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Although stem cells are used as important cell thera-
pies in regenerative medicine, the electrophysiologi-
cal problems that arise in the expansion of cells have
not been known much. This study was conducted to
investigate the functional expression of inward rectify-
ing K’ current (IKir) using a patch-clamp technique,
and the change in the resting membrane potential
and the membrane capacitance were investigated in
mesenchymal stem cells derived from human umbili-
cal vein (hUC-MSC). The IKir plays an important role
in regulating the resting membrane potential in many
cells and is known to contribute to the maintenance
of intracellular K' concentration. In this study, elec-
trophysiologically recorded current exhibited typical
IKir characteristics. The current shifted along the K
equilibrium potential (Ex) with the extracellular K
concentration change. In addition, IKir was blocked by
the divalent Ba’' in a dose-dependent manner. The fre-
quency of functional expression of IKir changed with
number of passages (P2: 5.3% vs P8: 77.8% vs P12:
34.5%). There was no significant change in the resting
membrane potential of hUC-MSC (P2: -21.0 mV, P8:
-20.1 mV and P12: -21.9 mV). However, the capaci-
tance of the cell membrane was significantly changed
after P9 (P2: 8.9 pF vs P9: 16.9 pF) compared to P2.
All the results suggest that changes in electrophysi-
ological distribution of IKir as the passages increase
may cause changes in K' permeability even in cell
proliferation and differentiation, suggesting a possible
physiological role in maintaining cell homeostasis and
resting membrane potential (RMP).
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Introduction

A LEE o] 2 (KH 2 Al o] EA3H= Na®, Ca*' 3} 2
& T o] &5 vlal Al ute] o sk Fu/do] Al AR Al
SR stel] Ad & IFS TuH1]. Alxd gEel 2
el A9 (K channel) ©] G2l s ZAbel| 93] K" o] &
2 A EZFFo 2 b A28 9] (membrane potential) &
K" #3d A9 (K equilibrium potential) 22 & o] %A 71t}
[1]. K A8 F7e= ul$- vpeFabt T g 245+ K
A (voltage dependent K channel, IK,) [2], Al ¥ Z
ol oel 2433t ¥ K Al'E (Ca? —activated K channel,
IKe) [3], & 74 K 2D (inward rectifier K channel,
IKi) 5ol altt[4]. ol5 & IK, ML= FTH7F da
IKir 1~ 1Kz 7HA thekstth, Al2dl ATP7E §low 2733}
=+ K A9 (ATP dependent K channel, IKarp) < [Kiwx
o &3} AEZE: ol e F o] FATY FEAof o
W G-y Al sle] oal] 2d == K Ald (Acetylcho—
lin activated K channel, IKaen) < [Kix © SScH[4]. &
Aol M Biatshs W JFAE K LS $-89 Hare ¢
A 1Ky ©15H[5].

K= 2709] transmembrane®} dt4+9] ion pore® -4
H Ad gl A2 A Ba?tyh 2E 27) o] &0 o) oAEH
tetraethylammonium (TEA)Y 4—ampinopyridine (4—
AP)Z} & 114 K Ad abdA| o] o8] AL A E A ok
EoHA4]. K> A2 KT 5% f2 9k ke $lel =27
718k AR A A k4], 1 A Z IK; ZdEe] A
Sl A3 s AEE Ko Zo] SAsks AR <k
A7 A8S ootk AlEY K 5% 545 98l
A A= K7 flebd ATPE AHE-3h= Na—K ¥
= o Wol| Abgsloiof R U] Be oyX| 7} H Qs

o olel @ Arhs Kol AE AUA BE ZAR B of
et g uras] FANE wl§ f8a Adelehs A& A
AgH4, 6].

