GR formed punctate at 

the plasma membrane and this lasted for 30 min of exposure (Fig. 3.1a). The GR was 

localized more in the cytoplasm and nucleus by 60 min post-cortisol stimulation (Fig. 3.1a). 

To determine whether cortisol-induced rapid GR translocation was mediated by proteins on 

the membrane, a membrane impermeable ligand (cortisol-BSA) was also utilized. 

Stimulation by cortisol conjugated BSA (100 ng/ml) also led to a transient GR localization 

on the plasma membrane similar to that observed with cortisol treatment (Fig. 3.1 b). GR 

rapidly formed punctate at the membrane by 5 min of cortisol-BSA addition, and this 

response was still evident at 30 min post-treatment (Fig. 3.1b).  
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Figure 3. 1 Cortisol rapidly localizes GR to the plasma membrane in trout hepatocytes  

(a) Representative images showing the temporal changes (5, 10, 30 and 60 min) in GR 

expression post-cortisol (100 ng/ml) stimulation. Trout GR was localized with anti-trout GR 

antibody at a dilution of 1: 250. The upper panel demonstrates GR expression and the lower 

panel indicates merged images of GR with the nuclear stain DAPI; (b) Temporal changes (5, 

10 and 30 min) in GR localization in the presence of the membrane impermeable steroid 

analogue (cortisol-BSA). GR (green) and DAPI (blue); yellow arrows indicate GR 

localization at the membrane, while white arrows indicate nuclear localization; all images 

are representative of cells from 5-6 different fish, and approx. 100 cells from each fish. Scale 

bar- 30μm. Abbreviations: Control (CONT), Cortisol (CORT), Cortisol conjugated BSA 

(CORT+BSA). 

 



 62 

3.3.2 Cortisol-mediated GR translocation is associated with caveolin-1  

To further confirm that the GR localization was at the plasma membrane, double 

immunolabeling was carried out with GR and caveolar membrane marker protein, caveolin-1 

after 5 min of cortisol stimulation. GR colocalized with caveolar marker protein, Cav-1, that 

is abundant in the caveolae rich areas of the membrane (Van Deurs et al., 2003) (Fig. 3.2a). 

Superimposition of colors helped in determining the spatial sense of protein (Fig. 3.2b) and 

scatter plot indicated the similarity between the two protein binding regions and the degree 

of colocalization in the cortisol group (Fig. 3.2c). Cortisol treatment showed membrane 

localization of GR with Cav1 (the yellow colour) compared to the control cells, which 

showed predominantly nuclear and cytosolic distribution of GR (green), and not on the 

membrane (Fig. 3.2b).  
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Figure 3. 2 GR appears to localize with caveolin-1 

(a) The rapid GR localization to the membrane in response to cortisol stimulation at 5 min 

showed co-localization with caveolin-1 on the plasma membrane. (b) Colocalization of GR 

with Cav-1 was obtained using colocalization threshold/coloc-2 plugin platform of ImageJ. 

Combination of both probes, green and red gave a qualitative representation of 

colocalization (yellow colour). Control group on the left showed no colocalization with 

caveolin-1, whereas cortisol group display yellow colored region confirming colocalization. 

(c) 2D scatterplot/fluorogram of colocalization shows a linear regression between GR and 

Cav-1in a representative cortisol stimulated cell. GR (green), Caveolin-1 (red) and DAPI 

(blue); yellow arrows indicate GR localization at the membrane, while white arrows indicate 

nuclear localization; cyan arrows denote colocalization of GR with cav-1; Sample size-50 

individual cells from 5 different fish. Scale bar- 30μm. Abbreviations: Control (CONT), 

Cortisol (CORT), Caveolin-1 (Cav-1), Glucocorticoid receptor (GR). 



 64 

3.3.3. Calcium influx is required for GR translocation 

To determine whether an increase in intracellular calcium rise due to cortisol 

stimulation was involved in this GR recruitment to the plasma membrane, we manipulated 

intracellular calcium levels by using EGTA (an extracellular calcium chelator) or blocking 

the ORAI-1, the CRAC channel protein subunit (Koyanagi et al., 2016). Treatment of 

hepatocytes with EGTA (2mM) for 30 min, which prevents the rapid rise in intracellular 

calcium with cortisol (Chapter 2), abolished the recruitment of GR to the plasma membrane 

(Fig. 3.3a). Treatment of hepatocytes with EGTA also showed to form actin clusters near the 

nucleus with cortisol (Fig. 3.3b). Also, hepatocytes pre-incubated with the CRAC channel 

blocker, Cpd5J-4 (10 μM) for 30 min, which prevented rapid rise in intracellular calcium 

with cortisol as seen in Chapter 2, also prevented the GR punctate formation at the plasma 

membrane (Fig. 3.3c).  
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Figure 3. 3 Cortisol-mediated rapid membrane GR recruitment involves extracellular 

calcium entry  

(a) Extracellular calcium chelation with EGTA inhibited the temporal (10, 20, 30 min) GR 

localization at the plasma membrane seen with cortisol; representative images without 

EGTA is shown on the upper panel, while cells with EGTA are on the lower panel. (b) GR 

recruitment to the plasma membrane with cortisol at 5min is also absent in the presence of 

the ORAI-1 inhibitor, Cpd5J-4; upper panel shows control and cortisol group either with or 

without Cpd5J-4, while the lower panel shows the merged image with the DAPI stained 

nucleus; GR (green) and DAPI (blue); ; yellow arrows indicate GR localization at the 

membrane, while white arrows indicate nuclear localization. Sample size-50 individual cells 

from 5 different fish. Scale bar- 30μm. Abbreviations: Control (CONT), Cortisol (CORT), 

Ethylene glycol-bis (β-aminoethyl ether)-N,N,N’,N’- tetraacetic acid) (EGTA), Calcium 

release activated channel inhibitor (CpD5J-4). 
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3.3.4 Cortisol-mediated GR translocation requires actin filaments 

To determine whether cortisol-mediated GR translocation requires the involvement 

of cytoskeletal filaments, we treated hepatocytes with latrunculin B (F-actin disruptor). 

Hepatocytes were pre-incubated with Latrunculin B (Morton et al., 2000) for 40 min
 
prior to 

cortisol stimulation. Due to the distinct condensed actin structure in hepatocytes, it was 

difficult to detect dynamic changes to actin re-organization. Hence, confocal imaging and 

deconvulation tool was used to determine sharp structural differences between the treatment 

groups prior to and post-exposure to latrunculin B. Rhodamine labeled phalloidin stain was 

used to detect changes to actin organization at a wavelength of 594 nm (Patki et al., 2001). 

Addition of latrunculin B resulted in the formation of actin clusters inside hepatocyte (Fig. 

3.4a). This was further confirmed by using cell surface clustering via Image J3D object 

counter tool, which showed three distinct clustering peaks with latranculin but not in the 

controls (fig. 3.4b). Latrunculin B pre-treatment completely failed to translocate GR to the 

membrane post-cortisol stimulation (Fig. 3.4c). Increased GR expression was seen in the 

nucleus relative to the cytoplasm in the latrunculin B treated cells (Fig. 3.4c). Chelating 

extracellular Ca
2+

 using EGTA (2 mM) for 30min showed actin disassembly and failed to 

translocate GR to the membrane (Fig. 3.4d).   
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Figure 3. 4 Cortisol mediated rapid GR translocation involves cytoskeletal framework  

(a) Representative image showing a deconvoluted intact control cell and a latrunculin B 

treated cell; Immunofluorescence staining with phalloidin TRITC (red) denote condensed 

structures and actin clustering in the latrunculin B treatment. (b) Mean cluster plot indicating 

the cluster sizes formed between a control and latrunculin-B treated cell. (c) Representative 

images showing GR translocation post-cortisol stimulation in the control and latrunculin-B 

treated cells. Upper panel denotes changes to GR expression post-cortisol treatment at 30 

min either with or without latrunculin-B treatment. Lower panel shows F-actin (phalloidin 

TRITC) staining. (d) Representative cell images demonstrating the effect of EGTA on F-

actin (using phalloidin) staining; GR (green), F-actin (red) and DAPI (blue); yellow arrows 

indicate GR localization at the membrane, while white arrows indicate nuclear localization; 

sample size-100 individual cells from 5 different fish. Scale bar- 30μm. Abbreviations: 

Control (CONT), Cortisol (CORT), Ethylene glycol-bis (β-aminoethyl ether)-N,N,N’,N’- 

tetraacetic acid)(EGTA), Latrunculin B(LAT-B). 
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3.3.5 Plasma membrane properties influence cortisol-mediated rapid GR recruitment 

To determine whether plasma membrane structure modifications, such as alteration 

to fluidity, may have an impact on GR localization, cholesterol content was manipulated by 

pre-treatment of cells with methyl-β cyclodextrin (MβCD) and recovery of MβCD treated 

cells using cholesterol (modification with 2 (MβCD): 1 (cholesterol) ratio) as previously 

shown(Christian et al., 1997). To confirm changes in membrane biophysical properties in 

response to changes in cholesterol, laurdan emission spectral alteration were measured. This 

was carried out by calculating the GP value, a measure of solvent relaxation and lipid 

disorder (Harris et al., 2002), from spectral changes at 440 and 490 nm. Cholesterol 

enrichment did not affect the GP compared to the control cells, while both MβCD and 

cortisol treatment reduced the GP values compared to the control cells (Fig. 3.5a). 

Cholesterol enrichment showed a similar GR localization trend as seen with control 

cells.(Fig. 3.5b).  Cholesterol depletion with MβCD resulted in the GR punctae formation at 

the plasma membrane of trout hepatocytes similar to that seen with cortisol treatment (Fig. 

3.5b). This MβCD effect on GR localization was not altered by cortisol treatment (Fig. 3.5b). 

To determine if Ca
2+

 influx is important for GR translocation in the MβCD treated 

hepatocytes, extracellular Ca
2+

 was chelated with EGTA. In the absence of external Ca
2+

, GR 

failed to translocate to the plasma membrane in the MβCD treated cells (Fig. 3.5b). There 

was a higher basal Ca
2+

 concentration in the MβCD treated cells, but not in the cholesterol 

treated cells (Fig. 3.5d). As shown before cortisol treatment increases intracellular Ca
2+

 

concentration rapidly in trout hepatocytes (Fig. 3.5c). 
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Figure 3. 5 Cortisol-mediated rapid GR localization is modulated by membrane 

modifications.  

 (a) Laurdan generalized polarization (GP) values for hepatocytes treated with either with 

vehicle (Control), cholesterol (CHOL) with Methyl β cyclodextrin (MβCD), MβCD or 

cortisol (CORT).  (b) Representative images of hepatocytes treated with either vehicle 

(CONT), cholesterol (CHOL) or Methyl β cyclodextrin (MβCD) in the presence (lower 

panel) or absence (upper panel) of cortisol on GR localization. The last panel shows GR 

localization in the MβCD + cortisol group with EGTA. 
 
(c) Representative images of 

hepatocytes treated with either vehicle (CONT), cholesterol (CHOL) or Methyl β 

cyclodextrin (MβCD) in the presence (lower panel) or absence (upper panel) of cortisol on 

iCa
2+

levels using ratiometric imaging with FURA-2AM. (d) Mean calcium fluorescence 

measured at 1 min after cortisol addition in cells treated with vehicle (Con), cholesterol 

(CHOL) or Methyl β cyclodextrin (MβCD). Arrows (in yellow) indicate peripheral GR 

localization, arrows (in white) indicate nuclear localization. Bar represent mean±SEM; 

Different letters denote significant differences; one-way ANOVA (n=4-5 fish); Holm Sidak 

post hoc test; p<0.001; Scale bar-30μm (Fig.b) and 2 μm (Fig.c). Abbreviations: Control 

(CONT), Cortisol (CORT), Methyl β cyclodextrin (MβCD), cholesterol (CHOL), Ethylene 



 70 

glycol-bis (β-aminoethyl ether)-N,N,N’,N’- tetraacetic acid)(EGTA), Generalized 

polarization(GP).   

3.4 Discussion 

This study demonstrates that acute stress levels of cortisol rapidly recruit GR to the 

plasma membrane in trout hepatocytes. Plasma membrane localized GR has been thought to 

play a role in the rapid nongenomic signalling by GCs (Samarasinghe et al., 2011; Johnston 

III et al., 2019). This may be mediated by the interaction of plasma membrane GR with Cav-

1, a major scaffolding protein abundant in the lipid rich rafts (Fra et al., 1999; Lu et al., 

2001; Podar et al., 2003). The sex steroid receptor translocation to the plasma membrane, 

interaction with Cav-1, and rapid signalling is thought to require palmitoylation within the 

ligand-binding domain (Pedram et al., 2007; Wilkenfeld et al., 2018); however, this may not 

always be the case for GR recruitment to the plasma membrane (Samarsinghe et al., 2011). 

Here we show that acute elevation of cortisol during stress may in itself facilitate the rapid 

recruitment of GR to the plasma membrane. While the mechanism leading to this GR 

trafficking remains to be determined, GC-mediated rapid rise in intracellular calcium is 

necessary for this stress response.      

