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1. & U & I

B, mﬁwmmﬁ%” (ZRBLFINDZ L b, WS H‘*ﬁ R
RIEEECAL SR e E 2387 .) 2B U CTEAT 2 2 &3 TE b, LA ICIT TN (%@%%
n‘HiH’J EHv9o) PHEIEL, BRI OB S\ U TR B TR E@uﬂt%Mﬁa (%5

Z13¥, Loewenstein, 1971; Julius & Nathans, 2012), ZOZALIZY F 7 X % 4 L CTH kKA
T~ EmZE SN, EEEM AL, S HI2W L O2OMREMIE ZEH L T~ &Rk S
N5 BN TR S N7 EEHIZLEIZIN UC, MR TdH 25 WA B 5 S
n, WY RAEAKKSEERT S (Fl21E, Goodman, 2008). JEEMINE, MG <5 A
B 7 &I B AL & AL, SIS OMIBICIZEEMZEL 2 BET 2720120 2 L { &
b o T (Fl 21, Brookhart & Mountcastle, 1984; Schmidt, 1986)

MR\ IXBEER 5 2 S 2 BAVINLE B L, SRR E L TA 4 A & 4T & ok
T o SOMLEA A Fx ALY LIRS (1212, Hille, 1984; Aldrich, 1985; Unwin,
1989; Ashsroft, 1999; Sachmann & Neher, 1995; Zheng & Trudeau, 2015) . ¥4, 7 M5
B &7 & FIBEIL 12 1+ F X RVBEAET S 2 XM >TE7 (B
1%, Jagannathan et al., 2002; Piskorowski er al., 2008; Sontheimer, 2008; Kaestner et al.,
2018) . MMMz EM S A 4 HEICLDF D) T AT YR, ANVTTAF X FRN, A
TAF X RN, B A F F v RVREAA & T e RV GEEAF TR VHENIEY
OI4 FFxRebnd,) LIFIEN TS, 2OF ¥ 2RV aiLTA F v IFESLFENL
FICHE-> CTREIL, £V F—Tdhs Adenosine-5 -triphosphric acid (ATP) % W &
Lo A F ¥ F v 2OV EEMML TR Th i, B, OMIRNSt o B2
AL TR 2 mAKA A 4 2 F v v, OfbEWE 2R L CRMT 50 72 MK
YA & 2 F v 2, @F ¥ RIVFTFISTIHMD 0 B 2 BWORUKAAE A 4 > F v AL,
@F ¥ A NVArF R OREZ L Z BA L CHRIA T 2 ImEREEA 4 > F Y 2V, @F v 2
GFOY YEALICECE T 5 ) YERUIKEEA A Ty AV, BLXO@EICHOL WA
WA+ v F v AN S EENTw5 (Fl21E, Niemeyer et al., 2001; Tabassum &
Feroz, 2011)



B R —

FHEEAINE R 7 A AT & s g (B iR) 35 &, BAMEKAFEEF MU T AF v 2L
AROLTF MY Y A4F >y (Na') 2IFPICHA L, Few CERMKEES U v 4 F x4
WABLOLTAY v a4 4> (KY) PRISANEHET 2720, 2o oMl issE i
WFEEAT D (Bl21X, Purves, 2001) . BEEIFIHEENUHTH 5720, BRI
MU AT v AV EBMAKFES ) 7 AF v AVOMRITEFITDI, £ OHMAPEREL
TWb, F4E, MMALS T 24+ Y (Ca) Heh Yy Frybr TP —LLTHLD
HIFEFEREDOHIEIC IR L TV 2 EDHBE L2, BAAKGES VY T 4 F ¥ 2OVIEEE
LD A7z & THAA~O Ca” " HLiaiEis (B1213, 5 WML O YU A (5 E M B DR
mE) ELTHHIEEZBYS LH 1% -7 (Flz1X, Niemeyer et al., 2001; Dolphin, 2006;
Catterall, 2011; Zamponi et al., 2015)c V> 7 AF ¥ & WL, T, N, PIQ % WIER
B SISl si, ZNENORRIMICENY S LI LR ESHLNIIR>TE (Blz
I£, Catterall, 2011), F72, BMAKGEA T v F ¥ ANV DOARLR ST ) H Y FMKFEEA 4~
%?Z\)P@Eﬁn?&ﬁ%/u rbin, BIEHRMRICERT 2 =aF BT eFra) v Lt
75 = LB RS SR SN T F L) YISk o THA F v F v A VA BOL
C DFERA U7 AsiE BN 2 B LAIGE 25| S5 &b L CAasnTnd (fl

Z1X, Dale et al., 1936; Fatt & Katz, 1952; Danil, 2015). A+ > F ¥ x Va3 hH A F >~
OBENIBEBLACENARIKELTBY, o0 BB OB TE D 1 + > 6
EEPFEIL, MEANOA A+ VRELZRE L TWEZEBHLRNIIR > TS (Bl21E
Prakash er al., 2003; Gouaux & MacKinnon, 2005; Gadsby, 2009), Z® X912, #7 liﬂﬂ
R 7 & 3 IR OEEMZ LI ETED A 4 F v ZVITIz, A4 ViR OB)
Lo THZLNT WD,

BHEBIW IR ONBRBEEAL 2 2209 5 72012~ DR M- TB Y, ZNZENolR
BRI IZNEZE DO 72D IR L 72/ C 2 M 23k b > TV 2o MERRIZA 200 um O
BERARETH D, SHEBEOMBME (WIMlle, KFEil, MEdE, 7~ Sflllas Lo
MREETMIN) & 1o ) Tl (Miller i) SR S Cwb (Bl 21X, Polyak,
1941; Walls, 1943; Rodieck, 1973; MaCaa, 1982; Dowling, 1987), Zi 60T, #HifliE
DHEDPNEZ M ZH T 5o BN TREM IR S N HRIERIIILTE Y 7T A %4 L TR
M, € L TR BT Z)?ﬂﬂﬁéﬁ'ﬁ%ﬂiﬁ@ WS Nh 5, 2% ), HEHERISEM
— BB — A EE & 0 ) BRI X D, bR K KA B S NS . S — BUsHH e
DA, 2 L’Cﬂﬁn’*ﬂ]ﬂ@-’@ﬁﬁ'ﬁ'ﬂiﬂ@@ﬁ] 7o) MRS ATEL, EhEhO
F T AMERBHIL T b (Bl21E, Polyak, 1941; Rodieck, 1973; Dowling, 1987). #i
HIRE CTORLEAFEA NI E G A 4+~ F v 2V & (cyclic Guanosine 3’, 5°-monophos-
phate [cGMP] KEWGA 4+ v F v A e bvo) LBMKREEA + v F v 2, M
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e, AP, 7~ 270 CRlilaZ b NS EIHIROBEEMZLIZIZY ST AL TS —
Ly F 7 2B NT, Y FTATRISER T ) 7Y FIREFEA 4 2 F v AV 23T .)
EEMKFEA A Y F Y ANDPEGELTwE, ThHEDAF Y F Y A VORMEZEL T, #l
MR, AUBHIAE, KSEMILE 7~ 27 ) CHIBIC I ZRREM R EN L, 2 LT~ 2 ) Yl
fa o> — & & AR ETHNE A (SRR A AT 2L\ R 28 O TG BYVE AL E 22 Do FRAEETH
N ORI R (SRR & T, AR ETMIE To A 2 IR B AL I IRER 2> S i~ O
RO EHBERE ISR H S b (B 21X, Dowling, 1987; Rodieck, 1998)

B C2A SN/ O BRI IR T 2 MM ICEE S iR L -
TR E N, R, f, BELCEE 2 i s S (Bl 21, Dowling, 1987; Rodieck,
1998). BIfE, FMATORGHH GEHH) 2 L CHMACoOMBIcmz, EH L BRIz
M, UM & ACPAE S & ORI (B RLBEATE) 1ST7~ 27 ) Al L R
DWEETHLZEPHSLPE Lo TWD (HlzIE, Barnes, 2003; Gilad et al., 2003; Masland,
2004; Kefalov, 2011; Werblin, 2011). K3 Tix, M COH.L - BARINS BT OSHE
FFRELGDTER OBREHD) 72 & N =R ABEAR 2 & SOl o 2840 (f5L) 1L sl 2 78
w2 P DAL IS 2 W12 oW Tl L 7.

2. fRABAE & HERREE —RAMEMBE D O T R EE

BHEEI OMRERANICAST L7200 OtE+) 13EH M8 (A, BK, Kk IO+
) 2R, REROBFMICIRY Pz & o el EzdT 5, AEER S
L, MR RERNCT A ROt A B Hl 2 SRR EIME, T~ 2 CMliiE, UG,
A2 LU & B S, &S0 & 2 HAINIE —F BT %o

Sl ST 2 Ot EWE) CEHR L, —HEOMLERIE R &
o ZOfER, HHEIN O cyclic Guanosine 3’, 5°-monophosphate (cGMP) J#EAMKT L, 4}
FIAILIE IS AE S B cGMP IRIFERG A 4 » F X 2 v CRIEZERA 4 v F v vk o)
*PZEXE L (551X M) (Fl 21X, Fesenko et al., 1985; Haynes & Yaw, 1985; Fesenko
et al., 1985; Kawamura, 1993, 1994; Zhang & Cote, 2003) . ZDFZEIZ X D, ZFEINIZHTA
T Na % Ca’ ZiHLH 53 L, B % @523 (Tomita ef al., 1967; Penn
& Hagins, 1969; Toyoda et al., 1969; Hagins et al., 1970) . Z O @5 IR EIZE 2
SNTWAEL-7 V% I VBORE %L dH 5013 &85 (Murakami et al., 1972; Miller
& Schwartz, 1983; Murakami & Takahashi, 1987; Takahashi & Murakami, 1987, 1991;
Copenhagen & Jahr, 1989; Ayoub et al., 1989; Schmitz & Witkovsky, 1996, 1997), —7J,
BT, SRS E O cGMP HHIET 5728, cGMP IRFEYER; £ 4 > F v FOVIZBRITIR
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BEICH D, O, SMTNICHAT S Na'% Ca’ 12 & o THMIIIZB B L T2, 2
DOFis L, HAEER2S L-7 vy I VRO 2T, D), BHEEOECIZYEINO
cGMP BEDERE F\, HMlLOBEEMZL2 /LT L-7 V8 I VRO s % 4
o IR, BUMRBAVET CHA: U 2 B ZLIZNETIC ST 2 KO BAKLFEA + 0 F v %
W& BB Z 2T 5. TNE TS, BAKSEMES VS T A F v 2, BAAKGEEF MY
LT x A, BIEEGEVES ) T AT v AV, =@ ) T AT v oV B mIE LR A A
YF XAV SN T VD, BAARGEMES VY 7 AF v 3OV EBIEBFTEMES ) 7 5F v %
WIIBERE OBEEAL, 2 L CEMKFES M) 7 A5 v 200, —#@hn ) o aF v 4w &aisy
WG A A4 > F v 2OVIZEHRGTIRE B L OOGEREHE TR — @O B AT B ik L T
WAHZENRHRELNTWSED, FEMIEARZZEHS 22 Tld v (Bader ef al., 1982; Barnes &
Hille, 1989; Maricq & Korenbrot, 1990; Wollmuth & Hille, 1992; Yagi & Macleish, 1994;
Schneeweis & Schnapf, 1995; Kawai ef al., 2001) . SUZIZTERERY 2 2258 7 & NI
DFENDS, HERETKD 2 ¥ 4 I I N D, #ERITELE (R &) €L TR
FIZHEYIR 2 H o T %o SR EARETIIHDEIZECDH DS DD, cGMP 213 51
T F v AV A=A 0ERIGEL TWb EEZ LN TWwA (B2, Haynes & Yaw,
1985; Watanabe & Murakami, 1991; Picones & Korenbrot, 1994), #MIIE# K2 S &
72 L-7 vy 3 BRI MM T & 5 BUEAMINE & AP > T AT (M mEY
Bz s Ml [ 7 A Rmiin] oBtRsSER S oML iEd.) 1ZEHT5YF

FE1X : BHEBMBERGAROEEMNEL—XEETHRD L #—

FHEDN RN, TEREM ) OBkREI 12 HEfR (A) (Cone) &HE (B) (Rod) #2204 A
T EN Do HEZHEORCHFITENHE (BHOBE [(BRE&0.]), EEMEoORE
BRIZHEIAE (R OEBOWE) 255 Twb, Mhofiilind, 74 (Outer segment), PIH)
(Inner segment) 3 XU F 7 A#K (Synaptic terminal) @ 3 DTS4 b, 3 EALOH T,
GVET O DN IGZI D D B o ST TR (Cell membrane) 2SWRANHT D BTN, ERHEE
ERHL CTndo ZORIROEREERIZ, HEAHWE (Cone visual pigment) 2FE1ET 5o #ET
AN (Dise) 25E2ATEY, ZHABEMLLEEAE L ) IREEZ TR L Twb, 2
OMBEOREIZIZT F 7Yy (BEEWE) (Rhodopsin) 2T 5. #EDOHEG, 0 K7y V128
AUBE, OFRTY =74 PORTY YNV O RF Y= I0 R Ty y= A5 a 7y o]
LV HEGRERT, AF U T YIPERENL, AFUFTIYTEFI Y AT2—2 Y (G
5 v 37 %) (Transducin) %EMAL, HENWCT P IV AT 2 =2 VBT F AT+ VLAT T —E
(Phosphodiesterase) % & MHALT 5 T & 12K o THEIND ¢cGMP % 5 GMP (1253 f# 5 % o FARYHTI O
W2 1 cyclic Guanosine 37, 5’-monophosphate (¢cGMP) W& 14: ks A 4 > F ¥ %)V (cGMP-
dependent cation channel) 2SF7EL, ZOF ¥ A IVIIHIFEN O cGMP i A IZEWBITT %,
CGMP BRI A 4 > F v A MidF U244y (Na') RH Ny aA44y (C°F) T2
BiEPEAsE <, WG (In darkness) (FILPY cGMP A3% 2 ZAETES AIRAE) ISR L 2B A + > F v
FOVEE LT Na' % Ca’ AHIINICHAT 50 070, BEERABREE 22, HZEIIE-
THAEN D cGMP DA T 5 &, ZOF v 2% L, Na' % Ca™" OMIA~OFA DD
H B VIHEIET L 72 OBMEILRG T Do HEARTD, BRE D X 7 = X L THREZEBRATHNT
WhEEZLNTW,
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TALE T —IHEE L, ENThofilllEEME Lz Ed,

MUBANE L, SEHERGH AR B 2 L (B InE) % &k 5 ON BAUm M

LR EA 2L GRORIGE) % &k 5 OFF BBUEMIIE I S s (Bl 2iE

Werblin and Dowling, 1969; Kaneko, 1970; Saito ef al., 1978, 1979a, b), % A 7 0)35(7@#113
WOYF TATRBIZEERE LY FTALYT Y =358 T 5720, MEORL L EEMZL
DERIND ZEPYSNLE Lo TWD, ON BRSO >+ 7 A FEIZIEY 7 AL+
Ty = L TRET VY I VEEL 2T 5 —THSH mGIuR6 B-12E) BRI T\ 5,
W, ARSI END L-7 V8 I VEERHA mGIluR6 (2S5 L, G ¥ v /237 BN
ménfm@W®dmmﬁﬁ%én<ﬁMPmﬁﬁ%4i>%w$»#%%¢é<mm
Nawy & Jahr, 1990, 1991; Shiells & Folk, 1990, 1992a, b; Yamashita & Wissle, 1991; Villa
etal, 1995), 2%V, KK ON BURURGHHN L8/ HUREEIZ & % o MBI S b &,
ON ZUBUBAENZA C cGMP 33 #I 2 H a1, #RE LT cGMP KR A A+ > F v 2 v s
B9 2 720 B9 % f&it, ON BBURMINE OB IKZE 12 TRPM1F v )L (Transient
Receptor Potential M1 type channel)'” #5563 L, mGIuR6IE = > F ¥ LIkt LTl
W2y < 2 kAR & vz (Nawy, 1999; Koike ef al., 2010a, b; Nakamura et al., 2010;
Pearring et al., 2011; Xu et al., 2012) . —}, OFF BUBAMAZ D > F 7 A FEIZIES + 7 A
L7y =L LAY F ANV VEY I VL YT % —Tdh % Kainic acid (KA)/
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid (AMPA) # 7'V % 3 VgL 7
y— (3-1ZM) PEHL, ZOLLTY—ICL-7 VY I VBIREET D EBA VT vk
IEBIT$ A (B2 12, Murakami et al., 1975; Kaneko & Shimazaki, 1976; Attwell, 1986;
Attwell et al., 1987; Sasaki & Kaneko, 1996; DeVries & Schwartz, 1999; DeVries, 2000) o
DF D, BEEIC ON BBV X iRIREE 12 & % o MRS EIST S b &, OFF BB A
FAOTNE I VEEL YT Y —~DTNE I v OREDED S L AXEERT 5720858 %,
W5 A 7 ORI 22 s & LIS AU 2 R PR .G — R R
HAHAAL, TNWIEERIZBT23Y b A MNROEEEEZONTWD (52 KSBHR)
(5l 21X, Werblin & Dowling, 1969; Kaneko, 1970; Lasansky, 1973)

APMIBD Y F 7 ATFEIZE, A4 FrANVBT VY I VLY T Y —Tdh b AMPA/
KATRIZ VY I VLT Y =B L Twb, 2079, OFF BIAUEMA & [k, st
MBS 2 L@t s8N % (#l21X, Murakami et al., 1972; Rowe & Ruddock, 1982a,
b; Takahashi & Murakami, 1988) . KM OBHIRZekE, Mgk, Ak L RICE
[T TAKEE (Fry vy THE) PSROLN, ZOONFEMILOZER IIBIRIEROLH
D %82 CEMIZKE WV (Blz1X, Yamada & Ishikawa, 1965; Werblin & Dowling, 1969;
Witkovsky & Dowling, 1969; Kaneko, 1971; Stell & Lightfoot, 1975; Kolb & West, 1977;

\
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Surround

) @

Cone Cone Cone
(Surround) (Center) (Surround)

E\b 2 & ‘bE

Horizontal cell Horizontal cell

OFF-bipolar cell

52 - EIESMERE O iR

BEEE #iF (Cone) 725 &7z L-7 )V % 3 » kil OFF BRI (OFF-bipolar cell) & #fifk
KIS (Horizontal cell) DY F 7 ATFBICEERT A7V I VERL 277 —I12E L, BEEMZEL
EL, TOVFTAREEE (B) Ths (BEKH). KHIZ i?*b‘fb‘&b%’ HERACEHIIE O
JEEMZILER Y F T AN L CEEN LT 50 2 O#ACEMAL X R0 LEGIES (D
%5 (REEA), BIE, CoOWHESOEEA =X LT, 33 (GABAH, =77 723
EpHFHD) AHRIBEN TS, ZHEHLE (Center [ EFRT]) % el % &, #1K (Cone)
FdEa L, L-7 vy I YERi 2 A d v idiEIR L, R E LT OFF BUAUEHE & 8 Aok Piia
EGAEAII DL o ZHEIHLEANO LIRS E 1R, ZEE UGS (Surround [EW A EEG]) O A
B R—F VRIS 5 &, SRS S Nz ith & o 7 A LT 5 OFF BUAURAINE & $EfA K-
MBI % 2T B RS 5o SERACEIIZIE v v 7RG L Tw b2, F—F VIROJEEFHIT
DT OHMARFAILNARIE L, WO E 5. T, SCHREF L WL HY (BIREES) 18H5
SEARACTHIE S WS B Z OFGR, HOZEEI D BRI 2 HEAKCETL 2 & OBIHIE 5 1E
WET L, HEEIEIOE T 5. RE LT, HELORIMENE L-7 vy I YERIZINL, OFF B
MR AZ AT AT 5o 2O LT, ABMIEOH.G — RN S5 O 02 58 25T
ENBLEZLNTVD, 72, WEEET L VEFHEMOMETIE, FHEEDO X =X L% LT
ko ZE it 2 & AL O FOd i 12 BB SN Tw b L EZ HNTWw 5,



