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A Kceng2 mutation associated with early-onset epilepsy modulates the GABAergic

neurotransmitter system in the neonatal hippocampus
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5 VAR— T —IERED N T ¥ ADSEEN L S
MM & B2e 723, GABAZSELAEMEIZMH 2 &
BHSNTVEY, ORI TET 5
IZTCEELZME 2> TVDA HEL
GABAIZ X ZHEVEIITADPAE IR 9 5
1617 2 Z T 4 13BFNET R 2% 5 72 KCNQ2
HD T EHMPGABAIZE G- 3 2 Mk & i 1
ASPDEEEEZLDOTEEVIEEZ T
INFE TKeng2BETER< Y AHAEFB L OZ
DGABAMIFZEMAE IR H L23E 3 5 h o
72o F T TAMMEIDEN ~ 7 AHHITBWT
Keng2iBn 2 RASGABAMR I ERREIC5-2. 5
B O W T BRIz, BBSH
T CGABAYEB) PR R ML 2 [F] 2 3 5 72912
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7 % 5Bl 3 AVGAT-Venus < 7 2% H v,
Keng2BAn 7228 (pY284C) ~ w7 219 L g
L CERZIT- 72,
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1. B4

AREFFEIZ BT 5 BAR T AR 2 FEBRETH B L
OB SEBRET AR B R A By BRI B R H %
WX D RE S OKEEHF51510880), §XTH
FEBRFMIIER RS T =~ vty ¥ =4 KT
A It Tirb 7z, T 280 e
WIER/ARICHIZ 5N 5B & 9 EBITTb Iz,

Keng2 (pY284C) £H <7 A B X UIVGAT-
Venus ¥ AIZCH7BL/6D /)Ny 7 757 v K
ZRLH, MARFEART =<Vt sy —12C
BRI N7z, FEBIIAKZLEER (P6-8) O~
AR L. $XTOBHYWIZVGAT-Venus
®Dhomozygous T V), Keng2Ein T2 8135
BEFENL-BRBIOMBLA-EET 2
polymerase chain reaction (PCR) #:12 & b 14
WL 7 A —ABXIKE) XY — 2L ) BIET
B2 MR L 720
2. RT-gPCR

RTAENRY PNV ESY—)VF Y T A
(50mgkg ™", BEMEWNHES) 12 X 0 BRERE: % it

L. Wi 7 4 )V & —FHAIRKGPBSHTHE <
MR ZID M U720 AR Z LD B 72 13
HREFIT LD BHITHH L-80T THRAFE L 72,
PR L 22 AR 10 7 1 v & —BioMasher”
(Nippi Inc., Ibaragi, Japan) {Z& ) KFEIF A
A L 72 #Sepasol®™RNA I Super G (Nacalai
Tesque Inc., Kyoto, Japan) (2 & U Total RNA
i U7z RNAIZDEPCAULEUKIZIERE L 724
\ZSuperScript® VILO™ Master Mix (Life
technologies Japan Inc.,, Tokyo, Japan) % Hw
THIRG UL 2TV cDNAZ &% L 72,0

Y 7V & 4 APCRILIG iZLightCycler 480
Instrument II (Roche Diagnostics, Basel,
SwitzerlandiZ TSYBR® Premix Ex Tag™ II
(Takara) i L TiTvy, ZHENROIGD
CpfiHilZsecond-derivative maximumiiz & v 5K
D7z
3. REHBLERE

