Proceedings of the Australian Physiological Society (2398Y5-83 http://wwwaups.og.au/Proceedings/39/75-83
©G.J. Barritt 2008

Store-operated C&* channels and microdomains of C&' in liver cells

Greg J. Barritt, " Tom L. L itiens," Joel Castro, Edoardo Aromataris™ and Grigori Y. Rychkov’

*Department of Medical BiochemistiSchool of Medicine,
Flinders University PO Box 2100, AdelaideSA 01, Australia
and Department of Physiolog$ichool of Molecular and Biomedical Science,
University of AdelaideAdelaide SA D05, Australia

Summary channel might be irolved in maintaining adequate €an
] ] ) ] the ER, store-operated €achannels (SOCs) play a major
1. Oscillatory increases in theytoplasmic C& ole. Theactvation of SOCs is initiated by a decrease in
concentration ([C#],,) play essential roles in the c2+in the ER. In hormonally-stimulatedsér cells and in
hormonal regulation of Ver cells. Increasesn '[Ca2+]cyt other animal cells, this ER &adecrease is mediated by
require C&" release from the endoplasmic reticulum (ER)ositol 1,4,5-trisphosphate receptors,RB) (raviewed by

and C&" entry across the plasma membrane. . Paekh & Putng®). ExperimentallfER C&* release can be
2. Store-operated GAchannels (SOCs), awtted by inquced by inhibition of the (Ga+ Mg2*)ATPase in the
a decrease in G4 in the ER lumen, are responsible forgr (SERCA) with thapsiygin,

maintaining adequate ER €a Experiments emplgng 2,5-di-tert)-butyl)-1,4-benzopdro-quinone (DBHQ) and
patch clamp recording and the fluorescent*Qaporter other SERCA inhibitors. The most gtensiely
fura-2 indicate there is only one type of SOC in reérli -haracterised SOCs are the 2Caelease-aciiated CA*
cells. TheseSOCs hae a figh selectivity for C& and  channels (CRAC) in lymphocytes and mast cellsiéreed
properties essentially indistinguishable from those &*Caby Parekh & Putng). Theaim of this short néew is to
release-actated C&" (CRAC) channels. summarize the properties of SOCs iwefli cells, current

3. While Orail, a CRA channel pore protein, and ynoyledge of their molecular components, elik
Stim1, a CRA channel C&" sensorare components of the mechanisms of actition, and the roles of Ca

liver cell SOCs, the mechanism of aetion of SOCs, and yicrodomains in the aetition mechanism and in the
in particular the role of subg®ns of the ER, are not well regulation of C&" entry.
understood.

4. Recent experiments @ enployed the transient Characteristics of store-operated C4&" channels in liver
receptor potential V1 (TRPV1) non-seleeti ation cells
channel, ectopically xpressed in Vier cells, and a ) o
choleretic bile acid to deplete €afrom different ER ~Marny studies hae siown that a SERCA inhibitor or
subragjions. Theresults hae ovided evidence that only a P; (introduced by micro injection or generated by addition

small component of the ER is required for STIML reOf @ hormone) will initiate the asfition of C&* entry to
distribution and the astition of SOCs. liver cells5>16 Since SOCs ha dten been functionally

5. It is concluded that diérent C&* microdomains defined as channels which are wtBd by treatment of

in the ER and ytoplasmic space are important in both th&€llS with SERCA inhibitor or I Ca* entry in response
activation of SOCs and in the signalling actions ofCa  {© these _agents has often been attributed to SOCs.
liver cells. Futureexperiments will further imestigate the Moreover, it was suggested that more than one type of SOC

nature of these microdomains. may be expressed in hepatocytes avet ell lines810:13.17
However, in the majority of these studies the nature of the
Introduction C&* entry pathway imolved was not clearly definedin

) ) ) ~ recent patch clampxperiments with rat lier cells only one
Hormone-induced increases in the concentration Rtpe of SOC, a highly Caselectie channel similar to

Ce* in the cytoplasmic space ([e?’cyt) play a central role  cRAC channels, could be detect!f° It is possible that
in intracellular signalling in animal celldn liver cells, one in some earlier studies JRnd SERCA inhibitors may fe

of the first types of animal cell in which oscillations initiated the actiation of non-SOCs (éewed by Barrittet
[Ca2+]Cyt were obsered? hormone-induced oscillations in ald).

