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Cortisol modulates calcium
release-activated calcium channel
gating in fish hepatocytes

Chinmayee Das?, Manoj K. Rout?, Willem C. Wildering® & Mathilakath M. Vijayan!**

Glucocorticoids (GCs) are rapidly released in response to stress and play an important role in the
physiological adjustments to re-establish homeostasis. The mode of action of GCs for stress coping

is mediated largely by the steroid binding to the glucocorticoid receptor (GR), a ligand-bound
transcription factor, and modulating the expression of target genes. However, GCs also exert rapid
actions that are independent of transcriptional regulation by modulating second messenger signaling.
However, a membrane-specific protein that transduces rapid GCs signal is yet to be characterized.
Here, using freshly isolated hepatocytes from rainbow trout (Oncorhynchus mykiss) and fura2
fluorescence microscopy, we report that stressed levels of cortisol rapidly stimulate the rise in
cytosolic free calcium ([Ca%]i). Pharmacological manipulations using specific extra- and intra-cellular
calcium chelators, plasma membrane and endoplasmic reticulum channel blockers and receptors,
indicated extracellular Ca?* entry is required for the cortisol-mediated rise in ([Ca*]i). Particularly,

the calcium release-activated calcium (CRAC) channel gating appears to be a key target for the rapid
action of cortisol in the ([Ca?*]i) rise in trout hepatocytes. To test this further, we carried out in silico
molecular docking studies using the Drosophila CRAC channel modulator 1 (ORAI1) protein, the pore
forming subunit of CRAC channel that is highly conserved. The result predicts a putative binding site
on CRAC for cortisol to modulate channel gating, suggesting a direct, as well as an indirect regulation
(by other membrane receptors) of CRAC channel gating by cortisol. Altogether, CRAC channel may be
a novel cortisol-gated Ca?* channel transducing rapid nongenomic signalling in hepatocytes during
acute stress.

Glucocorticoids (GCs) are acutely released in response to stressor-mediated activation of the hypothalamus-pitu-
itary-adrenal (HPA) axis in vertebrates'. GCs promote energy substrate redistribution and is essential for the
metabolic adjustments to regain homeostasis in the face of stressor exposure’. This steroid action is mediated
by binding to an intracellular receptor, the glucocorticoid receptor (GR), which acts as a transcription factor
upon ligand-binding to regulate GC-responsive transcriptional machinery'. Consequently, this stress-mediated
genomic effect of GCs takes longer to transpire compared to the sympathetic activation of the fight or flight
response, which is rapid*’. However, it is now increasingly clear that apart from the genomic responses, GCs
also exert rapid effects, which are non-genomic and important in the acute stress adaptation~’. For instance,
studies have shown that GCs stimulate second messenger signalling, including rapid changes to intracellular
cAMP and cytosolic free calcium ([Ca**]i) levels, leading to downstream phosphorylation of protein kinases and
the associated cellular responses*. Although, putative corticosteroid binding sites on plasma membrane were
identified in vertebrates® ', including teleosts'}, as possible mediators of the rapid signaling, specific plasma
membrane protein(s) transducing GC signals have yet to be discovered*-.

A key mode of action for rapid physiological effects of GCs involve changes in ([Ca?*]i)'*'?, and studies
have shown that this steroid either stimulate or inhibit basal Ca?* levels in a tissue-specific manner®'*. Ca** is a
ubiquitous second messenger and an important regulator of the physiological actions of cells, including rapid
hormonal regulation of glucose output during acute stress'>. Rapid modulation of ([Ca?*]i) may be due to altera-
tions in either the intracellular Ca** release from endoplasmic reticulum (ER) and/or extracellular Ca?* entry
across the plasma membrane through specific channels, including the voltage-gated calcium channels (VGCC)
and/or calcium release-activated calcium (CRAC) channels'®!8, GCs have been shown to stimulate CRAC chan-
nel gating leading to increased Ca** concentration in rat L6 muscle cells in culture’. Also, we recently showed
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that cortisol rapidly increased ([Ca**]i) in the developing trunk muscle of zebrafish (Danio rerio), suggesting a
possible role for CRAC channel activation®.