M E L 72~ A OEic =2 —1v %
AL, A& WPBS/ 7 T & Bk i C i
AT BRA 721224 % /8T 7+ VAT VT
F/PBSIZ & o THAGEE L7z Z DN % HL
DHIL20% A 7 & — ZKEEHAZIZME L CTHsE
B4 L 720 Leica CM3050 S (Leica) (2 & D&
E10-20 4 m A W TH VS SO B UD B & VR L,
MAST— MEAATA F7 T R 72
TSI —RPUR & L THIKCNQ2#TR
(ab22897, abcam, 7.2 ug/ml, or¥ 7z 1& SP5352P,
Acris Antibodies GmbH, 1-10 pg/ml) B X Ot
GFPHUA (abl13970, abcam, 10 pg/ml) 2fEH L
72o ZIRPURIZILY H FCy3BEE PR L L=
I AlexaFluor 488 #&HAE M L7z £
72, 4'6-diamidino- 2-phenylindole, dihydro-
chloride (DAPL 1 pug/ml Dojindo) % Hv>Ciil
fa# % Jefa L7z, SOLRMm % LM
FluoView FV1000 confocal laser scanning
microscope system (Olympus) % FvCHi%s -
g L7z
4. 2MBR T A ZEK

TRMRIE % it L7z~ 7 A0 S ErEEZ N2 5D
L, K& 2295%/5% 0,/CO, Tt 43737
V7 L7 EREEANDRERE (n mM: 250
Sucrose, 26 NaHCO,;, 11 Glucose, 2.5 KCI, 10
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MgSO,, 0.2 CaCl,, and 1.25 NaH,PO,) Z#&H
L7z BIZIREI N I 7 1 b — 24 (VT1200S;
Leica) % F\»T350-450 4 m DJE &S O i1 12
AFA4 AL, ANTHHFERHRE (in mM: 126 NaCl,
26 NaHCO,, 10 Glucose, 2.5 KCI, 2.0 MgSO,, 2.0
CaCl,, and 1.25 NaH,PO,) W TIExF T30%-LA
J:‘iE'ﬁS (32 = 1TC) L7z
. BRAERF

E@’iifinﬂﬁ FIESL ST HOGI M EEBX51WI
(Olympus) _ETITw, Mg o R80T #:1%
B L OHOUHGIZ0/BKEZEL > X2 8B LT
CMOSt ~ ¥ — # % 5 (ORCA-Flash238,
Hamamatsu Photonics) Ti#xg L, BHHY 7
MITPCLTHIZ Lz, BRAEEFKICH
7 A&
(Sutter Instrument)

f#iborosilicate glass capillaries
(ZFlaming-Brown
micropipette puller (P-97; Sutter Instrument
Co.) W2 THER L 720 EE$kiEMultiClamp 700B
amplifier (Molecular Devices) (2 CHlE S,
Axon Digidata 1440A digitizer (Molecular
Devices) IZTT ¥ ¥ WEH S NIZHICZP CIC
RAEs N7z, 55 N7z57— % 1EpCLAMP 10
(Molecular Devices) 12 & O fi#fT S iz,

M- ¥ 7t 8% 13 i ECA1$H 8 Venusiit Y6 & ~
287 FEBHIREC R L TYTH 72, Amphotericin
B (Sigma-Aldrich, 0.45-05 mg/mL) % &AM
i (in mM: 150 K-methane sulfonate, 10
Hepes, 5 KCI, 1 EGTA, and 3 MgCl, at pH 7.3
adjust pH with KOH) \Z#&MLEMA L7, A
O <o il iplcrotoxm (50 uM; Sigma-
Aldrich) & 6-cyano-7-nitroquinoxaline-2,
3-dione (CNQX; 10 uM) =& L CH L7z,
FLERIEEMEEE— F, 5 kHz T\, EEE
f7-20 mVAH 5 —40, —50, —60, and —70 mVIZ
BRI ZICETELET—VEBROKRE S %
fENT L7z BiizE ZNZENoMoORE®ET
WA L7 (BR%E pA/pF) % HEM CHIR
L7z

MR I Venus®OL 7 v 23 7 ZH IS
* L TIrbihz, EREAWIZ150 mM NaCl%
vz, LEkITEAMEEE— F, 2050 kHzT
vy, FEEEMIZ0 mVICHEE L7z, [EEIEM
BHPER LA XY MEBERERLZERLOME
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180 M DFLERZ AT L, #E (Hz) 2#EM<T
WL 72,

