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ABSTRACT

The functional study of intracellular calcium mobilization

Hyeon Park
(Advisor: Prof. Sang-Hoon Kim, M.D., Ph.D.)
Department of Medical Science, Graduate School, Choun Unuversity,

Gwangju, Korea

The present study was designed to investigate the role in
intracellular calcium mobilization of two representative endoplasmic
reticulum (ER) proteins, STIM1 (stromal interaction molecule 1) and
SARAF (store-operated calcium entry associated regulatory factor), in
pacemaker activity of cultured interstitial cells of Cajal (ICCs)
isolated from mouse small intestine, and to clarify the mechanism
of actions.

The whole-cell patch clamp technique was applied for analysis of
intracellular  calcium  mobilization in  cultured ICCs, which
overexpressed STIM1 or SARAF. In current-clamping mode, the ICCs
generated spontaneous pacemaker potentials. External carbachol,
one of cholinceptor agonists, continuously produced membrane
depolarization, which was recovered within a few seconds into the

level of control resting membrane potentials. In
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STIM1-overexpressed ICCs, frequency of pacemaker potential was
markedly elevated, while in SARAF-overexpressed ICCs, significantly
inhibited. To check connection between external calcium and
pacemaker potential frequency, when treated with gadolinium (a
non-selective cation channel blocker) or a calcium-free solution into
culture media, the generation of pacemaker potentials was
completely abolished. Also, in order to establish relationship
between intracellular calcium concentration and STIM1 or SARAF,
when given with Fluo-4AM (a calcium indicator), frequency of
spontaneous intracellular calcium oscillations was significantly
elevated, but rather distinctly inhibited in SARAF-overexpressed ICCs.

Taken together, these results suggest that the frequency of
pacemaker activity in cultured ICCs isolated from mouse small
intestine is regulated through ER proteins (STIM1 and SARAF) due
to calcium mobilization. Moreover, based on these findings, it is
thought that expression levels of STIM1 and SARAF may affect slow

wave patterns in the gastrointestinal tract.
Key Words : Interstitial cells of Cajal, Stromal interaction molecule

1, Store-operated calcium entry associated regulatory factor,

pacemaker potential
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4 oF A|ZHEE
flz g9g= gttty ag8Lt Aot MEZW ZEg sE= 253 M
T =42 Zoi5tH Ol MZH 2Z2dt= 2y s2&8 89 Ut
S0 o8l YM=ICHFIgure 1) (Targos et al., 2005; Kiselyov et al,

2006; McCarron et al., 2006; Bojarski et al., 2008; Grienberger and
Konnerth, 2012; Schwaller, 2012).
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RECEPTOR g “PMCA-or-NCX
- l on = |5 —
ER or SR /SERCA
Ca* Ca2Z* —» UNIPORTER
Exocytosis l
Contraction
Metabolism OVER LOAD
Transcription l
Proliferation
CELL DEATH

Figure 1. The regulation of intracellular calcium (ON-OFF system).

On system: Increasing of intracellular calcium through plasma
membrane (PM) or ion channels. Off system: Over load of
intracellular calcium results in cell death. Plasma membrane calcium
ATPase (PMCA), sarcoplasmic-endoplasmic reticulum calcium ATPase
(SERCA), sodium-calcium exchanger (NCX) or uniporter regulates for

preventing cell death.
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@ Store-operated 0|2 E2 5! STIM2| ¥t

&M =5 Soi S7tel MZEUW ZEE2 store-operated 0|2 &
2(SOCs;  Store-operated channels)Q|slf Of7H=ICt. X TRPC
(transient receptor potential-canonical)?t Orai 0|2 SZ7f CHEXNQI
SOCs 2 L&A QICh TRPC 0|2 E2& X MEZo| 0| £xsts
SHB1 Orai= BE MZO| 2moinf MEL Z# 28/o] osf T3t

= ZI&(CRAC; Calcium release-activated calcium) MZE HHASICE
2

SOCse| 2tdat 2o M= Z&e 7= YMEDN O Aot M=E
Lf Z+& =/40| X =ICt(Parekh and Putney, 2005).