[Ca?*] oyt regulate pathways of intermediary andnobiotic Cea*-permeable channels agtied by thapsigrgin
metabolism, bile acid secretion, cell proliferation andq IR, in H4-IIE rat liver cells and rat hepatocytes vea
apoptosis a”? necrosisThe maintenance of hormone-peen characterised using patch clamp recordidg These
induced C& oscillations  requires  the constantsocs exhibit a high selectivity for €acompared with
replenishment of the endoplasmic reticulum (ER)**Camono/alent cations and séibit properties similar or

stores by C# entering the cell through €aentry channels identical. to those of the CRA channels found in
in the plasma membrane. Whilevegl types of C& entry
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lymphog/tes and mast cell$:2°Time courses of aeftition, thapsigargirt® Treatment of H4-1IE cells with thapsiggin
current amplitudes, dependence on the extracelluldf Cded to a redistribtion of STIM1 to puncta, as assessed
concentration ([C%]ext), conductance for B& compared using cells transfected with GFP-STIM1 and by imaging
with C&*, and inhibition by L&*, G and 2-aminoeyi endogenous STIM1 by immunofluorescefte.
dipherylborate (2-APB) are similar fordéer cell SOCs and The proposed mechanism of aetion of liver cell
CRAC channels. C# entry, measured by whole cell patch SOCs iwolving the interaction of STIM1 with Orail at ER-
clamp recording, through SOCs in rat hepgtes can be plasma membrane junctions requires that such junctions are
activated by plysiological concentrations ofagopressin normally present in hepatocytes or are formed upon
and ATP20 The permeability sequence for thevament of depletion of C& in the ER. Evidence for a close
cations through Vier cell SOCs is C& > Ba&2* > S2* > Na"  association of some ER with the plasma membrane in
> Cst 18 hepatogtes comes from previous subcellular fractionation
Liver cell SOCs are partially blocked by €oand experiments which generated highly purified plasma
Cd?** and completely bload by Z#*, Gd®** and L&*. The membrane fractions and provided evidence that specialised
most potent blocking agents are3Gdnd L& which gve  subrgions of the ER are located close to the plasma
complete block at about @M in the presence of 10 mM membrang334
Ca*, 1820 The concentration of 2-APB whichwvgs half- In some other types of animal cells, TRP (transient
maximal inhibition of C&" entry is approximately 10M.2!  receptor potential) proteins, including TRPC1, TRPC3,
C&* entry through lrer cell SOCs is also inhibited by TRPC4, TRPV5 and/or TRPV6, are thought to constitute
SK&F 9636522 arachidonic acid? the phospholipase C the pores of SOC5®>36 Some of these TRP proteins are
(PLC) inhibitor U73122425 and by isotetrandrine and expressed in Vier cells (reviewed by Barrittet ald). In
tetrandrine?® H4-1IE rat liver cells, ectopic expression of hTRPC1 or
There is somewidence to indicate that calmodulin isknockdavn of endogenous TRPCL1 proteins using $ARN
involved in the regulation ofuer cell SOCs>?2 The results did not substantially change thapsmjn-stimulated C#&
of patch clamp studies with H4-IIE ratvér cells hare entry (assessed using a fluorescemt*Gansor and patch
provided evidence that the fast inaetion of the SOC C&  clamp recording), indicating that it is unlikely that the
current, L is a @modulin- and C#-dependent process, TRPC1 peptide is a component of SOCs in raerli
similar to the C&-dependent fast inavttion of CRAC  cells3"38 As described abe, in patch clamp recording
channels?® Thus wer-expression of either a calmodulin experiments only one type of SOC can be detected in rat
inhibitor peptide or a mutant form of calmodulin lackindiver cells and this has a high selectivity for %Ga
functional EF hand domains reduced the fast componentaifmparable to that of CRAchannels in lymphocytes and
liver cell 5, inactvation. However, no efect of the mast cells. The Capermeable channels formed by
calmodulin antagonists Mas-7 and calmidazoliunasw TRPC1 polypeptides and by most other TRP polypeptides
detected. lis possible that calmodulin is tethered to the ratave a elatively low selectivity for Ca&* compared with
liver SOC protein which shields it from the actions ofNa'.3%4° This suggests that it is unéky that ag of the
calmodulin inhibitorg’® knovn TRP polypeptides constitutes the 2Gselectie

