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Interstitial cells of Cajal (ICCs) are the pacemaking cells in the gastrointestinal (GI) muscles that gen-
erate the rhythmic oscillation in membrane potentials known as slow waves. In the present study, we
investigated the effects of mirtazapine, a noradrenergic and serotonergic antidepressant, on pacemaking
potential in cultured ICCs from the murine small intestine. The whole-cell patch-clamp configuration
was used to record pacemaker potential in cultured ICCs. Mirtazapine induced pacemaker potential
depolarizations in a concentration-dependent manner in the current clamp mode. Y25130 (a 5-HT3 re-
ceptor antagonist), RS39604 (a 5-HT4 receptor antagonist), and SB269970 (a 5-HT7 receptor antagonist)
had no effects on mirtazapine-induced pacemaker potential depolarizations. Also, methoctramine, a
muscarinic M, receptor antagonist, had no effect on mirtazapine-induced pacemaker potential depola-
rizations, whereas 4-diphenylacetoxy-N-methyl-piperidine methiodide (4-DAMP), a muscarinic M; re-
ceptor antagonist, inhibited the depolarizations. When guanosine 5'-[B-thio] diphosphate (GDP-B-S; 1
mM) was in the pipette solution, mirtazapine-induced pacemaker potential depolarization was
blocked. When an external Ca® free solution or thapsigargin, a Ca’*-ATPase inhibitor of the endoplas-
mic reticulum, was applied, the generation of pacemaker potentials disappeared, and under these con-
ditions, mirtazapine induced pacemaker potential depolarizations. In addition, protein kinase C (PKC)
inhibitor, calphostin C, and chelerythrine inhibited mirtazapine-induced pacemaker potential
depolarizations. These results suggest that mirtazapine regulates pacemaker potentials through mus-
carinic Mj receptor activation via a G protein-dependent and an external or internal Ca*-independent
PKC pathway in the ICCs. Therefore, mirtazapine can control GI motility through ICCs.
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Balb/CE AH&3}3 o H E(ether)E vt Azl F 753t
fr& & (pyloric ring) I A F-H 3|4l Bt 24 5FHE A
3ttt A&oA A2~ YA T4 (Krebs-Ringer bi-
carbonate) &N 0 & A7 FH &7] &ol A Azt 7HA
A€ whet st detge AASL ’3’1— EEAN
T Rgd 2% 25248 194 £3) & (collagenase)
(Worthington Biochemical Co., Lakewood, NJ, USA) 1.3 mg/
ml, 284 %57 (bovine serum albumin) (Sigma Chemical
Co., St. Louis, MO, USA) 2 mg/ml, EH4l A 3} A (trypsin
inhibitor) (Sigma Chemical Co., St. Louis, MO, USA) 2 mg/
mi5o] Eo 9L, Ca¥o] E0] UA e 3§ﬂ(Hank’s) £

il

of &7 TS 37CAA 2087 & 42847 F JAGA A
Hlié 2elstqc 2ed MEES G2 AW 22 99

B35, 102 Foll T3 ZU A (stem cell factor) (Sigma
Chemical Co., St. Louis, MO, USA) 5 ng/ml9} 2% 4 /371
7 A (antibiotic/ antimycotic) (Gibco, Grand Island, NY, USA)
7} €9 9 smooth muscle growth medium (Clonetics
Corp., San Diego, CA, USA) §4& &5 ¥, 37C(95% O,
- 5% COy) M YE71oNA Mg AT Wiodd tad e wj
H o)A gAY /32 H A (antibiotic/ antimycotic) T A £ Al
A SEAS v F1 AFL W F 194 FHH A PsA
0 EE v AY A2 midde s=4FE A9
o $9l& wol A4 3 THPNU-2019-2462) [19, 22, 23].