Aot AR g FEA ALY oYL FHA
A Aol WS F et 1] HFEA AEeIA e o] &
AYE HE 54, o5, AE Ae] A4 A o ere gt
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[7]1. ZE71AEANME & (species) oI E71A41E2] 719 (
=5, A E F) ol wpet oFgke] afol= Qo theFst o]
Ad = IKy, Kea Kir, Lo, Ina Ica, Itrpe©] 2315 QITH8].
Z71ME] o] 2Ad ek thE A XY AE T4 F
A gl F3le] #ofd 7hssdo] Al7lEe] gt [5, 9, 10]

AV e] F349] #7] Al E (mesechyaml stem cells, MSC)
T oheFet 24 0 F 23} gk = Q1Y) wiitoll A st Al

[©)
oM et AR 5 8], shARE

r
[e2
<

22
& st7lels % 7heet 271 EE AXESTE Ao
Al A& (in vitro) oA A EFE E8]7Tof o &
o B-& ook tuh[11]. MEZ24 34 Ahul e (sub—
culture) o] 52 o] Au]F 35 (passage) 2| 57}l
wit /A2 1HAH S SASEY sty 4
Fol ®B3lso] At 4= ar[11, 121, Alt) ek @z
"l o] (telomere) A7} &obA x=3}ddo] 2 ¥V % &
o [13].

el o)A =imellA AR A S E7IAE
(hUC-MSO) ellAl &3 218 K A7 Loz 52%, LA
°]EA Na A72 [t 28%, T J74 K A7 K
4.8% Y& EATE FASATHG]. 28 aL st &4
A4 K A7 IKpr?t Z-ell 98 849315 = MaxiKE
A} 715 5= S Bl e TH[5]. B3 hUC—-MSCell
A #2E = MaxiK A7+ Z8hR 0] = (flavonoid) ]! 7
Z A€l (quercetin) ¥ riluzole©l ol& &3t ¥ glst
R AL Inat= riluzoleol o1&l oAl g & R skl [14, 15].
Ao u] 3 hUC-MSCY ol d & of of 3k
T & AG-Z passage o7kl whEl IK; 2 A 7142l sk A vk
HI%, Qb ubd 919 o, AlEuke] %459 (capacitance,
C

w2 W3k Sl el Bt

b 2> B
o 4% % Mr
o gy e =

Materials and Methods

hUC-MSCs?l 22| & ife

A S Rof 6-12 AlZF o]iell phosphate buffered
saline (PBS) & A &3l A& 218tk [5]. A8 8
ZHofl 0.5% collagenases ¥ o] 37CeollA] 5 AIZF F<F 2 €]
F FE A wpaEA] sl Wol A v Al EE A ST
¥ AEEZ 10 & 52 1000 rpmelA A4 Fe F oF5
X 10° 02 AIZE 75 cm? WlF Zaf2=0] €] 37C, 5%
CO, 1FtHolEl ol A] mjoFs}d o). vl 4] = 100 U/mL peni—
cillin, 100 pg/mL streptomycin, 10% FBS (fetal bovine
serum) 7} %% Dulbecco's modified Eagle's medium—
low glucose (DMEM—LG) WA & AF&-3F3 T}, nljoFel & 2
& wir} gk A dolF=gltt.

HMo|dest |18

ANAY 4 AES Qe e b5 o] FAEA
b Al EHF g9 (bath €9) © & normal tyrode §9& Ab
L3tk 7 9L 143 mM NaCl, 5.4 mM KCl, 0.5 mM
MgCl,, 1.8 mM CaCl,, 0.5 mM NaH,PO4, 10 mM glu—
cose, 5 mM HEPESZ T/J3}%13 pHE NaOHE ©]§
ste 7.42 A4t Axd £d fEvAdT £
(pipette €92 150 mM KCIl, 1 mM MgCl,, 10 mM
HEPES, 5.0 mM EGTA, 2.0 mM Mg—ATP® T4 3% 1L