SOCs found in rat hepatocytes anaiicells.
Molecular components of store-operated Ca channels

in liver cells Trimeric GTP-binding protein G,,, F-actin and

] ) phospholipase 1 may play permissve roles in the
Experiments conducted during the past 3 yeave hagqtivation of liver cell SOCs

shavn that a member of the Orai (CRACManfily of
proteins constitutes the pore of SOCs in mast cells, While STIM1 and Orail proteins are likely to be the
lymphogtes and in manother types of animal cells while major proteins which constitutevér cell SOCs, seeral
STIM1 (stromal interaction factor 1) located in the ERbther proteins appear to be requiréchockdovn of PLG/1
constitutes the Gasensor STIM1 is thought to detect the in H4-IIE rat liver cells using siRM was found to be
decrease in [éﬁ]er and coney tis information to Orai at associated with a substantial decrease in the amplitude of
the plasma membrane leading to \atton of the channel I, initiated by either IP or thapsigugin. No interaction
and C&" entry This involves the meement of some STIM between PL@L ad STIM1 was detected in
to ER-plasma membrane junctions leading to an interactionmunoprecipitation xperiments® It was concluded that
between STIM and Oral3! Further experiments are PLCyl is required to couple ER €%arelease to the
required to determine whether there is a direct interacti@aetivation of SOCs independently of yafPLCyl-mediated
between STIM and Orai, or whether additional proteins ageneration of IPand independently of a direct interaction
involved. Thelocalisation of Orai and STIM and the £a between PLEL and STIM1.
entry channel may create domains of increased” t ADP-ribosylation of the trimeric GTP-binding
specific locations under the plasma membrine. protein, G, , by treatment of Wers with pertussis toxin, or
It is likely that STIM is required in the mechanism othe inhibition of G, function using an inhibitory antibody
activation of liver cell SOCs. Knockdovn of STIM1 in or an inhibitory peptide, were each found to inhibit
H4-IIE liver cells using siRM caused a substantial thapsigagin- and IR-induced C&" entry (measured using
reduction in the amplitude of.). initiated by IR or fura-2) to freshly-isolated rat hepayoes®“> ADP-
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ribosylation of G, was associated with inhibition of the to rat hepatogtes suggest that type 1,fPare preferentially
formation of the band of cortical F-actin around thénvolved in SOC actiation.®
canaliculus in isolated hepatde doublets when spatial As mentioned abe, type 2 IRR ae predominantly
polarity was rganed, and with some disruption of thelocated in the ER near the bile canaliculus while type 1
ER“ Moreover, sudies with hepatocytes v& siown that IP;R are distributed throughout most regions of the ER with
G, interacts with F-actii® Disruption of F-actin with some type 1 IER concentrated in ER close to the plasma
cytochalasin D, within a narwo concentration range, membrane in the sinusoidal and canalicular donraipfs>®
inhibited thapsigrgin- and IB-induced C& entry?” Taken  The results of subcellular fractionation studies indicate that
togethey these results indicate that the normal functions d@ype 1 IBR ae found in regions of the ER very close to the
G,, and F-actin are required for the &mation of plasma membrane, and are held in this location by
hepatogte SOCs. The results of other studies suggest th&tactin33-3457 Taken togethey the results obtained using
in addition to G,, a monomeric G-protein, possible ARF-1, these different)gerimental approaches suggest that a small
is also required for the acttion of SOCs in hepatocyté%. subrgion of the ER enriched in type 1M is required for
Since the interentions described abe inhibited the SOC actiation.