%Tguk#

Witkovsky et al., 1983; Vaney, 1993; Ammermiiller & Kolb, 1996; Baldridge et al., 1998;
Cha et al., 2012) . R EZH T 5 TEFHEBIWHERIZ BT, #HEPD 2 F T AAT 22T
BACERIBBOHIZ, SERIEE IR L TR BINE 2 LT 55 4 TOHEET S (563
ZM) (Bl z21£, Tomita, 1963, 1964, 1965; Mitarai et al., 1974; Stell et al., 1975; Hashimoto
et al., 1976) . ZORFSBIGEIE, KA S HAENOEFIER S L T\w5 2 & 5H
ko Tws (BlziX, Stell e al., 1975; Burkhardt, 1977; Burkhardt & Hassin, 1978) .
BUE, ACEHINEA & #EAA~OMHEIERICEI L, =7 7 7 A8, y-Aminobutyric acid [GABA]
L pHFLD 3 i 2RI s T2 (1212, Lam & Steinman, 1971; Lam, 1972,

: S

Lo nninnnnnnnnnnn AAnannnnnnnnnannnn
400 500 600 700 400 500 600 700
qAanpnnanannnnnnnnn panlnnnnannnnnnnandn
400 500 600 700 400 500 600 700 30mV
wavelength (nm) wavelength (nm)
30sec

BEIMX : O1MRKFEMEED X T MVIEE

O A FIBERBRE A ER L, COEARICH T AEM/NEBRE B L, ACEHIL2 S BREM %5 H L 72
(WEFHAS®), 58T L 72 400 nm 5 740 nm F TOHAEE 20 nm %A T3 1 f@EIZIR
SIL, B S N I BEEM L2 BT AT VISR E LTFER Lz, BRI 5 E
BAZALDIRNR 2 & ONIARYE A 812 L COKFEle 2 5083 5 L, 4547 35 A4 7O
fok 154 7ORKACEHINL) 1208 TE 720 A THAMEACEMEL, B AL, Clx=HM
AN, 2 LT DIEEAAMAKRTPRIED AT MVISERRLTWD, Bakan s, ZAMAEAKTH
N D R RFIH O 2 @ R E A LI T > 720 HAMACEI (A) & FRKF
e (B) I FBTOWREOTHIEIIHR L CGRBEREN 22 L7z, Lo L, ZHMACEHHRORE
FEIN B X O =AM O fth 2 S FRARFEI O Btk 2 B E A 2 b (Kb ok s
LB IIR) DR HNTz. T ORI E A LI A S SR~ OIIRIER I L 5 &
ZHENTWA, BURACEHIIEA S A7 NVIEE #1558, SHRACEII A & BN L% 15 5 J6iR
BIREX D b 2 log A S (/10012 8 720) 0
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1975; Marc et al., 1978; Schwartz, 1982, 1987, 2002; Byzov et al., 1977; Kamermans et al.,
2001; Hirasawa & Kaneko, 2003; Davenport et al., 2008) . Z O#il1EH 13 = F 22 &
Bt AR~ D28 B K O LG — BRI 2 B O D 2 WU R S E 2 U C
W% (1L, Naka & Rushton, 1967; Gouras, 1972; Daw, 1973; Stell et al., 1975; Toyoda
& Tonosaki, 1978; Marchiafava, 1978) . 37 & O F EHFHEBIM B O ACHHIILIZ L, 1
FLENE O KA IZZEE L 2R R BF L CB Y, MR L dzRieRid e Mz L 72k
REA A LCTWw5b (21X, Mariani, 1985; Boycott & Wissle, 1999; Kolb et al., 1992, 1994),
FEES, LB AL O Mfa A X SE R SR, € L TR R IR HR OIS = 56
9% (Blz1X, Nelson et al., 1975; Nelson, 1977; Bloomfield & Miller, 1982; Dacheux
& Raviola, 1982) . ANEGEZ Z & 12, MFUEMEBEACHHIZIZIE, fEZ Eo T EFHEBYHE
AR D X 5 Z Bt o s 13584 L vy (B 21X, Dacheux & Raviola, 1982),

CO X I, M HFLEME O KA TR 2 & IR E I ERIFED LN
bOD, HFLEMEEZ B W THACHIEAS = @D S Fos @~ 02 B L UL -
RN Z BT ORBSEEERICES L TwbEEZLNTWAS (Flz1X, Dacheux &
Raviola, 1990; Dacey, 1996; Verweij et al., 2003; Crook et al., 2009; Packer et al., 2010) o

3. KFimARDREL

WEE, NI RIRGE D 5720, T F T AR S WRREEWE TCHLHL-7 VT 3
VEEEHR LA (1 21E, Miller & Schwartz, 1983; Ayoub et al., 1989; Copenhagen &
Jahr, 1989; Schmitz & Witkovsky, 1996, 1997), 2O L-7 V¥ I ¥ FRIZKFHBLOBIIRZEE
(YFTATE) BT 244 F XY ANVBRTVE I VBL YT Y —D—D2D5 4 TThD
AMPA/KABIZ )V 5 I VL2785 — (3-1ZM) 2Ll A4 v F v AV EROs
HTHARICEE D o MEIDLIE S D &, M2 L-7 vy I VBRI DS & 5\
T 2720, Ty I VLY T Y — OFEITETH 5 WITHEE L, KPR s
T 5o KFEMIIESR Y F 7 AZN L THEE LTV 720, AR ST 2 IEFHIE O
AR L& S N7 i3S IR ST S A1 T 2o WHBIR SR O K FRIEA~ & J e $ %0 Ik
SRR 2 & B R U CHIRWER 258 % 726, JEHRE & LT e W SRIS o K FATI L2
F TR LBl oMl cimg (Fam) 272510, Thsoffifaics s L-
TNE I VR RIS € 5158, D F D), BUHIRIZE DO SRR X o THY
R SN G L-7 vy I VEREDIEINT 5 2 L ZRIEL T\ b,

HFHNEOMNBIEN XA B & A TOEMARAFEA & > F v AVPFEBLL, SUHIEAHH
THL-7NE I VBICE o OKFEHIRgICER S N A EBEMEL G+ 5 L E 2615 (3-3



%T@l A

). S5I2, KFHIBOMIEIZIZR Y TRLs AT 2 vV v — R ED A & YRR HFE
BL, BREMELICATROMBAIO A 4 VB2 HIH L T b (3-42H).

3-1 JILEICELET2—

FIBEREIEAE AR & 5 VISR 2 R L ORI S IR EM 2 flaNFE L, L-7
W I VREHEREG T 5 L, KBRS L, 2 L OUSEIRHEET 2 (56 4 KMEHR)
(Cervetto & MacNichol, 1972; Dowling & Ripps, 1972; Murakami e al., 1972; Sugawara &
Negishi, 1973), 512, Z V¥ I vBL 7% —7T=A b (Hlz21E, Kainic acid [KA]
% Quisqualic acid %2 &) 7 » % T = A b (fl 21X, glutamate diethyl ester X y-D-
glutamylglycine 7% &) OG- b A OEEMN 2 2L 25 (Bl21X, Rowe & Ruddock,
1982a, b; Takahashi & Murakami, 1988), Z L5 O#ERIL, HA R ZEWE L L CTL-
TNVE I VERERBL TS Z Ll R L T\, EBE, Sl L-7 Vs I U lik% i
ML TWD 2 LIEROFERTHIZE o THLMIZESN TS (B2, Miller & Schwartz,
1983; Ayoub et al., 1989; Copenhagen & Jahr, 1989; Schmitz & Witkovsky, 1996, 1997),

WRESEEAI B X O T AW ENRREORFIZ LY, 7y I vEBLe Ty ="V 113y
ATDOAFF A NVIT VY I VL 1T % — (N-methyl-D-aspartic acid [NMDA] #,

\%
—+20

Light-induced hyperpolarization -60

B4R L-JI4 3 UBBIC LB KM MME & HIEEDHE

I A FIMEREIRE A (ER L, CORARICH I AEMyNEm A B L, BEAAEKCEHE (53 XA 2H)
OB A EE L7z (HESHEI) . RFHITOREROEEN. (Membrane potential in darkness)
X, -33mV CTholzo ERRIE, EE b L7 480 nm & 620 nm O HAAGEH IS L, b
IO EFHIE S, 620 nm ORI T, K& Zdsnm kRN 2t (Light-induced hyperpo-
larization) 2SN SmMM O L-Z V% 3 VI (Glu) (ZFITHAZZESY) %158 ¥ H—i
(HRHASIR) (2ED LGRS 5 &, KFIgZli51 (Glu-induced depolarization) L,
FIEE DRI KRB Lz 20, BEEMIT - 10 mV ICHRES R, Bngidsedicye L,
L-7 V% I VEREHRVERT &, BEMIIEEAISTO L NUANERBEL, HSEDHUEAELL,
DOFERIE, L-7 IV I VERDSHERD S SN MR E L W LRI R 2 FF o TnWb T L ER L
TWwb,
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a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid [AMPA] %I & Kainic acid [KA]
), 37V —ToRWI VY I VLY T Y — (ZVv—71 [mGlul & mGlu5], 7
V=71 [mGlu2¢ mGlu3] &7 V—7M [mGlu4, mGlu6, mGlu7 & mGlu8]) %
ENTwb Bz, McCulloch et al., 1974; Dingledine et al., 1999; Niswender & Conn,
2010; Traynelis et al., 2010) o 19804EMXIZ A D, M D> & AKFMAE 2 BLEE - K525 2 Hedfi s
FEZ L, Z OACPHINE % 7202805 g & écoto 19804F 221121, HLE - 5P
WMD) T Y Nt Ty —DraiThit, KA/AMPARI 7 )V I VL &7 % — )%
TWbLZENHLNE RS (Fl21E, Lasater & Dowling, 1985; Tachibana, 1985; Hals
et al., 1986; Pearlman ef al., 1989; Schmidt et al., 1994) . 19904EA4EF12i%, KFEMIAD
VFTANEILSHBHYFTAL T —E LTKARL ) AMPARIZ VS I VIRV & T8 —
REEDS W ED L 2L e 572 (Bl 21X, Eliasof & Jahr, 1997; Yang et al., 1998;
Blanco & Villa, 1999; Shen et al., 1999), 7~ A (ctalurus punctatus) H8FEO A
T AMPA/KARI )V S I VLT Y —DARLR LT NMDARIZ VY I VLT 9 — b5
HLTWAZEPHLNERY, Z20OHF Y F a (Carassius auratus) FAREKT-HIL CHts
&7z (O’Dell & Christensen, 1986, 1989; Shen et al., 2006; Jiang et al., 2008; Wang et
al.,2008). L2L, ZONMDAZRIZ VY I VERL & 7% — 3CEMBANE SN 4 EE T
AL L v EE R 5N, ZORENIOWTIRZHS A% > Ty (NMDA £
UV VERL TS~ OEEAIA D~ 7 RS a4 kY M) 1Dk o TIHE S
NTBY, ZOMEILR L % HIFEEMND —20~—-10 mV 124 2L H 5. KA
DIEEMIE —60~-20 mV OHIFETEILT 5728, NMDAXI 7 vy I VL& 7% —135k
EEHALL 2 nwEZE R 5N D), AFMILICIEA 4 F v A VEIZ VY I VRV 2785 — DSt
2, G¥ v EE N L THIBNERERRCA 4 v Fr AVICRET LRH vy I VL
LT =T LI LLHESLN TS (Dixon & Copenhagen, 1997; Linn & Gafka,
1999), ZOEREIIANHTH B, BV T AF ¥ 2RIV A ) T AF v 2IVISHET LB
PE23d % (B 21X, Takahashi er al., 1993; Takahashi & Copenhagen, 1996),
INFETOMZEIZE D, KFEMILIZIZ A+ F v A VB ERFRIOm 7V y I UL
F=HBLTWDL PO LR o7z RBBIVY IVRLET Y =200 TIEHEH
\EE R DRLETH LD, A4 F 1 VBRIV I VLY 75— (BZF5<, AMPA
B7Vvy I vBLE 7y —) FHMBORL T2 L-7vy I VIREOH M2 KL, A+
K3 5 Em BB S5 2 K o TR OBEEMN 2 23 TWn5H 2 &I HHE
Wi (55 EH),
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32 GABALt742—EGABA hS > XAKR—42—

Lam & Steinman (1971) ¥4+ — N9V 42757 4 —HE&iHH L, H TE#&L -
y-Aminobutyric acid (GABA) 7°% > F a il OACEHINZ I sAE Db 2 & 2 I L 72,
512, Lam (1972) 3REMBRILFEEZTER L, 0 Faf@okEuNTL-7 vy 3~
H 5 GABA Z BT AMETHLINVY I VBT HIVRFX I —EHETHZ L2
LM L7 EDH%, FUFaflEICHET 54 54 T7OKRFEMREOHR T, LEZKEHR (&
B \WIZHAAEACEE) D A2S GABA ZHLY ATe Z &0 5, GABA 25 L BUKFAIE O
GEWETH A DR ENT (Marc ef al., 1978) . [FEH, Lam ef al. (1978) &+~
RN A — N T V4 77 7k EMINGRERE O H L, GABA 23#E 4K O fhfd(nE
WEOHENERTH D Z L EZWHOENII Lz, TNHOWFRICEDE, GABA IR ML 01#E
RV EORA TR L 72> 72 (Bl 21X, Murakami et al., 1978, 1982a, b; Wu & Dowling,
1980; Kammermans & Werblin, 1992), 19904EfIZ A % &, #EARLHEAR KM 23 L
GABABIUNZOT7T=ZAMRT Y F T A MPHELIVEHZRE w2 &, 28K To
WAt A 4+ > (Cl) OFPEEMAREREOIREN & [ C22d 2 I & 2w e tEds
WL SN, GABA IZKFMIEOMBRENE TH LI EVEMBINE L) IRk
(Perlman & Normann, 1990; Thoreson & Burkhardt, 1990; Burkhardt, 1993; Verweij et al.,

ES5H  MEKFEMIICRBTZ UL RLET2—, A1F2F v 3, PFLRKR—%—, ITU9RXFz>
Tw—ERT
W, FHEDRE O RMIZIE L-7 )V 4 3 YR (L-glutamate) 2L Twao L-7 V% I Uk
Y F 7T AMB AR IR, SRR ) T FLe Ty — (Y FTALET Y —) ISHEAEL,
BEEMA L AL, VY L7y — KPR L T b 7 vy I YL+ 7% — (Gluta-
mate receptor) (LA 4+ ¥ F v FVEI KA/JAMPA 7V % I VL €75 —ThHl), GABA Lt 7% —
(GABA receptor) 13 GABA. L& 7% —THh%, NMDAFIZ VY I VgL &7 5 — % APB
TVEIVEELE TS —DEBLTwh ) miEbH L, £/2, F—/X3 Lt 7 ¥ — (Dopamine
receptor) & LC Dopamine DIVt 7% —A5BIL, Fv v TG OMEIZS > Twb, BAIKE
PEA & 2 F v AV RIS BAKAF S ) 7 45 ¥ 2L (Voltage-dependent sodium chan-
nel), TEAMAKAEMED V¥ 20F ¥ &)L (Voltage-dependent calcium channel), A & Bt 1)
2L F v 4 )b (Inward rectifier potassium channel), A4 &G4 ) 7 4 F v %)V (Outward rectifier
potassium channel), —i#%:% 1) 7 45+ # )L (Transient potassium channel), KI > ¥ 27 % » A7
Vv BREEMES ) v 5 F % 2V (Large-conductance Ca’ -activated potassium channel) % L <
Two-pore-domain 71 ') 7 4 F ¥ 4 )L (Two-pore-domain potassium channel) 23%3IL T\ 5%, b7
VAR—F — KNI IZ GABA b S v AK—% — (GABA transporter) ﬁ‘ygf/ﬂb“(b‘%o T
AF vV v— 1 KFEHIFLIZIE Na /H =7 25 2> ¥ v— (Na'/H" exchanger), Na'/Ca’ T2
AF x ¥ w— (Na'/Ca’" exchanger), %L THCO, /[Cl- L7 AF =¥ ¥ % — (HCO, /Cl
exchanger) 2S%BLTWwh, I FF v AK—F — I KFMAEIZEK -Cl a5 ¥ AR—F —
(K'-Cl™ cotransporter) & Na'-K'-Cl 2 h 5 > AH&—%— (Na'-K'-Cl cotransporter) 735Bl L
TWh, H¥ 7 AFMILICIE Na /K E> 7 (Na' /K™ pump & %\ 1d Na“ /K™ ATPase) & Ca’”
H> 7 (Ca’ pump, Ca’'/H' pump 2\ iZ Ca'/H' ATPase) 2WHHLLT\W:%, BRI F T A 1 K
PR S 5o F v v THET v &)V (Gap junction channel) 12X DAEELTWD, NI T ¥
A AR OBHIRISEIZIEAN I F v A VDFEBLL, $E~OMFIE SIS L T2 WTRENE
Db (FELL T2,
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1996; Yazulla & Studholme, 1997), i, F o Fa iz o~ A (Mus musculus)
R B\ TR A S S IE A~ O HHI7E T 12 GABA A3 5 L T 2 1T k25 F3% L L T
2% (Endeman et al., 2012; Kemmler ef al., 2014). £ 512, 7 v M (Rattus norvegicus)
A IZ BT, GABA IZAKTFMIICEINT 5 GABA Lt 77 —%2iEMILL, Cl TidZiL
HIRIRA 4+ > (HCO, ) OFE#ikz K L CHlligm pH I8 T 2 TRk MG Tw 2
(Liu et al., 2013)

KFAMIZ 5B 5 GABA b7 » AK—% —i%, GABA % #llfasin & Mo~k (8
DiAd) § DI S TN S ~E%E () TaHEbAEL TS BS5X2E
f8) (Schwartz, 1982, 1987, 2002), b5 F 7 A2 BT 2 i E Y E O BN 70 U R
LEZY, 20 GABA b ¥ AKR— 5 —HA1ET S GABA #ik () 13 Ca® 2 LEE
9, BEMZEL Bt 1ICoRMKE L Twb (Schwartz, 1982, 1987, 2002) . K F-#fg
O S 7z GABA EHMIIEE KD GABA, Lt 7% — 2 iGMHAL L, HUME % o <
#, 2SO L-7 vy I VERIINE A S DL EEZ 5N TV 5, SRRz
GABA F SV AR—F —ZRBHUETH AL PS> TWnD (B 21X, Schwartz,
1982, 1987; Takahashi et al., 1995b), Z D 7%, KFEAMFANIED GABA Bk 12 L AL
TACSE L AWREMEA® 5o LA L, GABA b7 AR — % —{HHALIZAE S KRB O E L
ZALIZB S B G IE R B0,