pHE KOHE o] §-3te] 7.2% A7 3kalth

A71AEsrs AslS patch clamp 5% 7] (Axopatch
200B, Axon Instruments, Foster City, CA) & A}8-3}
o] B9 1174 (voltage clamp) % ZAF 127 (current
clamp) M 2.2 7153tk 21740] 1.2 mm ¥+ -2 v]A
A= (Warner Instrument, Hamden, CT) 2 v] Al A=
A %71 (PP—830, Narishige, Japan) & #| %3} a1 2] 1]
M= A (resistance) & 2~3MQo] H Al "FE St v A
ZAN 2 FEu A A TFE AE Aol AT 5 Alxdte &
3 gigaohm (GQ) seal®] ¥ A alar Al E2 9t & A A
E o] 5 (whole cell current) & 7] &390, 7|58 A&
+ 2kHzol A HE 3}l digidata 1322A (Axon Instru—
ments, Foster City, CA)E AF&3Fo] vl A3k
oh AT AAIEA E3 GQ seals THEF 294 C
2 AlzYE 2AAHA gbdsto] pCLAMP 2713 9] 2
H 2~ E (membrane test) A EH A S AdAIE
EAE ZHAS NG E g AGAIE AT Ak e A
EO] Aol ARE ugtt. A7) erd V)53 4
2 pCLAMP 2% 713 (version 9.02, Axon Instruments,
CA) & AH&3 Y GQ sealo] HA] 3k& W A7E 715
3k Ajof it A F (leak current) 7} Bob IK;, A& #4]
off 77 A = Q7] wliEofl GQ sealo] HA] ¢k )
7153k A dlolE A el A A2l gltt

dioIE EA

FH3t Hlo]ElE Origin software (OriginLab, Corp,
Northampton, MA, USA) & AF&-3to] 418k 3 Z15ith. d
o]E]:= ¥+ = SE (standard error) &2 YERJSI 7
i g U 9] (resting membrane potential, RMP) £}
Al AP A E A (capacitance, Cm) + unpaired (inde—
pendent) Student's t—test& AFE3FS 11, Pak2 0.05 ©]
SR FATgH O Z F53Y

Results

0123t hUC-MSCOIIA HITHHHS =0l WS oot & M
o HMAIEA B9}

v 23 hUC—MSCelA] patch clamp 71 o2 ok gdu4
95 S33A . g e = A8 1274 (current clamp,
=)oz S35t 2 WA A (P2) oA¥E 12 ¥
A A (P12)7FA1 €] B EHA 9= Table 16 Wep it
P29 w9 = -21.0 £ 25 mV(E+ £ S.E, n=18),
P9¢ kg ubd 9= —22.2 £ 3.8 mV(n=14), P12¢] 94
A= —-21.9 £ 1.8 mV(n=29) & passage©°l ujg} <k
AL el fools Wk #EEA Tt (Fig. 1A%}
Table 1).

AlE e Q1A A 0] F 5 (lipid bilayer) o] 2L A3 2] 2] A
s, Ay 33 W AEFS FEEte oF HAAR F
59 (capacitance) & 7FA L 3= A A E (capacitor)
2 Zg-stch, Al APAE A (membrane capacitance,
Cm)E 1pF/lem? 459 A2 T g o] vlg sty 2 o
Tl A P2~P127HA] AltulFatdr] ARAEAE S48
Sth P9~P129] AWMAIRALTE P22 AT AR ~H T 2H]
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o

o]} Z71skAth (P2:8.9 + 1.0 pF vs P9:16.9 + 2.3 pF)
|9} 22 A3 At P9 o) el A= Alare] 27171 S71E
I 35S o=t (Fig. 1B} Table 2).

0122 hUC-MSCOIAM W BT EEl= M Elinward rectify-
ing K channel, IKi )2l JIS% &¢

2= 2007 U3 hUC-MSColA o] 214 2] 754
WHs BaEkelal, Kprolt MaxiKel 22 1K 4.8%
A& 71FHATE]. 2 Aol IK el HF38 1K
54 vlaskith Aldiul kAl YebuE 1K W73 5
A AL Zksk Uk AFA Ak Eoﬂur