Liver is a key target for the metabolic actions of GCs to cope with stress, but most studies focussed on the
genomic actions with little mechanistic insights into the nongenomic mode of action for this steroid***!. In
hepatocytes, a non-excitable cell model, CRAC channels play an important role in modulating cellular Ca**
dynamics'”'8. A major stimulus for CRAC channel regulation is the depletion of Ca®>* in the ER, which causes
the sensor protein, the stromal interaction molecule (STIM), to interact with the CRAC channel modulator 1
(ORAI1) protein, the pore forming subunit of CRAC channel, and regulate channel gating'®**?. Studies have
shown that GCs modulation of ([Ca?*]i) may involve CRAC channel gating®®'*?’, but this has not been studied
from the standpoint of liver stress response. While cortisol rapidly increased ([Ca®']i) in trout hepatocytes?,
the mechanism leading to this rapid surge in Ca** was unknown. Also, cortisol rapidly increased the phospho-
rylation of protein kinase A (PKA), Akt /protein kinase B (PKB) and protein kinase C (PKC) in rainbow trout
(Oncorhynchus mykiss) hepatocytes®, suggesting possible activation of second messenger signaling via putative
membrane receptor(s)***?. Given the important role of Ca** in the liver stress response®'®, we hypothesized that
a membrane receptor transducing rapid GC signal may involve rapid modulation of ([Ca®*]i) in hepatocytes.
Here, using freshly isolated hepatocytes from rainbow trout, we investigated whether cortisol, the principal GC
in humans' and teleosts?, directly activate plasma membrane Ca®* channels to modulate ([Ca**]i). GCs have been
shown to either increase or decrease basal ([Ca?*]i) in a tissue-specific manner®!%, but the effect of this steroid
in modulating Ca** channels activity in hepatocytes is less clear. Using targeted pharmacological approaches,
including Ca?* channel blockers, we investigated the mechanism by which cortisol modulates ([Ca?*]i) in trout
hepatocytes. Our results indicate that cortisol rapidly increases ([Ca?*]i) in hepatocytes, and, for the first time,
suggests a possible direct role for this steroid in CRAC channel gating.

Materials and methods

Reagents. Bovine serum albumin (BSA), Leibovitz L-15 medium were obtained from Invitrogen life tech-
nology. Collagenase (Type IV), cortisol (hydrocortisone), testosterone (4-androsten-17p-ol-3-one), corticoster-
one and p-estradiol (1,3,5[10]-estradiol-3,17 -dio), dexamethasone, EGTA (Ethylene glycol bis (B-amino ethyl
ether)-N,N,N',N'-tetraacetic acid), nifedipine, ryanodine, trypan blue and cadmium chloride were purchased
from Sigma- Aldrich (Oakville, ON, Canada). 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 C, H-89, U73122 and
Fura 2-AM were purchased from Life Technologies, USA. Cortisol conjugated BSA was purchased from East-
Coast Bio, USA. All hormones utilized during the experiment were dissolved in ethanol, the final concentration
of which never exceeded 0.01%, and the control had the same amount of ethanol. All other chemicals were of
analytical grade and were purchased from local suppliers.

Animals. Juvenile rainbow trout (~ 100 to 200 g body mass) were obtained from the Allison Creek Brood
Trout Hatchery Station (Crowsnest Pass, Canada) and maintained at the Animal Facility, Department of Biologi-
cal Sciences, University of Calgary. The fish were maintained in a 500 L tank supplied with a constant flow of aer-
ated de-chlorinated water with temperature maintained at 12+ 1 °C and photoperiod set at 12 h light:12 h dark.
Trout were fed commercial trout feed (Martin Mills, Elmira, ON) to satiety once daily. The fish were acclimated
to this condition for at least 2 weeks, and were food deprived for 24 h prior to their use for hepatocyte isolation.
All experimental protocols were approved by the Animal Care Committee at the University of Calgary and were
in accordance with the Canadian Council on Animal Care guidelines, and the ARRIVE guidelines.