Qian & Dowling (1993), Dong et al. (1994) 3 X U Takahashi et al. (1995a) 1%, i
I S Kl L 72PN GABAL Lt 78— BSRELTWEI L2 RIL (85X
ZM), F7z, Takahashi ef al. (1995a) 1& GABA, Lt 7% —{HHALIZHE VS A43 5 IR TE AL
IS OMERTEN. (Cl OFEENL) A5 —30 mV 41, D F ) AKFEHIEORTEED BRIy
CEEYLMICLIZ, 2F ), WRIKFHMBOBEERNIL —25~-40mV 25 5720, fl
Z GABA. Lt 7% —8E AL L C b KPMIE 2 BEE 2 A A L 2 564 L 2 v J:?E(ﬁﬂé n
720 SROGHSRE, ACFHIIZITRE BT 5720, GABATMIEZ: <, #iHRE LTGABA,
Lt 7% —OiEALIZIh £ v

ACPAINBIZ 5883 5 GABA, Lt 7% — LB GABA + 7 » AR — % —ofiLd HR
B ZALSELWEMIEH 205, TOREIMOTHRENTHLZ L TRINL,

3-3 EBfkEFEHEAFTFr IV

THEB YRR SR & 3 F T A AT 2 ZIT A 8RB TH 1, HE
Mot g (BEEMZEIL) 25%4Ed5 (BI3KEFE 4B, BRICHME R 5
L-7 V% 2 VERICE o TR T 5 7 vy 3 VERL £ 7% —idiGt b L, fERE L
TS %o RGBSR SN D L-7 vy I VRS (DI
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k) 328, 70 IVERLET Y —OFHLIZET S 5 \CIZTHKT L2720, Bk
HEHCIIHERET B 251, ARPHIED SBT3 2 IEHEH2EE T 5 7280, i
MHDL-7 Vv I YRR OWEIEROEEY 2T 5,

FEHRGFHZAE S KPR OBETEM 2L, COMBBICHBT 28 50 5 1 TOBMARTEA
FYFHANICL o TBAi SN DIE N GBS KB, ZhETOMRIZLD, KT
MR 1L 5 T O BAAKLFNEA 4 0 F ¥ AP HE SN TV L, THDF ¥ 2 IVITEMK
FF MU AT Ry, WSS ) AT v Ror (BEERES ) 7 AT v R
NVEBWI ), FANRE S ) Y AT v AV BEEFEA Y YA F v AL E LWV ,),
—EENMES )T AF v RV ELBANVT T LAF ¥ ANV TH B, (I 21F, Tachibana,
1981, 1983 [* > ¥ = [Carassius auratus]]; Shingai & Christensen, 1983, 1986 [~ X
[Ictalurus punctatus) 1; Lasater, 1986, 1991 [/% — F [Roccus americana)]; Malchow et
al., 1990 [=1 [Raja erinacea & Raja oscellata) ]; Golard et al., 1992 [/1 * [Pseudemys
scripta elegans]]; Ueda et al., 1992 [+ 2 [Felis catus]]; Lohrke & Hofmann, 1994 [+
¥ [Oryctolagus cuniculus)]) . BEMEIZIZ2~5 547, Z L COHFLEREEIZIZ2 52
WL 3 7 A TOKRFMEOFIET 5 2 E VLN TV 505, MHOAKFEIZS 5 EHOE
FMAFEA F > F v ANHHEBL TV Do 3HEOA ) 7 AF v ANVDH b, Wb S B
B LT ¥ RVIEAFHIOEER S —60 mV AT & 0 b @ ciftE b L CNm &
EinxFE$ A (F121F, Tachibana, 1983). FflEAbm & ) 7 4 F ¥ 2 VIIACEHIIL D
JEEAAS =20 mV X 0 & Bl CiEd b L, Yhm S Eix 5495 (B2 1%, Tachibana,
1983), 7z, —#UWAMNAE A Y T L F ¥ ROVIZACEIIEOBEEMA —30 mV L 1) b i
MCHEHEAL L, —@ME X EiR A543 5 (B2 1X, Tachibana, 1983), TN 6D A F »
F X AHERTLAMEB LU EERICEL > T, KFHOBEEMIEZ —60 mV i &
D#ESEENZ, BLO 20 mVAHE & ) BOBREANCHEEI T2 2 L8 LV, $4bE, Th
DA F v F v AR O EMZ L E — 60~ —20 mV OHFFHNIZE D 5 %E %o
TWRWREMDH D (556 [NBHR) . LEIH VT 7 AF v 2OVIZK TR OIRER A —40 mV
R TIEME L, —10 mV TR E 7% b0 KM OIFEORRENMIL —20~-45mV TH
BTl ERA L, SHRGHE TR AN A3 #2020 (R O BRI WS 5 7290 121%
Vo TWAIZEWRW (LA, TEIBD L WIEPIQAEIA VY 7 A F v 2V AEOE
fliCHE ST\ % [Sullivan & Lasater, 1992; Pfeiffer-Linn & Lasater, 1996; Akopian et
al., 1997]) (BVAKFEF )T A F v AV HE CEEZHS TWLIREEND 5.) . 7272
L, LEALS S AF v 2V OWEEALIZ & o TR0 BEN S Ca®" OTPHER (+30~
+50mV IZH 5 EHENESNG) IZmhbavng ), FHE S ) 7 LF ¥ ROUVHHEHT L TEhv
Twad (BOMBM) . B, ACHFHIBOIMNNE 711) 7 4 F v # V& HEREIZ L - TERS
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AHE FRREEE OBV VY AVEIEEIFEAM 238 ET A (Johnson & Lam, 1981; Tachibana,
1981; Murakami & Takahashi, 1986). AFHIfEOWmE & &EmMEA U 7 4 F ¥ AV LA
VY AT v RVIEHBBNAOKEA A (H) ISk 2822 T0b 2 EpBsnL
7t 5T (Takahashi et al., 1993; Takahashi & Copenhagen, 1995, 1996; Jonz & Barnes,
2007). AL, WHHE (7 v bEx v A) M@EKTFMIBIL, Rary e sy Ahne A
FEMALA ) % AF % FVICHNAZ, Two-pore-domain 7 V) 7 55 ¥ 2 V7 23%BL L, BEMY
A2 G- LT\ W B T ReEA R U 5 1172 (Hughes et al., 2017; Sun et al., 2017),

Pibds, KN OB FEA BRI ET M) 7 AF v 2 V& &, IR & itk
(FEREGNE) A) 7 AT v )b, FgIbm & ) 7 5 F v pov, —@MUAmE ) v 4
Fr AN, LEANY I AF v ANERIL T 78 P AT WIEWALT ) 7 A F v 4
WD TWEZENFZ D (56 XNBH),

6 KTHMEDIREM E 1 4 > F v 2 IVDEMEAL
AN 777 A BN B L, BEEAZ MR L 7o AP DR RO BRI,

-37mV Tholz, Hx gt (Light on 205 Light off £ TSGR ART.) T5&, K
AR L, —56 mV IZE L7z (EBME L HEdmEHV % 2 0) . KR, KR
ML ST SIS L-7 )V 8 I Y ERIZ X o TROGBUIREEIC S 50 MR EHE§ 2 &, Hills S
B END L-7 v 3 VEEDSHA S L IEIET % 72 O KCEIIIE 88 5 o ACEHIRL I 1385
DEMNRGEYEA 2 F ¥ AUDIFAEL, TNHDA & ¥ F v DIVIEEFRFO BN, SCHRFHZHE S #55
Hi7e & CNBREFETIRE ) B2 IBHi L Tw b EEZ 5N T b, KEIBORENZLICEL
BAFEA A 2 F X AN ED L) ICHET 20D REEIFH I N TR WA, 0T v 2 vk
ACEHB OB Z0IZIE U CNIn & Bt (Inward currents) @ %\ 344 & & (Outward cur-
rents) EEHET A I LIEREV RV, KTIE, WX ERE L CEMKEEA VY Y A5 v 2o
(Voltage-dependent calcium channel) (BARHIIZIE, LEG VY 7 AF ¥ 2V TH Do), RGN
F R AT v AL (Voltage-dependent sodium channel) & A Z#&51EA 1) 7 A5 ¥ %V (Inward
rectifier potassium channel), % L CHbE & it & L ChHa S B 5t 1) 7 45 v &)V (Outward
rectifier potassium channel), —i#&%% 1) 7 25 ¥ 4 ) (Transient potassium channel) % 7R L7z (f
Z1%, Shingai & Christensen, 1983; Tachibana, 1983). B DKL A A+ > F v A VHEHALT
LIEEN, L TETORMIGEHALAMEESND HHERL TS, SNHEDAF »F v VD
T OEEGE & 5843 DM S BGME S ) 7 L F v )V E NI S BEFEME S ) 7 L F v Lol &
W&o T, AP OBEEMIZMER —60~—-20 mV OFfHICHIRS NG L E 2 55, KPEMzo
ERE D RR AL T BAARAGENET b U AF X ROVIERTEEALIREEICH 5 75, FERRGHIPE D # s
12 & o TRIGALIREE D S I S L, SIS TR OB A BGEEE) 122 0F MY Y A5 v A)VIRENHE
b L CRFHB O BN NE A I S 8% 2 EDSRAF N5 o JEIRSHE T B OEEM O MEIZ I —#
PEIE AL S 2 ALK b U o A F v b GEMEALRENIZE V) 2R, Rtk O ALK
AN BT v RV S THHALT 5728, KPRl OB . (BEAOME) 13—EieiE s b 128
B\ TDR, DAL T AT X AIVIZIKCPHITE ORI OIRFERLAS ET S IE LA S o L
WMENDY, EOMERBMIZHG L TWDODICOVTIEAATH L, ZOHNVY T AT v 2V
HIANO Ca> WA A LCRkay 527 5 2 AN MMRIEYES 1) 7 A F % 3OV % EAL T 2 TThE
PEIEFES 2@ % . Two-pore-domain potassium channel (HARFEZAFEA ) 12DV TIE, AR
DOIEEMIZHICBG L Tn5 2 EARIBENT WSS, FERIIRIEAHTH 5,
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34 A EHEY (Ko7, T9XF1>Vr—ETRTLIR—%—)

FRHEBN IR & W Rk 5 2 A AIe O ML 3 iaR ko 4 + > (Na®, K, Ca®', H,
Cl REREA A > [HCO, ] 2 &) ERENCMA, MIBNERERETOZOIZA F >k
k (Ry7, Z7AF 2oV v =T bTVAR=F—) PHEL T b, KIS
T H5AF VIR AEOMEDEHENTHY), A TlEhe v, INFETIZ, KEMEOMIEELC
iF, K7L LTNa /K" E> 7 (Na' /K" ATPase & b\ 9,) & Ca’" H> 7 (Ca'/H"
K TdHBH\ECa’ /H ATPase & b\2H,), T/ ZXAF x> Vv—,LTNa' /H T2
Fry¥rx—, Cl/HCO, T/ AF x> Y rv—ENa'/Ca’ T/ AF =¥V x—, ZLTH
FSG Y ARE—=F—L L TNa"-K'-2Cl 2 hF 2K = —LK'-Cl 2 +F v AHFE—¥—
DHFEEPHE LN TWAS (BBS5KEM) (Bl 21X, Yasui, 1987; Kobayashi et al., 1994;
Hayashida et al., 1998; Micci & Christensen, 1998; Shimura et al., 1998; Vu et al., 2000;
Kim & Ahn, 2012), CH5OHFTREEZETL2DIE Na' /K™ K> 7L Ca®" £¥ 7 Th
D, MWIZOWTIIEEED D 2 DDEPEAHTH L, 72, o OREER Y THKF
MO RTEAL EDRREE G L TV ADNIZDOWT SRR EEZBEHIIITObIL T vy,

35 FrvovTREFrRILEANIFvRIV

AR O Z 2B AR g oMk & BHRZSEOTEREZEMIED ) L b REWT &, K
FHRUFLCEA L7270 v F v A 20 =RV 77— A ZU—D L) btz d 20 I+
YA FrRZa—adF oL AL WE P EL KT 2 2 &, £ LTK
P~ BERFADNELOE 8 A 7 DA AR L COEBEM 2 ZLSEL T LRI
EOZ, KPMBEAER Y T T AZN L THAELTWAZEDPHLNE Lo TWE (B2,
Tomita et al., 1958; Gouras, 1960; Norton et al., 1968; Steinberg & Schmidt, 1970; Kaneko,
1971)0 TOERY T TAEF v v THETF Y ANVOEGIZL VBRI TN D, FiHEEY
O L) HTOMEIDH 2S00, Mgk — Mgk, BRIRZSE —BHIRISE £ L CHhZRE R -
BRERICE v v TRHEEGDPHIET A 2 LRI N TS (Bl 21X, 7L @ Raviola &
Gilula, 1975; Kolb, 1977, € H %1 : Witkovsky et al., 1983; Kolb & Jones, 1984, f3H :
Baldridge ef al., 1989). ¥ % v 7H#&F v A VG@EHBTHY, 14> (Na', K, Ca’”,
H', CI # HCO, % &) ® &% & §{&45 T4 4 (Cyclic adenosine monophosphate
[cAMP], Cyclic guanosine monophosphate [cGMP], 1 /¥ F—V =1 Y& [IP3] % &)
bkt d 5o HMEASI T 5 L-7 V8 I VRRIC K o TREIIE B 5 &, ZORE
MEALIEF Y v TREETF v ANV EN L THAMIEHE S NS, 250, KPEMBOBEEMITE
[y F TR L AL EEZ T A L2 ERL TV,

AFMALIZIE F =83 D LTy =D, Frv v THET v AVIE F—s383
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V-cAMP RICL 2 A ZIT T AL I EDPFRELN TS (Bl 21X, DeVries & Schwartz,
1989; Witkovsky, 2004), 7z, —l&ftzEFE (NO)-cGMP A% &, BHEHEOMIBNWE (L
FAVER, Ca¥, HY) Lk TBHiSND Z AW A>TWS (FI21X, Turin &
Warner, 1977, 1980; Spray et al., 1981; Piccolino et al., 1984; McMahon et al.; 1989;
McMahon & Ponomareva, 1996; Lu & McMahon, 1997; Pottek et al., 1997; Xin &
Bloomfield, 2000; Peracchia, 2004; Zou et al., 2014) .

TP IEAN I F Y ANV HL T L 2R E SN TWA (B 21E, Kamermans et
al., 2001) o CZOF ¥ 2 VIIHMIL L D> F T AFAAREEIL L T2 720, Kz
BALICRE CHEBY 2 & 13E 2 #Ev,

4. ¥ H V) I

AN CHARH, R, B, BATIHERH X CHT2HEOREL 29 L { ADT
EENTEBY, P LS BRE BRI L T AL T & 2 ACHHIE A L0y
BEE R L THhDL I EDPHLE D E > T D, BRI ISR~ S L-7 vy 3
FRIC K 2ENEY T T AAT &2 W THA R L, BRSNS 72 AA%4 6 L
CIHEIET 272085 T 5 (5 4 NESR) . KFl S SHMBA~OIEERIC LY, #
MRS SND -7V 8 I VBRI ST 5 2 L ZMEN WS, ZoHHIER
BB L-7 Vs I VIR EDOREZET 52002\ ONICT L20EES TRV, £
72, AR 3EBLE 2 BAKAEEA + > F ¥ ROV OIEHALIZ X » TIREMSED L H 1%
LCEDRBEZILT 20DV T O FFIITFN SN T A v, AT, KO RE
MEACCLE R MBAND A F VBB EEOR Y TR LI AF 2 v Vv =R EIlLoTE
DEHIHEH SN TR L OB A S K7ZFH TIE RV,

DibzEE 25, KFIRORENZENIZEE S 2 5 TEZRFIIHMIE A S KM
JA~OEENEY - 7 A% 6 AR S HME~OWHIEHTH A ) L E 2 b b, 4
%, AP S M~ OHHIEH O, BAKFEA &~ F v 2V OBEEM~OEHH
B, 2L TV AF 2T v =R T L BKFHBENND A A+ L RERENICET 235
RBREDPVETH L, CNODBHLPI% DI LT, KFEMBOBRENZILO &/ E 15
LWL RS,

FmBDIREC
ARSI S N T 2 FandilE, HAFEERRICH Oz, L L, EXAEPE, i’
Fra v 2 8 dHIE, HAGRERL 2 A L CRFHRFLOAIH D72,



B R —

(51 A X #l

Ackerman, M. J. and Clapham, D. (1997), Ion channels: Basic science and clinical disease, N. Engl. J. Med.,
336: 1575-1586.

Adelman, J. P., Maylie, J. and Sah, P. (2012), Small-conductance Ca’*-activated K~ channels: Form and
function, Annu. Rev. Physiol., 74: 245-269.

Akopian, A., Krizaj, D. and Witkovsky, P. (1997), Both high-and low voltage-activated calcium currents con-
tribute to the light-evoked responses of luminosity horizontal cells in the Xenopus retina, Brain Res., 762:
121-130.

Aldrich, R. (1985), Molecular biophysics: lonic channels of excitable membranes, Science, 228: 867 —868.

Ammermiiller, J. and Kolb, H. (1996), Functional architecture of the turtle retina, Prog. Ret. Eye Res., 15:
393-433.

Ashcroft, F. (1999), Ton channels and disease, Academic Press, Amsterdam.

Attwell, D. (1986), Ion channels and signal processing in the outer retina, Quart. J. Exp. Physiol., 71: 497
536.

Attwell, D., Mobbs, P., Tessier-Lavigne, M. and Wilson, M. (1987), Neurotransmitter-induced currents in
retinal bipolar cells of the axolotl, Ambystoma mexicanum, J. Physiol, 387: 130—-161.

Ayoub, G. S., Korenbrot, J. and Copenhagen, D. R. (1989), Release of endogenous glutamate from isolated
cone photoreceptors of the lizard, Neurosci. Res., Suppl. 10: 47-57.

Baden, T., Euler, T., Weckstrom, M. and Lagnado, L. (2013), Spikes and ribbon synapses in early vision,
Trends Neurosci., 36: 480—488.

Bader, C. R., Bertrand, D. and Schwartz, E. A. (1982), Voltage-activated and calcium-activated currents stud-
ied in solitary rod inner segments from the salamander retina, J. Physiol., 331: 253 -284.

Badou, A., Jha, M. K., Matza, D. and Flavell, R. A. (2013), Emerging roles of L-type voltage-gated and other
calcium channels in T lymphocytes, Front. Immunol., 4: 1-10 (https:/doi.org/10.3389/
fimmu.2013.00243).

Baldridge, W. H., Ball, A. K. and Miller, R. G. (1989), Gap junction particle density of horizontal cells in
goldfish retinas lesioned with 6-OHDA, J. Comp. Neurol., 287: 238-246.

Baldridge, W. H., Vaney, D. 1. and Weiler, R. (1998), The modulatio of intracellular coupling in the retina,
Sem. Cell Develop. Biol., 9: 311-318.

Barnes, S. (2004), Center-surround antagonism mediated by proton signaling at the cone photoreceptor syn-
apse, J. Gen. Physiol., 122: 653-656.

Barnes, S. and Hille, B. (1989), Ionic channels of the inner segment of tiger salamander cone photoreceptors,
J. Gen. Physiol., 94: 719-743.

Berridge, M. J., Lipp, P. and Bootman, M. D. (2000), The versatility and universality of calcium signaling,
Nat. Rev. Mol. Cell. Biol., 1: 11-21.

Berridge, M. J., Bootman, M. D. and Roderick, H. L. (2003), Calcium signaling: Dynamics, homeostasis and
remodeling, Nat. Rev. Mol. Cell. Biol., 4: 517-529.

Bernstein, J. (1902), Untersuchungen zur thermodynamik der bioelektorischen strém, Pfliig. Arch., 92: 521 —
562.

Blanco, R. and Villa, P. (1999), Ionotropic glutamate receptors in isolated horizontal cells of the rabbit retina,
Eur. J. Neurosci., 11: 867-873.