The GR are nuclear receptor family of proteins and they are mostly localized to the 

cytoplasm/nucleus (Wilkenfeld et al., 2018) and upon ligand binding initiate target gene 

regulation (Johnstone III et al., 2019). This is also the case in trout hepatocytes showing 

intracellular distribution in the cytosol and within the nuclear membrane. However, this 

pattern rapidly changes in response to cortisol stimulation, and there is a shift in the GR 

localization to the plasma membrane within 5 min of cortisol stimulation. The GR forms 

punctae at the plasma membrane and it lasts for at least 30 min, but disappears at 60 min 

post-cortisol treatment (Fig. 3.1a). Colocalization with Cav-1 suggests that the GR was at the 

plasma membrane, and this may facilitate the rapid nongenomic signalling of GCs as 

reported previously (Jasmin et al., 2009; Samarasinghe et al., 2011), but the mechanisms are 

unknown. This transient recruitment of GR to the plasma membrane may be a mechanism 

facilitating the rapid nongenomic GC signalling during stress (Gametchu, 1987; Bartholome 

et al., 2004; Stojadinovic et al., 2013; Espinoza et al., 2017). In agreement, some studies 
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have shown that the rapid nongenomic actions of GCs are abolished by RU486, a GR 

antagonist, supporting a physiological role for the membrane localization of intracellular 

GRs (Samarasinghe et al., 2011; Espinoza et al., 2017).  

What is the mechanism leading to the rapid effect of cortisol in translocating GR to 

the plasma membrane? The fact that the GR localization to the plasma membrane was also 

evident with cortisol-BSA, which is membrane impermeable, suggests that the signal 

transduction commences at the plasma membrane. We recently showed that cortisol rapidly 

elevates intracellular calcium levels within minutes, and this was mediated by CRAC 

channel regulation in trout hepatocyte (Chapter 2). Consequently, we tested whether calcium 

may be involved in this rapid recruitment of GR by cortisol. Indeed, chelation of 

extracellular calcium prevented the recruitment of GR to the plasma membrane. As CRAC 

channels are involved in the calcium influx from extracellular space, blocking the channel 

with Cpd5J-4 (Koyanagi et al., 2016) also abolished the GR translocation to the plasma 

membrane (Fig. 3.3).  These results suggest a key role for cortisol-stimulated increase in 

intracellular calcium levels in the rapid recruitment of GR to the plasma membrane. Calcium 

has been shown to facilitate protein trafficking in different cell types (Hirabayashi et al., 

1999; Jarman et al., 2010), but to our knowledge no study has attributed a role for calcium in 

the GR localization to the plasma membrane.  

 While calcium is a key second messenger, transient movement of protein between 

compartments requires cell cytoskeletal framework (Papakonstanti et al., 2003), including 

the translocation of protein from intracellular compartment to the plasma membrane (Tong 

et al., 2001; Hehnly & Stamnes, 2007; Sylow et al., 2016). For instance, translocation of 

ligand-bound GR to the nuclear compartment requires F-actin, and this nucleocytoplasmic 

shuttling failed after actin disruption (Galigniana et al., 1999). Our results suggest  that F-

actin is also essential for the movement of cytosolic GR to the plasma membrane (Fig. 3.4). 

Disruption of the actin cytoskeletal network using latrunculin B, an F-actin disrupter resulted 

in the formation of actin clusters inside the cell (Fig. 3.4 a). While intact actin framework 

showed GR translocation to the plasma membrane, disruption of actin filaments prevented 

GR shuttling (Fig. 3.4 b, c). We propose that F-actin mediated translocation of GR to the 

hepatocyte membrane is a Ca
2+

 dependent process, and failure to access extracellular Ca
2+

 



 72 

also failed to translocate GR to the membrane by accumulation of actin near the nucleus 

(Fig. 3.4d). This is further supported by studies showing that the calcium-dependent 

interaction of tubulin (Davey et al., 2000) and actin filaments (Pelletier et al., 1999) play a 

role in the translocation of proteins between cellular compartments. 

The plasma membrane biophysical properties have been shown to affect protein 

trafficking, sorting and signal transduction across cellular compartments (Lundbaek et al., 

2003; Schekman, 2007). Cholesterol is an important sterol that determines the biophysical 

properties of cellular membrane, and maintain structural integrity and cell function under 

variable conditions, including changes to temperature, membrane fusion, random protein 

distribution and changes to the channel activity (Coyan and Loussouarn, 2013; Levitan et al., 

2010). We have shown previously that cortisol rapidly alters the membrane fluidity, leading 

to an increase in the phosphorylation of PKA, PKC and AKT substrates in trout hepatocytes 

(Dindia et al., 2012). Here we are showing that alterations in membrane properties can affect 

GR translocation and this may be due to changes in intracellular calcium levels. For 

instance, increasing membrane fluidity by reducing cholesterol packing by MβCD led to the 

formation of GR punctae on the plasma membrane. This response is similar to that seen with 

cortisol stimulation, and may be due to the higher basal intracellular calcium level in the 

MβCD treated cells (Fig. 3.5c). However, cholesterol addition to the cholesterol-depleted 

cells prevented the cortisol-mediated GR translocation, and this seems to correspond with a 

lack of change in intracellular calcium levels (Fig. 3.5c). Indeed, cholesterol enrichment has 

been shown to reduce CRAC channel activity by reducing the channel selectivity at the 

TM1pore (Derler et al., 2016a). Consequently, the lack of calcium influx due to cholesterol 

addition inhibited the GR translocation. These findings suggest that rapid cortisol modulated 

signalling at the membrane involves interaction with Ca
2+

 signalling. 

Taken together, our results demonstrate for the first time that cortisol may rapidly 

recruit GR to the plasma membrane in trout hepatocytes. This is supported by the possibility 

that GR colocalizes with caveolin-1, a key membrane protein that is involved in transducing 

membrane GR-mediated rapid nongenomic signalling (Panettieri et al., 2019). We propose 

activation of the calcium release-activated calcium (CRAC) channels by cortisol as a key 

pathway facilitating the rapid calcium influx, and this second messenger is essential for the 
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rapid GR recruitment to the plasma membrane (Fig. 3.6). The results also reveal a role for 

alterations in membrane biophysical properties due to cortisol (Dindia et al., 2012) as a 

possible mechanism for rapid calcium surge and GR trafficking. This movement of GR may 

also be dependent on F-actin (Fig. 3.6). Overall, rapid GR localization to the membrane by 

cortisol is a novel phenomenon, and while the mechanism is unknown, our results suggest a 

key role for calcium in this process. As we have shown previously that CRAC channels may 

be directly modulated by cortisol (Chapter 2), we propose that rapid calcium entry through 

this channel in response to cortisol stimulation may be a key driver for the GR recruitment to 

the plasma membrane. Given that studies have shown membrane GR to play a role in the 

nongenomic GCs signalling (Samarasinghe et al., 2011; Ayrout et al., 2017; Espinoza et al., 

2017), our results suggest that the rapid recruitment of GR to the plasma membrane is a 

novel mechanism facilitating the rapid signalling by GCs to cope with stress (Samarasinghe 

et al., 2011; Vernocchi et al., 2013; Johnstone III et al., 2019).  
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Figure 3. 6 Proposed mechanism for the rapid GR translocation to the membrane.  

(1) Cortisol rapidly localizes GR to the plasma membrane, and the GR colocalizes with 

caveolin-1. (2) Rapid GR translocation is dependent on extracellular Ca
2+

, and involves 

ORAI-1 activation. (3) Cortisol mediated rapid GR translocation involves actin cytoskeletal 

network. (4) Membrane modifications can alter GR translocation, and  (5) this may be 

mediated by changes in calcium dynamics in trout hepatocytes. 
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CHAPTER 4: Cortisol modulates rapid extracellular Ca
2+

 entry in 

zebrafish muscle explant   
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4.1 Introduction 

Cortisol is the primary glucocorticoid (GC) hormone in teleost, and plays an important role 

in the metabolic adjustments to regain homeostasis (Wendelaar Bonga, 1997; Mommsen et 

al., 1999b; Vijayan et al., 2010). Cortisol exerts its action on every tissue (Kuo et al., 2013), 

including skeletal muscle to mobilize energy substrates during acute stress to cope with the 

increased energy demand (Mommsen et al., 1999b; Milligan, 2003; Palstra et al., 2013; Galt 

et al., 2016). In particular, cortisol enables the regulation of glucose uptake and maintenance 

for muscle performance during stress conditions. Cortisol actions involve two pathways, a 

genomic pathway that is mediated by the intracellular glucocorticoid receptor (GR) 

activation leading to target gene regulation, and a nongenomic pathway that is rapid and 

involve membrane associated component for signal transduction (Losel et al., 2003; 

Johnstone III et al., 2019). Although cortisol mediated genomic activities in skeletal muscle 

are well studied, less is understood about the role of non-genomic mechanisms.  

A recent report on cortisol modulated rapid non-genomic effects in trout 

(Oncorhynchus mykiss) myocytes showed an increase in reactive oxygen species (ROS) 

levels mediated by a putative membrane GR (mGR) (Espinoza et al., 2017). While this study 

showed an association of extracellular signal regulated kinases (ERK), c-jun N-terminal 

kinases (JNK), and mitogen activated kinases p38 (MAPK) with mGR, a clear physiological 

significance of these pathways in relation to rapid cortisol action was far from clear 

(Espinoza et al., 2017). Along the same line, a recent study proposed an early regulation of 

focal adhesion related proteins in trout muscle by cortisol, which was independent of the 

classical GR activation and may play a role in the early adaptation to stress in fish (Aedo et 

al., 2019). Although these studies have proposed activation of rapid signal transduction 

pathways by cortisol, the mechanisms are less clear. 

 Here we tested the hypothesis that cortisol exposure, mimicking acute stress 

condition, increases intracellular Ca
2+

 in zebrafish (Danio rerio) skeletal muscle. Due to 

transparency of zebrafish larvae and higher amenability to in vivo experimentation, they are 

widely used for live cell Ca
2+

imaging (Wasilewska et al., 2019). Recent studies on calcium 

regulation in zebrafish suggests conservation of the channel and binding proteins with 
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humans (Wasilewska et al., 2019). Consequently, zebrafish is an ideal model system to study 

the translational role of nongenomic GCs signalling on muscle function. Skeletal muscle 

explants are widely used in mammalian studies, due to their closer association with the 

microenvironment of the animal. Since we have dissected out the rapid cortisol modulated 

Ca
2+

 signalling in hepatocytes (a non-excitable cell type) (Chapter1and 2), the objective was 

to examine whether rapid cortisol actions on calcium was also observed in excitable tissue, 

and this was tested using zebrafish skeletal muscle explants.  

 We report that acute cortisol exposure displayed a rapid increase in intracellular free 

Ca
2+

 in skeletal muscle explants of zebrafish larvae. Cortisol-mediated rapid effect was 

membrane-associated and is independent of classical GR activation. The results suggest that 

the cortisol-mediated rise in iCa
2+

 is predominantly due to the activation of Ca
2+

 release-

activated calcium (CRAC) channel.   

4.2 Methods 

4.2.1 Animal  

The strain of zebrafish used is TL (Tupfel long fin strain). Zebrafish were kept in a re-

circulatory system (Pentair Aquatic Habitats, Apopka FL) with water temperature 

maintained at 28°C and 14:10 light: dark cycle. For breeding, zebrafish were left in breeding 

traps for overnight and eggs were collected the next day morning. Eggs collected were 

placed in 10cm petri plates with E3 medium (5 mM NaCl, 0.17 mMKCl, 0.33 mM CaCl2, 

0.33 mM MgSO4,) containing 0.1ppm methylene blue as an antifungal agent (Brand et al., 

2002; Burgess & Granato, 2007). Larvae (2 day post-fertilization; 2 dpf) were used for 

muscle explant studies. For all the experiments, exogenous glucose was maintained at a 

concentration of 5 mM in the medium. The Animal care and Use Committee at the 

University of Calgary approved all experimental protocols, and they are in accordance with 

the CCAC (Canadian council on animal care) guidelines. 
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4.2.2 Explant culture 

Zebrafish larvae at 2dpf were anesthetised via rapid cooling on ice (Chen et al., 2014). 

Larvae were placed in a 1.5ml eppendorf tube containing E3 medium on ice for 25-30 s, 

after which the larvae were transferred on to a petri plate with 2% methylcellulose. Larvae 

were then placed in a lateral position for efficient dissection to obtain the explants. With the 

help of a sterile sharp 21G scalpel blade, the trunk of the larvae was dissected out followed 

by washing with E3 medium with glucose (5mM). These muscle explants were then 

transferred to a petri-plate with fresh E3 medium containing glucose and Ca
2+

 and incubated 

at 28°C for 1 h prior to dye incorporation. 

4.2.3 Reagents 

Muscle explants were exposed to either vehicle (control: 0.01% ethanol) or cortisol 

(Hydrocortisone (Sigma): 100 ng/ml) for all the experiments. A dose response study was 

conducted to determine dose-specific response of cortisol. Cortisol (Hydrocortisone), 

epinephrine,  EGTA (Ethylene glycol bis (β- Amino ethyl ether)- N, N, N’, N’-Tetraacetic 

acid), BAPTA-AM 1,2-bis (o-aminophenoxy) ethane-N, N, N’, N’-tetraacetic acid)-acetoxy 

methyl ester, nifedipine, verapamil, trypan blue and cadmium chloride were purchased from 

Sigma, USA. Cortisol conjugated BSA was purchased from East Coat Bio, USA. 