hUC—-MSCIA IK; & 7153t7] 913l 214 St (holding
potential) = O mV® &3 —150 mVellA + 60 mVe] &3
b5 400 ms & 7o AF—t 4 (current—volt—
age curve, -V curve) & 7|53t (Fig. 2 inset). 715
H ARIF K, 1A FR157] 918 W 22 hUC—-MSCel
] whole cell patch mode |4 A 5 (whole cell cur—
rent) & 7] 53 Th 1K, A7 AlEy KN 52 ([K',) 9
A& 24 Y8l KT 555 5, 15, 30, 75 2 150 mM
S AFH 71=3FA T Figure 2004 HoAE= A
[K1o7F Z7kshel whet 1K o] 54 EFdR77E F7hE =
EAAA e B @A (reversal potential) &=
H&2~E2] (Nernst equation) ol X3 Y= o]F
3FAtH(Fig. 2). Figure 2B [K], W3} w2 A2 A9t

A B
0
20 *
N
E-10 ~15 l * *
© w
3 g § o
g 9 i L 8 1
3 €10 “n
5 * b g g * (9 2*9 % t. (:4) e e
& 30l 18 @) (15) 9 @S lug e (an
Qo (6]
=
O
=

N
S

P2 P3 P4 P7 P8 P9 PIOPI2
Passage number

P2 P3 P4 P7 P8 P9 P0PI2

Passage number
Fig. 1. Changes in resting membrane potential and capacitance
with passage in undifferentiated hUC-MSC. (A) The resting
membrane potential was measured using the current clamping
method (I =0). There was no significant difference with increasing
passage. (B) The change in capacitance was observed to increase
significantly from P9 with respect to P2. Data represent the mean
+SE. *, P<0.05 (P2 vs P9, P2 vs P10, P2 vs P12)

Table 1. Relation between number of passage and resting
membrane potential in UC-MSC

Passage Mean (mV) SE N
P2 221.0 2.5 18
P3 -22.9 1.9 47
P4 2235 1.9 15
P7 -20.2 1.1 15
P8 -20.1 1.0 17
P9 222 2.8 14
P10 -18.7 1.5 15

P12 219 1.8 29

°] WstE o] ZX ¢} AR E YErd Flolt}, Fd2 Ak
S linear regression g Zlojth 7} &2 [K1,9] 10 vj ¥

i]re e Zlo)m A 2% vk ehs YERd Zlolt, AF

k° o] &%k (58 mV/decade) ©ll ¥l 49 mV el Ak (slop)

S HojF 3 It} v &3} hUC-MSColA 7= Wk A
© K AFYE gAskart.

o
e

L

>,

0|22t hUC-MSCOIA Ki: MF0ll tHSt 271 Z0l=22| 2t

Ky A5 K AY 2bdAlel o8l Ao &S A ¢kl
27} ko]0l polyamined] A= Aoz LA 9l
th[4]. Figure 3A= Kol ot Al Ba> ¢ 3= &
o] #t}. Ba** %7} 1, 10, 100, 1000 pM o2 F7+5 9]
< AfFe T dE=H o R oAU AR/ 50%

A omv - e B
A50my
pA
-100 50 50 mv $ 0 n Experimental
| £ ¢ Theoretical
) : £
5mM Kl 5.
73000 g%
Q
15mMKG :
-6000 g
30 mMKC! g
-9000 8
BaMKel
/ 12000 90
150 mM KC!

10 . 100
Concentration of [K ]n ion(mM)

Fig. 2. Typical IK;; current-voltage (I-V) relationship curve and

dependence of extracellular K" concentration [K+]0 of IK;; in
undifferentiated hUC-MSC. (A) It shows the typical characteristics

of IK;; current recorded in hUC-MSC. The IKj; I-V curve shows
a larger inward current than outward at negative voltage. The
abscissa represents the voltage, and axis represents the current.
The current recording was carried out with a holding potential of
0 mV and ramp pulse for 400 ms from -150 mV to + 60 mV. The
inset shows voltage protocol. When the [K '], was increased to 5,
15, 30, 75, and 150 mM, the inward current increased as the [K']
o increased at negative voltage and the reversal potential shifted
toward the positive potential according to the Nernst equation. (B)
Abscissa is on logarithmic scale. The logarithmic graph shows
the reversal potential change with increasing [K'],. The solid line
(theoretical value) shows the slope from Nernst equation (slope,
58 mV/ decade). The dotted line (experiment value) were fitted by
linear regression (slope, 49 mV/ decade).