Bloomfield, S. A. and Miller, R. F. (1982), A physiological and morphological study of the horizontal cell
types of the rabbit retina, J. Comp. Neurol., 208: 288—-303.

Bootman, M. D. (2012), Calcium signaling, Cold Spring Harb. Perspect. Biol., 4: 1-3 (https://cshperspectives.
cshlp.org/content/4/7/a011171.full).

Bourinet, E., Soong, T. W., Sutton, K., Slaymaker, S., Mathews, E., Monteil, A., Zamponi, G. W., Nargeot, J.
and Snutch, T. P. (1999), Splicing of alpha 1A subunit gene generates phenotypic variants of P- and



T HEEN MR O LR A 22 LIS S 2 -

Q-type calcium channels, Nat. Neurosci., 2: 407-415.

Boycott, B. B. and Wissle, H. (1999), Parallel processing in the mammalian retina, The proctor lecture,
Invest. Ophthal. Vis. Sci, 40: 1313-1327.

Boyle, P. J. and Conway, E. J. (1941), Potassium accumulation in muscle and associated changes, J. Physiol.,
100: 1-63.

Brookhart, J. M. and V. B. Mountcastle, V. B. (Sect. Eds.) (1984), Handbook of physiology. I The nervous
system. Vol. III Sensory processes, Part 1, American Physiology Society, Bethesda.

Burkhardt, D. A. (1977), Responses and receptive-field organization of cones in perch retinas, J. Neuro-
physiol., 40: 53-62.

Burkhardt, D. A. (1993), Synaptic feedback, depolarization, and color opponency in cone photoreceptors,
Visual Neurosci., 10: 981-989.

Burkhardt, D. A. and Hassin, G. (1978), Influences of cones upon chromatic- and luminosity-type horizontal
cells in pikeperch retinas, J. Physiol., 281: 125-137.

Byzov, A. L., Golubtzov, K. V. and Trifonov, J. A. (1977), The model of mechanism of feedback between
horizontal cells and photoreceptors in vertebrate retina, In Vertebrate Photoreception (Eds. H. B. Barlow.
and P. Fatt), pp265—274, Academic Press, London.

Carbone, E. and Lux, H. D. (1984), A low voltage-activated, fully inactivating Ca channel in vertebrate sen-
sory neurons, Nature, 310: 501-502.

Catterall, W. A., Perez-Reyes, E., Snutch, T. P. and Striessnig, J. (2005), International Union of Pharmacology.
XLVIIL. Nomenclature and structure-function relationships of voltage-gated calcium channels, Pharmacol.
Rev., 57: 411-425.

Catterall, W. A. (2011), Voltage-gated calcium channels, Cold Spring Harb. Perspect. Biol., 3: 1-23 (https://
cshperspectives.cshlp.org/content/3/8/a003947 long) .

Cervetto, L. and MacNichol, E. F. Jr. (1972), Inactivation of horizontal cells in turtle retina by glutamate and
aspartate, Science, 178: 767-769.

Cervetto, L. and Piccolino, M. (1974), Synaptic transmission between photoreceptors and horizontal cells in
the turtle retina, Science, 183: 417-419.

Cha, J., Kim, H.-L., Feng Pan, F., Chun, M.-H., Massey, S. C. and Kim, 1.-B. (2012), Variety of horizontal
cell gap junctions in the rabbit retina, Neurosci. Lett., 29: 99-103.

Chandry, K. G. and Gutman, G. A. (1995), Voltage-gated K" channels, In Handbook of receptors and ion
channels: Ligand and voltage gated channels (Ed. R. A. North), ppl-71, CRC Press, Boca Raton.

Changeux, J.-P. (2010), Allosteric receptors: From electric organ to cognition, Annu. Rev. Pharmacol. Toxi-
col.,, 50: 1-38.

Choquet, D. and Triller, A. (2013), The dynamic synapse, Neuron, 80: 691-703.

Clapham, D. E. (2003), TRP channels as cellular sensors, Nature, 426: 517—-524.

Clapham, D. E. (2007), Calcium signaling, Cell, 131: 1047-1058.

Copenhagen, D. R. and Jahr, C. E. (1989), Release of endogenous excitatory amino acids from turtle photo-
receptors, Nature, 341: 536—539.

Crook, J. D., Davenport, C. M., Peterson, B. B., Packer, O. S., Detwiler, P. B. and Dacey, D. M. (2009), Par-
allel ON and OFF cone bipolar inputs establish spatially coextensive receptive field structure of blue-
yellow ganglion cells in primate retina, J. Neurosci., 29: 8372—-8387.

Dacey, D. M. (1996), Circuitry for color coding in the primate retina, Proc. Natl. Acad. Sci., 93: 582-588.

Dacheux, R. F. and Raviola, E. (1982), Horizontal cells in the retina of the rabbit, J. Neurosci., 2: 1486—
1493.

Dacheux, R. F. and E. Raviola, E. (1990), Physiology of HI horizontal cells in the primate retina, Proc. Roy.
Soc. Lond. B, 239: 213-230.

Dale, H. H., Feldberg, W. and Vogt, M. (1936), Release of acetylcholine at voluntary motor nerve endings, J.
Physiol., 86: 353-380.

Danil, J. A. (2015), Neuronal nicotinic acetylcholine receptor structure and function and response to nicotine,
Int. Rev. Neurobiol., 124: 3—19.



B R —

Davenport, C. M., Detwiler, P. B. and Dacey, D. M. (2008), Effects of pH buffering on horizontal and gan-
glion cell light responses in primate retina: Evidence for the proton hypothesis of surround formation, J.
Neurosci., 28: 456—464.

Davis, G. W. and Naka, K.-I. (1980), Spatial organization of catfish retinal neurons: L. Single- and random-
bar stimulation, J. Neurophysiol., 43: 807—-831.

Daw, N. W. (1973), Neurophysiology of color vision, Physiol. Rev., 53: 571-611.

DeVries, S. H. and Schwartz, E. A. (1989), Modulation of an electrical synapse between solitary pairs of
catfish horizontal cells by dopamine and second messengers, J. Physiol., 414: 351-375.

Dingledine, R., Borges, K., Bowie, D. and Traynelis, S. F. (1999), The glutamate receptor ion channels, Phar-
macol. Rev., 51: 7-62.

Dixon, D. B. and Copenhagen, D. R. (1997), Metabotropic glutamate receptor-mediated suppression of an
inward rectifier current is linked via a cGMP cascade, J. Neurosci., 17: 8945-8954.

Dolphin, A. C. (2006), A short history of voltage-gated calcium channels, British J. Pharmacol., 147: S56-
S62.

Dong, C.-J., Picayd, S. A. and Werblin, F. S. (1994), GABA transporters and GABA_-like receptors on catfish
cone-but not rod-driven horizontal cells, J. Neurosci., 14: 2648 —-2658.

Dowling, J. E. (1987), The retina: An approachable part of the brain, The Belknap Press of Harvard Univer-
sity Press, Cambridge.

Dowling, J. E. and Ripps, H. (1972), Adaptation in skate photoreceptors, J. Gen. Physiol., 60: 698—719.

Dowling, J. E. and Ripps, H. (1973), Effect of magnesium on horizontal cell activity in the skate retina,
Nature, 242: 101-103.

Dworetzky, S. L., Trojnacki, J. T., Valentin, K. and Gribkoff, V. K. (1994), Cloning and expression of a human
large- conductance calcium-activated potassium channel, Mol. Brain Res., 27: 189-193.

Eliasof, S. and Jahr, C. E. (1997), Rapid AMPA receptor desensitization in catfish cone horizontal Cells, Vis.
Neurosci., 14: 13-18.

Endeman, D., Fahrenfort, L., Sjoerdsma, T., Steijaert, M., Ten Eikelder, H. and Kamermans, M. (2012), Chlo-
ride currents in cones modify feedback from horizontal cells to cones in goldfish retina, J. Physiol., 590:
5581-5595.

Engel, A. and Gaub, H. E. (2008), Structure and mechanics of membrane proteins, Ann. Rev. Biochem., 77:
127-148.

Fatt, P. and Katz, B. (1952), Spontaneous subthreshold activity at motor nerve endings, J. Physiol., 117:
109-128.

Ferraz, M. P., Monteiro, F. J. and Manuel, C. M. (2004), Hydroxyapatite nanoparticles: A review of prepara-
tion methodologies, J Appl. Biomater. Biomech., 2: 74-80.

Fesenko, E. E., Koloesnikov, S. S. and Lyubarsky, A. L. (1985), Induction by cyclic GMP of cationic conduc-
tance in plasma membrane of retinal rod outer segment, Nature, 313: 310—-313.

Gadsby, D. C. (2009), Ion channels versus ion pumps: The principal difference, in principle, Nat. Rev. Mol.
Cell Biol., 10: 344-352.

Gilad, T., Hanna, L. and Perlman, I. (2003), Color opponency in horizontal cells of the vertebrate retina, Prog.
Eye Res., 22: 31-68.

Glitsch, M. D. (2010), Activation of native TRPC3 cation channels by phospholipase D, FSEB J., 24: 318—
325.

Golard, A., Witkovsky, P. and Tranchina, D. (1992), Membrane currents of horizontal cells isolated from
turtle retina, J. Neurophysiol., 68: 351-361.

Goldstein, S. A., Bockenhauer, D., O’Kelly, 1. and Zilberberg, N. (2001), Potassium leak channels and the
KCNK family of two-P-domain subunits, Nat. Rev. Neurosci., 2: 175-184.

Goodman, B. E. (2008), Channels active in the excitability of nerves and skeletal muscles across the neuro-
muscular junction: Basic function and pathophysiology, Adv. Physiol. Educ., 32: 127-135.

Goiii, F. M. (2014), The basic structure and dynamics of cell membranes: An update of the Singer-Nicolson
model, Biochim. Biophys. Acta, 1838: 1467—-1476.



T HEEN MR O LR A 22 LIS S 2 -

Gonzilez, C., Baez-Nieto, D., Valencia, 1., Oyarzun, 1., Rojas, P., Naranjo, D. and Latorre, R. (2012), K"
channels: Function-structural overview, Compr. Physiol., 2: 2087-2149.

Gouaux, E. and MacKinnon, R. (2005), Principles of selective ion transport in channels and pumps, Science,
310: 1461-1465.

Gouras, P. (1960), Graded potentials of bream retina, J. Physiol., 152: 487-505.

Gouras, P. (1972), S-potential. Physiology of photo-receptor organ, In Handbook of sensory physiology Vol,
VI1I/2, Springer-Verlag, Berlin, pp 513-529.

Hagins, W. A., Penn, R. D. and Yoshikami, S. (1970), Dark current and photocurrent in retinal rods, Biophys.
J., 10: 380-412.

Hals, G., Christensen, B. N., O’Dell, T., Christensen, M. and Shingai, R. (1986), Voltage-clamp analysis of
currents produced by glutamate and some glutamate analogues on horizontal cells isolated from the catfish
retina, J. Neurophysiol., 56: 19-31.

Hashimoto, Y., Kato, A., Inokuchi, M. and Watanabe, K. (1976), Re-examination of horizontal cells in the carp
retina with procion yellow electrode, Vision Res., 16: 25-29.

Hayashida, Y., Yagi, T. and Yasui, S. (1998), Ca** regulation by the Na -Ca’” exchanger in retinal horizontal
cells depolarized by L-glutamate, Neurosci. Res., 31: 189-199.

Haynes, L. W. and Yaw, K.-W. (1985), Cyclic GMP-sensitive conductance in outer segment membranes of
catfish cones, Nature, 317: 61 -64.

Hess, P., Lansman, J. B. and Tsien, R. W. (1984), Different modes of Ca channel gating behaviour favoured
by dihydropyridine Ca agonists and antagonists, Nature, 311: 538 —-544.

Hille, B. (1984), Ionic channels of excitable membranes (1st edition), Sinauer Press, Sunderland.

Hirasawa, H. and Kaneko, A. (2003), pH changes in the invaginating synaptic cleft mediate feedback from
horizontal cells to cone photoreceptors by modulating Ca”" channels, J. Gen. Physiol., 122: 657-671.

Hodgkin, A. L. and Huxley, A. F. (1939), Action potentials recorded from inside a nerve fiber, Nature, 225:
451-453.

Hodgkin, A. L. and Huxley, A. F. (1952a), Propagation of electrical signals along giant nerve fibres, Proc. R.
Soc. Lond. B, 140: 177-183.

Hodgkin, A. L. and Huxley, A. E. (1952b), Currents carried by sodium and potassium ions through the mem-
brane in the giant axon of Loligo, J. Physiol., 116: 449—-472.

Hodgkin, A. L. and Huxley, A. F. (1952¢), The components of membrane conductance in the giant axon of
Loligo, J. Physiol., 116: 473-496.

Hodgkin, A. L. and Huxley, A. F. (1952d), The dual effect of membrane potential on sodium conductance in
the giant axon of Loligo, J. Physiol., 116: 497-506.

Hodgkin, A. L. and Huxley, A. F. (1952¢), A quantitative description of membrane current and its application
to conduction and excitation in nerve, J. Physiol., 117: 500-544.

Hodgkin, A. L. and Katz, B. (1949), The effect of sodium ions on the electrical activity of the giant axon of
the squid, J. Physiol., 108: 37-77.

Hodgkin, A. L. and Keynes, R. D. (1955). The potassium permeability of a giant nerve fibre, J. Physiol., 128:
61-88.

Hovelsg, N., Sotty, F., Montezinho, L. P., Pinheiro, P. S., Herrik, K. F. and Mgrk, A. (2012), Therapeutic
potential of metabotropic glutamate receptor modulators, Curr. Neuropharmacol., 10: 12-48.

Hubbard, R., Brown, P. K. and Kropf, A. (1959), Vertebrate lumi- and meta-rhodopsins, Nature, 183: 442—446.

Hughes, S., Foster, R. G., Peirson, S. N. and Hankins, M. W. (2017), Expression and localisation of two-pore
domain (K2P) background leak potassium ion channels in the mouse retina, Sci. Rep., 7: 1-14 (https:/
www.nature.com/articles/srep46085) .

Iftinca, M. C. (2011), Neuronal T-type calcium channels: what’s new ?, J. Med. Life, 4: 126—138.

Ishii, T. M., Silvia, C., Hirschberg, B., Bond, C. T., Adelman, J. P., and Maylie, J. (1997), A human interme-
diate conductance calcium-activated potassium channel, Proc. Natl. Acad. Sci., 94: 11651-11656.

Jacob, N. T. (2003), Drug targets: Ligand and voltage gated ion channels, Int. J. Basic Clin. Pharmacol., 6:
235-245.



B R —

Jagannathan, S., Publicover, S. J. and Barratt, C. L. (2002), Voltage-operated calcium channels in male germ
cells, Reproduction, 123: 203-215.

Jakubik, J. and El-Fakahany, E. E. (2010), Allosteric modulation of muscarinic acetylcholine receptors, Phar-
maceuticals, 3: 2838-2860.

Jia, Y., Zhou, J., Tai, Y. and Wang, Y. (2007), TRPC channels promote cerebellar granule neuron survival, Nat.
Neurosci., 10: 559-567.

Jiang, X. D., Wang, X. L., Sun, Y., Gong, H. Q. and Liang, P. J. (2008), NMDA modulation of GABA trans-
porter current in carp retinal horizontal cells, Brain Res., 1240: 105-110.

Johnson, D. and Lam, D. M. K. (1981), Regenerative and passive membrane properties of isolated horizontal
cells from a teleost retina, Nature, 292: 451-454.

Jones, C. K., Byun, N. and Michael Bubser, M. (2012), Muscarinic and nicotinic acetylcholine receptor ago-
nists and allosteric modulators for the treatment of schizophrenia, Neuropsychopharmacology Rev., 37:
16-42.

Jonz, M. G. and Barnes, S. (2007), Proton modulation of ion channels in isolated horizontal cells of the
goldfish retina, J. Physiol., 581: 529-541.

Julius, D. and Nathans, J. (2012), Signaling by sensory receptors, Cold Spring Harb. Perspect. Biol., 4: 114
(https://cshperspectives.cshlp.org/content/4/1/a005991.full) .

Kaestner, L., Wang, X., Hertz, L. and Bernhardt, 1. (2018), Voltage-activated ion channels in non-excitable
cells: A viewpoint regarding their physiological justification, Front. Physiol., 9: 1-5 (https://doi.
org/10.3389/fphys.2018.00450) .

Kalamida, D., Poulas, K., Avramopoulou, V. and Fostieri, E. (2007), Muscle and neuronal nicotinic acetylcho-
line receptors: Structure, function and pathogenicity, FEBS J., 274: 3799-3845.

Kamermans, M. and Werblin, F. (1992), GABA-mediated positive autofeedback loop controls horizontal cell
kinetics in tiger salamander retina, J. Neurosci., 12: 2451-2463.

Kamermans, M., Fahrenfort, I., Schultz, K., Janssen-Bienhold, U., Sjoerdsma, T. and Weiler, R. (2001),
Hemichannel-mediated inhibition in the outer retina, Science, 292: 1178—1180.

Kaneko, A. (1970), Physiological and morphological identification of horizontal, bipolar and amacrine cells
in goldfish retina, J. Physiol., 207: 623-633.

Kaneko, A. (1971), Electrical connexions between horizontal cells in the dogfish retina, J. Physiol., 213:
95-105.

Kaneko, A. and Shimazaki, H. (1975), Effects of external ions on the synaptic transmission from photorecep-
tors to horizontal cells in the carp retina, J. Physiol., 252: 509-522.

Kawai, F., Horiguchi, M., Suzuki, H. and Miyachi, E.-I. (2001), Na" action potentials in human photorecep-
tors, Neuron, 30: 451-458.

Kawamura, S. (1993), Molecular aspects of photoreceptor adaptation in vertebrate retina, Int. Rev. Neurobiol.,
35: 43-86.

Kawamura, S. (1994), Photoreceptor light-adaptation mediated by S-modulin, a member of a possible regula-
tory protein family of protein phosphorylation in signal transduction, Neurosci. Res., 20: 293-298.
Kefalov, V. J. (2011), Rod and cone visual pigments and phototransduction through pharmacological, genetic,

and physiological approaches, J. Biol. Chem., 287: 1635—1641.

Kemmler, R., Schultz, K., Dedek, K., Euler, T. and Schubert, T. (2014), Differential regulation of cone cal-
cium signals by different horizontal cell feedback mechanisms in the mouse retina, J. Neurosci., 34:
11826-11843.

Kim, D. H. and Ahn, M. D. (2012), Expression of the Na'-K "-2Cl -cotransporter 2 in the normal and pres-
sure- induced ischemic rat retina, Korean J. Ophthalmol., 26: 203-211.

Kobayashi, S., Morgans, C. W., Casey, J. R. and Kopito, R. R. (1994), AE3 anion exchanger isoforms in the
vertebrate retina: Developmental regulation and differential expression in neurons and glia, J. Neurosci.,
14: 6266-6279.

Kohler, M., Hirschberg, B., Bond, C. T., Kinzie, J. M., Marrion, N. V., Maylie, J. and Adelman, J. P. (1996),
Small- conductance, calcium-activated potassium channels from mammalian brain, Science, 273: 1709—



T HEEN MR O LR A 22 LIS S 2 -

1714.

Koike, C., Obara, T., Uriu, Y., Numata, T., Sanuki, R., Miyata, K., Koyasu, T., Ueno, S., Funabiki, K., Tani,
A., Ueda, H., Kondo, M., Mori, Y., Tachibana, M. and Furukawa, T. (2010a), TRPM1 is a component of
the retinal ON bipolar cell transduction channel in the mGluR6 cascade, Proc. Natl. Acad. Sci., 107:
332-337.