Pluoronic
®
-F 127 (20% solution in DMSO, Molecular probes, USA), BAPTA-AM (1,2-bis o 

aminophenoxy) ethane- N, N, N’, N’-Tetraacetic acid), Xestospongin, U73122 and Fura 2-

AM were purchased from Life Technologies, USA. All hormones utilized during the 

experiment were dissolved in ethanol, the final concentration of which never exceeded 

0.01%. All other chemicals were of analytical grade and were purchased from local 

suppliers.  

 EGTA (1mM) and BAPTA-AM (10 μM) was used as extracellular and intracellular 

Ca
2+

chelator, respectively (Zhang et al., 2011a). CRAC channel inhibitor, Cpd5J-4 (10 μM) 

(Koyanagi et al., 2016), was used to assess the role of CRAC channel. L-type channel 

inhibitor, nifedipine (10 μM), T-type inhibitor, verapamil (10 μM) and non-specific channel 

inhibitor cadmium (10 μM) was used to block channels. Colchicine (20 μM) used to assess 
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the role of microtubule (Leung et al., 2015). To examine the pathways involved, IP3R 

blocker Xestospongin C (10 μM) was used. Thapsigargin (Tg)(5 μM), a SERCA blocker was 

used to investigate the presence of Calcium release activated channel (CRAC). 

4.2.4 Antibodies 

 Caveolin-1 monoclonal mouse antibody (1:500) (Luo et al., 2018; Kim et al., 2019b), 

ORAI-1 polyclonal rabbit antibody (1:250) (Eylenstein et al., 2011; Diercks et al., 2018), 

and phalloidin conjugated TRITC (1:500) for F-actin detection (Schrader et al., 1998) 

(1:500) were used for immunolocalization. Secondary antibodies used were Alexa 488 goat 

anti-rabbit IgG and Alexa 594 donkey anti-mouse IgG (Invitrogen, CAN). 

4.2.5 Explant viability and activity quantitation 

The viability of muscle explant was determined by epinephrine (1µM) stimulation and 

measuring the iCa
2+

 spike. This was carried out with a subset of the explant at the beginning 

and end of the treatment duration to assess the explant viability over the experimental 

duration. The muscle explant capacity to evoke a calcium rise with epinephrine was not 

affected by the duration of the experiment. Nomarski live videos were recorded both pre and 

post experiment, to understand muscle movement and twitching activity. Twitching was 

determined using Track mate plugin tool of IMAGEJ. Muscle twitching also determines 

muscle activity and no sign of muscle fatigue in our system (Johnson et al., 1991). Further, 

the release of lactose dehydrogenase, a marker of cell death (Sato et al., 2015), showed no 

change in the duration of the study (Appendix).  

4.2.6 Ca
2+

Imaging and quantitation 

Explants were incubated in medium (E3 medium with 5 mM Glucose and 1.5 mM CaCl2) 

with FURA-2 AM (10 µM per ml of medium; Life technology) and 5µl of 20% pluronic-

F127 in DMSO for 1.5 h on a rotator, followed by washing with medium for 5 min. The 

loaded explants were left in the medium for 30 min for the cell esterase’s to carry de-

esterification followed by imaging.  Explants were exposed to vehicle control (0.01% 

ethanol), cortisol (Hydrocortisone; sigma; 100 ng/ml), Mifepristone (1000 ng/ml); Cortisol- 
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conjugated BSA (100 ng/ml). Mifepristone (RU486) is a glucocorticoid receptor antagonist. 

Cortisol- conjugated to BSA will prevent cortisol from diffusing through the membrane. 

Ca
2+

 chelators for extracellular (EGTA) and intracellular Ca
2+

(BAPTA-AM) were also used 

at concentration of 1mM and 10 µM, respectively. Intracellular Ca
2+

 was shown as a ratio of 

fluorescence intensities at 340 (bound form of Ca
2+

) and 380 nm (free form of Ca
2+

). Hence, 

settings were made on lambda DG 4 for filters switching from 340-to 380 nm wavelengths, 

respectively, followed by exposure and gain settings. Light emitted from a 75-W xenon arc 

lamp (AH2-RX, Zeiss) passed through an excitation filter set (Chroma) to generate 

ultraviolet monochromatic waves at 340 and 380 nm. With the aid of a computerized filter 

wheel (Lambda 10-2, Sutter Instruments), the explants in the chamber were alternately 

exposed to the two waves through an objective (40X /340/0.90 N.A.). All image acquisition 

was computer-controlled by Northern Eclipse (EMPIX, Imaging)). Images acquired were 

corrected for background fluorescence and shading across the field of view before 

calculating the ratio of the fluorescent emission intensities at each excitation wavelength 

(380/340 nm). 380/340 ratios give us the free [Ca
2+

] concentration present at the real time 

after each treatment. Images were acquired at 5-s interval to reduce photo bleaching. The 

exposure parameters for 340 and 380nm were kept the same throughout the experiment. All 

measurements were made at 20°C. Briefly, explants with medium (50 µl) was mounted on a 

coverslip (of approx. 18 mm) attached to a petri dish of 28mm diameter constructed in the 

lab (Bootman et al., 2013). This whole set up was then mounted on an inverted microscope 

(Zeiss, microscope) for imaging. Explants were imaged within 25-30 s after treatment for 5-

6 min. Image acquisition consists of a time lapse of 5 s for each reading. The ion acquisition 

settings were kept the same for all experiments. Analysis and image processing was done by 

visual inspection and IMAGEJ LUT 16 colors. To visualize spatiotemporal alteration in 

fluorescence a representative positive control was laid out. Region of interest (ROI) over the 

field of view were selected, and the threshold values were kept the same for each image. 

Compartmentalization was tested using Triton X-100. Increase in fluorescence intensity as 

determined by the ratio is proportional to the amount of [Ca
2+

] rise during that particular 

time period (Minta et al., 1989). Northern eclipse software was used for Ca
2+

imaging 

analysis. Ion wave acquisition was used for ratiometric [Ca
2+

] imaging.  
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4.2.7 Whole mount and Immunofluorescence 

Muscle explants were incubated in 6 well plates for every treatment. Post treatment, all 

fixations were done using 95% ice -cold methanol and stored at 4°C. Further, coverslips 

were tapped on paper towel to get rid of any excess methanol followed by air-drying. The 

explants were aligned to the centre of the coverslip before further processing. Hydrophobic 

pen was used to draw a barrier around the coverslip boundary to secure the central area for 

antibody application. Coverslips with explants attached were then incubated with a 

permeabilization buffer (0.1%TritonX-100 in medium A) for 5 min followed by washing 

with buffer (Medium A with tween) for 3 times (5 min each). After permeabilization 

explants were incubated with a blocking solution (2% BSA with sodium azide in medium A) 

for 3 h at 37°C followed by overnight incubation with anti-ORAI antibody at 4°C. This was 

followed by antibody washing, and incubation with secondary antibody (anti-rabbit Alexa 

488 conjugate) for 1.5 h at 37°C. Double antibody staining was followed by incubating the 

cells with anti Cav-1 antibody at 4°C overnight followed by incubation of secondary 

antibody (donkey anti-mouse Alexa 594). DAPI (100ng/ml) was the final staining performed 

prior to mounting. Coverslips were mounted to clean slides using DABCO (Anti-fade 

reagent) followed by sealing the periphery using transparent nail paint. This whole mounted 

step is allowed 1 h to air dry followed by wrapping the slides in aluminum foil and storage at 

4°C prior to imaging. Mounting and storage is crucial in keeping the staining stable for 

longer period with less photo bleaching. All immunolabelling procedures were carried out 

the same way as mentioned above. 

4.2.8 Data analysis and Statistics 

The values presented were expressed as the mean ± SEM. Data were analyzed using student 

t-test or one-way ANOVA followed by a post hoc Holm Sidak test. Equal variance was 

tested using levene median test and normality was tested using Shapiro Wilk test. A p value 

<0.05 was considered significant. 
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4.3 Results 

4.3.1 Cortisol rapidly increases intracellular Ca
+2 

 

We used ratiometric imaging after Fura-2 AM loading to determine whether short-

term exposure to cortisol modulates intracellular Ca
2+

 (iCa
2+

) in muscle explants from 

zebrafish larvae. Acute cortisol (100ng/ml) treatment led to a significant rise in iCa
2+

 levels 

within 25-30 s (Fig. 4.1a, b; p<0.05) and returned to pre-treatment levels within 5 min (Fig. 

4.1a, b).  The peak rise in iCa
2+ 

within 30seconds was plotted at resting levels and with 

cortisol (Fig. 4.1c). Acute cortisol treatment significantly increased iCa
2+

 levels in zebrafish 

muscle explants (Fig. 4.1c), and this response was evident only at 100 ng/ml cortisol 

concentration, but not at 10 or 50ng/ml concentration (Fig. 4.1d).  
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Figure 4. 1 Cortisol exposure rapidly alters iCa
2+ 

levels in zebrafish skeletal muscle 

explant  

(a) Represents series of fluorescence images with ratiometric dye FURA-2AM either with 

(100 ng/ml) or without the addition of cortisol. (b) A representative line graph of the 

temporal calcium dynamics in response to cortisol addition over 5 min. (c) A bar graph 

showing the ratiometric intensity at 1 min (t-test; p<0.001). (d) Graph showing the 

ratiometric intensity with different concentrations of cortisol (10, 50 and 100ng/ml). All bars 

represent mean ± SEM (n = 4-5 independent fish); bars with different letters are significantly 

different; one-way ANOVA; Holm Sidak post hoc test; p<0.05. Scale bar- 50 μm.  

Abbreviations: Cortisol (CORT). 
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4.3.2 Cortisol-mediated rapid rise in iCa
2+

 is nongenomic 

To test whether this rapid rise in iCa
2+

 was nongenomic, we tested the cortisol 

response in the presence of the GR antagonist, RU486 (1000ng/ml) for 1 h prior to cortisol 

stimulation (Espinoza et al., 2017). The GR antagonist did not block the cortisol-mediated 

rise in iCa
2+

levels (Fig. 4.2a).  Furthermore, this was tested by using muscle explant for GR 

knockout (GRKO) zebrafish (Faught and Vijayan, 2018). Cortisol-mediated increase in 

iCa
2+

 levels was also seen in the GRKO zebrafish muscle explants (Fig. 4.2b).  To test 

whether the cortisol effect was occurring at the membrane, muscle explants were exposed to 

the membrane impermeable steroid ligand, cortisol-BSA (100ng/ml; Ayrout et al., 2017). 

The cortisol-induced rise in iCa
2+

 was also mimicked by the cortisol-BSA, as there were no 

statistically significant difference in the stimulated-calcium levels between the cortisol and 

the cortisol-BSA treated explants (Fig. 4.2c; p=0.06).  
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Figure 4. 2 Rapid cortisol mediated changes to intracellular calcium is independent of 

classical glucocorticoid receptor  

(a) A bar graph showing the ratiometric intensity at 1 min with the GR antagonist RU486 

with or without cortisol. (b) A bar graph showing the ratiometric intensity at 1 min with 

glucocorticoid receptor knockout (GRKO) muscle explants with or without cortisol (c) A bar 

graph showing the ratiometric intensity at 1 min with a membrane impermeable cortisol 

conjugated analog (CORT-BSA) with or without cortisol. All bars represent mean ± SEM (n 

= 4-5 independent fish); bars with different letters are significantly different; one way 

ANOVA; Holm Sidak post hoc test; p<0.05. Abbreviations: Cortisol (CORT), Cortisol 

conjugated BSA (CORT-BSA), Glucocorticoid receptor knockout (GRKO). 
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4.3.3 Cortisol-mediated rise in iCa
2+ 

is predominantly from extracellular source 

To determine whether Ca
2+

rise is dependent on Ca
2+

 influx from extracellular 

medium, we tested the cortisol response in the presence of extracellular (EGTA) and 

intracellular (BAPTA-AM) calcium chelator for 30 min prior to cortisol stimulation. 

Cortisol-induced Ca
2+

 response was significantly reduced in presence of an extracellular 

chelator (Fig. 4.3a; p<0.05). EGTA-treated explant showed a significant increase (Fig. 4.3a; 

p< 0.05) in iCa
2+

 in response to cortisol compared to control and EGTA treated explants 

(Fig. 4.3a). Explants pre-treated with BAPTA-AM showed a significant decline in calcium 

level with cortisol compared to all other groups (Fig. 4.3b).  

 

Figure 4. 3 Cortisol modulated Ca
2+

 rise is mediated by both intracellular and 

extracellular Ca
2+

in zebrafish skeletal muscle explants  

(a) A bar graph showing the ratiometric intensity at 1 min with extracellular calcium 

chelator EGTA either with or without cortisol. (b) A bar graph showing the ratiometric 

intensity at 1 min with an intracellular chelator BAPTA-AM either with or without cortisol. 