Hepatocyte isolation and cell suspension. Hepatocytes were isolated following collagenase digestion
as described previously®. In brief, fish were always sampled in the morning (0900-1000) euthanized with an
overdose of 2-phenoxyethanol (600 pL/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, MgSO,-7H,0 0.8,
Na,HPO,-12H,0 0.33, KH,PO, 0.44, HEPES 5.0, HEPES Na 5.0] for 15-20 min to remove blood, followed by
Medium B (Medium A with 50 mg/100 mL 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
transferred to a petri dish with Medium A, finely minced, and the suspension was filtered through two nylon fil-
ters (250 and 75 um). The cell suspension was centrifuged 3 times (MultifugeX3R centrifuge, Thermo Scientific)
at 200xg for 5 min at 11 °C with Medium A, after which the pellet was re-suspended in Medium C (Medium A
with 1.5 mM CaCl, and 1% BSA) and centrifuged as mentioned above. The pellet was re-suspended in 25 ml
of L-15 medium (Leibovitz’s medium; Gibco, Thermo Scientific, USA with 5 mM NaHCQO; and antibiotic/anti-
mycotic solution) and allowed to settle down on ice for 30 min. The medium was aspirated, and the settled cells
were re-suspended in 10 mL of L-15 medium followed by cell counting using a haemocytometer. Cell viability
was checked using trypan blue (Sigma) dye exclusion test”” and the viability was>95%. The cell suspension at a
concentration of 0.75 x 10° million cells per ml L-15 medium were incubated in 15 mL falcon tube at 11 °C on a
slow tube rotator for 24 h prior to treatments and calcium imaging.

Cytosolic Ca?* measurements.  After overnight incubation cells were subjected to washing and centrifu-
gation at 200xg for 5 min followed by trypan blue test. The cells were washed with Medium C and incubated
with fura2-AM?® (10 uM in Medium G; Life technology) and 5 pL of 20% pluronic-F127 (Thermo Scientific)*
followed by washing and centrifugation at 200xg for 5 min. Then, the cell pellet was re-suspended in medium
C for 30 min for the cell esterases to carry out de-esterification of fura2-AM to allow binding of fura2 to cal-

Scientific Reports |

(2021) 11:9621 | https://doi.org/10.1038/s41598-021-88957-3 nature portfolio



www.nature.com/scientificreports/

cium, followed by imaging. Briefly, cell suspension (50 puL) was mounted on a coverslip (of approx. 18 mm)
attached to a petri dish of 28 mm diameter®®. This whole set up was then mounted on an inverted microscope
(Qimaging RETIGA EXi FAST 1394) for imaging. All experiments were conducted after 30 min post-fura2-AM
incubation to ensure deesterification. The hormones (or hormone agonist) added were cortisol (hydrocorti-
sone), testosterone (4-androsten-17p3-ol-3-one), corticosterone, 17f3-estradiol and dexamethasone dissolved in
100% ethanol, with the final concentration of ethanol in all treatment groups being <0.01%. The Ca®* chelators
(EGTA (2 mM)*, BAPTA (10 uM)*"), plasma membrane Ca** channel inhibitors [cadmium (10 uM)?*?, Cpd5j-4
(10 uM)*, nifedipine (10 uM)*] and drugs to block intracellular pathways, including IP3 receptor [Xestospongin
C (10 uM)**], ryanodine receptor (ryanodine(20 uM)*], ER Ca?* ATPase [thapsigargin (10 uM)*®), PKA (H-89
(10 uM)*"] and phospholipase C [U73122 (10 uM)****] were added to the medium 30 min prior to cortisol addi-
tion as described previously®. The cortisol concentration used for the experiments were either unstressed (5 and
10 ng/mL) or physiologically stressed levels of cortisol (100 ng/mL) reported in trout. Other steroid concentra-
tions used were all kept at the cortisol concentration (100 ng/mL) to avoid any membrane biophysical changes
due to varying steroid concentrations as a factor for the observed response. ORAI-1 rabbit polyclonal antibody
(1:250; Cat # 13130-1-AP, Proteintech)*-** was used to block ORAI1 protein on the hepatocytes, while protein
A purified mouse monoclonal cortisol antibody (1:100)** was used to sequester cortisol, and anti-plant alpha
tubulin antibody (1:200)** was used as a control for these studies. The antibody dilutions for cortisol (1:100)
and ORAI1 (1:250) were based on previous studies*>*. Cells were imaged immediately after cortisol and other
steroid additions for 10 min, with the images captured at 10 s intervals.

Cytosolic free calcium ([Ca®*]i) was expressed as a ratio of fluorescence intensities at 380 nm (free of calcium)
and 340 (bound to calcium). 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 wave-
lengths 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 wavelengths 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 (340/380 nm). Images were acquired at 10 s inter-
vals to reduce photo bleaching. The exposure parameters for 340 and 380 nm were kept unchanged throughout
the experiment. All measurements were made at room temperature (~ 20 °C).