HM7|deEety A

W g AAEA 2o A RS 71 F87] e HASHE
(patch clamp) A&7 5 A Al Z(whole cell patch)¥H &
o] &34tk Mt HAFHE Y Z(standard patch clamp
amplifiers) (Axon Instruments, Foster, CA, USA)E 53l %
AN, hees AEe AFH ZYE 3 A4 7157
(Gould 2200, Gould, Valley View, OH, USA)E &3l A &2
AT HAYE 71Seke T4 AEY BFEY 2L
023 27 $3& mM B9 %): KCl 5, NaCl 135, CaCl,
1.2, glucose 10, HEPES 1009 Tris& H 7}t pH7} 7.47}
HEF sk, A5 &9 24 b3t 2ol Sti(d
F2E mM &9 Y): KCl 140, MgCl, 5, KATP 2.7, Na,GTP
0.1, creatinine phosphate disodium 2.5, HEPES 5, EGTA 0.1
olW Trisg H7ste] pH7} 727} H &5 sttt Wl gd 712
MEAA Mzt A& 149 (Current clamp)& A3t &
WAoo g B = YA Frio] AYgS 7|28 T nj=E

o —"H v T
A g25e

ol Hokth19, 22, 23].
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O|2EtRHES| FIEtMIZE &1}

2% FHEAH Z o A @AY 3= pacemaker potential®ll A 1]
EepAA ] o3 24 JhsAd e Lot etk v EZEAA S
5 YEH OS2 pacemaker potential®| EE = (depolariza-
tion)& S7HZE € 4 AATH(Fig. 1A - Fig. 1D). v =&}A
7 10 M AE 17404 mV (n=6), 50 uMeI A 5.5£05 mV
(n=6; p<0.01), 100 IM A= 22.0£07 mV (n=6; p<0.01), 200
UMOl A& 248410 mV (n=6; p<O0) A EE BEZ H L7}
< 7H= At (Fig. 1E).

O|2EFRHES| FHEA
receptor)| BN

MNEZEY 84 3TN 33 &4 22 #9
e AoE & ¢EA 7] WEel vZeAdg AREY
&Aoo A talA LolRth MEZEY 84 =
7TA7F EABE AR EEA dou MiEFd M x| =
3W, 49, 790 N ZEY F8ATW EAEE AR €84 A
TH27, 32]. FlZERAR A o] o3t FFEA E kG ojE AZEY
FEATL B EAS Loty M 3H AZEY $&
A A AL Y25130, 4ﬂ4 NEEY 584 A A2 RS39604,
a8 79 /HIEE A A A Q) SB269970S ZHz 5E
Zol AAA 3 T 1eqxpu F5S do} HkT} Y25130,
RS39604, SB269970< 2H7h 2 %) %) 3

|Z 2310 MIZEH 2| (serotonin

-iol' ml

MEgAde] 858
2ol v 2epaige o gES Hhe2 oA HA &kt
2A - Fig. 20). Y25130< A A3 7 ¢ vl =etA-d ] os)

A 230411 mV (n=5), R$39604% AAH A & A4S+ 220411
mV (n=7), :1?41 SB269970¢ HAA & 73 ¢ 245415 mV

(h=6) AE2 BEZo] 2715 %{th(Fig 2D). WetA, vl 2E4
Hol o %}%% Wee HZEY £4A9E B 988
& 4 9

O|2EIRFEIS| FISMIE Z2f0]
carinic receptor)9| ZHM

F27t4 F8AE 8T HE€2 A2y EFS 4o
e AoE FHAL tH14, 17]. H8H 7HSA 2 A=
M29} M3 F271873 FE&A7F EAdThe]. webA, v 2E
AR g FAEHNE GEF Wbl F271d48 FEA 9
ARG Lolr7] HNAH My A JA AL methoctr-
amine®} M; &84 A A9 4DAMPE AH&3tdth. d&
74EA X g2 Z "-So] methoctramine® 4-DAMP AHA| &=
obFd ggkS m A 99ty MethoctramineS A A 28 7
S HEZEAA g gEFo] YEMA THFig. 3A) 4—
DAMPE HA A 7= v 2t Ad o @E50] A2

4 & A th(Fig. 3B). Methoctramine® H A X 3t 7 -+ U]