Table 2. Relation between number of passage and capacitance in
undifferentiated hUC-MSC

Passage Mean (pF) SE N
P2 8.9 1.0 18
P3 8.0 0.3 42
P4 94 0.5 14
P7 11.6 1.2 15
P8 7.8 0.4 17
P9 16.9 23 13
P10 12.9 1.2 17
P12 17.0 1.6 30
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AE = FEQ ICso> 35.2 £ 2.2 uM (n=4) ©] A (Fig.
3B). o] W AEZE WF= 400 ms FF —150 mVellAl +
50 mV7HA 8] I A& Fo] 7] Eakginh K A oA A
?l tetraethylamonium (TEA) 10 mM, 4 —aminopyridine
(4=AP) 500 pME AR o Kol TS T4 &Sk
t}(data not shown).

01238 hUC-MSCOIA HIHEHS ==0fl 2 K 70| JISH
Wa HITHIL

Passage®l W& IK; A5F9] 7]
2 whole cell patch EEZ 7]
2 400 ms ¢ —150 mVellA
=& Fo] 7|Fek ) IK, AFe GQ seald} Hol
current 7F B& A9 & FEZ F Q7] wlFEel A
Al AlazErA o] 800 MQ ©1d Sl ARt 71535k 1 glo]
Falo] Hkd3I3itt. Passage’t S7FHEF5E IK©] 7155
v Wt Zte e P8-S A o ® 0 W mrt ZhaskoiTh
(Fig. 49} Table 3). = IK; A+ hUC-MSC2] 7] 7Ad
A (P2: 5.3%, 19 ZFoll 1 715F) oA = 1Kol 754 2%
A W=7 w9 grop ot A F1HP8: 77.8%, 18¥ Fell
14¥ 715) ellA] b B = Qleh 28y Aldl $7] (P12:
34.5%, 299 Foll 100 715) & 255 1K,2 714 &4
HE= ZaEgdoy A 27198 1KY 7152 2 vl
T7F sk = Sk

MEE SRt )%

=
=1
SHJA FAAYE 0 mV
+ o

7=

Discussion

8 & &3 hUC-MSCellAl passage s 7Fell wheh 1K,
o] A7 e g4 e wlm o] F7hg Blsglar, ek ek
9 WAk Ao o AEE 2 v g s A A
A2 P9 ol dolA s S7HehE &lskqlth.

/1A EE AYstelA MR Fas Aol
passage’t T7FE AV A7mdE sk S EolY 23
so] Wsk wsh7t wAgsitk(16, 17]. 9 71 AAE
(mesenchymal stromal cell) °I4] passage 57} & P5°ll
A P1271A] #3ks8] AaE Kol [18], &y Al
A frefe 71 A4 PIelA P127FA] w=3F uFA <l se—
nescence—associated beta galactosidase (SA—B—Gal)
7F AA 8] S7FTE19, 201, & A5+l A1+ passage S 7F
Al 1A 9] WSk 7E e o] A2 w25} hUC-MSC
o] AR o] FIhekAL Q5 gnlske Alo]r] wiiel

ol A= Fusk uf v]E3 hUC-MSCE passage’t &

(o

Table 3. Relation between number of passage and frequency of
functional expression of IK;; in undifferentiated hUC-MSC

Passage N(A) IK; expression (B) B/A (%)
P2 19 1 53
P3 41 12 293
P4 11 5 45.5
P7 15 5 333
P8 18 14 77.8
P9 14 9 04.3
P10 14 6 429
P12 29 10 34.5

7hE R - 3be Ay w3 B A e Ao R S HETh A2
A S F AEAV ) SR wEhs Ay wdhR
ojo] A = Q7] wji-o]t}[20]. 2B ZE hUC—-MSColA