activation of SOCs when this was initiated by thapsgin The question of whether the aetion of liver cell
as well as by IE it was concluded that the requirements foBOCs requires the whole or only a small component of the
G,,, and F-actin are downstream of the step in whick" CaER has been further \estigated using the non-selei
is released from the ER. Thus, iasvproposed that,izis  cation channel TRPV1 and the choleretic bile acid
not involved in the formation of 1P catalysed by PL taurodeoxycholic acid (TDCA) to release 2Cafrom
linked to a G protein-coupled receptbut rather that the different regions of the ER. It has previously beenasho
role of G,, in the acwation of SOCs represents a “receptothat TDCA actwates SOCs in Vier cells by releasing Ca
independent” function of G (cf. the role of the GG in  from the ER and causing a redistribution of STIR1.
vesicle traficking and in other receptamdependent When ectopically expressed in H4-IIE raweli cells,
functions of G-proteing? G, may function to maintain TRPV1 was found to be localised in the ER as well as in
hepatogte spatial polarity since it has been shown thdahe plasma membrane (Castro J, Aromataris EC, Rychk
trimeric G-proteins are wolved in determining cell polarity G & Barritt GJ, unpublished results). Invdr cells
in other cell types® PLCy1, G, the monomeric G expressing TRPV1, the amount of Laeleased from the
protein and F-actin may play “permigsi roles, such as ER by a TRPV1 agonist (RTX), measured using the
maintenance of the integrity of the ER and the pugaER-  cytoplasmic fluorescent areporter fura-2, was found to
plasma membrane junctions, in SOC\atibn in spatially be the same as that released by a SERCA inhibitor
polarised hepatocytes. (DBHQ), indicating that TRPV1 agonist-sengiti fores

_ ) substantially verlap with SERCA inhibitoisensitve gores
Roles of IP; receptor subtypes and putatve sibregions  (yeqyits not shen). However, in contrast to SERCA
of the endoplasmic reticulum in the actiation of liver inhibitors, TRPV1 agonists did not agie C&* entry
cell SOCs measured using fura-2 or patch clamp recording (Castro J,
Aromataris EC, Rychkv, G & Barritt GJ, unpublished
results). Incells expressing TRPV1, the release of'Ca

addressed. Thigrst is whether a specific subtype offPis from the ER could read|ly be detected usrlﬁrlg fura:d, b
required for SOC aatétion, and the second is whether aIICOUId not be. detected using the fluqres_ce (Deportcir
of the ER or only a sub-component of the ER is required i P-18, which detects increases in mtracellu_larz ca
the actvation of SOCs. Rat hepatocytes express type oncentration beneath the plasma membfar(igure

: A,B). By contrast, C& release caused by SERCA
20%), t 2 (80% d I t <1%) of t )
é in[:))sitzrel 4(5-tri:)pﬁgsparl1astrgaregreopptg:szzgé _51_55’3? cin yp|nh|b|tors could be detected by both fura-2 and FFP-18

hepatoytes, type 2 IFRs are expressed chiefly in the(results not shen). Taken together these results indicate

pericanalicular region and are responsible for the initiatiotnat in cells gpressing TRPV1, the region of the ER from

of waves of increased [CZd]cyt originating from  this \t/;/]h|cr|1 TRPV1 aggmlsts release L#s some distance from
region®5354 When microinjected into freshly-isolated ep?sr?a mem” rane. bated in the ab ¢ ist
hepatogtes, a monoclonal anti-type 1R antibody, which n liver celis incubated in the absence of agonist,

in other studies was shown to inhibit“<Ceelease mediated fSITIMl is di;trituted figTFI\]/Iel 5'? as jhﬁ\:’vgt by Eih(IEER
by type 1 IEBR, was found to inhibit hormone- and UOrescence images o -herry an -lagge

S + L tracker (ER-YFP) in Figure 2AlIn contrast to the effect of
thapsigagin-induced C#& entry with little effect on the o - . .
release of C4 from intracellular store® The € SERCA inhibitor thapsaggin (Figure 2B middle pane_l
microinjection of a relately low concentration of (Tg) cf. Figure 28 left panel (control)) the TRPV1 agonist

: ; ; . : RTX did not cause a redistribution of STIM1 (Figure 2B
adenophostin A, which has a high affinity for®8 relatve ;
to that of IR, induced near-maximal awﬁicg)n of cg+ 'ight-hand panel (RX) cf. Figure 2B left-hand panel

entry with little detectable release of&&om intracellular g:;)zr:trolzr)l. Inlcells e?%g?smgt;]rRE\éll, éncu%ade% Cerro
stores?® The results of experiments in which, [@halogues € release o rom the Induced by

ext’
selectve for either type 1 or type 2 JR were microinjected

Two questions concerning the roles ofRPand the
ER in the actiation of SOCs in ler cells hare been