FAIIEIE =2 (mus-
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Fig. 1. Effects of mirtazapine on pacemaker potentials in cultured ICCs from the murine small intestine. (A-D) mirtazapine-induced
pacemaker potential depolarization of ICCs (10-200 uM). (E) Summary of depolarization responses by mirtazapine. The values

were expressed as the mean +S.D. **p<0.01. CTRL, control.
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Fig. 2. Effects of 5-HT receptor subtype antagonists on mirtazapineinduced pacemaker potential depolarizations in cultured ICCs.
(A) Pacemaker potential depolarization of ICCs exposed to mirtazapine in the presence of Y25130 5-HT; receptor antagonist
(10 uM). (B) Pacemaker potential depolarization of ICCs exposed to mirtazapine in the presence of R539604 5-HT, receptor
antagonist (10 uM). (C) Pacemaker potential depolarization of ICCs exposed to mirtazapine in the presence of SB269970
5-HT7 receptor antagonist (10 pM). (D) Summary of depolarization responses by mirtazapine in the presence of different
5-HT receptor antagonists. The values were expressed as the mean +S.D. CIRL, control.

2epAA 934 252407 mV (n=5), 4-DAMPE
4$-E 13204 mV (n=5; p<OONE =R BEFo] F/HH AT
(Fig. 3C). wetA, M 2gd e F 27194 33 F8A(M;
ol Yetde &+

A A%

O

muscarinic receptor)E A BE5 ¥

AT

O|ZEFRIEIQ| FIEME S0 G protein?| 22N
n 2R % HSAE BE T wheel G protein-q
ddgde dotry] A AEW G proteind] 7]5< A
A 71 GDPSE AHE-3FtH28]. vl 2etAkd o] o gt 71 A
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o] o175 9T} (Fig. 4A). A ZYE GDPS (1 mM)E 5 &
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Fig. 3. Effects of muscarinic receptor subtype antagonists on mirtazapineinduced pacemaker potential depolarizations in cultured
ICCs. (A) Pacemaker potential depolarizations of ICCs exposed to mirtazapine in the presence of methoctramine muscarinic
M; receptor antagonist (10 uM). (B) Pacemaker potentials of ICCs exposed to mirtazapine in the presence of 4DAMP muscarinic
M; receptor antagonist (10 pM). Pacemaker potential depolarizations were inhibited. (C) Summary of depolarization responses
by mirtazapine in the presence of different muscarinic receptor antagonists. The values were expressed as the mean + S.D.
*p<0.01. CTRL, control. Methoct, methoctramine. 4-DAMP, 4-diphenylacetoxy-N-methyl-piperidine methiodide.

m2eb A 93 A 1.7406 mV (n=7; p<0.01) Y EE
o] oAl 5 At} (Fig. 4B). WekA G protein©] 7] 2E}}

% FTAL BEF W3] BAFES T 5 Utk

fEom onl
=2 M Ho

o

o]

O|Z2ERREIQ| FISME &1 }01| M= dta}
AE a3 o CaF e YA

o Ca®* T
& 922 £33 APAE)

A
(=]

r

[GDP-B-S 1 mM]

AT

mlrtazaplne 200 uM

[oe)
NN W
S o o

Degree of
depolarization (mV)
3 o

o o

CTRL
mirtazapine 200 yM

[GDP-B-S 1 mM]

Fig. 4. Effects of GDPgS on mirtazapineinduced pacemaker po-
tential depolarizations in cultured ICCs. (A) Pacemaker
potentials of ICCs exposed to mirtazapine in the pres-
ence of GDPgS (1 mM) in the pipette. Under these con-
ditions, mirtazapine-induced pacemaker potential depo-
larization was blocked. (B) Summary of depolarization
responses by mirtazapine in the presence of GDP--S
in the pipette. The values were expressed as the mean
+S5.D. *p<0.01. CTRL, control. GDP-3-S, guanosine 5'-[3-
thio] diphosphate.