All bars represent mean ± SEM (n = 4-5 independent fish); bars with different letters are 

significantly different; one-way ANOVA; Holm Sidak post hoc test; p<0.05. Abbreviations: 

Cortisol (CORT), Ethylene glycol-bis (β-aminoethyl ether)-N, N, N’, N’- tetraacetic acid 

(EGTA), 1, 2-bis (o-aminophenoxy) ethane-N, N, N’, N’-tetraacetic acid)-acetoxy methyl 

ester (BAPTA-AM). 
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4.3.4 Cortisol-mediated iCa
2+

 rise is regulated partly by voltage gated Ca
2+

channels 

To examine the type of calcium channel in skeletal muscle responsible for cortisol 

stimulated iCa
2+

 entry from extracellular medium, we tested the involvement of L-type, T-

type, and store operated channels by using specific channel inhibitors. We tested the cortisol 

response in explants incubated with Nifedipine (10μM), a L-type channel inhibitor, 

Verapamil (10 μM), a T- type channel blocker (Bergson et al., 2011), and Cadmium (10 

μM), a non-specific channel blocker for 30 min prior to cortisol stimulation (Fig. 4.4a, b, c; 

p<0.05). Both nifedipine and verapamil treatment caused a ~50% drop in cortisol-induced 

iCa
2+ 

levels in zebrafish muscle explants (Figs. 4.4a, b). However, cadmium treatment 

reduced  cortisol-mediated iCa
2+

 rise in the muscle explants (Fig. 4.4c).  
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Figure 4. 4 Potential calcium channel responsible for calcium entry.  

(a) A bar graph showing the ratiometric intensity at 1 min with the L-type calcium channel 

inhibitor, Nife, with or without cortisol. (b) A bar graph showing the ratiometric intensity at 

1 min with the T-type calcium inhibitor, Vm with or without cortisol. (c) A bar graph 

showing the ratiometric intensity at 1 min with a non-specific calcium channel inhibitor, 

CAD with or without cortisol. All bars represent mean ± SEM (n = 4-5 independent fish); 

Bars with different letters are significantly different; one-way ANOVA; Holm Sidak post 

hoc test; p<0.05. Abbreviations: Cortisol (CORT), Nifedipine (Nife), Verapamil (Vm), 

Cadmium (CAD). 
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4.3.5 Calcium pathways involved in cortisol-stimulated response 

 To examine whether Ca
2+

rise is dependent on Ca
2+

 influx from extracellular due to 

intracellular store depletion, we tested the iCa
2+ 

response of cortisol with blockers of key 

pathways for endoplasmic reticulum calcium stores modulation, Xestospongin C (Xes C; 10 

μM), an IP3R inhibitor, for 30 min exposure led to a significant increase in iCa
2+

 levels with 

cortisol compared to either the Xes C or cortisol group by itself in the zebrafish explants 

(Fig. 4.5a; p<0.05). Thapsigargin (Tg; 5 μM), a SERCA blocker, exposure for 30 min 

reduced the basal iCa
2+ 

levels compared to the control (Fig. 4.5b). Cortisol treatment showed 

a significant increase in iCa
2+ 

levels in the Tg group (Fig. 4.5b; p=0.027).  
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Figure 4. 5 Calcium release and influx pathway involved in skeletal muscle explant 

stimulated with cortisol.  

(a) A bar graph showing the ratiometric intensity at 1 min with IP3R channel inhibitor, Xes 

C, with or without cortisol. (b) A bar graph showing the ratiometric intensity at 1 min with 

SERCA blocker, Tg with or without cortisol. (c) A bar graph showing the ratiometric 

intensity at 1 min with CRAC inhibitor, CpD5J-4 with or without cortisol. (d) A bar graph 

showing the ratiometric intensity at 1 min with CORT-Ab, with or without cortisol. All bars 

represent mean ± SEM (n = 4-5 independent fish); Bars with different letters are 

significantly different; one-way ANOVA; Holm Sidak post hoc test; p<0.05. Abbreviations: 

Cortisol (CORT), Xestospongin C (Xes C), Thapsigargin (Tg), Calcium release-activated 

channel (CRAC), Cortisol antibody (CORT-Ab). 
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To examine the role of CRAC channel activation in the cortisol response, the 

explants were exposed to CRAC channel inhibitor Cpd5J-4 (Koyanagi et al., 2016). , Cpd5J-

4 (10 μM) exposure for 30 min completely abolished the cortisol-mediated iCa
2+ 

rise in 

zebrafish muscle explants (Fig. 4.5c; p<0.05). This effect of cortisol was specific to the 

ligand as quenching the ligand with a cortisol antibody completely eliminated the cortisol-

induced iCa
2+ 

rise in the muscle explants (Fig. 4.5d; p<0.05).  

4.3.6 ORAI distribution in muscle explants and caudal region 

 To confirm ORAI-1 expression and localization in explants, we carried out 

immunolocalization of ORAI-1 in explants in response to cortisol. Tail showed a very 

localised ORAI1 pattern particularly near the notochord area (Fig. 4.6 a, b). Next, we tested 

the role of microtubules in ORAI-1 expression using a microtubule destabilizer, colchicine 

(20 μM). Explants pre-treated with colchicine for 20min, showed less to no ORAI-1 

expression at the caudal peduncle (Fig. 4.6 b). To determine the effect of cortisol on 

localization of ORAI-1 on the membrane, we colocalized the ORAI-1 with caveolin-1, a 

membrane protein marker (Van Deurs et al., 2003). Cortisol exposure for 10 min increased 

ORAI-1 expression at the tail fin (Fig. 4.6 c). This increased ORAI-1 expression colocalized 

with Cav-1 in the tail region of zebrafish larvae (Fig. 4.6 c,d).  
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Figure 4. 6 ORAI-1 expression in zebrafish larvae is modulated by cortisol  

(a) Spatial differences in ORAI distribution in zebrafish larvae. ORAI-1 (green), F-actin 

(red) and DAPI (blue) (b) ORAI-1 expression in the caudal region is enhanced in cortisol 

treated group and this cortisol mediated effect is abolished via a microtubule disruptor, 

colchicine. (c) Represents colocalization of ORAI-1 with caveolin-1 on the plasma 

membrane in response to acute cortisol treatment. Representative image of tail fin notochord 

region suggests an increase in ORAI-1 expression in the cortisol treated group. 

Colocalization was quantified using IMAGE J colocalization analyzer tool. (d) A 2D 

multichannel histogram plot represents a linear correlation between channel pixel intensities 

for a region of interest (ROI). White arrows and dashed circles indicate region of interest 

(ROI). Abbreviations: Cortisol (CORT), Colchicine (Col).  
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4.4 Discussion 

This study demonstrates a transient rise in iCa
2+ 

in response to cortisol within 30 s in 

the skeletal muscle explants of 2 dpf zebrafish larvae. Cortisol is the major stress hormone in 

teleosts, and is important in re-establishing homeostasis after stressor exposure (Mommsen 

et al., 1999; Faught et al., 2018). However, most of the stress coping actions of GCs have 

been attributed to its binding to GR, a ligand-bound transcription factor, and regulating 

target genes involved in metabolism (Faught et al., 2016). In our study, cortisol modulated 

rapid iCa
2+

was shown to be independent of classical GR activation, as the calcium rise was 

not inhibited by the GR antagonist, RU486 (Johnstone III et al., 2019). This was further 

supported by the increased cortisol-induced iCa
2+ 

rise in the GRKO muscle explants (Faught 

and Vijayan, 2018). Together, we are showing for the first time that cortisol can rapidly and 

non-genomically stimulate iCa
2+ 

rise in muscle explants. As extracellular calcium plays an 

important role in several muscle functions, including excitation-contraction coupling, muscle 

plasticity and protective role against muscle fatigue (Berchtold et al., 2000; Cho et al., 

2017), the results highlight an important role for acute stress-mediated cortisol increase in 

rapidly modulating muscle function to cope with stress.  

The two major routes for extracellular calcium entry into the cells are through either 

the voltage-gated calcium channels (VGCC) and/or the store-operated calcium (SOC) 

channels (Berridge et al., 2003). Previously we have shown cortisol modulated extracellular 

Ca
2+

 flux via SOC (Chapter1) in trout hepatocytes. However, due to the excitable nature of 

skeletal muscle they are more likely to involve voltage gated calcium channels (Flucher & 

Tuluc, 2017). We showed cortisol mediated response was partly (~50%) reduced in the 

presence of nifedipine and verapamil, suggesting a role of the voltage-gated ion channels in 

the cortisol-mediated calcium response in the muscle explants. Nifedipine and verapamil 

belong to the family of dihydropyridines, which have also been shown to increase calcium 

release from internal stores via ryanodine receptor (RyR) activation (Weigl et al., 2000). 

Hence, there could be a potential role of these inhibitors in cortisol-mediated response in 

calcium release/influx.  In our study, Ca
2+

 entry triggered by cortisol was inhibited by 

cadmium (Cd
2+

), a non-specific blocker of Ca
2+

 entry via membrane associated Ca
2+
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channels (Amcheslavsky et al., 2015). Cadmium is also widely used to block store-operated 

calcium (SOC) channels on the membrane to prevent Ca
2+

 influx (Putney et al., 2001; 

Amcheslavsky et al., 2015). Given that cadmium blocked the iCa
2+

 rise, we hypothesized 

that SOC channels may be the key regulator of cortisol-induced iCa
2+

 rise in muscle 

explants, as seen previously in trout hepatocytes (Chapter 2). 

 SOC channels on the plasma membrane are of two major types: i) the transient 

receptor potential channels (TRPCs), and ii) the calcium release-activated calcium channel 

(CRAC) (Parekh & Putney, 2005). IP3 pathway is a major regulator of calcium influx 

pathway activating the TRPCs in skeletal muscle in response to steroids (Estrada et al., 2003, 

2000; (Boulay et al., 1999). However, we did not see a reduction in iCa
2+

 levels with the IP3 

inhibitor suggesting that the TRPCs may not be the major SOC channel activated by cortisol. 

Hence, we tested the presence of CRAC channel in skeletal muscle by depleting the internal 

stores with thapsigargin (Tg) (Solovyova et al., 2002). This drug treatment has been shown 

to deplete the intracellular stores and allow STIM (Stromal interaction molecule) recruitment 

to the membrane to facilitate CRAC channel activation (Yeung & Prakriya, 2018). The 

increase in iCa
2+

 rise with cortisol in the presence of Tg supports a role of CRAC channel in 

modulating calcium levels (Parekh and Putney, 2005). This was further tested by blocking 

the CRAC channel with CpD5J-4, and the abolishment of the cortisol-mediated iCa
2+

 rise 

supports a role for CRAC channel in the cortisol-mediated rapid calcium regulation in the 

muscle explants. This rapid effect of cortisol was also inhibited with cortisol-specific 

antibody, which binds to cortisol and prevents its binding to target proteins (Nesan & 

Vijayan, 2016), leading to the proposal that cortisol maybe directly binding to CRAC 

channel and regulating calcium entry in muscle explants (Chapter 2). The presence of ORAI-

1 on the muscle explants, and its upregulation by cortisol treatment (Fig. 4.6c,d), suggests a 

role for this stress steroid in the rapid modulation of ORAI-1 expression in the zebrafish 

larvae. While the mechanism is unknown, the results suggest a role for microtubules in the 

recruitment of ORAI-1 to the membrane. This is further supported by studies showing that 

STIM association with microtubules help facilitate calcium entry, and disruption of 

microtubules using colchicine inhibited Ca
2+

 entry (Smyth et al., 2007, 2009; Putney, 2010). 

This was also seen during mitotic spindle formation, when microtubule retraction from ER 
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fails STIM modulated Ca
2+

 entry. These findings suggest a role for microtubules in calcium 

mediated ORAI-1 expression in response to cortisol. However, whether these changes to 

ORAI-1 with cortisol are a consequence of cortisol-mediated calcium changes in activating 

microtubular formation remains to be determined. 

 In conclusion, the results propose a key role for CRAC channel activation in the 

nongenomic and rapid effect of cortisol in modulating intracellular calcium levels in muscle 

explants from zebrafish larvae. This calcium influx in response to cortisol may be mediated 

by both voltage-dependent and independent channel activation (Fig. 4.7). This calcium 

modulation in response to cortisol is a conserved response in both the excitable and non-

excitable cells, and we propose CRAC channel activation by this steroid as a key mode of 

action in both cell types. Extracellular Ca
2+

 entry in skeletal muscle is very essential in terms 

of maintenance of a myriad of processes, including contraction and relaxation, muscle 

growth, repair and regeneration (Cho et al., 2017). Hence, cortisol mediated rapid Ca
2+

 

influx in skeletal muscle may hold a physiological significance in the fight-or-flight response 

to cope with stress, and this may be a key adaptation along with the delayed genomic 

response that is normally associated with GCs role in stress adaptation.  
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Figure 4. 7 Proposed model of rapid cortisol-mediated calcium pathways in the skeletal 

muscle.  