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 release into
the cytosol, Triton X-100 was used to determine any possible compartmentalization of fura2*. Triton X-100
permeabilized hepatocyte cell membrane and organelles that releases trapped Ca?* inside the organelles after
fura2 incubation. Dye compartmentalization was a confirmatory step to determine that no residual fura2 were
trapped in the organelles apart from the cytosol (Fig. $3). Our ratiometric recordings of Ca?* bound and Ca?*
free form showed no significant rise in calcium after triton treatment indicating a lack of dye compartmentaliza-
tion within the cell.

Immunofluorescent labelling. Isolated hepatocytes were cultured on 22 mm coverslips in 6 well plates
(Sarstedt, Inc. USA) for 24 h prior to treatment exposure. After exposure to cortisol (100 ng/mL) for 5 min, the
cells were fixed using ice cold methanol and stored at 4 °C. The coverslips with the fixed cells were tapped on
paper towel to remove 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 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{GREEN}; Thermo Fisher Scientific, CA). Double antibody staining
was carried out by incubating the cells with caveolin-1 mouse monoclonal IgG,z antibody (1:500; sc-53564:
Santa Cruz Biotechnology) for overnight at 4 °C. Both the ORAI and caveolin-1 antibodies have been tested
in zebrafish previously®. Secondary antibody donkey anti-mouse Alexa 594 conjugate (1:500{RED}; Thermo
Fisher Scientific, CA) was carried out the next day after washing. DAPI (100 ng/mL) staining was done to iden-
tify nuclear localization prior to 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 mount-
ing 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.

Western blotting. Trout liver homogenate for western blotting was prepared as described previously?.
Whole trout liver was dissected out from terminally anesthetised trout. The liver was homogenized in TCD
buffer (300 mM sucrose, 10 mM TRIS-HCL, 1 mM DTT, 0.5 mM CacCl,, Roche protease (Roche Diagnostics,
CAN), and the homogenized mixture was subjected to multiple centrifugation steps at 4 °C for separation of
cellular fractions as described previously*”. The membrane fractions of trout liver were prepared using ultracen-
trifugation at 100,000xg as described previously?®. Membrane fraction enrichment and any cytosolic contamina-
tion was detected by measuring the activities of 5’AMP nucleotidase*® and lactate dehydrogenase (LDH)***"°.
Protein concentration was measured using bicinchoninic acid (BCA) method. Membrane fractions and liver
homogenate were diluted in Laemmli’s buffer [0.06 MTRIS-HCL (pH6.8), 20%(V/V) glycerol, 0.02% (w/v) SDS,
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0.025%(w/v) bromophenol blue, 5% [ mercaptoethanol]. A total of 40 pg protein lysate was resolved on a 10%
SDS-PAGE, transferred onto a 0.45 pm nitrocellulose membrane (Biorad, CAN)* as described previously*’. At
room temperature, membranes were blocked for 1 h in 5% skim milk, followed by an overnight incubation with
rabbit polyclonal ORAI-1primary antibody (1:250) at 4 °C. Membrane were further washed and incubated with
secondary goat anti rabbit IgG (H+L) horse radish peroxidase (HRP conjugate; BIORAD # 1706515) (1:3300
diluted in 5% skim milk) for 1 h 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).

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 mel-
anogaster) was downloaded from RCSB protein data back in PDBQT format. Further, metal ions were removed
from the structure to avoid insignificant binding. Polar hydrogens were added to the PDB file using AutoDock-
Tools and converted to PDBQT file. Hydrogen addition mimics a more realistic environment for docking. To
find the entire binding site on CRAC, the grid was modified to cover the entire protein (CRAC), as we are una-
ware of the binding sites. The ligands, including cortisol, corticosterone, estradiol, testosterone and dexametha-
sone were used from ZINC database’'. 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 separate them from M4 helices. M4 helices are the peripheral outer ring subunit of CRAC that
interacts with STIM for channel gating. Studies confirm that STIM binding to Leu’"? or Ile*"® at the M4 extension
A and B is critical for channel activation. 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.

Statistics analysis. The values are presented 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.

Results and discussion

GCs are key stress hormones and are important in re-establishing homeostasis after stressor exposure?*2. How-
ever, most of the stress coping actions of GCs have been attributed to its binding to GR, a ligand-bound tran-
scription factor, and regulating target genes, including encoding proteins involved in metabolism and immune
function®. Calcium is a key second messenger that is an important mediator of the cellular stress response™.
Hormonal effects on rapid intracellular calcium modulation during stress has been shown in several cell types,
including hepatocytes®. Here we are showing a role for GCs in rapidly increasing ([Ca?*]i), and this may be a
mechanism for the rapid nongenomic actions of GCs on liver function®>?*. Our results for the first time suggest
CRAC channels as a potential cortisol-gated calcium channel in trout hepatocytes.