could be detected by FFP-18tlnot by fura-2 (Figure 1D
cf. Figure 1C). Moreover, in TRPV1-«pressing cells
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Figurel. Ca?* release from the ER of H4-IIE liver cells induced by the TRPV1 agesisifieatoxin (RTX) is detected by
the cytoplasmic Ca reporter fura-2 @) but not by the near plasma membrane intracellula?*Qaporter FFP-18 (B),
wheeas C&* release induced by théraleretic bile acid TDCA is not detected byt (C) but is detected by FFP-18 (D).
A: In the absence of éaex, RTX induces the release of €drom the ER in H4-1IE cells ectopicallxmessing TRPV1
(TRPV1(+) cells) but not in cells witico rot express TRPV1 (TRPV1(-)) cells. Subsequent addition of DE#&Qges no
further C&* in TRPV1(+) cells but does release®én the TRPV1(-) cellsB: In cells loaded with FFP-18 and incubated
in the absence of ééex (after prior incubation at 1.3 mM C?aen), RTX does not cause a detectable increase iR*]|
Subsequent addition of @@x does lead to an increase in [é‘atcyt. C: In cells loaded with fura-2 incubated in the
absence of C?aew taurocholic acid (TDCA) (30QuM) does not induce any detectable increase ir?[ﬂ%@t, while the sub-
sequent addition of 10M DBHQ causes a substantial transient increase in’fa. D: In cells loaded with FFP-18 incu-
bated in the absence of €a,, TDCA induces a detectable increase in fCngyt. H4-11E cells wee loaded with fura-2 or
FFP-18 and bangs in [C&'] ,, were measued by confocal fluorescence nuscopy The times of addition ofegents
are indicated by the horizontaf/tba(from Casto J, Aomataris EC, Rychdy, G & Barritt GJ, unpublished results).

incubated at zero é‘aen, TDCA caused a redistribution of SOCs in ler cells are summarized in Figure 3his shavs
STIM1 to puncta similar to that caused by the SERC# schematic form the proposed subregion of the ER which
inhibitor thapsigmgin (Figure 2D (TDCA)cf. Figure 2C is enriched in IER and located in ER-plasma membrane
(Tg)). Theseresults hae povided further evidence that in junctions, the roles of the Orail and STIM1 proteins as
liver cells C&* release from a small component of the ERplasma membrane channel pore and ER*Gensor,
which is presumably located near the plasma membraneraspectrely, and the proposed permissi moles of PLG1,
required to induce STIM1 redistribution and SOCwatibn G, and F-actin.The actvation mechanism wolves sgeral
(Castro J, Aromataris EC, Ryak G & Barritt GJ, microdomains of intracellular Gain the cytoplasmic space

unpublished results). and in the ER. The results obtained using ectopically-
N ) ] . expressed TRPV1 and TDCA, described\ahauggest that

Ca”" microdomains and the regulation of Ca"entry C&* release from the bulk of the ER is not required, or at

through liver cell SOCs least is not critical, for SOC aettion. It is proposed that

Current ideas for the mechanism of wation of the essential component of the ER, asas SOC actétion
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Stim1-Cherry

Figure 2. In contrast to SERCA inhibitor thapsigargin (Tg), the TRP\gbrast RTX does not induce edistritution of
STIM1 in H4-IIE liver cells ectopicallyxpressing TRPV1, whereas tadeoxybolic acid (TDCA) does induce adistri-
bution of STIM1 under experimental conditions similar to those evherIDCA-induced increase in [C’,%l]C .Is detected
with fura-2 ¢f. Figure 1C). A: Images dbtained by confocal fluorescence microscopy of the distri%ution of STIM1,
observed using STIM1-Cherry (STIM1), and the ER, observed using a §@g&-ER narker (ER-YFP) in the same cell,
and the maged image Merged). TheSTIM1-Cherry construct is a fluorescent reporter constructed by inserting the fluo-
rescent mCherry protein after the signal sequence of hST1Cells ectopically epressing TRPV1 and STIM1-Cherry
treated with vehicle (Cordl), 1 4M thapsigagin for 10 min (Tg), or uM RTX for 10 min (RTX).C,D: TRPV1(+) cells
expressing STIM1-Cherry werreated with 1M thapsigagin (Tg) €C) or 300 uM TDCA (TDCA) D). Thetime elapsed
(seconds) after addition of agonist is shown at the bottom ¢f feame The scale bas represent 1Qum (from Casto J,
Rychlov, G & Barritt GJ, unpublished results).