(1) Cortisol action mediated via CRAC (2) Cortisol modulate calcium rise is dependent on 

both voltage gated T- and L-type calcium channels. (3) Cortisol mediated calcium influx is 

not dependent on IP3R pathway. (4) ORAI-1 is localized with Caveolin-1. (5) ORAI-1 

expression on the membrane surface is dependent on microtubules. Abbreviations: Cortisol 

(CORT), Calcium release activated calcium (CRAC) channel, Inositol 1,4,5 tris phosphate 

receptor (IP3R), Extracellular calcium (ex. Ca
2+

), Intracellular calcium (ex. Ca
2+

), Stromal 

interaction molecule (STIM), Endoplasmic reticulum (ER), Ryanodine receptor (RyR). 
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CHAPTER 5: Linking the non-genomic and genomic responses: Role of 

glucocorticoid signalling in zebrafish larvae tail fin regeneration 
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5.1 Introduction 

 Glucocorticoids (GCs) and their pharmacological agonists are the most commonly 

prescribed immunomodulatory drugs due to their anti-inflammatory and anti-proliferative 

effects (Barnes, 1998). GCs act both non-genomically (see chapters 2, 3, 4) and genomically 

(Smoak & Cidlowski, 2004) to mediate these effects. While the mechanism of action 

between genomic and non-genomic pathways are distinct, they act in a complementary role 

to mediate the anti-inflammatory effects of GCs (Panettieri et al., 2019). Indeed, compelling 

evidence suggests that both inflammatory and non-inflammatory pathways, including 

calcium mobilization, muscle tone, and reactive oxygen species are targets of GC non-

genomic effects. The anti-inflammatory effects of GCs generally require a prolonged onset 

of action and require genomic processes; however, certain anti-inflammatory actions of GCs 

are rapid, as in the case of mammalian bronchial epithelial cells (Panettieri et al., 2019). In 

mammals, it has become increasingly evident that nongenomic actions of GCs may 

contribute to the later genomic mechanisms of action and, consequently, manipulating the 

nongenomic effects may have a role to play in the management of inflammatory diseases 

(Panettieri et al., 2019).  

Classical genomic signalling by GC activates the ubiquitously expressed intracellular 

glucocorticoid receptor (GR). Upon GC-binding, GR translocate to the nucleus and interact 

with GC response elements in promoter regions of target genes and alter protein expression 

(Mifsud & Reul, 2018). However, GCs will also manifest immediate nongenomic actions on 

several signalling processes (Dindia et al., 2012, 2013b; Das et al., 2018). While the 

mechanisms have not been completely elucidated, recent work suggests that GC nongenomic 

effects may involve rapid translocation of the cytosolic GR to the membrane (mGR) 

(Chapter 2). In particular, GCs are known to exert rapid effects on intracellular calcium 

levels in rainbow trout (Oncorhynchus mykiss) hepatocytes (Chapter 2), tilapia 

(Oreochromis mossambicus) pituitary cells (Borski et al., 1991a), and zebrafish muscle 

explants (Chapter 4), as well as reactive oxygen species in trout myocytes (Espinoza et al., 

2016).  The ability of cortisol to rapidly mediate the intracellular [Ca
2+

] response is 

conserved in vertebrates, as GCs will also regulate calcium levels in human bronchial 

epithelial cells, rat thymocytes, neuroblastoma cells, and rat smooth muscle cells (reviewed 



 99 

by (Panettieri et al., 2019). However, whether these effects are inhibitory or potentiating is 

cell specific (Panettieri et al., 2019). The rapid effects of cortisol can be sensitive or 

independent of GR blockade via the GR antagonist RU486, but are nearly always insensitive 

to protein synthesis inhibitor, cycloheximide, suggesting that these effects are indeed the 

result of rapid secondary signalling cascades (Das et al., 2018). Given the lipophilic nature 

of GCs, GR-independent mechanisms are also thought to be due to the interaction of the 

GCs with the plasma membrane (Dindia et al., 2012, 2013b). In terms of Ca
2+

 modulation, 

acute GC exposure can increase phosphorylation of PKC, PKA, and PKB in rainbow trout 

hepatocytes (Dindia et al., 2012, 2013b). In human bronchial epithelial cells, GCs reduce 

Ca
2+

 via modulation of the endoplasmic reticulum Ca
2+

-ATPase (SERCA) type Ca
2+

 -

ATPase pump (Urbach et al., 2006). Overall, despite the establishment of rapid signalling 

pathways that can be mediated by GCs, little is known about the physiological role for 

nongenomic GC signalling, and how this complements the genomic GC-GR signalling.  

GCs can have both an inhibitory effect on intracellular [Ca
2+

], as described above 

and a stimulatory effect in cell types such as a mouse cortical collecting ducts cells, and rat 

vascular smooth muscle cells (VSMC) (Panettieri et al., 2019). In the rat VSMC, the GC 

induced rise in [Ca
2+

] was mediated by increases in inositol (1,4,4)-triphosphate (IP3), and 

PKC (Wehling et al., 1995). Additionally, in cell types that are able to increase Ca
2+

, such as 

HT4 neuroblastoma cells and rat hippocampal neurons, pre-treatment of cells (10-20 mins) 

with dexamethasone, allowed for the increase of ATP-induced or N-methyl-D-aspartate 

(NMDA) induced- Ca
2+ 

(Takahashi et al., 2002; Yukawa et al., 2005), and this increase was 

prevented by the GR antagonists, suggesting a role for the classical GR in this process. 

Indeed, these processes were sensitive to membrane-impermeable bovine serum albumin 

(BSA)-conjugated cortisol and the GR antagonist, further suggesting that mGR may play a 

role in potentiating the rapid effects of GCs on Ca
2+

 dynamics (Takahashi et al., 2002; 

Yukawa et al., 2005). 

Here we tested the hypothesis that rapid, nongenomic increase in zebrafish larvae 

muscle Ca
2+

 in response to GCs (Chapter 4) will act in a complementary fashion to facilitate 

the prolonged genomic GC response. To test this hypothesis, we used the tail fin amputation 

assay in zebrafish larvae. Tail fin amputation in zebrafish is a well-established model to 
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study the mechanisms leading to epimorphic regeneration, and is characterized by an initial 

rise in [Ca
2+

] at the amputation site and a subsequent highly programmed genomic response 

(Roehl, 2018). Indeed, we show that a low-dose of cortisol, which is sufficient to activate 

nongenomic signalling, but not genomic activation, will rapidly increase the amputation-

induced increase in Ca
2+

 and that this results in increased recruitment of ORAI 1, a calcium 

release-activated calcium (CRAC) channel protein, to the amputation site within 10 min. By 

24 h, the cortisol treated fish have increased cell proliferation, and blastema formation. Our 

results demonstrate for the first time that basal cortisol signalling is essential for the 

regenerative capacity of the animal, and this is mediated by the mineralocorticoid receptor 

activation in zebrafish.  

 

5.2 Materials and Methods 

5.2.1 Reagents 

Cortisol (hydrocortisone; 100ng/ml), EGTA (Ethylene glycol bis (β- Amino ethyl ether)- N, 

N, N’, N’-Tetraacetic acid) (2mM) was purchased from Sigma, USA. Pluoronic
®-F 127 

(20% solution in DMSO, Molecular probes, USA) and Fura 2-AM were purchased from life 

technology, USA. All other chemicals were of analytical grade and were purchased from 

local suppliers.  

 

5.2.2 Animal  

Zebrafish (Tupfel long fin strain) were kept in a recirculatory system (Pentair Aquatic 

Habitats, Apopka FL) on a 14:10 light: dark cycle. Fish were maintained at 28.5C, 800 uS 

and a pH of 7.5. Zebrafish embryos were collected within one hour of spawning (10 am) and 

were placed in 10cm petri plates with E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 

CaCl2, 0.33 mM MgSO4, 0.1 ppm methylene blue antifungal). All experiments were 

approved by the Animal Care and Use Committee at the University of Calgary (AC17-

0079). 



 101 

Fish larvae were reared for  0-5 days post fertilization (dpf) in a 28.5°C incubator in 

20x100mm dishes with E3 medium. At 2 dpf fish were subjected to the tail fin assay 

described below. At 5 dpf, larvae were transferred to 200 ml beakers with 100 ml water. 

Larvae were fed Gemma micro 150 (Skretting, USA) twice daily. 50% of the water, dosed 

appropriately, was exchanged daily.  

 

5.2.3 Antibodies 

The antibodies used in the present study were ORAI-1 rabbit polyclonal antibody (1:250) 

(Eylenstein et al., 2011; Diercks et al., 2018), Caveolin-1 mouse monoclonal antibody  

(1:500) (Luo et al., 2018; Kim et al., 2019b), anti BrdU monoclonal mouse antibody  (1:500) 

(Verduzco & Amatruda, 2011) and  SCG-10 rabbit polyclonal antibody (1:500) (Frey et al., 

2018). Secondary antibodies used were Alexa 488 goat anti-rabbit IgG and Alexa 594 

donkey anti-mouse IgG from Invitrogen, CAN. 

5.2.4 Tail Fin amputation assay 

Zebrafish larvae at 2 dpf were placed in a 1.5 ml Eppendorf containing 500 µl of E3 

medium. Larvae were anesthetized on ice for 30 s, and placed in a petri dish with 2% 

methylcellulose. A new, sterile, 21G scalpel blade was used to excise the tail fin fold and the 

posterior portion of the notochord. After the injuries were made, larvae were transferred 

immediately into petri plates containing fresh E3 medium with 5 mM glucose and treated 

with either vehicle control (0.01% ethanol) or cortisol (hydrocortisone; Sigma; 100 ng/ml). 

5.2.5 Cortisol ELISA 

Larvae were washed twice with PBS after cortisol exposure. 10 -12 larvae for each time 

point were pooled together and snap frozen on dry ice and stored at -80°C for later analysis. 

Pooled larvae were sonicated on ice in 50mM Tris buffer (pH7.4) with protease inhibitor 

(Roche Diagnostics Laval, QC, CAN). The homogenised samples were directly used for the 
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cortisol ELISA. In house competitive cortisol ELISA for zebrafish (Faught et al., 2016) was 

used for cortisol measurement. 

5.2.6 Ratiometric Calcium Imaging 

Amputed larvae were placed in a 0.25% methylcellulose bed inside a chamber for imaging 

(Bootman et al., 2013). Care must be taken to layer only a thin amount of methylcellulose 

since visibility is affected with a thicker layering. With the aid of a computerized filter wheel 

(Lambda 10-2, Sutter Instruments), the larvae in the chamber were alternately exposed to the 

two waves through an Olympus objective (40X /340/0.90 N.A.). Light emitted from a 75-W 

xenon arc lamp (AH2-RX, Olympus) passed through an excitation filter set (Chroma) to 

generate ultraviolet monochromatic waves of 340 and 380 nm. All image acquisition was 

computer-controlled by Northern Eclipse (Empix Imaging). Images acquired were corrected 

for background fluorescence and shading across the field of view before calculating the ratio 

of the fluorescent emission intensities at each excitation wavelength (380/340 nm). Images 

were acquired at 10 s intervals to reduce photo bleaching. The exposure parameters for 340 

and 380 nm were kept unchanged throughout the experiment, a region of interest (ROI) was 

selected at the site of amputation and outside the area for background. Rapid calcium 

alterations were recorded at two wavelengths, 340 and 380 nm. The wavelengths determine 

the free form of calcium (380nm) and the bound form of calcium (340 nm) in real time. The 

ratio of these wavelengths gives an estimate of the amount of calcium in the system as well 

as if there is an increase in free calcium or bound calcium in real time. For most of the 

treatments, care must be taken not to disturb the sampling stage, as it is live imaging and 

resolution of specimen underneath helps to quantify the signal to noise ratio. Imaging only 

takes 10minutes for each observation. All the readings were taken within 5-10 second 

interval between each recording. 

5.2.7 Immunofluorescence 

Larvae were collected at different time points post-injury to observe changes to various 

proteins (Fig. 5.1). For most immunolabelling experiments, the larvae were fixed in 95% ice-

cold methanol at 4°C overnight. After drying the fixative at room temperature, the larvae 
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were washed twice with Hanks buffer. Following washing, the larvae were subjected to 

permeabilization with 0.2% Triton X-100 for 15min and were washed in Hanks buffer (HB) 

+ 0.5% tween (HBT) . They were then incubated in blocking solution (2% Bovine serum 

albumin) for 3h at 37°C and incubated with the appropriate primary antibody diluted in 

blocking buffer, overnight at 4°C. On the following day larvae were washed three times 

(3x10 min) in HBT followed by incubation with secondary antibody diluted in blocking 

buffer (1:250) for 3h at 37°C. After incubation, the larvae were washed two times in HBT 

followed by incubation in DAPI (100 ng/ml in HBT) for 20min at 37°C. After 20 min, the 

larvae were washed 1x10 min in HBT. Larvae were mounted on slides in DABCO anti-fade.  

5.2.8 Transcript abundance  

Transcript levels of specific genes were measured by quantitative real-time PCR (qPCR). 

Total RNA was extracted from larvae using Ribozol reagent (VWR, Canada) according to 

the manufacturer’s instructions and quantified using a SpectraDrop Micro-Volume 

microplate (VersaMax, Molecular Devices, CA, USA). One microgram of total RNA was 

treated with DNase I (Thermo Scientific, USA) to remove genomic contamination prior to 

cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, USA) according to the manufacturer’s protocols. Transcript levels were 

measured by qPCR in duplicate using gene-specific primers as described previously (Faught 

& Vijayan, 2018a). See Table 5.1 for primers used. 
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Table 5.1: Gene-specific primers.  