Cortisol rapidly stimulates ([Ca2*]i).  Using fura2 methods we show that stressed levels of cortisol (100 ng/
mL) rapidly increases ([Ca?*]i) in isolated hepatocytes (Fig. 1a). This Ca?* wave tapers over a 10 min period
(Fig. 1b), and was repeatable by cortisol stimulation after a washout (Fig. Sla). The rise in ([Ca®*]i) was signifi-
cantly greater (p <0.001) with stress levels (100 ng/mL) of cortisol (Fig. 1c) compared to the unstressed levels (5
and 10 ng/mL; Fig. 1d) in trout. These ([Ca**]i) responses were also mimicked by the membrane impermeable
cortisol-BSA (Figs. S1b,c), supporting the idea of a membrane-mediated rapid signalling. Pre-treatment with the
GR-inhibitor RU486 failed to block the cortisol-induced ([Ca?*]i) wave (Fig. 1e), suggesting little involvement of
the classical intracellular GR. While steroids, including testosterone, estradiol and aldosterone modulate ([Ca®*]
i) in different cell types®*! our results indicate the greatest ([Ca?*]i) increase with cortisol (>60%) in hepatocytes
compared to the other steroids tested (Fig. 1f).

Pharmacological characterization of the source of calcium. While several studies have showed GCs
to modulate intracellular calcium levels®, no study has actually investigated in-depth whether the origin of the
calcium is from extracellular and/or intracellular stores in hepatocytes. In teleosts, one other study suggested
VGCC as a possible target for cortisol-mediated rapid inhibitory effect on prolactin secretion in dispersed pitui-
tary cells of the tilapia, Oreochromis mossambicus®. Here, we asked whether extracellular [Ca?*] contributed to
the ([Ca?*]i) rise by manipulating the extracellular Ca®* availability. In the absence of extracellular Ca®* cortisol
did not elicit a ([Ca**]i) rise in trout hepatocytes (Fig. S1d). While EGTA significantly reduced (>60%) cortisol-
induced ([Ca*]i) rise (Fig. 2a), a modest (~20%) increase in ([Ca®']i) compared to the control suggests that
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Figure 1. Cortisol rapidly stimulates ([Ca?*]i). Hepatocytes incubated with ratiometric dye fura2 and with
and without cortisol for 1 min. Enhanced dye intensity with cortisol was seen in>75% of hepatocytes; scale bar
represents an approximate cell diameter of 25 um (field of view at 40x has1392 x 1040 pixel with 6.19pixel/pm)
(a) Representative fluorescence images taken at 0 or 1 min either with or without the addition of cortisol. (b)
Representative line graph showing the time-dependent fura2 intensity ([Ca?*]i) changes in response to cortisol
exposure. (c) Bar graph showing ([Ca?*]i) changes at 60 s after cortisol addition (t test; p<0.001). (d) Dose-
related ([Ca?*]i) response at 60 s to cortisol (0, 5,10 and 100 ng/ml). (e) Bar graph showing ([Ca?*]i) changes

at 60 s in response to either control, RU486, cortisol or cortisol + RU486. (f) Bar graph showing ([Ca**]i)
changes at 60 s in response to either control, testosterone, estradiol, corticosterone, dexamethasone and cortisol
exposure. All bars represent mean + SEM (n=5-6 fish; ~ 100 cells from each fish); Bars with different letters are
significantly different (one-way ANOVA; p <0.05).