-
-

delsty =84 A= S Al

L Za Mg 7|22 ez MY
Z

Er S
(endoplasmic reticulum, ER)O|M S2|=l ZHES=Z QI8 ERL| Z&HE2
DA EC 0] SOCs 0|2 £2E #A3} Al7|0], 3| Orai Of
2 EZ9o Jh= ER ZF MAQ STIM1 (Stromal interaction
molecule 1)0f Q|sjA ZMEEICE STIM12 Orai?t TRPC 0|2 EZ9|
o 2o{st= o2 =Helo] EX{etit. STIM12 ERO| EXfste=
Y St CtelE(single pass membrane protein)Z2 Za AAQ Z&E
2A 0 QI(EF hand; Calcium binding domain)g &3¢l ERLf Z& &
EE XS LM STIM1e| HEttl(clustering) E& Z2(HHZ}
(oligomerization) £ X|8}0H OraiQ} TRPC 0|2 EZ9o| HZE <
SiCH 20 STIM1gl= 2Y-3 Y =021 (coiled coil domain, CC1),
Orai O|2 &2 2™zl =02l SOAR (STIM1 Orai activating
region), C terminal AX| Z=OQl, lysing-rich =02l (K-domain)0| =
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XfBtCHFigure 2) (Roos et al, 2005; Baba et al, 2006; Feske et al,
2006; Peinelt et al., 2006; Prakriya et al., 2006).

STIM1

C
K
S/P
CTID
SOAR
N

CC1
™
SAM

EF hand

Figure 2. The structure of STIM1
Various domains of STIM1. CCl; coiled coil domain, CCl, SOAR;
STIM1 Orai activating region, CTID; C terminal inhibitory domain,

TM; Transmembrane, K; K-domain
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STIM10j| CH%t Orai 0|2 29| 7HH 7|™& Ch3ut ZCh ERQ #
& 042 STIM19| Z2[A0ztet MZELo| 72 AXZE MHYX|E
QAo7|H, MZOto| LZSl= Orai 0|2 EZ 9 STIM10| ZHLtHEIC} &
X7HX| SOAR EMQI0| ZE Orai 0|2 E£z20| &HM3io| WAt 2O
2 ¥E{y UCh 3| SOAR ZOjol2 FY-AY THQINEH HOjX|IH
M dimerE @/3tCt O|2 QI Orai 0|2 SE7t M| HAM M

o
LH2 Z&0| KYUE=ICHFIgure 3) (Yuan et al, 2009; Zhou et al,

2010).
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Plasma
membrane Orai cluster

\ TRPCs Orai @ —vend —
. “ Y Y—Receptor

é a2+ i
Ins(1,4,5)P, STIM1
Resting STIM1 Ins(1,4 5)P3 oligomer
ER

sJdyl

ER Caz“

I
\

Figure 3. The activation of Orai channel by STIM1.

The activation of receptor linked with phospholipase C releases
calcium from endoplasmic reticulum (ER). Depletion of calcium by
releasing from ER makes oligomerization of STIM1 and STIM1
re-localizes nearby plama membrane. And then extracellular calcium

uptakes by fusion between STIM1 and Orai ion channels.
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@ SARAF1} STIMo| &gt

o] AZE SOCset STIMIt HE0] zZ2 MzZY Zs d4d =F
X}l SARAF (SOCE-associated regulatory factor)7} 274E|0f A =

ojct. O] CiE2 RE =X ZZoIH 9| HAA L MEA =X

of =4 ®ei=/of RACE SARAFO]| T
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%

752 EOl LXK AKX
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AHSCtD B 05| QA CH(Figure 4) (Palty et al, 2012).
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1ZE St &43tel= Orai-STIMI
2{ M CH(Figure 5) (Palty et al.,

2012).