Koike, C., Numata, T., Ueda, H., Mori, Y. and Furukawa, T. (2010b), TRPM1: a vertebrate TRP channel
responsible for retinal ON bipolar function, Cell Calcium, 48: 95-101.

Kolb, H. (1977), The organization of the outer plexiform layer in the retina of the cat: Electron microscopic
observations, J. Neurocytol., 6: 131-153.

Kolb, H. (1994), The architecture of functional neural circuits in the vertebrate retina, Invest. Ophthalmol. Vis.
Sci., 35: 2385-2404.

Kolb, H. and Jones, J. L. (1984), Synaptic organization of the outer plexiform layer of the turtle retina: an
electron microscope study of serial sections, J. Neurocytol., 13: 567-591.

Kolb, H. and West, R. W. (1977), Synaptic connections of the interplexiform cell in the retina of the cat, J.
Neurocytol., 6: 155-170.

Kolb, H., Linberg, K. A. and Fisher, S. K. (1992), Neurons of the human retina: a Golgi study, J. Comp.
Neurol., 31: 147-187.

Kolb, H., Fernansez, E., Schouten, J., Ahnelt, P., Lindberg, K. A. and Fisher, S. K. (1994), Are there three
types of horizontal cell in the human retina ?, J. Comp Neurol., 343: 370-386.

Kuang, Q., Purhonen, P. and Hebert, H. (2015), Structure of potassium channels, Cell. Mol. Life Sci., 72:
3677-3693.

Kuo, M. M.-C., Haynes, W. J., Loukin, S. H., Kung, C. and Saimi, Y. (2005), Prokaryotic K" channels: From
crystal structures to diversity, FEMS Microbiol. Rev., 29: 961-985.

Lam, D. M.-K. (1972), The biosynthesis and content of gamma-aminobutyric acid in the goldfish retina, J.
Cell Biol., 54: 225-231.

Lam, D. M. K. (1975), Biosynthesis of y-aminobutyric acid by isolated axons of cone horizontal cells in the
goldfish retina, Nature, 254: 345-347.

Lam, D. M. K. and Steinman, L. (1971), The uptake of [y-"H] aminobutyric acid in the goldfish retina, Proc.
Natl. Acad. Sci., 68: 2777-2781.

Lam, D. M.-K., Lasater, E. M. and Naka, K.-I. (1978), y-Aminobutyric acid: A neurotransmitter candidate for
cone horizontal cells of the catfish retina, Proc. Natl. Acad. Sci., 75: 6310—6315.

Lam, D. M.-K,, Su, T., Swain, L., Marc, R. E., Brandon, C. and Wu, J.-Y. (1979), Immunocytochemical
localization of L-glutamic acid decarboxylase in the goldfish retina, Nature, 278: 565-567.

Lasansky, A. (1973), Organization of the outer synaptic layer in the retina of the larval tiger salamander, Phi-
los. Trans. R. Soc. Lond. B, B265: 471-489.

Lasater, E. M. (1986), Ionic currents of cultured horizontal cells isolated from white perch retina, J. Neuro-
physiol., 55: 499-513.

Lasater, E. M. (1991), Membrane properties of distal retinal neurons, Prog. Retina Res., 11: 215-246.

Lasater, E. M. and Dowling, J. E. (1982), Carp horizontal cells in culture respond selectively to L-glutamate
and its agonists, Proc. Natl. Acad. Sci., 79: 936—940.

Latorre, R., Oberhauser, A., Labarca, P. and Alvarez, O. (1989), Varieties of calcium-activated potassium
channels, Annu. Rev. Phys., 51: 385-399.

Lee, U. S. and Cui, J. (2010), BK channel activation: Structural and functional insights, Trends Neurosci., 33:
415-423.

Lerche, H., Jurkat-Rott, K. and Lehmann-Horn, F. (2001), Ion channels and epilepsy, Am. J. Med. Genet.,
106: 146—159.

Lerma, J., Morales, M., Vicente, M. A. and Herreras, O. (1997), Glutamate receptors of the kainate type and
synaptic transmission, Trends Neurosci., 20: 9—12.

Linn, C. L. and Gafka, A. C. (1999), Activation of metabotropic glutamate receptors modulates the voltage-
gated sustained calcium current in a teleost horizontal cell, J. Neurophysiol., 81: 425-434.



B R —

Liu, X., Hirano, A. A., Sun, X., Brecha, N. C. and Barnes, S. (2013), Calcium channels in rat horizontal cells
regulate feedback inhibition of photoreceptors through an unconventional GABA- and pH-sensitive
mechanism, J. Physiol., 591: 3309-3324.

Llings, R. R., Sugimori, M. and Cherksey, B. (1989), Voltage-dependent calcium conductances in mammalian
neurons. The P channel, Ann. N. Y. Acad. Sci., 560: 103—-111.

Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P., Baltimore, D. and Darnell, J. (2000), Molecular cell
biology, W. H. Freeman and Compan, New York.

Lohrke, S. and Hofmann, H. D. (1994), Voltage-gated currents of rabbit A- and B-type horizontal cells in
retinal monolayer cultures, Vis. Neurosci., 11: 369-378.

Loewenstein, W. R. (Ed.) (1971), Handbook of sensory physiology. Vol 1: Principles of receptor physiology,
Springer, Berlin-Heidelberg-London.

Lombard, J. (2014), Once upon a time the cell membranes: 175 years of cell boundary research, Biology
Direct, 9: 1-35 (https://doi.org/10.1186/s13062-014-0032-7).

Lovinger, D. M. (2008), Communication networks in the brain: neurons, receptors, neurotransmitters, and
alcohol, Alcohol Res Health, 31: 196-214.

Lu, Z. (2004), Mechanism of rectification in inward-rectifier K~ channels, Annu. Rev. Physiol., 66: 103—129.

Lu, C. and McMahon, D. G. (1997), Modulation of hybrid bass retinal gap junctional channel gating by nitric
oxide, J Physiol., 499: 689—-699.

McCleskey, E. W., Fox, A. P, Feldman, D. H., Cruz, L. J., Olivera, B. M., Tsien, R. W. and Yoshikami, D.
(1987), Omega-conotoxin: direct and persistent blockade of specific types of calcium channels in neurons
but not muscle, Proc. Natl. Acad. Sci., 84: 4327-4331.

MacNichol., E. F. Jr. and Svaetichin, G. (1958), Electric responses from the isolated retinas of fishes, Am. J.
Ophthal., 46: 29-46.

Malchow, R. P., Qian, H., Ripps, H. and Dowling, J. E. (1990), Structural and functional properties of two
types of horizontal cell in the skate retina, J. Gen. Physiol., 95: 177-198.

Marc, R. E., Stell, W. K., Bok, D. and Lam, D. M. K. (1978), GABA-ergic pathway in the goldfish retina, J.
Comp. Neurol., 182: 221-245.

Marchiafava, P. L. (1978), Horizontal cells influence membrane potential of bipolar cells in the retina of the
turtle, Nature, 275: 141-142.

Mariani, A. P. (1985), Multiaxonal horizontal cells in the retina of the tree shrew, Tupaia glis, J. Comp. Neu-
rol., 233: 553-563.

Maricq, A. V. and Korenbrot, J. 1. (1990), Inward rectification in the inner segment of single retinal cone
photoreceptors, J. Neurophysiol., 64: 1917—-1928.

Masland, R. H. (2004), The fundamental plan of the retina, Nature Neurosci., 4: 877 —886.

Matthews, R. G., Hubbard, R., Brown, P. K. and Wald, G. (1963), Tautomeric forms of metarhodopsin, J.
Gen. Physiol., 47: 215-240.

McCaa, C. S. (1982), The eye and visual nervous system: Anatomy, physiology and toxicology, Environ.
Health Persp., 44: 1-8.

McCulloch, R. M., Johnston, G. A. R., Game, C. J. A. and Curtis, D. R. (1974), The differential sensitivity of
spinal interneurones and Renshaw cells to kainate and N-methyl-D-aspartate, Exp. Brain Res., 21: 515—
518.

McMahon, D. G. and Ponomareva, L. V. (1996), Nitric oxide and cGMP modulate retinal glutamate receptors,
J. Neurophysiol., 76: 2307-2315.

McMahon, D. G., Knapp, A. G. and Dowling, J. E. (1989), Horizontal cell gap junctions: Single-channel
conductance and modulation by dopamine, Proc. Natl. Acad. Sci., 86: 7639-7643.

Meldrum, B. S. (2000), Glutamate as a neurotransmitter in the brain: Review of physiology and pathology, J.
Nutr., 130: 1007S—1015S.

Micci, M. A. and Christensen, B. N. (1998), Na“/Ca”* exchange in catfish retina horizontal cells: Regulation
of intracellular Ca*" store function, Am. J. Physiol., 274: C1625-C1633.

Miller, A. M. and Schwartz, E. A. (1983), Evidence for the identification of synaptic transmitters released by



T HEEN MR O LR A 22 LIS S 2 -

photoreceptors of the toad retina, J. Physiol., 334: 325—-349.

Minor Jr., D. L. (2001), Potassium channels: Life in the post-structural world, Curr. Opin. Struct. Biol., 11:
408-414.

Mintz, I. M., Adams, M. E. and Bean, B. P. (1992), P-type calcium channels in rat central and peripheral
neurons, Neuron, 9: 85-95.

Mitarai, G., Asano, T. and Miyake, Y. (1974), Identification of five types of S-potential and their correspond-
ing generating sites in the horizontal cells of the carp retina, Jap. J. Ophthalmol., 18: 161-176.

Montell, C. and Rubin, G. M. (1989), Molecular characterization of the Drosophila trp locus: a putative inte-
gral membrane protein required for phototransduction, Neuron, 2: 1313-1323.

Moran, M. M., Xu, W. and Clapham, D. E. (2004), TRP ion channels in the nervous system, Crr. Opin.
Neurobiol., 14: 362—-369.

Mulier, M., Vriens, J. and Thomas Voets, T. (2017), TRP channel pores and local calcium signals, Cell Cal-
cium, 66: 19-24.

Murakami, M. and Takahashi, K.-I. (1987), Calcium action potential and its use for measurement of reversal
potentials of horizontal cell responses in carp retina, J. Physiol., 386: 165—180.

Murakami, M., Ohtsuka, T. and Shimazaki, H. (1975), Effects of aspartate and glutamate on the bipolar cells
in the carp retina. Vision Res., 15: 456—458.

Murakami, M., Otsu, K. and Otsuka, T. (1972), Effects of chemicals on receptors and horizontal cells in the
retina, J. Physiol., 227: 899-913.

Murakami, M., Shimoda, Y. and Nakatani, K. (1978), Effects of GABA on neuronal activities in the distal
retina of the carp, Sensory Proc., 2: 334-338.

Murakami, M., Shimoda, Y., Nakatani, K., Miyachi, E.-I. and Watanabe, S.-1. (1982a), GABA-mediated
negative feedback from horizontal cells to cones in carp retina, Jpn. J. Physiol., 32: 911-926.

Murakami, M., Shimoda, Y., Nakatani, K., Miyachi, E.-I. and Watanabe, S.-I. (1982b), GABA-mediated
negative feedback and color opponency in carp retina, Jpn. J. Physiol., 32: 927-935.

Naka, K.-I. and Rushton, W. A. H. (1967), The generation and spread of S-potentials in fish (Cyprinidae), J.
Physiol., 192: 437-461.

Naka, K.-I. and Witkovsky, P. (1972), Dogfish ganglion cell discharge resulting from extrinsic polarization of
the horizontal cells. J. Physiol., 223: 449-460.

Nakamura, M., Sanuki, R., Yasuma, R. T., Onishi, A., Nishiguchi, M. K., Kadowaki, M., Kondo, M., Miyake,
Y. and Furukawa, T. (2010), TRPM1 mutations are associated with the complete form of congenital sta-
tionary night blindness, Mol. Vis. 16: 425-437.

Narahashi, T., Moore, J. W. and Scott, W. R. (1964), Tetrodotoxin blockage of sodium conductance increase
in lobster giant axons, J. Gen. Physiol., 47: 965-974.

Nawy, S. (1999), The metabotropic receptor mGluR6 may signal through G, but not phosphodiesterase, in
retinal bipolar cells, J. Neurosci., 19: 2938-2944.

Nawy, S. and Jahr, C. E. (1990), Suppression by glutamate of cGMP-activated conductance in retinal bipolar
cells, Nature, 346: 269-271.

Nawy, S. and Jahr, C. E. (1991), cGMP-gated conductance in retinal bipolar cells is uppressed by the photo-
receptor transmitter, Neuron, 7: 677—683.

Nelson, R. (1977), Cat cones have rod input: a comparison of the response properties of cones and horizontal
cell bodies in the retina of the cat, J. Comp. Neurol., 172: 109-135.

Nelson, R., Liitzow, A. v., Kolb, H. and Gouras, P. (1975), Horizontal cells in cat retina with independent
dendritic systems, Science, 189: 137-139.

Newman, J. (2008), Electric current and cell membranes, In Physics of the Life Sciences, pp401-430,
Springer, New York.

Niemeyer, B. A., Mery, L., Zawar, C., Suckow, A., Monie, F., Pardo, L. A., Stithmer, W., Flockerzi, V. and
Hoth, M. (2001), Ton channels in health and disease, EMBO Rep., 2: 568—573.

Niswender, C. M. and Conn, P. J. (2010), Metabotropic glutamate receptors: Physiology, pharmacology, and
disease, Ann. Rev. Pharmacol. Toxicol., 50: 295-322.



B R —

Norton, A. L., Spekreie, H., Wolfbarsht, M. L. and Wagner, H. G. (1968), Receptive field organization of the
S- potential, Science, 160: 1021-1022.

Nowycky, M. C., Fox, P. and Tsien, R. W. (1985), Three types of neuronal calcium channel with different
calcium agonist sensitivity, Nature, 316: 440—443.

O’Dell, T. and Christensen, B. N. (1986), N-methyl-n-aspartate receptors coexist with kainate and quisqualate
receptors on single isolated catfish horizontal cells, Brain Res., 381: 59-362.

O’Dell, T. and Christensen, B. N. (1989), Horizontal cells isolated from catfish retina contain two types of
excitatory amino acid receptors, J. Neurophysiol., 61: 1097-11009.

Packer, O. S., Verweij, J., Li, P. H., Schnapf, J. L. and Dacey, D. M. (2010), Blue-yellow opponency in pri-
mate S cone photoreceptors, J. Neurosci., 30: 568-572.

Pearring, J. N., Bojang, P. Ir, Shen, Y., Koike, C., Furukawa, T., Nawy, S. and Gregg, R. G. (2011), A role for
nyctalopin, a small leucine-rich repeat protein, in localizing the TRP melastatin 1 channel to retinal depo-
larizing bipolar cell dendrites, J. Neurosci., 31: 10060—10066.

Peng, Y. W., Blackstone, C. D., Huganir, R. L. and Yau, K.-W. (1995), Distribution of glutamate receptor
subtypes in the vertebrate retina, Neuroscience, 66: 483 —-497.

Penn, R. D. and Hagins, W. A. (1969), Signal transmission along the retinal rods and the origin of the elec-
troretinographic a-wave, Nature, 223: 201-205.

Peracchia, C. (2004), Chemical gating of gap junction channels: Roles of calcium, pH and calmodulin, Bio-
chim. Biophys. Acta, 1662: 61-280.

Perez-Reyes, E. (2003), Molecular physiology of lowvoltage-activated t-type calcium channels, Physiol. Rev.,
83: 117-161.

Perlman, 1. and Normann, R. A. (1990), The effects of GABA and related drugs on horizontal cells in the
isolated turtle retina, Vis. Neurosci., 5: 469-477.

Perlman, I., Knapp, A. G. and Dowling, J. E. (1989), Responses of isolated white perch horizontal cells to
changes in the concentration of photoreceptor transmitter agonists, Brain Res., 487: 16—25.

Pfeiffer-Linn, C. L. and Lasater, E. M. (1996), Whole cell and single-channel properties of a unique voltage-
activated sustained calcium current identified in teleost retinal horizontal cells, J. Neurophysiol., 75:
609-619.

Picciotto, M. R., Higley, M. J. and Mineur, Y. S. (2012), Acetylcholine as a neuromodulator: cholinergic sig-
naling shapes nervous system function and behavior, Neuron, 76: 116—129.

Piccolino, M., Neyton, J. and Gerschenfeld, H. M. (1984), Decrease of gap junction permeability induced by
dopamine and cyclic adenosine 3”:5’-monophosphate in horizontal cells of turtle retina, J. Neurosci., 4:
2477-2488.

Picones, A. and Korenbrot, J. I. (1994), Analysis of fluctuations in the cGMP-dependent currents of cone
photoreceptor outer segments, Biophys. J., 66: 360—365.

Piskorowski, R., Haeberle, H., Panditrao, M. V. and Lumpkin, E. A. (2008), Voltage-activated ion channels
and Ca”"-induced Ca’" release shape ca™* signaling in Merkel cells, Pflugers Arch., 457: 197-209.

Polyak, S. L. (1941), The retina, University of Chicago Press, Chicago.

Pottek, M., Schultz, K. and Weiler, R. (1997), Effects of nitric oxide on the horizontal cell network and dopa-
mine release in the carp retina, Vision Res., 37: 1091-1102.

Purves, D., Augustine, G. J., Fitzpatrick, D., Hall, W. C., LaMantia, A.-S., McNamara, J. O. and Williams, S.
M. (Eds) (2001), Neuroscience, Sinauer Associates, Sunderland.

Qian, H. and Dowling, J. E. (1993), Novel GABA responses from rod-driven horizontal cells, Nature, 361:
162-164.

Randall, A. and Tsien, R. W. (1995), Pharmacological dissection of multiple types of Ca2 + channel currents
in rat cerebellar granule neurons, J. Neurosci., 15: 2995-3012.

Raviola, E. and Gilula, N. B. (1975), Intramembrane organization of specialized contacts in the outer plexi-
form layer of the retina: A freeze-fracture study in monkeys and rabbits, J. Cell Biol., 65: 192-222.
Riedel, G., Platt, B. and Micheau, J. (2003), Glutamate receptor function in learning and memory, Behav.

Brain Res., 140: 1-47.



T HEEN MR O LR A 22 LIS S 2 -

Rodieck, R. W. (1973), The vertebrate retina; Principles of structure and function, W.H. Freeman and Com-
pany, San Francisco.

Rodieck, R. W. (1998), The first steps in seeing, Sinauer Associates, Inc., Sunderland.

Rousseaux, C. (2008a), A review of glutamate receptors I: Current understanding of their biology, J. Toxicol.
Pathol., 21: 25-51.

Rousseaux, C. (2008b), A review of glutamate receptors II: Pathophysiology and. Pathology, J. Toxicol.
Pathol., 21: 133-173.

Rowe, J. S. and Ruddock, K. H. (1982a), Hyperpolarization of retinal horizontal cells by excitatory amino
acid neurotransmitter antagonists, Neurosci. Lett., 30: 251-256.

Rowe, J. S. and Ruddock, K. H. (1982b), Depolarization of retinal horizontal cells by excitatory amino acid
neurotransmitter agonists, Neurosci. Lett., 30: 257-262.

Sackmann, B. and Neher, E. (1995), Single channel recording (2nd edition), Springer, Berlin.

Saito, T., Kondo, H. and Toyoda, J.-I. (1978), Rod and cone signals in the on-center bipolar cells: Their dif-
ferent ionic mechanisms, Vision Res., 18: 591-595.

Saito, T., Kondo, H. and Toyoda, J.-I. (1979a), Ionic mechanisms of two types of on-center bipolar cells in
the: I. The responses to central illumination, J. Gen. Physiol., 73: 73-90.