Gene  Forward primer (5’-3’) Reverse Primer (5’-3’) Source 

Bmp2

b 

CTGAAAACGATGACCCGAAC TCGTATCGTGTTTGCTCT

GC 

(Nesan et al., 

2012)  

Bmp4 CTTTGAGACCCGTTTTACCG TTTGTCGAGAGGTGATG

CAG 

(Nesan et al., 

2012) 

Eve1 GGGAACAGCTGACTCGTCTC TGTCCTTCATTCTCCGGT

TC 

(Nesan et al., 

2012) 

Fgf20

a 

AGGAAGGACCACAGCAGAT

TTG 

CATGCCGATACAGGTTA

GAAGAGT 

(Shao et al., 

2011) 

Il6 GCTATTCCTGTCTGCTACACT

GG 

TGAGGAGAGGAGTGCTG

ATCC 

(Zhao et al., 

2014) 

Msxb GACGACAGTGAAGAACTAA

GCG 

CCGTTCGGCGATAGAGA

GGT 

(Shao et al., 

2011) 

5.2.9 Statistical analysis 

All quantitative data analysis was conducted using Sigma Plot (Systat, USA). Data was 

normalized to meet assumptions of equal variance and normality. Non-transformed data is 

presented in all figures, and values shown are mean ± SEM. Statistical differences were 

evaluated with a two-way ANOVA or a one-way ANOVA (p<0.05), Post-hoc analysis was 

done using pairwise multiple comparisons (Holm-Sidak method). Specific sample sizes are 

detailed in each figure caption.  

5.3 Results 

5.3.1 Cortisol rapidly increases Ca
2+

 and ORAI localization post-tail fin amputation   

Zebrafish amputation of the caudal fin fold and the posterior portion of the notochord at 2 

dpf (Fig. 5.1A) resulted in a rapid increase in intracellular [Ca
2+

] in wildtype fish, which was 

amplified in the presence of cortisol (Fig. 5.1B). This initial spike in [Ca
2+

] occurs at 1 min 

post amputation, returning to basal levels by 10 min (Fig. 5.1C).  
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 This initial rise in [Ca
2+

] resulted in an increased translocation of ORAI1 to the 

amputation site (Fig. 5.2A) by 10 min post-amputation. ORAI1 remained present at the 

amputation site at 1h post-amputation. At 4 h post-amputation, ORAI1 was no longer 

localized at the amputation site, but was highly expressed in the tail region in comparison to 

the vehicle treated control larvae. The ORAI1 expression was dependent on the presence of 

[Ca
2+

], as injury in the absence of extracellular [Ca
2+

] abolished ORAI1 expression (Fig. 

5.2B). 
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Figure 5. 1 Cortisol rapidly increases Ca
2+

 levels post amputation:  

(A) Schematic diagram of zebrafish larvae injury. At 48 days post fertilization (dpf) the tail 

(including the notochord tip) was amputated (0 days post-amputation [dpa]). (B) 

Representative images of the [Ca
2+

] spike post-amputation in control and cortisol-treated 

larvae. (C) Representative image of relative fluorescence intensity showing a spike at 1 min 

post-amputation in cortisol-treated fish. Sample size- 4-5 larvae. 
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Figure 5. 2 Orai1 localizes to the amputation site and this is dependent on Ca
2+

 

(A) Representative DIC images and ORAI expression of the tail fin amputation at 10 min, 1- 

and 4-hour post-amputation. (B) Representative images of ORAI1 expression in the presence 

(wCa
2+

) and absence (woCa
2+

) of [Ca
2+

] at 10 min post-amputation. Abbreviations: minutes 

post amputation (mpa), hours post amputation (hpa).   
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Figure 5. 3 Cortisol levels, and glucocorticoid receptor (GR) activation:  

(A) Cortisol levels in zebrafish larvae at 4, 24 and 48 hours post-amputation. (B) Transcript 

abundance of 11-beta hydroxysteroid dehydrogenase 2 (11βHSD2), a GR-responsive gene, 

in wildtype larvae (WT), mineralocorticoid receptor knockout larvae (MRKO) and 

glucocorticoid receptor knockout (GRKO) larvae. Cortisol does not increase 11βHSD2 

mRNA, confirming that GR is not transcriptionally active. All bars are ± SEM (n=4), 

p<0.05, statistical differences were evaluated with a two-way ANOVA (A) or a one-way 

ANOVA (B); bars with asterisk denote significant differences for that time-point from the 

control; bars with different letters are significantly different within each treatment (small 

case for control and upper case for cortisol treatment).  
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5.2.2 Cortisol treatment does not activate GR responsive genes 

Cortisol treated larvae have similar cortisol levels to that of control at 4h post 

amputation (p = 0.070). However, cortisol treated larvae have 2-fold higher cortisol levels 

(133.4 ± 9.1 pg/larva) compared to the control (52.7 ± 18.4 pg/larva; p<0.0004) at 24 h post-

amputation (hpa) (Fig. 5.3A). At 48 hpa, control larvae have similar cortisol levels (28.9 ± 

2.1 pg/larva) to the control fish at 24 hpa (p = 0.092). While cortisol treatment increased 

larval cortisol levels at 48 hpa 10-fold (p<0.001) compared to time-matched control larvae, 

there was no difference in cortisol levels of treated larvae between time points (p=0.071). 

Cortisol levels have been well characterized in the GRKO and MRKO larvae (Faught and 

Vijayan 2018). Briefly, GRKO are hypercortisolemic and require no further stimulation with 

exogenous cortisol. MRKO larvae exhibit normal cortisol levels, and are treated with 

exogenous cortisol treatment, similar to WT. To determine if cortisol treatment activated 

cortisol responsive genes, 11βHSD2, an established GC responsive gene in zebrafish 

(Alderman et al., 2012, Faught and Vijayan, 2019) was measured at 24 hpa(Fig. 5.3B). 

Cortisol treatment failed to increase 11bhsd2 transcript abundance in cortisol treated fish 

compared to vehicle-treated fish (p = 0.086). Genotype had no effect on 11bhsd2 mRNA 

(Fig. 5.3 B). 

 

5.2.3 Cortisol increases cell proliferation and ORAI expression during tail fin 

regeneration 

 At 24 hpa, cortisol increase BrdU incorporation compared to vehicle treated controls 

(Fig. 5.4A). ORAI1 expression is also higher in cortisol treated larvae at 24 hpa, and this is 

colocalized with the newly formed cells. By 48 h post-amputation, the proliferation in the 

control increased from 24 hpa (Fig. 5.4B), but did not reach the level of proliferation 

observed in the cortisol treated larvae. ORAI1 expression increased in both control and 

cortisol treated larvae at 48 hpa compared to 24 hpa, with cortisol having more expression of 

ORAI1 (Fig. 5.4B). In cortisol treated fish, the ORAI1 colocalized with the newly 

proliferating cells, which was not seen in the control larvae (Fig. 5.4, white arrows). At 72 
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hpa, there were very low amounts of proliferating cells, or ORAI1 expression in both groups 

(Fig. 5.4C).  

 

 

Figure 5. 4 Cortisol increases cell proliferation of ORAI1 positive cells.  

Cortisol increases cell BrdU incorporation, and these new cells express high levels of 

ORAI1 at (A) 24 hours post amputation (B) 48 hours post amputation. (C) At 72 hours post 

amputation the fin has reformed and ORAI1 is no longer detected in the cortisol treated 

group. Arrows in yellow indicate the cell proliferation (red) at the region of interest(ROI) 

and arrows in white indicate colocalization of proliferating cells (red) with ORAI1(green). 

 

 

5.2.4 CRs are required for blastema formation in the blastema 

The repair of the epidermis and subsequent melanocyte localization was similar in all 

treatment groups at 24 hpa (Fig. 5.5). At 24 hpa, cortisol treatment increased blastema 

formation (black arrows), and this further increased by 48 hpa. There was no discernable 

blastema formation in either vehicle treated MRKO or MRKO larvae treated with cortisol, 
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despite successful epidermal repair (Fig. 5.5). GRKO larvae had similar blastema formation 

to vehicle-treated WT (Fig. 5.5), but by 48 hpa all GRKO with an amputation had died.  

To determine whether cortisol affected cell proliferation in the blastema, we 

colocalized the BrdU positive cells (proliferating cells) and the neuronal growth marker 

SCG10 (microtubule neuronal marker) (Fig. 5.3). At 24 hpa post-amputation, proliferation 

was observed in the blastema of WT larvae and WT fish treated with cortisol. In fish treated 

with cortisol there was an equal distribution of new cells, whereas, in vehicle-treated fish 

there was a cluster of cells close to the amputation site. There was no BrdU incorporation 

(proliferation) in fish lacking MR, which also demonstrated no blastema formation, as 

described above. Interestingly, there was also no BrdU incorporation in the blastema of 

GRKO fish, which did show a blastema formation. At 48 hpa, there is little to no BrdU 

incorporation across all groups.   

To assess the extent of nerve regeneration within the blastema, and thus potential 

recovery of function, we probed for superior cervical ganglion-10 (SCG-10)/stathmin-2 

(STMN-2)-like expression. SCG10 are neuronal proteins and used as markers of axonal 

recovery in mammals. At 24 hpa there is equal expression of SCG10 in WT fish, regardless 

of cortisol treatment (Fig. 5.5). At 48 hpa SCG10 expression was localized in the center of 

the blastema, while vehicle-treated WT have an even distribution of SCG10 expression. 

Knockout of both GR and MR abolished this response. In the case of GRKO at 48 hpa this 

was because all larvae had died, while the MRKO group had no blastema formation (Fig. 

5.5).  



 113 

 

Figure 5. 5 Proliferation and SCG10 immunofluorescence confirms the lack of 

regenerative capacity in MRKO larvae.  

Representative images of proliferation (red/BrdU), neuronal microtubule marker 

(green/SCG10), and in the blastema and trunk of WT, WT+cortisol, glucocorticoid receptor 

knockout larvae (GRKO), mineralocorticoid receptor knockout larvae (MRKO) and 

MRKO+cortisol larvae at both 24 and 48 hpa. Representative DIC images show blastema 

formation (black arrows). MRKO larvae show successful wound healing but no blastema 

formation in MRKO larvae. 
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5.2.5 Bmp4 is under transcriptional control of MR post-amputation 

Gene transcript markers indicative of three key stages of regeneration was assessed at 24 hpa 

when the blastema had visibly formed. 

Interleukin 6 (il6): larvae that had an active MR (MRKO and MRKO +cortisol), had higher 

il6 transcript abundance compared to WT larvae, in which only MR was activated (p=0.010 

and p=0.011, respectively). There was no effect of cortisol in the WT larvae (p=0.193), nor 

was there any effect with a loss of GR (Fig. 5.6A). 

Homeobox protein msh-b (mshb): There was no effect of either genotype or treatment on the 

transcript abundance of mshb (Fig. 5.6B). 

Bone morphogenetic protein 4 (bmp4): Fish in which MR was not active, MRKO and 

MRKO+cortisol, had significantly lower bmp4 mRNA compared to all other groups 

(p<0.001 in all cases). There as no difference between these groups that lacked MR 

(p=0.202), nor was there any effect of cortisol treatment between WT groups (p=0.991) (Fig. 

5.6C). 

Bone morphogenetic protein 2b (bmp2b): There was no effect of either genotype or 

treatment on the transcript abundance of bmp2b (Fig. 5.6D). 

Even-skipped-like1 (eve1): There was no effect of either genotype or treatment on the 

transcript abundance of eve1 (Fig. 5.6E). 

Fibroblast growth factor 20 (fgf20): There was no effect of either genotype or treatment on 

the transcript abundance of fgf20 (Fig. 5.6F). 



 115 

 

Figure 5. 6 bmp4 transcript abundance is abolished in MRKO larvae:  

Transcript abundance of (A) interleukin 6 (il-6), (B) homeobox protein MSH-B (msxb), (C) 

bone morphogenic protein 4 (bmp4), (D) bone morphogenic protein 2b (bmp2b), (E) even-

skipped-like 1 (eve1), (F) fibroblast growth factor 20a (fgf20a). All bars are ± SEM, p<0.05, 

statistical differences were evaluated with a one-way ANOVA (n=4). Bars with an asterisk 

denote significant differences. 

 

 

5.4 Discussion 

This work underscores the complementary roles that rapid nongenomic signalling 

may have in mediating the delayed slower genomic responses of GCs`. The rapid effect of 

cortisol on intracellular [Ca
2+

] has been well established and is highly-cell specific 

(Panettieri et al., 2019). In both fish and mammals, cortisol can either inhibit or potentiate a 

rise in [Ca
2+

]. Here cortisol amplified the amputation-induced increase in [Ca
2+

] in zebrafish 

larvae. In fish, the cortisol mediated decrease in [Ca
2+

] in the pituitary resulted in decreased 
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prolactin. In rainbow trout myocytes an increase in [Ca
2+

] was the end result of a secondary 

signalling cascade initiated by cortisol treatment (Espinoza et al., 2017). In rainbow trout 

hepatocytes, the increase in [Ca
2+

] was associated with translocation of the cytoplasmic GR 

to the membrane, but whether this mGR had a functional role was not determined (Chapter 2 

and chapter 3). Some work done in mammalian branchial epithelial cells has suggested that 

the initial, rapid decrease in [Ca
2+

] acts in a complementary, anti-inflammatory fashion to the 

classical transcription factor function of GR. Indeed, this work can be stimulated by the 

membrane impermeable cortisol-BSA and is sensitive to RU486 (GR antagonist) blockade. 