pacemaker potentialZA o o gt}[25]. v 2ELAA S 71E
AE zdo] ME g3t o Ca¥'e) BAHE Lotiy] As)A
AZ 8 Ca™ e free (0 mM)E BHEQLTL, A 3EA Ca”-ATPase
AA A thapsigarging AH&3HTh A E 8 Ca™ 0 mM2l
73 7V M 2 & pacemaker potential& 9 A H 11, o]
2 FoA FHEAE 2RSS A H T (Fig. 5A).
Thapsigargin®| A1 = 7}& A E o 9| ¢ pacemaker potential
AAH L, ojuf vl ZEAE FoiA GES A TAHAG
(Fig. 5B). AL ¥} Ca™ 0 mMQl 7 v 2EbAbzl o] o3 g
5 AEE 254+1.0 mV (n=6), thapsigargin¢l 4 " ZE}A}
o 93 2T AEE 123409 mV (n=5; p<0.01)°] t}(Fig.
50). WA, v 2etab ] o7 A E g WS A2
Byt ¢k Ca¥'o] #elEA dLE & 4 ok

O|ZEtRHES| FH2MZ 2210 protein kinase C (PKC)
Y

PKC 7139] &84 < dotir] fs)A PKC AAA L cal-
phostin?} chelerythrines ©]8-3} % tt. Calphostin¥} cheler-
ythrine 77t EA &, 7} A 9] pacemaker potential”] 5
< W g, ojd PZEAE 9% gEF ¥ oA
5 th(Fig. 6A, Fig, 6B). Calphosting Fo13 79 v €k}
o o g5 AEE 15204 mV (n=6; p<0.01), cheler-
ythrinee Ff 3 7% ]E'EVP’M] A% gE=S A= E 14+
0.5 mV (n=6; p<0.01)°]
g IHEAE BES W %% PKC 7]7H o] -‘Jroﬁs:% e
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Fig. 5. Effects of external Ca” free solution or thapsigargin, a Ca’*-ATPase inhibitor of endoplasmic reticulum, on mirtazapineinduced
pacemaker potential depolarizations in cultured ICCs. (A) External Ca”™ free solution eliminated the generation of pacemaker
potentials. Under these conditions, mirtazapine depolarized pacemaker potentials. (B) Thapsigargin eliminated the generation
of pacemaker potentials. In these conditions, mirtazapine depolarized pacemaker potentials. (C) Summary of depolarization
responses by mirtazapine in the presence of external Ca” free solution or thapsigargin. The values were expressed as the
mean £ S.D. **p<0.01. CTRL, control. Thapsi., Thapsigargin.
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Fig. 6. Effects of PKC inhibitors on mirtazapineinduced pacemaker potential depolarizations in cultured ICCs. (A) Calphostin C,
a PKC inhibitor, blocked the mirtazapine-induced pacemaker potential depolarizations. (B) Chelerythrine, a PKC in-
hibitor, blocked the mirtazapine-induced pacemaker potential depolarizations. (C) Summary of depolarization responses
by mirtazapine in the presence of PKC inhibitors. The values were expressed as the mean = S.D. **p<0.01. CTRL, control.

maker potential & F2784 3 F&A4E F3lAH G pro- ZA 12, 13]. 2% oll= 7 A Z-IM (intramuscular ICC),
tein-PKColl &J&2 02, AL 3} ¢F Ca™' e o EF o= &M E-MY (myenteric plexus ICC), 712 2L deep muscu-
2T Ve s 2E8a o laris plexus region$toll $128t= 74 A Z-DMP7} QI TH12,
A EZE AR DA EASte Fagol TS st 13]. A 2 Ve A E S 58 dToA 2% A E
NEZE 94D $54 24 Batn YTH16, 19, 22, 23] -MY7F FEeo] 98-S FYste Ao WA T12, 13].
A e A ETL ARTE, QB2 ol F - (ureter- =3 A or T AL A E A Hnkel, A
opelvic ]unctlon) 59 2 2AqME BAHT JT15, TE 2 24, 7154 23tEF5S do7v AR 494
24]. AEH Z = ckitehe tyrosine kinase @A FEAE F I gl AoltH10, 29].
A FAdT & 9on[16], ol anoctamin 1 (ANO1)9] Yt 02 7154 AR &% Ao tg aHQ A=
AZBAA A ZE FUT 5 = MEL Hol AR W 2 deA oA ¥7] Qi A8A FeAu AEE
DA A4 S EE AR 5 Fo HEHAE dAZFF AAA 2 FEATE A Bol AL
FAstiA Zxsty HAde] oo wel 1 29 Ao|7k ATH36]. AT 7158 HRE 25 2 JdA Bl
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