cortisol may stimulate Ca”* release also from ER (Fig. 2a). This was further confirmed by complete abolishment
of cortisol-stimulated ([Ca?*]i) increase in cells pre-treated with the membrane permeant Ca®* chelator BAPTA-
AM (Fig. 2b). Hepatocytes are non-excitable cells and rely less on voltage-gated Ca*" channels (VGCC) and
more on CRAC channel for hormone-mediated ([Ca?*]i) modulation!”'8. To test this, we treated hepatocytes
with the L-type VGCC inhibitor nifedipine, which blocked only 10% of the cortisol-induced ([Ca**]i) response
(Fig. 2¢), suggesting very little involvement of VGCC in cortisol-mediated ([Ca**]i) rise. However, cadmium, a
non-specific blocker of both VGCC and CRACC?®®, completely abolished cortisol-induced ([Ca?*]i) rise (Fig. 2d)
suggesting a role of CRAC channel in the observed cortisol response. CRAC channel gating occurs in response
to calcium depletion in the ER, which causes the STIM to interact with the ORAII protein leading to CRAC
channel gating'®. Therefore, we tested the involvement of cortisol in the depletion of ER Ca** stores using a
combination of PLC (U73122), PKA (H-89), inositol 1,4,5, triphosphate receptor (IP3R) (Xestospongin C) and
RYR (ryanodine) inhibitors. While the inhibition of the PLC-IP3R and PKA-RYR pathways blocked cortisol-
induced biphasic ([Ca**]i) rise by only 5-20% (Fig. 2e,f) and ~ 50% (Fig. 2g,h), respectively, none of these com-
pletely abolished the cortisol-induced ([Ca®*]i) rise. These results led us to propose that activation of PKA-RYR
pathway may be one possible mechanism by which cortisol rapidly stimulates ([Ca**]i) rise in trout hepatocytes.
However, the plasma membrane receptor involved in this activation by cortisol remains elusive. Also, whether
activation of the PKA-RYR pathway partly accounts for the CRAC gating by cortisol remains to be determined.

Cortisol stimulates Ca?* entry via CRAC channel. To test whether cortisol might stimulate CRAC
channel gating, we first depleted the internal Ca** stores with thapsigargin (Tg), a sarco/endoplasmic reticulum
calcium ATPase (SERCA) inhibitor, that facilitates STIM-mediated CRAC channel gating'’. As expected, Tg
treatment induced an increase in ([Ca®*]i) (Fig. 3a), supporting CRAC channel gating in trout hepatocytes'”.
However, this response was significantly greater in the presence of cortisol (Fig. 3a) suggesting direct modulation
of CRAC channel by this steroid. To test this, we treated hepatocytes with the ORAI1/CRACC blocker Cpd5j-4
and then subjected the cells to an acute cortisol stimulation. Cpd5j-4 completely abolished the cortisol-induced
rapid ([Ca?*]i) rise in hepatocytes (Fig. 3b), and this response was similar to that seen with cadmium (Fig. 2d),
reinforcing the idea that cortisol may stimulate CRAC channel gating. To further confirm this, hepatocytes were
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Figure 2. Pharmacological characterization of the source of calcium. Hepatocytes were treated with different
blocking agents and chelators 30 min prior to cortisol addition. All results are shown as % of cortisol (100 ng/
ml)-treated fura2 intensity, which is represented by the horizontal line at 100%. Representative fluorescence
images taken at 1 min either with or without the addition of cortisol are shown above (ai-hi), while the
corresponding quantification is shown below as a bar graph (a-h). Bar graph showing fura2 intensity ([Ca®']
i) changes at 60 s relative to cortisol treatment with (a) either control, EGTA or EGTA + Cortisol, (b) either
control, BAPTA or BAPTA + Cortisol, (c) either control, Nifedipine (Nife) or Nife + Cortisol, (d) either control,
cadmium (CAD) or CAD + Cortisol, (e) either control, U73122 or U73122 + Cortisol, (f) either control,
xestospongin C (XeC) or XeC+ Cortisol, (g) either control, H-89 or H-89 + Cortisol, (h) either control,
ryanodine or ryanodine + Cortisol. All bars represent mean + SEM (n=5-6 independent fish; ~ 100 cells from
each fish); bars with different letters are significantly different (one-way ANOVA; p <0.05).

pre-exposed to either cortisol or ORAI1 function-blocking antibodies before cortisol addition. Immunoneu-
tralization completely abolished the cortisol-induced ([Ca**]i) rise (Fig. 3c), underpinning a key mechanistic
role for ORAI1 in regulating Ca** entry by cortisol. We confirmed ORAI1 (~51 kDa) expression in trout liver
(Fig. 3d), and cortisol stimulation rapidly recruited ORAI1 to the membrane (Fig. 3e). The greater colocalization
of ORAI1 with cav-1* supports a rapid cortisol-mediated recruitment to the plasma membrane (Fig. 3f), and
this may play a role in the cortisol-mediated maintenance of ([Ca**]i) wave in hepatocytes (Fig. 1b).