Saito, T., Kondo, H. and Toyoda, J.-I. (1979b), Ionic mechanisms of two types of on-center bipolar cells in
the: II. The responses to annular illumination, J. Gen. Physiol., 73: 569—589.

Shen, Y., Lu, T. and Yang, X. L. (1999), Modulation of desensitization at glutamate receptors in isolated cru-
cian carp horizontal cells by concanavalin A, cyclothiazide, aniracetam and PEPA, Neuroscience, 89:
979-990.

Sasaki, T. and Kaneko, A. (1996), L-Glutamate-induced responses in Off-type bipolar cells of the cat retina,
Vision Res., 36: 787-795.

Sawamura, S., Shirakawa, H., Nakagawa, T., Mori, Y. and Kaneko, S. (2017), TRP channels in the brain:
What are they there for ?, In Neurobiology of TRP channels (2nd edition) (Ed. T. L. R. Emir), CRC
Press/Taylor & Francis, Boca Raton.

Schmidt, R. F. (Ed.) (1986), Fundamentals of sensory physiology, Springer, Berlin-Heidelberg-London.

Schmidt, K. F,, Kruse, M. and Hatt, H. (1994), Dopamine alters glutamate receptor desensitization in retinal
horizontal cells of the perch (Perca fluviatilis), Proc. Natl. Acad. Sci., 91: 8288—-8291.

Schmitz, Y. and Witkovsky, P. (1996), Glutamate release by the intact light-responsive photoreceptor layer of
the Xenopus retina, J. Neurosci. Meth., 68: 55-60.

Schmitz, Y. and Witkovsky, P. (1997), Dependence of photoreceptor glutamate release on a dihydropyridine-
sensitive calcium channel, Neurosci., 78: 1209-1216.

Schneeweis, D. M. and Schnapf, J. L. (1995), Photovoltage of rods and cones in the macaque retina, Science,
268: 1053-1056.

Schwartz, E. A. (1982), Calcium-independent release of GABA from isolated horizontal cells of the toad
retina, J. Physiol., 323: 211-227.

Schwartz, E. A. (1987), Depolarization without calcium can release y-aminobutyric acid from a retinal neuron,
Science, 238: 350-355.

Schwartz, E. A. (2002), Transport-mediated synapses in the retina, Physiol. Rev., 82: 875-891.

Shattock, M. J. (2009), Phospholemman: its role in normal cardiac physiology and potential as a druggable
target in disease, Curr. Opin. Pharmacol., 9: 160—166.

Shen, Y., Zhang, M., Jin, Y. and Yang, X. L. (2006), Functional N-methyl-D-aspartate receptors are expressed
in cone-driven horizontal cells in carp retina, Neurosignals, 15: 174—179.

Shichida, Y. and Imai, H. (1998), Visual pigment: G-protein-coupled receptor for light signals, Cell. Mol. Life
Sci., 54: 1299-1315.

Shiells, R. A. and Falk, G. (1990), Glutamate receptors of rod bipolar cells are linked to a cyclic GMP cas-
cade via a G-protein, Proc. Roy. Soc. Lond. B, 242: 91-94.

Shiells, R. A. and Falk, G. (1992a), The glutamate-receptor linked cGMP cascade of the retinal on-bipolar
cells is pertussis and cholera toxin-sensitive, Proc. Roy. Soc. Lond. B, 247: 17-20.



B R —

Shiells, R. A. and Falk, G. (1992b), Properties of the cGMP-activated channel of retinal on-bipolar cells, Proc.
Roy. Soc. Lond. B, 247: 21-25.

Shimura, M., Tamai, M., Zushi, I. and Akaike, N. (1998), Characterization of the electrogenic Na'-K " pump
in horizontal cells isolated from the carp retina, Neuroscience, 86: 233—-240.

Shingai, R. and Christensen, B. N. (1983), Sodium and calcium currents measured in isolated catfish horizon-
tal cells under voltage clamp, Neuroscience, 10: 839—-897.

Shingai, R. and Christensen, B. N. (1986), Excitable properties and voltage-sensitive ion conductances of
horizontal cells isolated from catfish (Ictalurus punctatus) retina, J. Neurophysiol., 56: 32—49.

Skou, I. C. (1965), Enzymatic basis for active transport of Na™ and K~ across cell membrane, Physiol. Rev.,
45: 596-617.

Sontheimer, H. (2008), An unexpected role for ion channels in brain tumor metastasis, Exp. Biol. Med., 233:
779-791.

Spray, D. C., Harris, A. L. and Bennett, M. V. (1981), Gap junctional conductance is a simple and sensitive
function of intracellular pH, Science, 211: 712-715.

Steinberg, R. H. and Schmidt, R. (1971), Identification of horizontal cells as S-potential generators in the cat
retina by intracellular dye injection, Vision Res., 10: 817-820.

Stell, W. K. and Lightfoot, D. O. (1975), Color-specific interconnections of cones and horizontal cells in the
retina of the goldfish, J. Comp. Neurol., 159: 473-502.

Stell, W. K., Lightfoot, D. O., Wheeler, T. G. and Leeper, H. F. (1975), Functional polarization of cone hori-
zontal cell dendrites and synapses, Science, 190: 989—-990.

Stocker, M. (2004), Ca’"-activated K~ channels: Molecular determinants and function of the SK family, Nat.
Rev. Neurosci., 2004, 5: 758-770.

Stokes, L., Gordon, J. and Grafton, G. (2004), Non-voltage-gated L-type Ca’>" channels in human T cells:
Pharmacology and molecular characterization of the major alpha pore-forming and auxiliary beta-subunits,
J. Biol. Chem., 279: 19566—19573.

Siidhof, T. C. and Malenka, R. C. (2008), Understanding synapses: Past, present, and future, Neuron, 60:
469-476.

Sugawara, K. and Negishi, K. (1973), Effects of some amino acids on light-induced responses in the isolated
carp retina, Vision Res., 13: 2479-2489.

Sullivan, J. M. and Lasater, E. M. (1992), Sustained and transient calcium currents in horizontal cells of the
white bass retina, J. Gen. Physiol., 99: 85-107.
Sun, X., Hirano, A. A., Brecha, N. C. and Barnes, S, (2017), Calcium-activated BKCa channels govern
dynamic membrane depolarizations of horizontal cells in rodent retina, J. Physiol., 595: 4449—4465.
Tachibana, M. (1981), Membrane properties of solitary horizontal cells isolated from goldfish retina, J.
Physiol., 321: 141-161.

Tachibana, M. (1983), Ionic currents of solitary horizontal cells isolated from goldfish retina, J. Physiol., 345:
329-351.

Tachibana, M. (1985), Permeability changes induced by L-glutamate in solitary retinal horizontal cells iso-
lated from Carassius auratus, J. Physiol., 358: 153-167.

Tabassum, N. and Feroz, A. (2011), Ion channels and their modulation, J. Appl. Pharm. Sci., 1: 20—-25.

Tiwari, P., Dwivedi, S., Singh, M. P.,, Mishra, R. and Chandy, A. (2013), Basic and modern concepts on cho-
linergic receptor: A review, Asian Pac. J. Trop. Dis., 3: 413-420.

Takahashi, K.-I. and Copenhagen, D. R. (1995), Intracellular alkalinization enhances inward K" current in
retinal horizontal cells of catfish, Zool. Sci., 12: 29-34.

Takahashi, K.-I. and Copenhagen, D. R. (1996), Modulation of neuronal function by intracellular pH, Neuro-
sci. Res., 24: 109-116.

Takahashi, K.-I. and Murakami, M. (1988), Subtype of excitatory amino acid receptor in cone horizontal cells
of the carp retina as specified by reversal potential measurement technique, Neurosci. Res., 5: 453 -464.

Takahashi, K.-1., Dixon, D. B. and Copenhagen, D. R. (1993), Modulation of a sustained calcium current by
intracellular pH in horizontal cells of fish retina, J. Gen. Physiol., 101: 695-714.



T HEEN MR O LR A 22 LIS S 2 -

Takahashi, K.-I., Miyoshi, S. and Kaneko, A. (1995a), GABA-induced chloride current in catfish horizontal
cells mediated by non-GABA, receptor channels, Jpn. J. Physiol., 45: 437-456.

Takahashi, K.-1., Miyoshi, S., Kaneko, A. and Copenhagen, D. R. (1995b), Actions of nipecotic acid and
SKF89976A on GABA transporter in cone-driven horizontal cells dissociated from the catfish retina, Jpn.
J. Physiol., 45: 457-473.

Thoreson, W. B. and Burkhardt, D. A. (1990), Effects of synaptic clocking agents on the depolarizing
responses of turtle cones evoked by surround illumination, Visual Neurosci., 5: 571-583.

Tomita, T. (1963), Electrical activity in the vertebrate retina, J. Opt. Soc. Amer., 53: 49-57.

Tomita, T. (1964), Mechanisms subserving color coding in the vertebrate retina, Abstr. II, C IIL.1, pp105-110,
IOPAB (International Organization for Pure and Applied Biophysics), International Biophysics Meeting
Parei-Orsay.

Tomita, T. (1965), Electrophysiological study of the mechanisms subserving color coding in the fish retina,
Cold Spring Harb. Symp. quant. Biol., 30: 559-566.

Tomita, T., Kaneko, T., Murakami, M. and Pautler, E. L. (1967), Spectral response curves of single cones in
the carp, Vision Res., 2: 519-531.

Tomita, T., Tosaka, T., Watanabe, K. and Sato, Y. (1958), The fish in ERG response to different types of illu-
mination, Jpn. J. Physiol., 8: 41-50.

Toyoda, J.-1. and Tonosaki, K. (1978), Effect of polarization of horizontal cells on the on-centre bipolar cell
of carp retina, Nature, 276: 399—-400.

Toyoda, J.-I., Nosaki, H. and Tomita. T. (1969), Light induced resistance changes in single photoreceptors of
Necturus and Gekko, Vision Res., 9: 453-463.

Traynelis, S. F., Wollmuth, L. P., McBain, C. J., Menniti, F. S., Vance, K. M., Ogden, K. K., Hansen, K. B.,
Yuan, H., Myers, S. J. and Dingledine, R. (2010), Glutamate receptor ion channels: Structure, regulation,
and function, Pharmacol. Rev., 62: 405-496.

Turin, L. and Warner, A. (1977), Carbon dioxide reversibly abolishes ionic communication between cells of
early amphibian embryo, Nature, 270: 56-57.

Turin, L. and Warner, A. (1980), Intracellular pH in early Xenopus embryos: its effect on current flow
between blastomeres, J. Physiol., 300: 489-504.

Ueda, Y., Kaneko, A. and Kaneda, M. (1992), Voltage-dependent ionic currents in solitary horizontal cells
isolated from cat retina, J. Neurophysiol., 68: 1143—1150.

Unwin, N. (1989), Channels in membranes of excitable cells, Neuron, 3: 665-676.

Vaney, D. L. (1993), The coupling pattern of axon-bearing horizontal cells in the mammalian retina, Proc. Roy.
Soc. Lond. B, 252: 93-101.

Venkatachalam, K. and Montell, C. (2007), TRP channels, Ann. Rev. Biochem., 76: 387—417.

Vergara, C., Latorre, R., Marrion, N. V. and Adelman, J. P. (1998), Calcium-activated potassium channels,
Curr. Opin. Neurobiol., 8: 321-329.

Verweij, J., Hornstein, E. P. and Schnapf, J. L. (2003), Surround antagonism in macaque cone photoreceptors,
J. Neurosci., 23: 1049-1057.

Verweij, J., Kamermans, M. and Sperkreijse, H. (1996), Horizontal cells feedback to cones by shifting the
cone calcium-current activation range, Vision Res., 36: 3943 -3953.

Villa, P., Kurahashi, T. and Kaneko, A. (1995), L-glutamate-induced responses and cGMP-activated channels
in three subtypes of retinal bipolar cells dissociated from the cat, J. Neurosci., 15: 3571-3582.

Volobuev, A. N. and Petrov, E. S. (2011), Analog-to-digital conversion of information in the retina, Natural
Science, 3: 53-56.

Vu, T. Q., Payne, J. A. and Copenhagen, D. R. (2000), Localization and developmental expression patterns of
the neuronal K-Cl cotransporter (KCC2) in the rat retina, J. Neurosci., 20: 1414—1423.

Walls, G. L. (1943), The vertebrate eye and its adaptive radiation, The Cranbrook Press, Bloomfield Hills.

Wang, X. L., Jiang, X. D. and Liang, P. J. (2008), Intracellular calcium concentration changes initiated by
N-methyl-D-aspartic acid receptors in retinal horizontal cells, Neuroreport, 19: 675-678.

Watanabe, S.-I. and Murakami, M. (1991), Similar properties of cGMP-activated channels between cones and



B R —

rods in the carp retina, Vis. Neurosci., 6: 563—-568.

Werblin, F. S. (2011), The retinal hypercircuit: a repeating synaptic interactive motif underlying visual func-
tion, J. Physiol., 589: 3691-3702.

Werblin, F. S. and Dowling, J. E. (1969), Organization of the retina of the mudpuppy, Necturus maculosus:
II. Intracellular recording, J. Neurophysiol., 32: 339-355.

Witkovsky, P. (2004), Dopamine and retinal function, Doc. Ophthalmol., 108: 17-39.

Witkovsky, P. and Dowling, J. E. (1969), Synaptic relationships in the plexiform layers of carp retina, Z.
Zellforsch. Mikrosk. Anat., 100: 60—82.

Witkovsky, P., Owen, W. G. and Woodworth, M. (1983), Gap junctions among the perikarya, dendrites, and
axon terminals of the luminosity-type horizontal cell of the turtle retina, J. Comp. Neurol., 216: 359-368.

Wollmuth, L. P. and Hille, B. (1992), Ionic selectivity of I, channels of rod photoreceptors in tiger salaman-
ders, J. Gen. Physiol., 100: 749-765.

Wright, S. H. (2004), Generation of resting membrane potential, Adv. Physiol. Educ., 28: 139-142.

Wu, S. M. (1994), Synaptic transmission in the outer retina, Ann. Rev. Physiol., 56: 141-168.

Wu, S. M. and Dowling, J. E. (1980), Effects of GABA and glycine in the distal cells of the cyprinid retina,
Brain Res., 199: 401-414.

Wu, S.-N. (2003), Large-conductance Ca’*- activated K" channels: Physiological role and pharmacology,
Curr. Med. Chem., 10: 649-661.

Xin, D. and Bloomfield, S. A. (2000), Effects of nitric oxide on horizontal cells in the rabbit retina, Vis. Neu-
rosci., 17: 799-811.

Xu, Y., Dhingra, A., Fina, M. E., Koike, C., Furukawa, T. and Vardi, N. (2012), mGluR6 deletion renders the
TRPMI1 channel in retina inactive, J. Neurophysiol., 107: 948-957.

Yagi, T. and Macleish, P. R. (1994), Tonic conductances of monkey solitary cone inner segments, J. Neuro-
physiol., 71: 656—665.

Yamada, E. and Ishikawa, T. (1965), The fine structure of the horizontal cells in some vertebrate retinae, Cold
Spring Harb. Symp. quant. Biol., 30: 383-392.

Yamashita, M. and Wissle, H. (1991), Responses of rod bipolar cells isolated from the rat retina to the gluta-
mate agonist 2-amino-4-phosphnobutyric acid (APB), J. Neurosci., 11: 2372-2382.

Yang, N. J. and Hinner, M. J. (2015), Getting across the cell membrane: An overview for small molecules,
peptides, and proteins, Methods Mol. Biol., 1266: 29-53.

Yang, J. H., Maple, B., Gao, F., Maguire, G. and Wu, S. M. (1998), Postsynaptic responses of horizontal cells
in the tiger salamander retina are mediated by AMPA-preferring receptors. Brain Res., 797: 125-134.

Yasui, S. (1987), Ca and Na homeostasis in horizontal cells of the cyprinid fish retina, Neurosci. Res., Suppl.
6: S133-S146.

Yazulla, S. and Studholme, K. M. (1997), Light adaptation affects synaptic vesicle density but not the distri-
bution of GABA, receptors in goldfish photoreceptor terminals, Microsc. Res. Tech., 36: 43-56.

Yoshizawa, T. and Kito, Y. (1958), Chemistry of the rhodopsin cycle, Nature, 182: 1604—1605.

Yoshizawa, T. and Shichida, Y. (1982), Low-temperature spectroscopy of intermediates of rthodopsin, Methods
Enzymol., 81: 333-354.

Yoshizawa, T. and Wald, G. (1963), Prelumirhodopsin and the bleaching of visual pigment, Nature, 197:
1279-1286.

Zamponi, G. W., Striessnig, J., Koschak, A., Annette, C. and Dolphin, A. C. (2015), The physiology, pathol-
ogy, and pharmacology of voltage-gated calcium channels and their future therapeutic potential, Pharma-
col. Rev., 67: 821-870.

Zheng, J. and Trudeau, M. (2015), Handbook of ion channels, CRC Press, Boca Raton.

Zhang, X. and Cote, R. H. (2005), cGMP signaling in vertebrate retinal photoreceptor cells, Frot. Biosci., 10:
1191-1204.