Other work done on mouse myotubules (C2C12 immortalized myoblasts), has demonstrated 

that treatment with dexamethasone (for less than 20 min) reduced glucose uptake, and that 

this was dependent on Ca
2+

/calmodulin protein kinase II (CaMKII)- and AMP-activated 

protein kinase (AMPK) signalling (Gong et al., 2016). However, these effects were not 

sensitive to RU486. Therefore, while it is tempting to speculate that the classical GR may 

have a role once it has translocated to the membrane, we cannot rule out the possibility that 

there is a putative membrane GR that is distinct from the intracellular GR (Panettieri et al., 

2019). Indeed, caveolin-1 (Cav1), a major protein component of the caveolae is involved in 

several cytoplasmic signalling complexes at the plasma membrane (Panettieri et al., 2019). 

In lung epithelial cells, dexamethasone is associated with the rapid phosphorylation of Cav1 

(2 min) and protein kinase B (akt) (Matthews et al., 2008). Indeed, this rapid 

phosphorylation (in 10 min) of Akt was also observed in rainbow trout hepatocytes (Dindia 

et al., 2012). Furthermore, the rapid translocation of GR in hepatocytes is known to co-

localize with Cav1 (Chapter 3), but the physiological role of this translocation is unclear. 

Interestingly, by 24h post-amputation, when the rapid effects of cortisol have abated, there 

was a marked increase in both proliferation and ORAI1 in these newly proliferated cells, 

suggesting genomic regulation (Fig. 5.2 and Fig. 5.5). While ORAI1 was also present in the 

vehicle treated fish with an amputation, ORAI1 did not colocalize with BrdU incorporation, 

suggesting that vehicle treated fish had higher ORAI1 expression in existing cells. Indeed, 

the level of proliferation was much lower at all time points (24 and 48h post-amputation) 

compared to the cortisol treated larvae. While the role of ORAI1 in the wound response 

and/or regenerative capacity of the zebrafish larvae is unclear, the activation of ORAI 

channels on the plasma membrane has been associated with increased myogenesis in C2C12 
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cells (Kim et al., 2019a), and is essential for skeletal muscle function in zebrafish (Völkers 

et al., 2012). The rapid translocation of ORAI1 to the wound site suggest that this store-

operated calcium channel may play an essential role in either the skeletal muscle response to 

a wound injury, or be upregulated in leukocytes, which also experience a rapid migration to 

a wound in zebrafish (Petrie et al., 2015). Evidence for the former scenario is supported 

here, as newly formed cells have a high expression of ORAI1 in cortisol treated fish, but 

whether these are skeletal muscle cells specifically was not tested. Overall, further work 

needs to be carried out to fully characterize the role of ORAI-1 and store-operated calcium 

channels in the regenerative capacity of zebrafish.  

This tail amputation was performed at 48 hpf, which is during a hyporesponsive 

stress period in zebrafish larvae (Alsop & Vijayan, 2008; Faught & Vijayan, 2018a). The 

mechanisms for this hyporesponsive period are unclear and may be a result of increased 

cortisol breakdown, a suppressed stress axis (hypothalamic-pituitary-axis), or an incomplete 

integration of the stress axis (Nesan & Vijayan, 2013).  Even though the larvae were treated 

with cortisol exogenously this may be a partial explanation for the lack of increase in cortisol 

in the larvae. Another possibility is that the control larvae were stressed, despite being in this 

hyporesponsive period. Indeed, resting cortisol levels of the TL zebrafish from 48hpf to 96 

hpf are approximately 20 pg/larvae (Faught & Vijayan, 2018a). The tail fin amputation 

resulted in a 10-fold increase above this level (Fig. 5.3A).  While the vehicle treated fish 

cleared cortisol at 24 and 48 h post-amputation to levels close to the resting levels, the 

cortisol treated fish remained elevated. Despite this increase in cortisol levels there was no 

increase in GR transcriptional ability at this time period (Fig. 5.3B). This was determined 

using the cortisol responsive gene, 11BHSD2, which is known to be transcriptional activated 

by cortisol in zebrafish larvae (Alderman & Vijayan, 2012; Faught & Vijayan, 2018b). 

However, even at basal cortisol levels, cortisol still retains signalling ability through the 

high-affinity MR (Mifsud & Reul, 2018). Therefore, we examined whether cortisol-mediated 

effects were mediated by the MR, using MRKO (MR knockout) larvae. We demonstrate that 

in larval zebrafish MR is required for blastema formation, and this may involve 

transcriptional regulation of bmp4.   
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The hallmark of the epimorphic limb or fin regeneration is formation of the blastema, 

during the proliferative phase, a developmental event that distinguishes regeneration from 

embryogenesis (Poss et al., 2003; Roehl, 2018). The newly formed fin blastema is a 

proliferative mass of mesenchymal cells (Poss et al., 2003), and molecular markers of 

blastema formation includes the transcription factors msxb and msxc, and the bone 

morphogenetic proteins (Nechiporuk & Keating, 2002). While studied in the context of 

wound healing and fibrosis in mammals, little is known about the role of MR as a regulator 

of the epimorphic regeneration in any vertebrate model. In mammals, vascular MR is 

activated when the vasculature is damaged to coordinate blood pressure maintenance and 

wound healing (Biwer et al., 2019). Specifically, MR activation in the vascular wall 

promotes vasoconstriction, inflammation and vascular remodelling with fibrosis (Biwer et 

al., 2019). Little is known about the molecular mechanisms surrounding fibrosis, but 

treatment with the MR antagonists will result in the suppression of fibrosis in organs such as 

the heart (Tesch & Young, 2017). In the zebrafish heart, fibrosis is transient and its 

regression allows for the regrowth of the myocardial wall (Sánchez-Iranzo et al., 2018). This 

suggests a catch-22 may exist in mammals with regards to MR signalling, where MR 

signalling will promote fibrosis, but, as the evidence here suggests, is also required for 

successful regenerative outgrowth. To determine the possible molecular mechanisms 

involved, we examined which genes were affected by the ubiquitous loss of either GR or 

MR. In MRKO larvae bmp4 mRNA was 4-fold lower compared to the WT and GRKO 

larvae. In adult zebrafish caudal fin regeneration bmp2b and bmp4 are expressed in the 

newly differentiated scleroblasts in the proximal blastema and distal blastema, respectively 

(Poss et al., 2003). Treatment of zebrafish with the BMP signalling inhibitor chordin caused 

inhibition of regenerative outgrowth due to the decrease in blastema cell proliferation, and 

downregulation of msxb and msxc expression and reduced bone matrix deposition (Smith et 

al., 2006). Expression of msxb, is also required for fin blastema formation after fin injury in 

adult zebrafish and inhibition of msxb expression results in decreased fin outgrowth 

(Akimenko et al., 1995; Nechiporuk & Keating, 2002; Thummel et al., 2006). Here, while 

bmp4 mRNA was low in the MRKO larvae, transcript abundance of msxb was unaffected. 

This suggests that the bmp4-induced blastema formation occurs independent of msxb 

signalling. To this end we also examined whether a key growth factor, fgf20, was impacted 
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by loss of MR. In zebrafish devoid of blastema (dob) mutants, fish form abnormal 

regeneration epithelium and do not form a blastema and are a result of inactivation of the 

fgf20 gene (Whitehead et al., 2005). Here, neither genotype nor cortisol treatment impacted 

fgf20 mRNA levels This is consistent with the ability of all fish to repair the epithelium 

normally, and further underscores the central role of bmp4 signalling in the regeneration of 

zebrafish fins. 

Wound healing in MRKO was unaffected and melanocytes recovered by 48 hpa (Fig. 

5.5), suggesting that wound healing was unaffected by loss of MR. Indeed, transcript 

abundance of genes involved in this process were not differentially regulated in the MRKO 

larvae compared to WT including, bmp2A, and eve1 (Figs.  5.6D, E). This is similar to what 

is observed in mice with a keratinocyte-specific MR knockout (Bigas et al., 2018). It is 

unclear why il6 mRNA levels were increased in MRKO larvae 24 hpa (Fig. 5.6A). While IL-

6 is necessary for wound healing in mice (McFarland-Mancini et al., 2010), it is unclear if 

this response is conserved in zebrafish. In mice lacking IL-6 there were delays in 

macrophage infiltration, fibrin clearance and wound contraction. Inactivation of the 

macrophage MR increased healing post-myocardial infarction, again, by modulating the 

fibrosis state (Fraccarollo et al., 2019). It is unknown whether the upregulation of il6 is part 

of the compensation to a loss of MR in response to the amputation, or whether it is indicative 

of a greater dysregulation in the immune system. Indeed, loss of MR in macrophages of mice 

as profound effect on salt-induced hypertension, fibrosis, and atherosclerosis (Cole & 

Young, 2017).  

As MRKO fish did not have a blastema there was no effect of this gene on 

proliferation as measured by BrdU incorporation, or axonal microtubule extension, as seen 

by SCG10/stathmin2 immunofluorescence (Fig. 5.5).  In mammals, SCG10 levels increase 

after nerve injury and are maintained throughout nerve regeneration in mammals (Shin et al., 

2014), and by degrading this microtubule stabilizing protein in cultured CNS neurons axon 

growth is promoted (He et al., 2016). In zebrafish, developmental expression of scg10 

transcripts increases by 48 hpf, indicating de novo synthesis and is primarily restricted to the 

anterior CNS. As the larvae develop, scg10 is also detected in developing neurons in the gut 

and intestinal mesenchyme (Burzynski et al., 2009). Here clearly SCG10 expression can be 
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detected at the amputation site in the larval zebrafish, similar to its expression in mammals 

(Shin et al., 2014). At 48 hpa the amount of SCG10 is lower in the blastema of cortisol 

treated fish compared to control, but whether this contributes to a functional change, such as 

the accelerated regenerative outgrowth is unknown.  

To date, regeneration in zebrafish has primarily focused on adult tissues, such as the 

spinal cord, fin, and heart. As larvae are still rapidly developing there is an abundant supply 

of stem cells, or precursor cells, present and likely to contribute to wound repair and 

regenerative outgrowth compared to adult tissues. As development is ongoing, the 

replacement of lost tissue may be an extension of normal development (Roehl et al., 2018). 

However, the use of larvae as a model for regeneration is increasingly used to elucidate 

damage-induced signals and the subsequent immune response, and the mechanisms are 

conserved throughout the lifespan of the zebrafish. Adult MRKO fish are able to regrow 

their caudal fins after genotyping (data not shown), and more work is required to elucidate 

whether the role of MR is life stage-specific, or required when a more severe injury has 

occurred, such as spinal cord severance.  

The balance of GR and MR is important in both fish and mammals in a variety of 

systems. For example, in mammals, cortisol signalling through MR and GR determines the 

outcome of DNA damage in cardiomyocytes (Oakley et al., 2019). This appears to be the 

same case in larvae trail fin regeneration. While we do not explicitly activate GR due to the 

low dose of cortisol, these larvae die by 48 hpa. The genes measured here do not completely 

explain this result, but the presence of GR post-amputation indicates that this receptor may 

be critical during early life to cope with stress. Similarly, without MR, larvae are unable to 

initiate regenerative outgrowth, also impacting their fitness. Therefore, loss of either of these 

corticosteroid receptors will impair larval survival. In addition to the essential genomic 

component, the rapid non-genomic response acts in a complementary fashion, increasing 

Ca
2+

 and ORAI expression. Overall, this study underscores the physiological significance of 

rapid, nongenomic signalling, and their complementary role in the delayed genomic GC 

signalling during the tail fin regeneration in zebrafish.  
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Figure 5. 7 Cortisol-induced regeneration in zebrafish is mediated by both non-

genomic and genomic responses.  

Schematic diagram detailing the distinct but complementary roles of non-genomic and 

genomic signalling. Non-genomic signalling is characterized by an initial spike in [Ca
2+

] and 

rapid translocation of ORAI1 to the amputation site. At 24h there is increased proliferation 

in the cortisol treated larvae and this is mediated by both glucocorticoid receptor (GR) and 

mineralocorticoid receptor (MR). New cells are also rich in ORAI1, suggesting this channel 

protein is mediated both genomically and non-genomically by cortisol. Additionally, the 

blastema formation is dependent on basal cortisol signalling via the mineralocorticoid 

receptor, as these larvae do not form a blastema. This may be due to dysregulation of bone 

morphogenic proteins (bmp4). 
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CHAPTER 6: General conclusion 
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Glucocorticoids (GCs) are a class of steroid hormones that signal through the glucocorticoid 

receptor (GR), an intracellular ligand-bound transcription factor to mobilize energy post-

stress (Faught & Vijayan, 2016b; Panettieri et al., 2019). GCs are best characterized as stress 

hormones that upregulate a suite of genes involved in energy mobilization post-stress 

(Charmandari et al., 2005; Faught & Vijayan, 2016b). In the past two decades, compelling 

evidence has suggested that, in addition to transcriptional activation, GCs can also act 

through, rapid non-genomic mechanisms (Das et al., 2018; Panettieri et al., 2019). The rapid 

effects of cortisol have been observed in various species, from ray-finned fishes to humans 

and suggests these rapid effects of GCs are conserved (Das et al., 2018; Johnston III et al., 

2019). The idea that a steroid hormone can exert rapid effects via membrane receptors is not 

new as other steroid hormones, namely estrogen and progesterone have also been identified 

as having membrane associated receptors that can convey rapid effects (Panettieri et al., 

2019). However, the characterization of a membrane associated GR or a putative membrane 

GR has been less straightforward compared to these other steroid hormones (Das et al., 

2018). This seems to be for several reasons. Firstly, the rapid effects of cortisol are highly 

tissue-specific. For example, regarding Ca
2+

 signalling, cortisol can either increase Ca
2+ 

or 

decrease Ca
2+

 based on the cell type (Panettieri et al., 2019). Secondly, some rapid cortisol 

signalling effects are sensitive to the GR antagonist, RU486, while others are insensitive 

(Panettieri et al., 2019). This has often led to the assumption that the classical intracellular 

GR can be associated with the plasma membrane, but this has not been empirically shown. 