F—=IVe Wy F 275 v FiEVenusi ity ~
X7 IEFBHINE D TIR & 0 I L 7= #EAH e
IR L TATh 7z, BREANWIZLLT ORI 2 1
i LU 7z (in mM: 120 Cs-methane sulfonate, 3
MgCl,, 0.07 CaCl,, 4 EGTA, 10 HEPES, 1 Mg-
ATP, 4 Na-GTP, and 10 Phosphocreatine di
(tris), pH was adjusted with CsOH at 7.3)o
AN L F % W 12 1 3CNQX (10 uM; Sigma-
Aldrich), D-(-)-2-Amino-5-phosphonopentanoic
acid (D-AP5, 50 uM) , B & " CGP55845 (3
uM; Sigma-Aldrich) =&ML CHEF L7, it
FRITBEMFEZTE— FOmV, 20-50 kHzT1T - 72
HAEMWGABAE® ¥+ 7 AEK O IR
(ms), #WEWBE (ms), WIE (pA), HE
(Hz) 2N ZNnoMI180F i o FlFk % fFAT
L, #EMECHBEL7Z,

HURAVE AL FLERIT T PUT MR o BN %
ffi B L 72 (in mM: 150 NaCl, 10 HEPES,
adjusted pH with NaOH at 7.3). f&Mg®"jips
N THRERERIL LT OB (in mM: 126 NaCl,
26 NaHCOs, 10 Glucose, 2.5 KCl, 3.3 CaCl,, and
1.25 NaH,PO,) T305-#5lE%k TA»AMI N— A

FRERKBRONE T THELLE, TA»AN
N—ZAFERKBALNLEHRAT L ZI1TF
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L7 Mg i A T BBl A A L TS 5
122000 MIEE R L 720 FEERIG BB EE— F,
20kHzIZ TiThb 7z,

(#ER]
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GABATEB) A p M B2 \ICKCNQ2D 8 3 & S 2
G X DR L 72 (Fig. 1B),

GABATEE) M FEAT NS 351 % M-channelb
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720 AL E-20mV 2 5-40-70mV D iF T HE A7
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Fig. 1 Kcng2 mRNA and protein in the neonatal hippocampus.
(A), At P6-P8, Kcng2 mRNA levels were comparable between wild-type (WT) and Keng2-Y284C
knock-in animals. Data are means = SEM, N=5. (B), Confocal imaging of immunofluorescent staining
for KCNQ2 (red), GABAergic interneurons (green), and nuclei (blue) in the CA1l region of
neonatal hippocampus of the mutant mouse. Arrow heads point GABAergic interneurons. Scale

bar: 20 u m.
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Fig. 2 M-channel function of GABAergic interneurons was decreased by the Keng2 mutation.
(A), An image of patch to a Venus fluorescence positive neurons in the hippocampus. (B),
Representative traces of M-current of WT and Kcng2 mutant mice. (C), Current densities of
M-current of WT and Kcng2 mutant mice. WT,ding -somvs 1172012 pA / pF, WT,ding -0 mv> 1.20£
0.078 pA / pF, n=12, N=4; Y284C/+pding -50 mv» 0.776 £0.0.70 pA / pF, Y284C/+ding 40 mv» 0.907 =
0.0.66 pA / pF, n=15, N=6; Y284C / Y284C,ging -50 mv» 0.772£0.10 pA / pF, Y284C / Y284C,iging -10 mvs
0.832+0.099 pA / pF, n=10, N=3. Data are means * SEM. p<0.01, one-way ANOVA with post-hoc