Predicted cortisol-binding site on CRAC channel. To explore the possibility that cortisol binding to
CRAC channel as a possible mechanism for rapid ([Ca?']i) rise, we carried out in silico molecular docking stud-
ies using the Drosophila ORAI (4HKR.pdb)**. While modulation of ion channel activity by steroids have been
studied®®-°!, no study has looked at the CRAC channel activation. Here, our modelling predicts a putative cor-
tisol-binding site in the ORAI gating domain (Fig. 4a, Fig. S2a,b). Although best-docking coordinates predicts
cortisol and dexamethasone to be most favourable to bind ORAI1 (Fig. 4b), the larger distance of dexametha-
sone (6.5 A) relative to cortisol (4.5 A) from the cavity residues may limit its ability to facilitate channel gating
(Fig. 4b). Indeed, dexamethasone treatment produced < 60% of the cortisol-induced ([Ca?*]i) rise in hepatocytes
(Fig. 2f). Cortisol showed interaction with Ile*!¢ and Leu®"? residues of chain A and B of M4 helix®>%* (Fig. 4c),
which in the closed conformation interact with one another to form a hydrophobic patch, leading to an antipar-
allel coiled-coil structure (Fig. 4c). Our docking simulation predicted that cortisol binding to the Leu®"® may dis-
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Figure 3. Cortisol stimulates Ca?* entry via CRAC channel. (a) Results are shown as % of cortisol-treated
fura2 intensity, which is represented by the horizontal line at 100%. Representative fluorescence images taken
at 1 min either with or without the addition of cortisol are shown above (ai-ci), while the corresponding
quantification is shown below as a bar graph (a-c). Bar graph showing fura2 intensity ([Ca?*]i) changes in
hepatocytes at 60 s relative to cortisol treatment with either control, thapsigargin or Tg+ Cortisol. (b) Bar
graph showing fura2 intensity ([Ca®*]i) changes in hepatocytes at 60 s relative to cortisol treatment with

either control, Cpd5]J-4 or Cpd5j-4 + Cortisol. (c) Bar graph showing ([Ca?*]i) changes in hepatocytes at 60 s
relative to cortisol treatment with either control, Cortisol exposure to cells treated with cortisol antibody
(1:100) or Cortisol exposure to cells treated with ORAI1 antibody (1:250) (d) ORAI-1expression (~51 Kda)
was detected in the crude liver membrane (CLM), plasma membrane purified (PLMP) and liver homogenate
(LH) of trout using western blotting. See Figure S4 for the image of the blot with the molecular marker. (e)
Representative immunofluorescence localization of ORAII in control and cortisol-treated (5 min) hepatocytes.
The top panel shows increase ORAI1 expression on the surface of cortisol treated cell relative to the control
(diffused distribution). The middle panel shows DAPI staining (nucleus) and the lower panel shows a merged
image. (f) Colocalization of ORAI-1 with Caveolin-1 in control cells and cells treated with cortisol for 5 min.
Colocalization was confirmed by IMAGE J- colocalization analyzer tool. Green indicates ORAI1 expression,
while the red shows Caveolin-1 expression. The merged image showing yellow colour represents colocalization,
and it is higher in the cortisol hepatocytes compared to the control. All bars represent mean+SEM (n=5-6
independent fish); Bars with different letters are significantly different (one-way ANOVA; p <0.05). Image scale
bar represents an approximate cell diameter of 25 um (field of view at 100x has 650 x 520 pixel with 7.7 pixel/

pm).

rupt the 11e*1¢ and Leu®" link and open the channel, similar to the conformational change associated with STIM
binding®>®. Sequence alignment (Clustal Omega, Uniprot) showed that the interacting amino-acid residues of
ORAII are conserved across species (Fig. 4d), and the strong cortisol binding prediction to the STIM binding
site, suggests this as a possible mechanism for cortisol-induced CRAC channel gating (Figs. S2¢). Docking of
cortisol was also performed with the recent model of both closed and open CRAC-ORAI structure®, and corti-
sol 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 (Fig. 4e). These results underscore a poten-
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Figure 4. Predicted cortisol-binding site on CRAC channel. Predicted interaction sites of cortisol with CRAC
channel from molecular docking. (a) Binding energies and the root mean square deviation (RMSD) scores