Figure 4. The role of STIM1 and SARAF.
Under cell resting condition, calcium concentration in ER s

controlled by connection between SARAF and STIML.
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Orai cluster

Resting STIM1
SARAF

o Inactivation

Figure 5. The role of SARAF on interaction of Orai and STIML.
Under cell resting condition, STIM1 activation is inhibited by
binding SARAF with STIM1. Orai is activated by STIM1 after
dissociation from SARAF. For inactivation of STIM1, SARAF binds
with STIM1.
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Figure 6. The morphology of cultured interstitial cells of Cajal (ICCs)
from mouse small intestine.

c-Kit antibody that is specific marker for ICCs was used for

observation
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current-clamp

AT

voltage-clamp
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Figure 7. Pacemaker currents of potential in cultured ICCs from

mouse small intestine.
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SLOW WAVES ARE GENERATED IN INTERSTITIAL
CELLS OF CAJAL

Figure 8. The relationship between smooth muscle cell and ICCs in

gastrointestinal tract.
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20| RelEH, RelE Ea2 WIEMTO 2xst= 712 AO|HE
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gh AIO|EM|ZOf| 2x25t= FET0| 0|2 825 &0 MYS & Al

ZICHFigure 9) (Suzuki et al, 2000; Yamazawa and Lino, 2002).
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Cl channels .. Cation channels

Ca* G

InsP,R

IﬂSP;R IﬂSP;R

Figure 9. Mechanism of pacemaker activity in ICCs.

The stimulation of IP; receptor in ER generates calcium wave and
this makes calcium release by others IP; receptors stimulation time
about. Slow waves are generated by ClI° or non-selective cation

channel activation through released calcium.
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1. 71 MO|EMZS| B

3-7¢ = ICR MFE A7 Qo] MHZSEE AMRSIALEL EtherZ
OrFAlZl = ol dAZI B 8=t pyloric ring®| MFE 2|80 o
S SIRUCE A20|A Krebs-Ringer bicarbonate&
27| 20|A AXFZHDE JFEFRFE|  (mesenteric
bordenE et MLl MOtSS MASID SARS LZAIZCL B
2= A¥MZ XZEZ collagenase (Worthington type II), 1.3 ml/mi;
bovine serum albumin (Sigma), 2 mg/ml; trypsin inhibitor (Sigma), 2
mg/ml; ATP, 0.27 mg/ml §0| &0{ U, Ca’'0] E0f YUK &L
Hank's 40| &7 CHS 37 °COA 202t &2 23N 2, TIEA
7 ©HE MEZE Z2otACE 2elE MESS w2l coverglass?|0| &
Fol, 102 =20 stem cell factor (SCF, 5 ng/ml, Sigma)?}t 2 %
antibiotic/antimycotic (Gibco)0| =0 QU&= SmGm (smooth muscle
growth medium; Clonetics Corp) 5 2F ot &, 37 °C (95 % O,
- 5 % COz) HIXZ|O|A HYFAIZICE BIYE Ch=E HE HiYE &
Ol A 2 % antibiotic/antimycoticBt X|QIA|7{ FUYMZ HHTIO FQULCE
A2 HY 28R = 2B A[ASHRACE HiFE ICCo| =Hel2 Kit Tl
Of CHet &Ml (ACK2, Gibco-BRL)E ALESIALD HAAZSME M|
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2. Hl=9 MY 3 MR J|F

n

Az 878 &2 ZEAN &7 =T 2Y 23 ml X2 MEZQ|
2042 I A|ZAC}H Whole-cell patch clampE A2 HIYE ICCO|

AoM=EE "o N2z B{FE 7SRRI Patch C|am|0 =7

(Axopatch 1-D, Axon Instruments)& £3}0 L= Mz = CIX|E 2
MRADE ME|X J|27|8 SoiAN BESUD, DYWL AIFY

ol = 9l FMEQ| J|2L pClamp (version 6.0, Axon Instruments)Z&
AHESHRILE MZT PR/R= -70mVe| KXY 2F5HH 7| =5 ZLt.
P ™A AR A= pClamplb GraphPad  Prizm
(version 2.01, San Died}|, CA, USA)S 0|23} &M KX2|s5IQULCt B E