Zou, J., Salarian, M., Chen, Y., Veenstra, R., Louis, C. F. and Yang, J. J. (2014), Gap junction regulation by
calmodulin, FEBS Lett., 588: 1430—1438.
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T HEEN MR O LR A 22 LIS S 2 -

=3

ZHIBENY 2 RS A AIE O T, [F DR OMIBE R 2/l & 0y, ERZ AL, wE Ak, sk
MRS NS IS 4 DDA D ED, B, B, I BB lwvoi
WEDE X LA ETLHMEDTENENDS . BERNTIIREERET D, WEREHRT 5. B2,
MALERERIZO, &3, 8§, /MM, KBEIMIZ L > THER SN TWE, TORRBIZIERLL 72 %1
L CREGZWINL, HILTE LD o72b 02T 5, O L - WL - HEE (H 5 VidHEl) %
X2 A7, BPhE, W, B2 COMNEHLSRESH T 5. IO ORERE DR ERICE
N2, WLERERDAIMNS, DBRFELED VR, OFKE L2 8% 7 28870 (HoHVITERRE
FIRR), OWEL S 5 I L FRYRTE E 2 IS R SR, BRIl R MG 3 2165
B, DFERPNCEHEZIY AT MR, OEED Pl 2 WIRER, @S AERREEL B - i+ 2
MR & NrwhesR, O 7 EOIEA OB L7 2 HER L CAERZ RET 250058 %, £ LTO%
OV MR T A EBRRAN D . ZDO X HIZ, SHIEEIY TIPSR T A/, SRET LT
BERDVEMEIEL X2 TV A, TEBRIELEY TH L EWIL &Y OIS DA AR E OEES LT
N, ZOOFEEER, MR HRRENGWAROE X AUFICERETH L, INHOF &I, KD
O L T HMA AR T AR T,

L NGOG TIIERONNTE L LZLE BT LN EEL, COREEZEEE V), BRETZH
T o E A EEAR LIS, BRERIIIHE, TR WRE, e REEE (ME - T8 WELEE -
BR), EEEE (HEE), FERESCHBEESMONTWE, TNENOEERIEIZTHTL L
WCTELYHEE CHE) 29 E-oTBY), INx @D 5 WIEL R e v . #lEOs & LT,

HIL TG, R TIEEE, RESCBETIHMEFWE LR L Th b, Lidvz, HEFITRVIETRESR
B ay 72526/l &Ild, BOBREZEONDL ZEDRMLN TS, 20X 2Rl sl
THAHIE IR L0, AT 2R S IEN S, FHEEOR TR TH 505, 2D
I3 M & L CHREIEET 5o RO R THRIEZEZ A3 5 0 EMIOATH Y, 400 nm
~740 nm OWENH 2 ZHTHI LN TE S,

M) VIRE —ERE TR I N TV E720, REEWEREMAT TS SR8 T 505, 14
VRGN E R EDS TR EETE R (121X, Engel & Hermann, 2008; Goiii, 2014; Lombard,
2014), ZD7-%, PRI IZBERENE Y 87 B A TN, INE@EKE L TR TTWS (Flz
I£, Goiii, 2014; Lombard, 2014; Yang & Hinner, 2015), ZOREFEMES » /87 ik, F¥ 2V 5 v o587
B (AF v FrdVEKRFxRN [T T7RY V]) Lk s V08 (A ARy T, 20 AF v
Ty —E b NITUAR=F—) D25 AFIEENDL (FIAIE, Lodish et al., 2000), D5 >3y
B EIRE ST 5. MBS E A ZZWERENCIE, ATP Z K5 L THONAEZ ANV F—%
VR L 4 L heEh Y (R X ESALFE R T v Y v VIS o TWE 2 Bk 5 720 T AV F— 25
b)) Nz, ATP % LB L THIBNNOWIE O & 2l X - THE U 5 B E% BREh )
L4 B Z A D S o BEEIERE L 1 REEEIEG S & 2 REEBHER A IS0 SN D, | REEERE X ATP %
FHT 2 Na' /K ' #>7 (Na” K" ATPase) % Ca® K> 7 (Ca®'/H" £ 722 Ca®'/H' ATPase
ELVD) BREPBITONL, F72, 2 REEENGEIIIMIEIN SR ICHAET 5 Na OFRE~IZL 5
EREY ) A2 FIH LC7 3 /B2 MBI At Na IR T I Vb9 v AR =¥y —, ZLCTT Kok
WD AL Na KRGS T RN T Y AR =4 = DM LTV D SCEIBE AL & et
125 Nns (Bl21F, Lodish e al, 2000), HALILHLTIX, Bk (0, %, —Ebz# (NO) %
RibikFE (CO,) ZEDEUE, BIWIRE, A7uAf PRIy /) — )iz EOIREHED AN
FEFE X o CTHIIA R B Bh S 5, 2 LT, MEECIE Na', KM Ca™ 2 b1 F v 45, Ml
FIETAAFT F X AN L CTHIIAND A F D iEEEE UL > THEUABEMNE ([ 4 ViEEE
LEMET ALY TEGULFERT VI v W ENR,) IZL > THlANEBEI T4, —F, ZOLH%L
L ARBLT, BWIIAEGHERFICLELRWE (RIE, 14 00T %E) OMIEZ A 728 % 1§
IZLT\W5,

NG UVAR=F =134 F v F R IVERLRY, A F @I 5L Gz E@Ed 5% /87 EH)S

ZOHREEIZHAREOILEZER L, ZOFLEM L TAF yRREEBESELEEREZ AT F ¥ V&
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B R —

W A F xRV OFLICIE, BEHREBEHIREND L) Ehvi, A+ VI TV AR—Y —~OHE
—HIEEAN OB E -GN TORM 2 DB L 2Bk SNbs L EZ LN TWAS (FlziE, Lodish et
al,2000) o SO RNT Y AR—F — 2L DA F 2 OMEEEIRIE L 10°~10"" BTdH b, —H,
A F ¥ F v ANV OWHEEEEH L, 10'~10° 8 B TH 2 (Hl21E, Lodish er al., 2000).
BsaOMIaE () SRR ERE) (IR Y VSV BEBETEL, SRS Yy BIEA v F v
A, FITUVAR=F—-BLOLE Ty =L LT\ TWA (Flz2iE, Lodish et al., 2000). # T
JAlZ N o v AR—F —D—FETHAH Na /K K> THFIL, ATP 2 L THSM Na* % A L
M KT 2D AATWS (1212, Skou, 1965; Shattock, 2009) = D728, AL TIE Na i
FEAML <, K IEEEATS WIREASHERF ST wd GRS, MIESLCId KT IEEEAME <, Na IFE2%
Vo) AR Z LI, BTOMIBITMIBIRICIRMRES ) 7 AF ¥ AVDEHL, ZOF v AV ENL
TK WIS TV 2. 20 K OBEIIAIAS 0 K S e Zctk- THEL 2 B
FEMNTPHICET 2 TR E, K OTFHEM (-60~-80mV) TEILY S (412, Wright, 2004).
R LT, AP S CROIRREL 2 2, S hpL () B THh b, Wi, K Doko
AF OB MBS BETHEET L7720, HIEEMIT K OFHEM LIz (B 213,
Wright, 2004)

R R B AL 22 & & 9 R BBV ZJeYE A ) 7 A v 2oV DS, AR Y
AT v RV E BRI ES ) T AT v AVHEL, HEIEMERAET S (B2 1E, Hodgkin &
Huxley, 1952a—e; Hill, 1984; Ackerman & Clapham, 1997) . JEEEE MG (LB ML ChisHing, i
PR —EB O IAL) & EWIRBI RN & 384 L 2 WilllE, & 2 \WISBEEM 2 b 4 U e Willle &
EFINTET, Lo, E4E, JEENIROMIBEEI B ¥ 4 TOBEMARFEA &~ F ¥+
WEHLTWLZEPHALRERY, To&EE LG0T (BEEM, 14 YiREdD L
ISHIEPE A= 7 & OFE) PRI TwA (B2 1F, Jagannathan et al., 2002; Stokes et al., 2004;
Piskorowski et al., 2008; Sontheimer, 2008; Badou et al., 2013; Kaestner et al., 2018), L2>L, Rl
DSWTEHRERHTH B, FBilt, WV LA+ (Ca®) FEIEHMILO &% & FIEBEEMIC b
FEANED Y FA vy Vv =L LTOREZ R/ L TWE I EPHLNERY), ZORKKE L TEM
KAFEA VT AT v AVHPEHEZED TS (Bl21F, Jagannathan et al., 2002; Piskorowski et al.,
2008; Sontheimer, 2008; Badou et al., 2013),

Bernstein (1902) \ZAEAKEA A 4+ v OHh e EHL, BA 4y 2E8 L 2 vERNEEELKEL, M
TN D A T » DAL i DNENZEEEATVS E W) RS ERB L7, fMBo8EE L >TZ oD
BIRMEEMEITERT A L, BTOAF T 5 ZEESINT 2720, ZO#ERE L OEEIEMA
FETHEHEML 72, LAL, CORTITHEEEMNA OmV 2 BET LI LAFHTLI LN TE Do
720 ZDf%, Boyle (1941) I3BAOHIEROMIAEIX K & Cl I2E@%%2E$ 575 Na' &Zofho
Fid & v & FEB LW &S L7z, $iv T, Hodgkin & Huxley (1939, 1952a-e) 1% 1 7 & F A AfE
MR &, OUREIZR OB IEFENC, Na 1269 2 B ki fegs, Otz i cBiE)E L5 L, Na'
KT 2 EmmMEAS AT A2 E AR L7z, 2512, Na oFEM FAIcks, K o&#trs Ld+2s
ZERMLEMICL, INSOFEBEBEELITAHEM (b2 WIZEIE) ORI HE S BRGNS
N AT v OV E AR S ) 7 A F X AIVOEN R E A LPERTH L Z E 2O L (6]
#1X, Hodgkin & Katz, 1949; Hodgkin & Huxley, 1952a-e; Hodgkin & Keynes, 1955; Narahashi et al.,
1964; Hill, 1984; Ackerman & Clapham, 1997) . FEAAKEME T I VU 7 A F ¥ ROV OTHEALIC PRV sT
® Na & Na" OFHE (+30~+50 mV) (217> THIRMICRE L, BEEMZ 0mV 2EET 5L
NVIZFETHRHDL BT S, LA L, BAAKEET MY LA F v 2OVoiEH bIc ke S BAAKEE S ) A F
FUHTHEALT 2 7280, MAO K id K OPHER (-90~-60 mV) 27> THsHZBE+
Do FEHE LT, FBEMIE Na OFMEMD S K OFHEMNE —ZII5] ZR SN, kM o&Ew
JEFEAZ L (1 msec) DEL D, INHMIHEEMTH S,

FHEIW CLEA N> 7 AHERE O TR TH KB Y BEH VY Y 4 (Cay(PO)  (OH)y; N A F
OX 785 4 b EMHENS Z LD % \,) & LTREICEZ 5T 2 (Ferraz et al., 2004) . ZiLLL
BUZ, VT BN AEEY YN E (BB I VEY 1) v baR= Y C, Ao
{Y, ANy Za—y, TUF4rFF—FC, FAKRYN—FChENLIIZ, Ca DHEIZL-
THIER RIS 25 VXV B EHET.) L LT, d20EHETICERED I VY v a4 %y (Ca7) &
LCHAET S (Berridge et al., 2000; Bootman, 2012) . #asbg (M=) > 7<% &) ol Ca®”



8)

9)

10)

T HEEN MR O LR A 22 LIS S 2 -

BT mM TH B A%, MBI TS oM &R IR <, 2 0#1310,00005 %8 2 50 MIFLA~D
el Ca® ORI L LTA 4 > F % ANV ENT AMMNASORA, 2 LTk (HsviEI ko
YEUT) Ex2 B TWS Ca Ol Ad 5 (Berridge ef al., 2003). F 72, AN Ca® 1 Na™/
Ca’' Ty 2AF x v ¥ x—% Cal K 71 L pMINA~OPH. 2 LCOMAKIC X 2 BN & ) W+
%o MEARATHERE Ca’ XA OIGHE, MREEMEORIMO A% S THBNES > Ay er Y r—k
L T% < OMfabEsIcBIS- LT (B121£, Bootman, 2012),
WAAFEA VT 7 BT v 2L, BRI E > THT 244 F v AV Th Do :(D%Jvfr\)v
BRI X > TIEMAL L TR L, Ca™" 2k & M ~BIRA B8 S 5, AR BIEEAYIC
BANE S V2 7 LF % 2 Vid —40 mV I CTHFEAL T 2 mEMGEELE & — 60 mV £ T liﬂ:
T HRFEAE AL 2 FESEIC A SN T WD (BIZIE, Perez-Reyes, 2003; Catterall, 2011) & 512
EEMEERIE LI (LA KE W [Large] H—F vy 23575 v A%EE, 0oLk
(Long lasting) ANEHALBEFEEZ AT EH NI AT v RV EV) iﬂ;‘l&’(&)% ), N#& (N#IZ L ATl
%< [Non-L], #2583 [Neuronal]l T2 HV Y7 AF ¥ RV EWVIERTH S,), P/IQ (P
12/h4IZ 3 % Perkinje M2 %8BI L, Dihydropyridine 7 &2 JEIEs li%T@’VJ W AT xR &
IEMRTH B, QBUI/NHO PRI 2%, PR L IIHET R ZHANEZMEERT IV 7 4
FAANEVIBRTHL,) & RA (RENG/MMERANIZFH L, PRTH QITYH 2 I
PEZRTFED [Residuall OANT T LA 4 Y F v ANVOERTH D), L TREMEMEALEIE T H
(THNLE, /K& [Tiny] H—F v A Var ¥ s 5y 2%FE, BWARTEMRAL [Transient] 243 % 7 )V
VULFXARNEV)ERTH D) IS ST WD (Bl z 1L, Hess et al., 1984; Nowycky et al.,
1985; McCleskey et al., 1987; Llinas et al., 1989; Mintz et al., 1992; Randall & Tsien, 1995; Bourinet
et al., 1999; Catterall et al., 2005) o FEMILO A7 & FIEEEVEMILIC S HI L, MILA~ND ca’’
ORI L L CHEREL T\ % (Bl 21X, Perez-Reyes, 2003; Catterall, 2011) $512, FfEHAL C1ZHpfE
(GRS T 568 7 Lo Ca” IRAEMEAE 12 5 T B 1&5@{L4ﬁ|§1|:%147\)b (27
MZEALIC & o THEMAL SN A 720, FROEEMEELT v AV E R o - ZB 2 RizT Mo
Tw2 (flZ1E, Carbone & Lux, 1984; Nowycky et al., 1985), 4, 4 THWFMFTOFEIC X
D, BAAKGEHESI VYT LAF v A Vd o, o8, B LyDF Ty MRLHEREN TV Z LA
Mo TWwA (BlZIE, Catterall, 2011) . BEMGEER L o), o8, B, & y%)’%tc%f\i‘lﬂ4'§-a_ﬁi%
T LBSRE L C 2 oIkt L, RIS Clt 0,8, B, & y OLEMIEHR ST (X
Catterall, 2011; Iftinca, 2011) o
TEFI T SRR S CAFEL, TRV R v ERICEELRMREERE TH S RRIRER
IZBWTC, TRFIa ) PEBREE, SRR & B BMRE O BTRTRRAE, 3 & ORI &R O
ThiAE s EORED SHUL SN MREEME TH S0 T/, FIEAFRTL 7T RF V) Y id—E0
RS O MR EW R L L CRIH S Cwb (Bl 21X, Changeux, 2010; Picciotto et al., 2012). 7
tFray) ey - A A rFry Ao aFr o BlL YTy —ERFEOLAD) VEIL YT Y —
D25 AT EN,, =aFyBL Ty —dmA 4 V#ERETH), ZoLEe 7y =127k F
YR aFuhEETAE, Na©, K % Ca’ &&*@47f>i&ﬁlftﬁ§i“§ﬂ' (] 2.1%, Kalamida et al.,
2007; Jones et al., 2012) s DL+t 7 ¥ — 1 IMRHEAE, BEMEE, BIERE S PR MRERZ &I
ﬁﬁT%oAXﬁUyﬂb{79~K@,M%mﬁ®5947®ﬁﬁﬁﬂ%ﬂfwéoMLNB&MS
X G/ EMHEND GF v BB L THRAT 7 F I A 7 ¥ b= VO HEEfEE L, fMlgi
Ca’ % LR E%D, M2E M4 Gilo EIFIEIS G ¥ v Xy BEME L CT FoVlgy 7 7 — X%
PIHIL, MR O cAMP IRFEEIRT & 2 VN S BEGEME S ) 7 A F v AOVIEMILE ER T 2 (Fl2 13
Jakubl’k & El-Fakahany, 2010; Jones et al., 2012) , &38R B 2594 L, (ﬁ'ﬂﬁ”?ﬂﬂf&‘ EDF
BRI R 7 WA, CBERERE OB 22 & 245 o F 72, KR4 O NS HPIRMERIZIE A L, il
1’&11:1%@1'5% 5T %,
FERAHET (Rod outer segment) (XfEIRE LCHB Y, FHEIAIZIE1,00082 52,0004 b O (Disc) 2%
FELTw2 (1B &R . MEOBIZIZES IEE%,ET“C%Z) o 73~ (Rhodopsin) AL
b0 ZOURTU LT F = (B I AFFEE) LT vy (827 H) BREE LBEARERT
bbHo BERRETT R rOLF /=) Vidll<cis e LTHET 5725, KEF v v F 35L& All-trans
BINEHAL T 2, ZoEBLICtEvwD FT7 Y O REEAELL, x4 u F7Y 2T (Metarhodopsin
ID 2R ENS, SZOERBERIIEMETHY), O F T r>T72 a7y -y RTo -3
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ORTY2 = AZORTI LI AU NI VT EMNENLHFEEERDL ZENHLNE > TND
(f1 212, Yoshizawa & Kito, 1958; Hubbard et al., 1959; Matthews et al., 1963; Yoshizawa & Wald,
1963; Yoshizawa & Shichida, 1982), A # @ K7L > 111&, +FF ¥ A7 22—~ (Transducin) (G %
YR BIEHALT Do WEHALLA N T VAT 2 -V YIET A AT+ VT AT T —+E (Phosphodiester-
ase) ZiEMALL, HHEHINO cyclic Guanosine 3°, 5’-monophosphate (cGMP) % Guanosine 5’-mono-
phosphate (5GMP) |24 %3 % (5 1 MZ#) (B 21X, Kawamura, 1993, 1994; Shichida & Imai,
1998) o FHAFMET DI IZANLN cGMP HEEEVARAE L CHI S 25 A 4 > F v £ )b (cGMP-depen-
dent cation channel; cGMP KAEER; A 4 > F v 2V & B WIIBIERZ MR A 4 > F v F OV LIRS ,)
DEHL, WARZILIZ IO A 4 v F v AOVIERMNEEE 2 (1 21F, Fesenko et al., 1985). 14
BEE, AMEINIZ cGMP DS RIZFAET 5720, A4 v F v AVEHEOL, ZOF v A% L CTEIZ
Na“ % Ca™ ' ESALFEIIZGE > THIFLSL D S MIFIA (PR ISHRAT B0 S 0720, FRIEH 55
REEE 22 %o HEADEIST S LD &, HMEIIN cGMP ISR 5720, BA 4 v F X 2 JVIZBHZE L,
Na % Ca’ O AW H 2\ VRS 5o fdE LT, BEIGESHT 2 (Hl212, Pugh & Lamb,
1990, 1993; Kawamura, 1993, 1994), #if&%1fi (Cone outer segment) (XA E (Cone visual
pigment) DAL, #AREFERED X = XA THEFVELZEFTIIEBRSINL ZEHFWPSL 2 LT
% (551 1XAZHH) (Haynes & Yaw, 1985; Watanabe & Murakami, 1991; Picones & Korenbrot, 1994) .
TRP F * # )V (Transient receptor potential channel) 1, ¥ 37 ¥ 3 W NTORISEZE RO 5K E 5
T L CHERAEIN T ¥ A V5TThD (Montell & Rubin, 1989). & DEEMO R THAET S
WA ZELAS—8YE (Transient) Td - 72728, TRP O&FH G 2 5 7ze TRP F ¥ A VIZE L, I
HAHTIE29FE D &= FAEE S, TRPC, TRPM, TRPP, TRPML, TRPV & TRPA ® 6 ¥ {4 7D
777 ) I EEN TS (B z 1, Clapham, 2003; Moran et al., 2004; Glitsch, 2010), 25
DT ¥ RIVITIEE, P, A, -1k wvoofl 2 oW - LRI X o TEE L E N5
{142 F X RNTHLD, TDOENCa BBIEAH L, P - KAHRR L M0 L3 212124 T oM
WREIARSNS (B 21X, Mulier et al., 2017; Sawamura et al., 2017) TRPC % TRPM 7 7 3 ) —
IZET % TRP F v ViE, &REOKEME, AN Ca® B oRiBe & v /87 8 L OMELEHIZ L -
TIHEALEN D Z ESEN TS (B2, Tia et al., 2007; Venkatachalam & Montell, 2007) .
MR OEREEL T A (LEYFTA) A LTThNS. ¥ F 7 AR 384 L
THRBI M ATHREER (VF TAREKLE D W) 15ET L L, HRmEWES RS NE (B 21E,
Lovinger, 2008; Siidhof & Malenka, 2008; Choquet & Triller, 2013) . iR {ZEWE L > F 7 ARR %
PEEL, P T AR OBIRZERICEINT A F TALE 7Y — (HREEWEIEETHI N
YRLE Ty —%i5T) AT A, CORE YFTALET Y —LHlETAII A F v a0 (YA
VRRAEMEA & F X R V) AEEALL, ZOF ¥ RV EN L CHIRBRNE A 2B ET 57200 )
T A BRI B ZA LA BN S o EEZRIIT RN O W - ALZEZEAL % T HLS 729D D
BHATEAEL, ZOMBAIZIL2IZ 5 EEEMEILAET S (B 212, Loewenstein, 1971). E¥
kA RIEER D, S & IRBUCA, KRBV AR EOWHEEIIHIET A ENTE L, H
21X, EREBRO—2TH L RIITHED D> TB Y, HEEICH L EMEAIe % 2 5 & cGMP K74
Wi A & F v ROVsHgE L CREMALABNS (119 ZH) (Fl21E, Rodieck, 1973, 1998), Z D
BAEALIEY F T AEN L CTEZRMRHIIL LI A ZE SN S, SBEFHI & » TER SN A Mo
BAZEALESIOE L V) o BHIIETRE L0 EIE s F 72 %4 L TR IR T3 2 MU
R, L CHE 3 R CTH B T <7 ) e MR I mE S, FREh oMl
EEME L A, SNSHHBE LIRS (B2, KOG ER T <27 ) VHlBORIEEZ: &),
M & RS 2 MMl o T, BN, AR, KT L 7~ 2 ) SRl —E LR E A
IBEEFRAET O LT, 7~27 ) YHfEO—H & MR AR B IS & TG B BEALATE 72 5
(Bl 21¥, Werblin & Dowling, 1969; Kolb, 1994) . Z iU HIEN QML AR RIS EAS, 7F 0y
5% (BREMMUEEMNZL) 267V I ES (HEIEAM) (SRR IIRIEHEEINLZ LE2RLTw
% (#1212, Volobuev & Petrov, 2011; Baden et al., 2013)