of the best possible clusters from the docking results of cortisol interaction with CRAC channel. The most
favourable binding (in orange) is considered for understanding the gating mechanism based on the docking
score. (b) The interaction site of cortisol (red) (distance ~4.6 A) and dexamethasone (yellow) (distance ~ 6.5 A)
at TM4 from the active site of chain B (cyan). The smaller distance of cortisol from the interaction site indicates
its larger influence on active site. (c) (Left) Cortisol interacting residues on CRAC chain A (light red) and B
(light green) within proximity (distance ~4.5 A) are shown in sticks. Cortisol is shown in blue. (Right) A closed
view of the coiled-coil pair formation in closed state of the CRAC channel due to the interaction of Leu®" and
1le*! of both the chains and their presence within proximity of cortisol. (d) Sequence alignment showing the
location of some of the conserved residues including active site Leu®® at TM3 and TM4 helices. (e) Schematic
representation of cortisol involvement in CRAC gating. The membrane is shown in gray. The presence of coiled-
coil pair in closed state (left) and opening of the channel in its absence (right). Cortisol binding to the coiled
residues Leu®'? or Ileu™® may potentially unlatch the coiled structure similar to STIM and allow Ca?* gating

by decreasing the energy barrier and increasing Ca?*selectivity of CRAC. iCa®" intracellular calcium, CRAC
calcium release activated channel, Transmembrane helix 4(TM4).

tial direct modulation of ORAII by cortisol, and complements the evidence provided by the pharmacological
manipulation (Figs. 1, 2, 3), directing to a cortisol-stimulated CRAC channel gating. It is important to note that
direct CRAC channel activation may be one possible mechanism by which cortisol stimulates channel gating
to initiate the rapid nongenomic signalling. However, we cannot rule out other possible mechanisms, including
other membrane receptor(s)>*!*!! that may activate channel opening indirectly by depleting ER calcium stores
(Fig. 5). The lack of STIM antibody for our cell model prevented us from testing this further.

Conclusions and outlook
Our results point to a rapid effect of cortisol on CRAC channel gating as a mechanism for the nongenomic
cortisol action on hepatocyte stress response'"**. We propose two modes of action of cortisol in regulating
CRAC channel gating (Fig. 5). (1) An indirect effect of cortisol by activating a yet unknown membrane receptor
to deplete ER stores, resulting in the interaction of STIM with ORAI1 to open CRAC channels and causing an
increases in ([Ca?*"]i). While studies have shown that the PLC-IP3R pathway is a major player in increasing ER
store depletion and CRAC channel gating'’, our results suggest that PKA-RYR pathway may be more important
in modulating CRAC channel opening in trout hepatocytes under short-term stress. However, the membrane
protein(s) involved in transducing the GC signal is currently unknown. (2) A direct effect of cortisol by bind-
ing to the ORAI1 leading to CRAC channel gating causing the ([Ca*"]i) wave in trout hepatocytes. Based on
our molecular simulation, and pharmacological approach, we propose that CRAC channels may function as a
cortisol-gated Ca** channel during stress in hepatocytes. To confirm this, future studies should focus on assessing
the binding characteristics of cortisol on ORAII proteins.

The CRAC channels are not just limited to hepatocytes, but also are prevalent in other non-excitable cells,
including immune cells'®. So the results may have far ranging implications, especially considering that GCs are
widely used as therapeutics for inflammation and other immune-related disorders involving Ca®* signalling®®°.
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Figure 5. A hypothetical model for rapid cortisol stimulation of ([Ca**]i) in hepatocytes. We propose two
modes of action: (1) an indirect effect of cortisol by activating yet unknown membrane receptors to deplete
endoplasmic reticulum stores, which then results in the interaction of STIM with ORAI1 to open the CRAC
channels causing a biphasic increase in ([Ca®*]i). Our results suggest that PKA-RYR pathway may be more
important than the PLC-IP3R pathway in contributing to this indirect cortisol-mediated CRAC channel
gating in hepatocytes. (2) A direct effect of cortisol by binding to the ORAI1 and opening the pore to allow
extracellular calcium. Based on our molecular simulation, and pharmacological approach, we propose that
CRAC channels may act as cortisol-gated ion channels in hepatocytes.

Chronic usage of this steroid leads to multiple side effects because of its predominant genomic actions, including
osteoporosis, fluid and mineral imbalance and Type 2 diabetes®. Our in silico determination of a binding site
for cortisol regulating pore opening on CRAC channel has potential therapeutic implication in the development
of drugs that specifically target this binding pocket, thereby offsetting any unwanted side effects associated with
GR activation due to chronic corticosteroid use®. Also, the novel role of CRAC channel as a possible GC-gated
calcium channel has relevance as a potential therapeutic target for the treatment of stress-related disorders,
including ER stress, major depressive disorders and immune dysfunctions'>, all of which are associated with
abnormal Ca®* dynamics, and warrants further investigations.
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