22 30 °COlM AlASHRACE

d

]g

w
X

gd8d 3l %=

MELQ BFEAHS[ g2 CtE1t ZCOt (4 +X= mMERE): KC
5 NaCl 135 CaCl; 2, MgCl, 12, glucose 10, HEPES
(N-[2-hydroxyethyl]piperazine-N'-[2-ethansulfonic acid]) 100|H Tris&
HIPSIO| pH7} 747) E|=2 HHYSIULCE Ca’'-free BUS 9 ZM0f
M CaCly 2= MASHRALE H=U 8ol =d2 Cigar 20k (&4 =
K= mMERe): KCl 140, MgCl, 5 K,ATP 2.7, Na,GTP 0.1,
creatinine phosphate disodium 2.5, HEPES 5, EGTA 0.1 O|H Tris&
HILSHO] pHZL 7.27t &8 X 7HSHRALCH

MBS0 AFREl 222 carbacholDt gadoliniumO| SigmaZ £ E 3
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SHRICEH STIM12 EcoR11ft Notl @4 E 0|23 pcDNA 7.1 vector(,
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Lo BE cDNA 5L spectrometers Eoff S™HE|QULCE

5. RT-PCR
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phosphate-buffered saline 20| Y2 &= 3T spin down A|Z
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£ 0|23} 45°C 302 =2 AlAMSER T <cDNA hybrid2| denaturation
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m &% Za

L 7tet AOIRHZOIN 7|58 7Y BEE

Current-clamping mode (/I=0)0| Al 72t AO|EME= A=zt

Hero
F7| Moz Holdle O] MYS YUAIZCH (Figure 10A). 2HE
Of M2 -596 + 26 mV (n=5), FE=FO| MO Rz 147 + 08
cycles/minE ERCt (n=5). 10 nM carbacholE0{A| 2HFEF MQto| &
230| wMstEN SER0| Moo Fv|e ZHABIYUCH (Figure 10B).
Carbacholo| ZX|L0| 7}&t AIO|EAZO| OHHO MO -394 + 36

[ |
mV (n=5), S¥=F0|] M9 HIEZE= 26 + 43 cycles/mnE ERCH
(n=5) (Fig. 10C 2} 10D).
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"y |

Figure 10. Effects of carbachol treatment on pacemaker potentials
recorded in cultured interstitial cells of Cajal (ICCs) from mouse
small intestine. (A) Pacemaker potentials of ICCs in current clamping
mode (I = 0). The vertical solid lines represent the scale of
pacemaker potential amplitude and the horizontal solid lines
represent the scale of pacemaker potential recording duration. (B)
Pacemaker potentials of ICCs exposed to carbachol (CCh, 10 nM) in
current clamping mode (I = 0). Cellular responses to CCh are
summarized in (C) and (D). The bars represent mean values + SE.
Asterisks represent significant differences from untreated control

cells (Con) (*P < 0.01).
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2. 7} AO|RIM|ZOf| STIM1 Tps & SFcTho| FYo| M3}

STIM19o| dgt=2 =I5t Xt STIM1 ¢cDNAE 7Zpgh ALO|Z M ZZOf 1pgf
o AZiCH & 10F YEoA Oixzds 840 S=F0| HYsS
2OFRACt SHX|ZE STIM10| utoiEl 7hgh AO|ZEMZE= S=F0| H
ol Bles7t 3A S7totitt(Figure 11A oF 11B). HE0 FoE,
o g0l Mol HENZl STIM1 MESHA| =48 XH sge o

o
Eje] S=TO| MY FdS ERALE =M FHe ALO[EMZS| o

-

H
minO| oy, STIM10| utgtd El Fteh AO|EM el otgar Feh I
Hl-= -624 £ 54 mV (n=5), 48.6 + 52 cycles/2 min@ Ct(Figure
12A 9} B).
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CON
-15
=55+
mYy 10sec
B STIM1
=22
-61
'y 10sec

Figure 11. Pacemaker potential recorded in control or
STIM1-overexpressed cultured ICCs from mouse small intestine. (A)
Pacemaker potentials of ICCs in current clamping mode (I = 0).
Vertical solid lines represent the scale of pacemaker potential
amplitude and horizontal solid lines represent the scale of
pacemaker potential recording duration. (B) Pacemaker potentials of

STIM1-overexpressing ICCs in current-clamping mode (I = 0).
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=]