is concerned, is a putedi ER subregion which is enriched activation. Furthey that another property of the ER
in IP,R1 and is presumably located at ER-plasmaubrgion which differentiates it from theukk of the ER is
membrane junctionslt is implied, but yet to be tested that ectopically-epressed TRPV1 is not localised in this
directly, that luminal meement of C&* between theddk of  subregion.

the ER and this ER subregion close to the plasma Results obtained from studies with other cell types
membrane is slo relatve © the timescale of SOC indicate that the actition of SOCs and regulation of the
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Figure 3. A schematic epresentation of the proteins and organelles thought tovvied in the activation of stewoper-
ated C&* channels in liver cells. The proposed mechanism of activation of SOCs can be summarized as SQIGws.
activation equires a decrease in €ain the lumen of the ER in a selgion of the ER whitis in dose proximity to the
plasma membrane and whitorms ER-plasma membrane junctions. The ERegjdr is enriched in type 1 JRs. While
the ER sulegon communicates with the bulk of the ER, the movement?6fb@aveen the subgon and the bulk of the
ER is slow The steps in the activation of SOCg:atheinitiating decrease in [C&] in the lumen of the ER induced by
IP, (physiolagical) or a SERCA inhibitor (experimental), dissociation of Cfeom the luminal domain of the &€asensor
STIM1, a conformationalhange in STIM1, oligomerisation of STIM1, relocalisation of STIM1 in the ER, interaction of
STIM1 in close mximity to ER-plasma membrane junctions with CRIA/Orail, leading to a conformationahange and
increase the probability of opening of the Oralfannel. Otheproteins (as yet unidentified)alikely to be inolved. The
structuie of he F-actin cytoskeletonegulated in part by G, and PLGA, is thought to play permissive roles in the activa-
tion pathway Ca?* which moves through SOCs into the ER-plasma membrane junction may cause a local increase in
[Ca?] oyt At the mouth of the channel, befdring transported directly to the lumen of the BR SERCA pumps, and to
mitochondria (adopted from Barriét al, 2008°).

flow of Ca&* through SOCs Wwolves at least one Conclusions

microdomain of C# in the gtoplasmic space. This is a ) )
local increase in G4 in the ER-plasma membrane It can be concluded thavér cells express SOCs with

junctional space at the mouth of the SOC (Orai) chann%_lh_gh selectivity for C&" and with p_roperties essentially
which occurs after channel agdiion. This, in part, is Similar to those of CR& channels in lymphocytes and
responsible for feedback inhibition of the channel itself, arf§ast cells. Orai polypeptides and STIM1 polypeptides
may be responsible for the regulation of some enzymggnstitute the pore and Easensor of the Vier cell SOC,
such as adapate yclase*52 The transport of G4 from respectiely. The a_clvanon mech_amsm wolves Qé* _
this putatve microdomain to the ER and mitochondria™®léase from a putat snall subregion of the ER which is
plays an important role, not only in refilling the ER?Ca enriched in II33R1 and I|_Iely close_ to the pIa;m_a m_embrane.
stores, but also in regulating the feedback inhibition byurther eperiments might be directed tovestigating the
Ca* of the SOC channel (iewed by Rrekh & Putng?). nature of the ER subgqan a_nd its rela_tlonsh_lp with the
Interpretation of some results obtained in studidddk of the ER, especially in connection with the steps
investigating the role of CH in this microdomain in !nvolveq in STIM1 mtve_ment, _and ollgomerlsathn, and the
regulating the actities of enzymes such as aglate interaction of STIM1 with Orail and other proteins.
cyclase is compbeas dten the experiments were conducte
in the presence of a SERCA inhibitee.d. thapsigargin)
which would cause a much ¢gr increase in Gain this The authors gratefully ackntedge the assistance of
microdomain than wuld occur under pfsiological Diana Kassos in the preparation of the manuscript.
conditions?® Research conducted in the authors’ laboratories which has
contrituted to this reiew is supported by grants from the
National Health and Medical Research Council of
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