SEARTCERIAE 2> S SR OIFIER O A 1 = X212 L, 19704E4%12 GABA 26 (B Y + 7 23l &
BIFIENS,) L7 7 7 A g/ ERHE IFENS.), & L T20004 12 A - T pH L Gitfust
pHALL BIFIENG) D3 WHAFEE SN TS (B2 X, Lam & Steinman, 1971; Stell et al., 1975;
Byzov et al., 1977; Kamermans et al., 2001; Hirasawa & Kaneko, 2003; Davenport et al., 2008) . Z il
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ENOMH % LT 2 RE OMFTRMEDNH 5 —/T, ALFELERATLURHREL DY, BAIED 3G
ERRRET 5 72O DEBEDPITHIL TN 5,

BB PRI B VT, L-7 vy I VRIFREN 2 BT EWETH L (21T
Meldrum, 2000; Purves, 2001), Hfr, ZOL v 7y —idf 4+ v F v v AN ERHI ST
% (#lz1%, Dingledine et al., 1999; Purves, 2001; Rousseaux, 2008a, b; Niswender & Conn, 2010) .
AF v F xRNV VG I VEEL 7% — (lonotropic glutamate receptors; iGluRs) 1, Lt 7% —~
DL-ZVY I Y BROEEIECBA A Y F v 3V (2OF v 30, Na', K BLoCa® % Lol
T A EMEEE AT b)) DO T S (121X, Dingledine et al., 1999; Rousseaux, 2008a, b) .
ZOLETY —3Y T T AR OBIRIGEDOMIBIE D A 7 5972 F T AR O 2 T A
WAFEHL T d, L-7 VY I VEOERT = A b Th % a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionic acid (AMPA), N-methyl-d-aspartic acid (NMDA), Kainic acid (KA) (Zx3 2 FAEDE
WIZEDSE, AMPARIZ VS I ViEL 7% — NMDAZRIZ VS I VLT 5 —BLOKAR )L
Y IVEBRLET Y —1EENS (Blz21E, Dingledine et al., 1999; Purves, 2001; Rousseaux, 2008a, b)
INBE320L 2T 7 =1 L TR 7y T=A L LT, BIZITAMPARI 7 VY I VL &
7% —121%2,3-Diox0-6-nitro-1,2,3,4- tetrahydrobenzo [f] quinoxaline-7-sulfonamide (NBQX), KA 7!
TNy I VLTS —12131- (4-Aminophenyl) -3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methyl-
enedioxy-5H-2,3-benzodiazepine (GYKI53655) = LT NMDA I/ V% I YL+ 7% —1213 dizocil-
pine (MK801) 7% EMHIHN T 5, ABEEMNIZIE, AMPATIBLX O KARIZ VY I VLT 5 —1%
Na'& K ICE@MZ AT 5%, NMDAMZ LY I VLt 7% —idNa" & K2z, Ca¥'icd ikl
PEA LTS (B2, Lerma et al., 1997; Rousseaux, 2008a, b) o —77, R /L5 I VL £ 7
% — (Metabotropic glutamate receptor; mGIuR) £ G # ¥ /X7 HEHELTHBY, TOG ¥ /308
EHLCY 7P viEETT9) (B121E, Niswender & Conn, 2010; Hovelsg ef al., 2012), 2D L+ 7
g —3iErE (7 3/ BREY)), HEHEENHEB LA Y FAv ey Vx—0HEWL ERNS, FV—TF1
(mGlul ¥ mGlu5), Z7)V—71 (mGlu2¢é mGlu3), 7 )V— 71 (mGlu4, mGlu6, mGlu7 & mGlu8)
D3O ENTWS (Fl21E, Niswender & Conn, 2010; Hovelsg et al., 2012), 7V — 7 T
BMZVY I VLTS —1x7 + A7+ ) 85—+ C (Phospholipase C) OIFEMAL% /- LI Ca® i
fEx bAEE, VT ARMEMBOMIBEICEBT 2 ) T AT v AV EHE L g mEERL,
MM OB 2 LT 50 V=TI BL MBI VY I VIRV TS =37 T VRS 7 T —
¥ %[5 L C 37,5 -cyclic adenosine monophosphate (cAMP) FEA % T &+, cAMP-dependent pro-
tein kinase (PKA) OFEMALE [HE L, Mg BE 2 5#5 %, PRI BWT, 14+ F %
ANV ERHTEOW 7V 5 I PRV £ 75 — AR PRI G L Tw b 2 EDHM6 N TS (Bl
I£, Riedel et al., 2003).

AR 22 © Sk~ QI E B3 2 ARG 0 7 C GABA Fild, ACEHiIEA 5 o GABA KU 25Hi
&2, ZORFTIIAFMILATL L7: GABA 236> - 7 AMKITHILT 5 GABA, Lt 7% —
ZEMALL, $ERT BT L, ZoORRE LT, BMENASOL-7 V8 I VRO E AT
%, Qian & Dowling (1993), Dong et al. (1994) <> Takahashi et al. (1995a) 1%, AL & Hjk
L 72K GABA Lt 7% —EH L TwAZ L2 R L7 TOGABA L7 ¥ —1d GABA,
Lt 7'y — L [E UL A 4 > F v 2V ORM 2 HHS 5755, SEHRPREESR% 5728 GABAL Lt
7Ty =L S ni: (BAE, GABAL Lt 74 —1E GABA, Lt 75 —n—fL S, MEDS
TIZ GABA. Lt 7% — kv spHid v SNTWV, ), B < 2 &12, Takahashi ef al. (1995a) (&,
GABA. Lt 7% —{GHALICAE WIS S 2 EEMIGE OMREN. (Cl OFEEN) 5% —30 mV iz
HY, ZoOLYT Y —OFHEALIS X )RR RS S et R L7ze Lo L, ERRYSEMET O
AFAMILIZ BT, GABAL L& 78 =3 & D &9 EE & 7 LT 5 DO2ETF IS ST 2
WV,

191 mEE, BRUICHT2HIEZ L <, BiRIEEBE> SBEBRICH 2> TiiNb EE 26N, Tt E
TOTND I EEDTz (FPERIET, B D BILEEE D S BTN LA 5N TWD), 19
ALK, BOEMEFOET (HHESF) ARAIN, ERIZE B S BB » - TiRs 2
EDHE L TR0 Tz B EOEBEARNTIIERZHE L TV AMEN FIXE T Th 525, BERR
(B, KICEMEAPMIZEREE VD)) TEAF Y THD (79X~ [HHEL5E] T, BT
EBA K Y O ER T TH D)o BIRMNNIGA 4 > LA X Y DFIEL, ZNOPBEITILE
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B R —

BRMWEET L, A+ OBEIEROBNZDOLDTH LA, &AL+ OBENIEROINL N
EA3E 7 B MIFBAVE S L OHIBEPIRUIAKICTEERE DSBS 72IKREEICH D, A 4 VIZHIaEIC 533 5
AF v F v 2NVl U CHINNZITE T 52 82X > TER (M + V&) 258435 Bz,
Newman, 2008) . HMD £ F > 2 FIRWICEBECEIAF VT X AN THILH ) T LT v ), FhY
TAF R, ANT I AT XA, A F T AV, SO G L EBBREELAF
F RN TH LA T VT ¥ RVHEET S (F121E, Ackerman & Clapham, 1997; Lerche et al., 2001;
Jacob, 2003) o FEARMIZ, A 4 ¥ F ¥ R IVIIHIBLNYLO A 4 VIREZEIC L > TR ENALFERT v o v
VB L CHIIEANDEA d 2 LA F 2 DONT v AL > TERENLBEBRART V¥ ¥ VIR LT
B4 5. (LFRT Vv VEBKRT Vv VI ) A, MEBEE AT 54 4 2 OB AT 15
T 2IRENH D, CNEFEHEMENR, COPEHBEMEZRATA & v OmIUIEEL, otk
B HHENAUIIE R T 0 B A & 2 25HIasb 0 S MBI B 5 IR, &2 WIEEA 4+ &5
FaN A S MBI BB 2 IREE NI X EBH, 2 L THA 4 v 25N S MRy BB 21k, &
BERE A o SIS S AN BT 2R R AN X B L VDo ) T AT v A VOME, K
OFPEEME D BECEMN (L) 7F2A0EM) T KITMBEA A, SMiast, # L CHERM L D b iE
WERN (L) ~AF2ADEM) T K &M S MIENICBEIT 50 1 F Y F X AVENT B A F >
DOFANT T EAL 2B A CEAIH L CEMNIZHR D Z L1375, Pz 2 B RITER S5
A, WIS ICEREEBS TN, F 0 F v DUV T S DX, A4 v OFRNDEAMIIHT L
THEMW TR VIREZ BRI S 5 2 ) o WIEEEFRIES ) A F ¥ 2V T, K OFEEM LD
LFEWEM CHM X ERLFET L, L) ECEM TN X ERITFAEIA L vy (Blz1E, Lu, 2004;
Kuang et al., 2015) o %< O 1) 7 A F v 2VHH A SEGRMEH 2R3 Ok LT, NmEERMEN Y
T AFx AVIEBSMETH Y, ZODREEREA )Y AF v AV EBIFEND,
ANTAFXANMEIH)TLAF Y (K') ZFERWICEBSCLA T2 F v ALTHY, MENE &
NI L S B L Tw b (Bl 2L, Kuo ef al., 2005) . ZDOF v #)VITAEEHINE, #RMN (O,
TR &) oMl 2 & OB Nz, B, FFSC R & A M A IR
B O BBILTBY, Bk () BMOEBK, HAOIGE MREEEDE O, ~VEY O
Wh, HMILBETH 22 & SR ETER AR IS LTV B  EAHIS T A (Bl 21E, Chandry & Gutman,
1995), 4, ) 7 LAF v AVIEBELAEHFNFEO AL ST 5 FREEOEVICED X, BAKFE
AT LT v RN, AT NFEALS ) T AT v AV, WNIAEEGES ) 7 AF v ROV, B LD Two-
pore domain 71 V) 7 AF ¥ R (FIGHED R TOF v 2V OWTUERIEZFT G RN IZTHh L Tw
WS, RMEMES ) T A F Y AV ERRT S EE 2 5N TWwA [Goldstein ef al., 2001]1,) ([255HE 1L
Twb (Blz1E, Vergara et al., 1998; Minor, 2001) .

HN T DMEAEES ) 7 AF % 2V, JAA VS AL F Y (CaT) MRED AP - TEMEAL
TEA)TLF Y AN THDL (Flz X, Wu, 2003; Stocker, 2004; Adelman et al., 2012) . H—F ¥ )b
DOFNTICIETE, Rav sy sy v Ak aMREGHES ) 7 55 v 2 )1 (Large-conductance calcium-
activated potassium channel & % \* 1% Big-conductance calcium-activated potassium channel; B L C Big
potassium [K'J channel [BK F+ %] £b\v9.), W r ¥ 5 v AH NV AMRIFHES ) 7 4
F % %)V (Intermediate-conductance calcium-activated potassium channel; B L T IK 7 ¥ L & d 0
Io), BIXONa U F o5 AN s K-AGFVEN ) 7 45 v 2 (Small-conductance calcium-acti-
vated potassium channel; i LT SK F v A b & b)) (58 ENE (BlZIE, Vergara et al., 1998),
KPR, H—F v AV OHAAEER (Unitary conductance) (& BK F v 4 LAY 100~300 pS, 1K F ¥ *
VA 20~85pS, €L TSKF v A NWD32~20pS THLHZ LWL LN TS (B2 X, Latorre et al.,
1989; Dworetzky et al., 1994; Koéhler et al., 1996; Ishii et al., 1997; Lee & Cui, 2010). BK F v %)V
BN O Ca® R~ 7Ry a4+ (M) IBEO ERITHEVIEEALT 2 DA% 5§, BAAKENE
AT AF X ANVOL)ITFGMIZE > THIHELT 2 (BHlx1E, Latorre et al., 1989; Wu, 2003), —
7, IK % SK 7 ¥ A IVIGBEBEAIZ RIS, MM Ca® i ERIC X > TR 5 (B2, Stocker,
2004: Adelman et al., 2012)

REBhEm 251X ATP 2 FIH % 1 kughifs &, MIRNAAO A 4 > o & ZUIHE) B EIC X 5B
ILFERT Vo Y Ve IS 5 2 IREEBIEE I3 b, L REEEmE O K E LT, HHOA F R
¥ 7 (Na' /K K> 7% Ca®" ¥ 7% &) %, ATP-Binding Cassette (ABC) +F ¥ 2K —% — ({4
PSS, BRE, HE €Y I RRBICEDLIWE, JBROEY, RTFF, F TR E AT



FrEB AT DAL LI 8T B

A

Channel Transporter

Extracellular

0000000000 000000000 0000000000
Membrane
0000000000 000000000 0000000000
closed open .
Intracellular

\

B

Uniporter Symporter Antiporter

Extracellular o o A o u
00000000000 9000000000 000000000 0000000000
Membrane

00000000000 2000000000 000000000 0000000000
Intracellular PY ° A P B

ETH: MBEBICRRT M4 F v rIVEAS F L REEDEH X

MRS (Membrane) (Z5EHT 5 A 4 ¥ F ¥ 2V A F VB AL, MILNO A+ Y ESEOHIEHO
I S FIBMEALIZD EIT 50 A 4+~ F ¥ )b (Channel) (&2 N4+ (Intracellular &
Extracellular) OEMFER L LT —~DY H ¥ FiEGIE-THOL, 41+ v id2o/MMLEALT
MKW Z AT &R T 20 —T7, T ¥ AK—%— (Transporter) (FEY T AV F—ThH2 ATP %7
LT, 41+ %2BESE2, /fj'/?’-’v%)l/& NI U AR—F—TIE, 1 F > OBEEEHIHEEIZ
Bl (E4Z8). B: A4 VA RIIIEREIS U2 A5 2 5N T b, B— A F &gk
LIEEDAEH L TV EEE, 1oRK—¥— (Umporter) L\, 2O A K 2 ASE L AN
HEENDLEAIEY v R—% — (Symporter), & LC2FHED A F > A5 H % SN DAL T
v FR—4%— (Antiporter) &IFIFN S,



B R —

bo) HEWHBH (B121E, Lodish et al., 2000), 2 WEEEIIED T A V¥ -5 L L CHEMEWTIIH,
Z L THEMAEN TIE Na' MEDN B BID L\ 2 REEBNIR®% 22 Oikakc X 1, MRS S 2
2O0DWE AW ST BT »FAR—F — G [Antiporter] H 5 WIE L7 A F = TV v —
[Exchanger] & b\9.), FULMNCHH®RY 22 v R—5 — (Gifikfk [Symporter] &5 ida b
v AKR—% — [Cotransporter] & b\19.), LTI OOWEZT #Hihs b L=KR—% — (Hif%k
[Uniporter] & d\29o) 123 HN 5B, TR — 8 — I JMEEILELE AT ) T+ )V L HEFERIIZIZFEILL T
VB, HEELEE SRR o Td, BHEBWREIC BV CT Y FAR—F—L LTNa' /H =2 AF =
YVx—, YrE—F—LLTNa/Cl - NTF U AR= Y —HEPMLNT D (47 RBH),

(8 B & #Al

(3, 54 10E5 6 MOFES)

FEBRIZIE, HRERN 30cm © a1 (Cyprinus carpio) % F\7zo 2 FERIBFIUG S 972 3 4 2 ARIRREE L, W7
PR, BB X OBEMOmI L L7, Botm o REIRIT T, IREkiHH, wilkis, Kads L O hE
WolkrE L, ZOBREMEME 112 U CUlM o5 S &, FUBEREEEARZ R L7z

FIBER AU — SR AL & o 7o RE Bl A i &, MR 23 » T — il TRAEIR S &9
WAL, Z0% 1 me /5 Oiim CHEREITo 72o iild, HsEE TR20°C IS L 72, 21 DIE
W) YA — OB, 102.0 mM 51LF R Y 72 (NaCl), 28.0 mM EjEEF kU 4 (NaHCO,), 2.6
mM #ifts U 74 (KCD, 1.0 mM Hifbs )V 7 24 (CaCly), 1.0 mM Hifb=27 %724 (MgCl), 10.0
mM 7 Va3 —A (Glucose), 5.0 mM Tris-hydroxymethyl-aminomethane (Tris) T& 57z, ' ¥ #—i® pH
1E, IN-HEER (HCD) % HWVC78ICFEE L7z, L-7 s I VEE (5 mM) #EHHkS 29T, 5 mM O
L-7V% I VR IER ) ¥ =i L7z,

JRENZ L2 RN ES 2720, I ZERNERE Voo 7T ZER/NERIZERIERRE (PN-3, M
KR AR, R AERAT T A CEAN T AE) »OIER L7z, BHNIZIE 4 M-FEfES ) 7 4
(CH,COOK) %7t L v 7z, BARIHTIL 40~80 MQ TH o7z FLEMEDEEICH - LA &, =
NEREEME Lz, BEEMATLERSNLES (77 AEMINERICIRONMNE) B L OHERFOBREN & Jons
% ERBEI L ORI A 58 L7z BEMISE I NGB arEikss (MEZ-8201, HAE) %L
THuAa—7 (VC-10, HANXE) CTBIZEL, FM 7—% L 21— % — (A-45, Sony-Magnescale) % FlJi
L CTHES T — FICResk L7co PR LTC, BEMIEEE T —F L a—F—THAEL, vl a—¥— RIG-
4100, HASLH) 2Rtk 7z.

HREFOHIEE LT IS0W F+ 7 57 (7 AEH) 2V, SORENET 22 E—LAT ) >
¥ =12k o T2 R/, ENENONEEIZ BT % i & Bfoh 2157 (Tomita er al., 1967) . Jigo—
Ji 5 480 nm () £ LTE2 5 L 620 nm () O#EESERETFE (8.2x10° photons/um’/sec)
L CHEBICIREGS L7z Seimld, JBRIC K MEED ND 7 1 v % — (Neutral density filter) % 1& X J4fi L 720 6
TSR L, T EERTH 800 msec ThH -7z,

D% { 1L, Nacalai Tesque Inc., Kanto Chemical Co. 3 £ ¥ Katayama Chemical Co. 2> H#EA L 720