Tukey-Kramer.
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Fig. 3 Kcng2 mutation increased spontaneous firing frequency of GABAergic interneurons.
(A), A representative trace of an action potential (AP) current. (B), Representative traces of AP
currents in WT and Kcng2 mutant mice. (C), The spontaneous firing frequency of Venus positive
GABAergic CA1 hippocampal neurons of WT and the Kc¢ng2 mutant mice. WT, 4.91+0.56 Hz,
n=33, N=7; Y284C/+, 11.8 = 2.0 Hz, n=42, N=11; Y284C/Y284C, 135=2.7 Hz, n=32, N=6. Data are
means * SEM. p<0.05 vs. WT, Kruskal-Wallis ANOV A with post hoc Steel-Dwass test.
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(Fig. 5B)e 2D Z &5 5 NHREGABAIX Y #5
W~ ZMEECALEBII BT 5 TAPAERK
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Fig. 4 The frequency of spontaneous GABAergic postsynaptic current was higher in Kcng2 mutant mice.
(A), Representative traces of spontaneous GABAergic postsynaptic current (sGPSC) of in WT and
Keng2 mutant mice. (B), The mean shape of sGPSCs (Black) and each currents (gray) in WT and
Keng2 mutant mice. (C, D), The mean*=SEM graph of Half-width. (C) WT, 44.8 +2.8 msec;
Y284C/+, 465+ 1.9 msec; Y284C / Y284C, 39.9 =25 msec, and decay tau. (D) of sGPSC. WT, 37.0+
7.9 msec; Y284C/+, 555= 11 msec; Y284C/Y284C, 345=50 msec. (E, F), The cumulative curve and
mean + SEM graph of amplitude (E) WT, 15.7+0.97 pA; Y284C/+, 19.1 1.8 pA; Y284C / Y284C,
220+3.0 pA, and frequency (F) of sGPSC. WT, 152+0.33 Hz; Y284C/+, 354+054 Hz; Y284C/
Y284C, 3.75+0.97 Hz. WT, n=23, N=3; Y284C/+, n=32, N=7; Y284C/Y284C, n=13, N=4. p<0.05 vs.
WT, Kruskal-Wallis ANOVA with post hoc Steel-Dwass test.
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Fig. 5 Ictal burst duration was suppressed by GABA, receptor antagonist in vitro epilepsy model of the
KcengZ mutant mice.
(A), Representative traces of ictal-burst evoked by Mg?" free solution. The duration of burst was
decreased by blocking with 20 4 M of BMI bath application. (B), The mean + SEM graph of ictal-
burst duration. Mg®* free aCSF, 2433 +423 msec; Mg®* free aCSF+BMI, 537.2 + 288 msec, n=4, N=4.
$<0.05, paired t-test.
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720 TADPAMIN=A MEKOFERIILT L
bE L hoz (36%) 25, ZHUIEMMRA T
A AERICE B2 MRET A=V BINL Yy VT —
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Summary

A Kcng2 mutation associated with early-onset epilepsy modulates the GABAergic
neurotransmitter system in the neonatal hippocampus

Taku Uchida, Shinichi Hirose

Mutations of the KCNQZ2 gene, which encodes a subunit of the voltage-gated M-type
potassium channels (M-channels), have been associated with epilepsy in the neonatal period.
This developmental stage is special, in that the normally inhibitory neurotransmitter GABA
temporarily becomes excitatory. To examine whether KCNQZ-related neuronal
hyperexcitability has ties to this unusual neonatal GABA physiology, we closely examined
1-week old knock-in mice expressing the KCNQZ2 variant p.Tyr284Cys (Y284C). Brain slice
electrophysiology revealed that CAl hippocampal GABAergic interneurons in the mutant pups
had higher spontaneous firing rates as well as more frequent postsynaptic GABA currents than
their wild-type (WT) controls. What is more, addition of the GABA, receptor antagonist
bicuculline methiodide decreased the ictal burst duration. This suggests that the KcngZ-mutant
animals experienced facilitated GABA-induced interneuron firing, and, in consequence, elevated
GABA release onto pyramidal neurons. We conclude that excitatory GABA contributes to ictal
events in the neonatal CAl hippocampus, which constitutes a heretofore little explored
pathomechanism for neonatal epilepsy.
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