= P9 o] @ AETS AEX R AFESHE Flo] £& A
O 7 A7,

2 ATl A Kol AU K 5= ([K']) 282} ekg )
A9 -l 7109817] wl el 1Ko wEnl T Fate] ut
w9 Wah7F Yeld Rolglar o Ak A wk ok g vk 9] =
P2~P127FA] 9] 3 W3} RHolx] ¢kkth(Fig. 1). ©
passage &7Fo W A E U o] &5 %= W3l upE

ol Wizol A A% 1Kol K s 58 2438te] T 7r o
AeA A4 HES FAS A8 7] Wi
AR E Y, = passage o7kl W Na g9 2
do] &4 [21]0F A3t b9 o] dit o HAS
L}, == passage 7k W KT/ Na™ vl& #
AE7Y EA 7102 IK;, 8-S T7HA K 554
A g 98 A FAlell 710 & Ao R A7tATH[22, 2

S PROlF XY K s=([K']) 2 #4a 2 Na' 59

=
=)
g g o] Aol F glom® IK, S 7w e

pA
1000 '

o

o
oo

o
=)

1mMBa" 20 /40 60 mv

100 M
-1000

o
)

Relative current
o
~

10,M 22000
Control

o
o

1 0 100 1000
Contration of Bay(pM)

Fig. 3. Effect of Ba®" on IKj.. (A) Voltage ramp from -150 to +
50 mV lasting for 400 ms elicited membrane currents from an
undifferentiated hUC-MSC that displayed inward rectification. (B)
The current traces were obtained in the absence and presence of
external Ba®* (1, 10, 100, 1000 pM). Ba*" inhibited the IK; in a
concentration-dependent manner (n=4).

5

B 80

oL

2y o

52 40

T3

58

TE 0

E P2 P3 P4 P7 P8 P9 P10 P12

Passage

Fig. 4. Eletrophysiological expression frequency of IK; with
passage in undifferentiated hUC-MSC. Functional expression of
IKi; was confirmed by patch clamp techniques. The current was
almost unrecorded at P2, reaching a maximum at P8, and the

frequency of IKi. expression decreased as passage proceeded
further.
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7 AA8 KT s 2E frAshe i ek Al E o] HolY]
& T odth[22, 23], F K8 HHC=E [K']
T2 2y A &4 YERE 4 K'Y/ Na' 1
21 A7} Makx] b= Aof|A] A A o7 oA
Hrh Na" % K" o] 22 A% A& F23F 43S nx+=
ol K'/ Na® 0] &o] AZ324 9 HE 4] A B2 AHS-H
T = 89 ol st 7P S A etk [22, 23], 1]
22 v]E3} hUC-MSCeolA IK; 7} passage 5 7FA] LFEFLE
T o] 2=ty AR AFT 5 S AlAFStTE AFERA
o 2= Z“E] (Wharton's jelly) =71 Al oA passage 57}
il (K'Y WstE s AEES d4sts Rus 2 7}
A7 @WE A gk 4= STk [24].
Z71NE 270 F5-E] vl kA Zte] Eol7tH A 5 E 9
FejetA W3l "dzelo] g 7F Gl o] ©@F 3l
WHeE vebd 4 917] wliEel [17], passage S 7Fel
A7) 8h4] dlolEl g 242 Wl H s A9 §l
17dolth. 12j =R w3} hUC— MSCoM olef gt IK.r
Jchag kel tfst Bl 25 &= Z£7]A4 oA passage &
w3 a9 =3 doH & - %EJ’-OP‘%
AZbE e DKol e gt 9 fA 9 K w5 fA o %
FAQ Ay tAQl 9ak-g 3 Aoletal o st %
Z7|AIE ATl A A7) EH4] HolE 7 B % F4
s Aegta Azbeke

m>~ rlﬂl FSL‘ j’>’

)

[T SRR
=2

o7
Qoiolt
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