Con STIM1

Figure 12. Pacemaker potential difference recorded in control or
STIM1-overexpressed cultured ICCs from mouse small intestine.
Pacemaker potential responses in STIM1-overexpressing ICCs are
summarized in (A) and (B). The bars represent mean values + SE.
Asterisks represent significant  differences from empty
vector-expressing control cells (Con) (*P < 0.01). RMP: Resting

membrane potentials.
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52 SHOISE A} SARAF cDNAE 7tst
2ol AZICHL TR 1F HE0M Oixzae2 FadH2

SARAFO| et

orgal M gl

o =l Fhe AOIEA

i
SHCHFigure 13A 2F B). CHXF0| = 7}
== -581 £ 41 mV (n=5), 316
NSEE2

48 + 55 mV (n=5), 76 £ 2 cycles/2 min
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CON
A-14

-55 v
m 10sec
B SARAF
-29
-61
my 10sec

Figure 13. Pacemaker potential recorded in control or
SARAF-overexpressed cultured ICCs from mouse small intestine. (A)
Pacemaker potentials of ICCs in current clamping mode (/=0).
Vertical solid lines represent the scale of pacemaker potential
amplitude and horizontal solid lines represent the scale of
pacemaker potential recording duration. (B) Pacemaker potential of

SARAF-overexpressing ICCs in current clamping mode.
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N n
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-70.
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']
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401
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Figure 14. Pacemaker potential differences recorded in control or
SARAF-overexpressed cultured ICCs from mouse small intestine.
Pacemaker potential responses in SARAF-overexpressing ICCs are
summarized in (C) and (D). The bars represent mean values + SE.
Asterisks represent significant  differences from empty
vector-expressing control cells (Con) (*P < 0.01). RMP: Resting

membrane potentials.
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4. 718t AFO| R MIZ 0| A STIM1a} SARAFO| 2t3iojestol

(=) T = =

s MERZF Ofdl AKX ZHEr AFO|EMZQ| STIM1T} SARAFS| =
MO R E =QIS5taXt RT-PCRE A[HSIULCE HIYE MZ T 7t ALO|

HMEDY Mesh 5 S0|X X|AIRtel ANOL N HZELHS Meslof
RT-PCRE A|AStRACH O A ANO1 2 M=l Zhgh ARO| =Mz o
STIM11} SARAFO| HHHo=Z UHE|N QUs HS HQISHRACHFigure
15).

ANO1 MY PGP STIM1 SARAF

Whole dish -

Figure 15. Molecular expression of STIM1 and SARAF in cultured
ICCs from mouse small intestine. RT-PCR detected the transcripts
for STIM1 and SARAF in whole mounted cultured cells (upper
panel) and in ANO1 positive cultured ICCs (lower panel).
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g %

gadoliniumil} Z&-freegdS TSRt & 7HX| =d B&F 712 A
O|ZM=ZOAN ZHE= X0l Mol WOl RAHS| KHEHSFRAC
(Figure 16A 2t B). &b 7he AO[EM|Zo| gy FYw B
-58.6 £+ 1.1 mV (n=5), 32.6 + 1.4 cycles/2 minO|¥ 20, gadolinium
A Z5-free YO M| = i AO[EM =2 HFE MY & HE
=& -504 + 75 mV (n=5), 0.5 £ 0.6 cycles/2 min 8! -59.6 + 3.5
mV (n=5), 0.2 £+ 0.8 cycles/2 min@&Ck(Figure 17A 2} B).
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Figure 16. The effects of gadolinium or an external Ca**-free
solution on pacemaker potentials in cultured ICCs from mouse
small intestine. (A) Gadolinium exposure (Gd**, 10 pM) abolished
the generation of pacemaker potentials in cultured ICCs. Vertical
solid lines represent the scale of pacemaker potential amplitude
and horizontal solid lines represent the scale of pacemaker
potential recording duration. (B) External Ca’*-free solution exposure

inhibited pacemaker potential generation.
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Figure 17. Pacemaker potential differences recorded in control or
gadolinim or Ca’*-free solution in cultured ICCs from mouse small
intestine. The bars represent mean values + SE. Asterisks represent
significant differences from untreated Control cells (Con) (*P <