Indeed, there is a lack of consensus on whether cortisol is signalling through a yet-

unidentified receptor, the intracellular GR associated with the membrane or due to its 

incorporation into the lipid bilayer and altering the plasma membrane fluidity (Das et al., 

2018; Panettieri et al., 2019). Finally, the physiological significance of the rapid GCs effects 

are often overlooked, as the stress response already has rapid-actions mediated by 

epinephrine to mobilize energy for the fight-or-flight response. Therefore, the primary 

objective of this thesis was to try and unravel the possible mechanisms by which cortisol was 

mediating these rapid effects, and to determine the physiological significance of rapid 

cortisol signalling (Fig. 6.1).  
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To address the mode of action of cortisol, primary cultures of rainbow trout hepatocytes, 

a well-established model in teleosts to study the mechanisms of both rapid and classical GR 

signalling (Dindia et al., 2012; Faught & Vijayan, 2016b) (Faught & Vijayan, 2016a) , were 

utilized to examine changes in Ca
2+

 levels. Together with phosphorylation of intracellular 

signalling cascades, alterations in this second messenger molecule comprise the most rapid 

form of intracellular communication (Panettieri et al., 2019). It is also unclear from literature 

why some cell types will decrease Ca
2+

 in response to glucocorticoid, while others will 

increase. Nearly 20 years ago in fish pituitary cells there was a marked decrease in Ca
2+

 

which increased prolactin release (Borski et al., 1991a). However, the mechanisms were 

never fully elucidated, and the physiological significance of this prolactin release was also 

left open-ended.  In mammals, there is little consensus on mechanisms of action of these 

rapid effects of GCs on Ca
2+

 homeostasis; however, at the very least the response can be 

divided into two main categories – sensitive or insensitive to RU486, the GR antagonist 

(Joëls & Karst, 2012; Panettieri et al., 2019). In hepatocytes, it is well established that 

cortisol will have a potent effect on membrane fluidity and that this can activate secondary 

signalling cascades (Dindia et al., 2012, 2013b). However, nothing was known about the 

role of Ca
2+

. Therefore, using hepatocytes as a model, the hypothesis tested was that cortisol 

will rapidly stimulate a rise in intracellular Ca
2+

. Two mechanisms of actions were tested, 

either direct binding of cortisol to store-operated calcium (SOC) channels or activation of a 

putative receptor that would activate the PKA signalling cascade (Chapter 2). Indeed, 

cortisol stimulated a rapid increase in intracellular Ca
2+

 (iCa
2+

) levels in trout hepatocytes 

within seconds to minutes of exposure. Using pharmacological tools, the cortisol-mediated 

rise in Ca
2+

 was shown to be due to the activation of the calcium release-activated calcium 

(CRAC) channel, a major SOC channel in non-excitable cells (Prakriya & Lewis, 2015). It 

had recently been shown that the steroid hormone precursor, cholesterol could directly bind 

to SOC channels (Derler et al., 2016b). Therefore, to test the hypothesis that cortisol directly 

interacts with CRAC channels, an in silico structural modelling approach was utilized (Yuan 

et al., 2017; Salmaso & Moro, 2018) to determine specific cortisol interacting sites with the 

CRAC channel. The results predicted that cortisol, but not other steroid hormones were 

capable of binding to these channels (Chapter 2), and that this is independent of intracellular 
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GR involvement. However, from these results it was still unclear why some mechanism may 

be sensitive to RU486 within hepatocytes.  

So, the next objective was to examine whether this rapid cortisol-stimulated Ca
2+

 influx 

was capable of eliciting a cellular response. In particular, the hypothesis tested was that the 

cortisol-driven increase in iCa
2+

 was responsible for protein trafficking of GR to the plasma 

membrane. It is well known that iCa
2+

 is a key signalling molecule for the intracellular 

protein trafficking. For instance, Ca
2+

influx through CRAC has been shown to regulate 

mitochondrial translocation to the plasma membrane microdomains in T cells (Quintana et 

al., 2005, 2006), and translocation of cytosolic 5-lipoxygenase to nuclear membrane in mast 

cells C4 (LC4) (Chang et al., 2006). Using a trout-specific GR antibody, it was demonstrated 

that intracellular GR translocates to the plasma membrane within minutes of cortisol 

exposure in trout hepatocyte (Chapter 3). Chelation of extracellular Ca
2+

, and blocking of the 

CRAC channel, failed to show GR translocation to the membrane. This revealed for the first 

time that the rise in iCa
2+

 had a functional role within the cell, and that cortisol is able to 

induce rapid recruitment of GR to the plasma membrane. Interestingly, cortisol-driven GR 

translocation appeared to be localized with caveolin-1 rich areas suggesting that GR may be 

part of a larger signalling complex. Indeed, in A549 cells (adenocarcinoma human alveolar 

basal epithelial cells) caveolin-1 is known to mediate the rapid effects of GCs on PKB (Akt) 

phosphorylation, and this requires a membrane associated GR (Matthews et al., 2008). In 

myocytes, rapid signalling by membrane GR is also known to reduce glucose uptake (Gong 

et al., 2016). Taken together, this suggests that the rapid cortisol-mediated GR recruitment 

may have implications in the rapid nongenomic GCs effect on cell metabolism during stress 

(Dindia et al., 2012; Espinoza et al., 2016; Johnstone III et al., 2019). GR localization on the 

membrane also occurred in the presence of a membrane impermeable cortisol analog. This 

suggest that there may be redundancy within this translocation mechanism of action, as both 

a rise in intracellular calcium via direct binding to CRAC channels, as well as changes in 

membrane fluidity due to the lipophilic ligand have a similar endpoint in the translocation of 

GR to the membrane. This further suggests that the rapid signalling of cortisol through the 

classical GR may hold some physiological significance for specific actions, but this remains 

to be determined in hepatocytes.  
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 During stress, the skeletal muscle is an important source of amino acids which can be 

used for hepatic gluconeogenesis, and cortisol has potent proteolytic effects by upregulating 

key proteolytic genes (Faught & Vijayan, 2016b). However, recent work mentioned above, 

regarding the restriction of glucose uptake, and work in rainbow trout myocytes (Espinoza et 

al., 2016), suggests that there may be a non-genomic role for cortisol in this tissue. To test 

whether this cortisol action may involve rapid alterations to iCa
2+

, and also to identify the 

potential pathways involved, a zebrafish muscle explant model was developed. The zebrafish 

is an excellent model for in vivo studies, and due to their small size, and transparency, they 

were ideal for whole-tissue ex vivo labelling studies (Phillips & Westerfield, 2014). The 

results with the explant studies suggest that cortisol rapidly increases Ca
2+

 influx, and this is 

a result of a multi-channel effect involving the voltage-gated and the CRAC channels 

(Chapter 4). However, the CRAC channel was more important for the cortisol-mediated 

effects, and this established that the increase in Ca
2+

 in hepatocytes and skeletal muscle was 

a conserved mechanism of action of cortisol. The next step was to determine the 

physiological role associated with this rapid Ca
2+

 in zebrafish larvae. An increase in 

intracellular Ca
2+

 is associated with several downstream processes in the muscle, including 

contraction, early development and regeneration (Berchtold et al., 2000; Cho et al., 2017). 

The rapid activation of key signalling molecules, including calcium and genomic signals, are 

important for epimorphic regeneration after tail fin amputation in zebrafish (Roehl, 2018).  

Consequently, the last chapter (Chapter 5) attempted to establish that the non-genomic 

response to cortisol is complementary to the prolonged transcriptional programme of 

classical GR signalling, using a tail cut assay in zebrafish. In this assay the tail fin fold of 

larval zebrafish was amputated, which then regenerates within 3-4 days (Roehl, 2018). The 

results reveal for the first time that cortisol rapidly initiate amputation-induced increase in 

Ca
2+

 within a minute, and results in the increased recruitment of ORAI1 to the amputation 

site within 10 min (Chapter 5). Interestingly, 24 h cortisol treated fish also had an increase in 

cell proliferation, and these cells also appeared to show higher expression of ORAI1, 

suggesting that cortisol may modulate ORAI1 both nongenomically and genomically. To 

determine the importance of the cortisol genomic signalling on epimorphic regeneration, GR 

(GRKO) and the mineralocorticoid receptor knockout (MRKO) zebrafish larvae were 
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utilized for the tail fin assay. The results indicate that GR was essential for survival post-

amputation, while MR was critical for blastema formation. The results here demonstrate that 

the non-genomic and genomic signalling pathways of GCs are not mutually exclusive, and 

may work in a complementary fashion to facilitate regeneration.   

 Overall this thesis represents a significant contribution to the field of non-genomic 

GC signalling. This is a field that has substantial interest from a pharmacological 

perspective. GC agonists are the most prescribed drugs in the world due to their anti-

inflammatory and immunosuppressive properties. However, the side-effects of prolonged 

exposure are severe and have limited their use (Panettieri et al., 2019). Future studies in 

other cell types such as immune cells would be an interesting avenue. ORAI1 is the primary 

CRAC channel in T-cells, and if cortisol is able to modulate any type of anti-inflammatory 

properties without an upregulation of genes this may be a powerful therapeutic (Derler et al., 

2016b). For example, future studies can be directed towards drug designing for a cortisol 

selective channel interacting site that can potentially modulate cell-specific physiological 

changes and doesn’t require crossing the plasma membrane. The last chapter also exposed an 

interesting concept – the sensitivity and affinity of these signalling pathways. GR has a 

lower affinity for cortisol compared to other CRs such as MR and is only transcriptionally 

active during stress. However, a 100 ng/ml cortisol exposure in zebrafish, which is a 

physiologically relevant stressed level of cortisol was not sufficient to initiate transcriptional 

activation of GR, whereas the non-genomic signalling (elevated Ca
2+

) was affected. Whether 

the non-genomic signalling pathways are active at lower cortisol levels compared to the 

genomic pathways has any adaptive value in stress tolerance remains to be determined. 

Finally, from a comparative perspective the non-genomic effects of cortisol on the muscle 

are also worthy of further exploration. Is the cortisol-induced reduction in glucose uptake by 

the muscle a non-genomic mechanism, and can cortisol limit protein synthesis non-

genomically? All these questions become important in establishing a paradigm of acute and 

long-term role of cortisol in stress adaptation. 
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Figure 6. 1 From cells to system: the role of rapid cortisol signalling on intracellular 

calcium and the physiological implications 

This thesis highlights the mode of rapid cortisol action in fish using in vitro and whole 

organism model system. The study covers the role of cortisol-mediated alteration to 

iCa
2+

levels as mediator for rapid signalling in a cellular system and its physiological 

significance at the whole organismal level. The layout is a representation of the multifaceted 

response of the initial Ca
2+

 surge in response to cortisol from cell to system. Abbreviations: 

CORT- Cortisol, CRAC- Calcium release activated channel, iCa
2+

- Intracellular calcium, 

GR-Glucocorticoid receptor. 
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APPENDIX A  

A.1 Supplementary material to Chapter 2 

 

Figure A. 1 Docking predictions regarding cortisol interaction with CRAC channel  

(A) Steroid interaction shown with CRAC channel. Cortisol and dexamethasone indicated to 

share same location on the channel in comparison to other steroids.  (B) Predicted 

hydrophobic interaction of cortisol with STIM binding residues at a distance of 

4.5Angstrom. 
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A.2 Supplementary material to Chapter 3 

 

Figure A. 2 Validation for experimental study  

(A) Validation of GR antibody with controls. (B) Validation of cell viability and 

performance in cortisol exposed cells at 100 and 1000 ng/ml. White arrows indicate 

formation of cell blebs at higher concentration of cortisol (1000 ng/ml) (C) Validation for 

changes to membrane fluidity with Methyl β cyclo-dextrin within a time frame of 90 minutes 

in hepatocytes.  
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A.3 Supplementary material to Chapter 4 

 

 

Figure A. 3 Validation of larval skeletal muscle explant  

(A) Representative fluorescence images with ratiometric dye FURA-2AM using Epinephrine 

(1μM) as control for Ca
2+

 release from intracellular store. (B) Ratiometric line graph 

representation for validation of muscle viability and performance. (C) Lactate 

dehydrogenase assay (LDH) for evaluation of tissue viability. 
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A.4 Supplementary material to Chapter 5 

 

Figure A. 4 Skeletal and cartilage outgrowth is accelerated in cortisol treated larvae  

(A) Representative images of cartilage (blue/Alcian blue) and bone (red/Alizarin) outgrowth 

in WT, WT+ cortisol larvae from 4 to 13 day post amputation. (B) Quantification of 

regenerative outgrowth which shows accelerated growth trajectory in fish treated with 

cortisol. All bars are ± SEM, p<0.05, statistical differences were evaluated with a two-way 

ANOVA(n=2-3). Bars with an asterisk denote significant differences between treatments. 

Different letters denote significant differences over time. 
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