0.01). RMP: Resting membrane potentials.
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6. STIM11} SARAF 1}8 & M ZL| L5 HE}

MIZLY Zt&0| CHSH STIM1Db SARAFQ| oiste =QIst At Zt& K|
AXFQl fluo-4AMES  Ha| 3t = HigE

PpcDNA THS DHHS! A7l 7hd AO|EMZ= 8% M=ZW ZEHe
= (oscillation)g E AL} (Figure 18A). SFX|2F STIM10| ItEsi=l M| E
L MZY ZE @50 3H Z7tEQ 2l (Figure 18B), HHH SARAF
Of IpHadEl M=Zs M=ZE) ZEs 230 IA ANME[RJUCH (Figure

18C). 0|t &2 Zit= Figure 18D0f| QCFs|FLCt.
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Figure 18. Effects of STIM1 or SARAF overexpression in cultured
ICCs from mouse small intestine on intracellular Ca** oscillation. (A),
(B), and (C): Fluorescence intensity changes in cultured mouse ICCs
overexpressing empty vector (A), STIM1 (B), or SARAF (Q).
Horizontal solid lines represent the scale of fluorescence intensity
change  duration. Pacemaker potential responses in STIM1- or
SARAF-overexpressing ICCs are summarized in (D). The bars
represent percentage difference. Asterisks represent significant

differences from the empty-vector expressing Control (Con) (*P <
0.01).
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(Muscarinic, Tachykinin receptor §). O|2{gt +=8X|9] & H3t= LA
MLl =S [E|A|FH 1AM M E(tonic inward currents)E 2O

ZRCHJun et al, 2004; So et al, 2009). O|e} &2 7IAM MEE= A

Ze| Zgs MACIRAES % 2Td dHEs 2UHE EQFALCE Of
oot Z2it= 7t AOIZEMEZE SOCE AMA8E 72 RUThe SHE

MAISH 0 QUCk & 97 ZBOIME (Figure 10) 7He ARO| A Zof
carbachol2 £0f Al MEZZ MO| HEIE Aefof =AM RX/E

SAXHER| SOCES| Edst= + 7HA| 2% 2

b
_Y_
Ral
I_
$0
rir
s

oz M UACh HIZ UWAEMZC[ STIM1ut MEZSH0| FZdh=
Orai O|2E&E Z0|CH(Liou et al., 2005; Baba et al, 2006; Yang et al.,
2012). STIM12 HZEMTO| Za MME WAEMYO Zs 12 3
EE ZAX|Sts CHEEOICH WEEMTS Zae 122 STIML 2435
&0l MZ9} Orai 0| 2822 Z&otH, 1 Zut Orai O|2E2ZE Sl
MzZEoM Zsol YN MZW Zs0|l XS e CHAlbarran et

., 2016). O|= 7t APO|ZAMZO|E STIM1ut Z2 M= ZHey =F
A7 EME 7tsdS HMAILE fLotEH, Fheh ALO[EMZE= MZLY

=
= of AEHQ o] O] HHEH, MZW Za

e s
wElE Sl 7Is2 E=Rots MzZE Cidet +=8M7t EXotr| W2
O[C}. M=z = F7E STIMIO| MpEHE Fre AO[EMZON =

ol Tl gi=ot A S7tkls AS ZASALE Had d=y
of g&5ro| Bl 7t 0| P &= =disto 21gd
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0

L

Al ZICHAIlbarran et al., 2016). 2 AR ZA1} SARAFES 7tat ALO| &M =
Of ntad Al 7t AO|EMZS| FE=FO| MY vlE7t AN E O
TSI El SARAFO| LIEENZO| 24 Q2|8 AfEstoz old) MZLf
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= g7s dF 2T 22|, Higet Fie AOlE MEOAM Ek
ol MY o U WHEMT EHEMEQI stromal interaction
molecule 1 (STIM1) 5! store-operated calcium entry-associated
regulatory factor (SARAF)Q| AztM 1t Zt&ZXH0| 7|MES YotE 1k}

SFALE.

7kt AO|EMZO|A  STIM1 E& SARAFE ItEs A7l =
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