Japan Epil epsy Society

TADPAIRF 2006 ; 24 @ 3-17 3

% £

=

BB Cl R AT A & ¥ AARE &
FEERTANATEEF IV
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HCUEBA L THBEDOT, BEHEIHK ST
MIFPICA S LB E B L, MREE) % JH)
The MIIZOLHITAF VBRICE D BREEEZ R
HELTWwBDT, MEN LMD A+ REIC
EHRAF RS ADPEE, REWIRE RN
TWBHBDDERRIEIZZONTE . LTAMN
B CIWCBE LTk, BEU LTV A FI v 2L
BAALTWBI Do TE, AfgTIRIDY
AFIVIRCRAFTAY VAL TADIAIRE
& DRE L AR R HE 2 THhI,

1. MEMRAC RAF X2 AOREHAF &
BEEIRY Cl R X F X5 3 Z{REH

WD d EELZHATEMBEZWETH 5 v
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Fig. 1 Model of the active Cl- homeostasis hypothesis (adapted from ref. 3 with permission). The schematic
drawing shows a GABAergic interneuron (ovals) activating synaptic GABAA receptors on principal neu-
rons (triangles). The principal cells are interconnected, and release glutamate when excited, thus activat-
ing postsynaptic glutamate receptors (GLU~R). Left:normal conditions with Cl~ extrusion by KCC2 over-
whelming Cl- uptake by NKCCl. GABA hyperpolarizes principal cells by causing an influx of Cl-
through GABAA receptor—channels. This prevents excitation of the principal neuron and subsequent re-
lease of glutamate from their terminals. Thus, GABAergic neurons would play an inhibitory role. Right :
activated state with Cl~ uptake by NKCC1 overwhelming Cl~ extrusion by KCC2. The Cl~ equilibrium po-
tential is therefore positive to the resting membrane potential, and activation of GABAa receptor—chan-
nels results in Cl- efflux and depolarization. This depolarization (and excitation) may cause the release
of glutamate to induce further excitation by GLU-R activation. GLU:glutamate. VDCC:voltage—depend-
ent Ca2* channel, RMP : resting membrane potential. (@) : hyperpolarizing action, (O) : depolarizing

action.

EHDO7-DIZ GABA fEA S EEM IS HEKT 5 D
Ths (Fig.3)% HREWI LI, 20X H 7%
GABA £ @ ¥z 138 R FE o B AL~ D re-
cruitment & TADPARMEERICOEE T 51 HE
PEHTRENTWDD,

BWE TN TR, TADARTERBY & 51k
NORAT T RBVERNIIER © GABA /ER 235 ER:
(X ZERME R L, BERICIRELZTICRSL EVv o
7eFAF Iy 7 READERID ZBH, i
GABA IZ X 2 Wil [HERFZHBE ] TIEHBT
Ehv [HENHE] CTho TRAWFOMETD

5o b AW LROEHIICCIRAF ATV AD
BMEILIC X 5 [Cl ] LA25. GABA #f] D55
RHENOMEEIZ L LB E B L. 2O R,
MREREOBEHEL TRV TRIEZFRT S L
EZz25E, RO (Fig 1 B, &
DL RBIEIETIE, YT AANBOBRE
BIZL o THIRBAICHA L7z CI 2 &R 0 1T A
9 KCC2 DERE™ I RBIEMHIICEETH S, L
72285 T KCC2 DR TF>555 0 F B i3 H KL Y
WClIZY AA [Cl] & &7 L #ER9 5 NKCCL
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Fig. 2 Optical imaging of Cl~ accumulation during slow posttetanic depolariza-
tion in single hippocampal pyramidal cells (adapted from ref. 6. with per-
mission). A, fluorescence image of a recorded neuron in which the Cl- in-
dicator was loaded through a glass patch electrode. Region of interest
correspond to traces in B. Scale bar:10 um. B:membrane potential (top,
20 s) and 6-methoxy—N-ethylquinolinium iodide (MEQ) fluorescence
changes (bottom, 10 s) induced by a strong tetanus (400 ps). Black and
gray underlines represent the timing of tetanization and the image cap-
turing period, respectively. The strong tetanus, which induced a large
posttetanic depolarization followed by seizure-like afterdischarge,
caused a prominent change in MEQ fluorescence. Scale bars:2s, 20 mV.
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Fig. 3 Posttetanic excitation in hippocampal fast—spiking interneurons (basket cells)

(adapted from ref. 6. with permission). Left - simultaneously recorded basket cell
(BC, black) and pyramidal cell (PC, gray). Note that axonal fibers of the BC
densely projected into the s. pyramidale (the pyramidal cell layer). slm, s. lacuno-
sum—moleculare ; alv, alveus. Scale bar : 200 um. Right : high—frequency spiking
of this BC evoked by a strong tetanization (thick line). The simultaneously re-
corded PC was kept depolarizing during the prolonged spiking in the BC
(arrows), and oscillatory responses in the PC apparently coincided with the
burst discharges of the BC (triangles) during the afterdischarge. Scale bars:0.5
s, 10 mV.
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Fig. 4 Model of action of bumetanide on neonatal seizures (adapted from ref. 40 with permis-
sion). GABAergic interneurons activate synaptic GABAa receptors on pyramidal
neurons. The pyramidal cells release glutamate when excited, thus activating post-
synaptic glutamate receptors (GLU-R). (a) Immature pyramidal neurons have high
concentrations of Cl~ . The neurons take up Cl- by NKCCI1, overwhelming Cl~ extru-
sion by KCC2. The Cl~ equilibrium potential is therefore positive to the resting mem-
brane potential, and activation of GABAA receptor—channels results in Cl- efflux and
depolarization. This depolarization (and excitation) may cause the release of glutamate,
which further induces excitation by activation of GLU-R, rendering neonatal cortex
highly susceptible to seizures. Thus, NKCC1 activity facilitates neonatal seizures. (b)
Low—dose bumetanide selectively inhibits NKCCI activity. This inhibition causes intra-
cellular Cl~ to fall and reduces or reverses the depolarizing action of GABA—as a re-
sult, the cell experiences an influx of Cl~ and hyperpolarizes. This prevents excitation
of the pyramidal neuron and subsequent release of glutamate from their terminals.
Through this mechanism, bumetanide could suppress epileptiform discharges in the de-
veloping brain.
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Fig. 5 Age—dependent effect of bumetanide on epileptiform activity (adapted from ref.
39 with permission). (a) Left, extracellular field potential recording from the CA3
pyramidal cell layer of P7 rat hippocampal slices in the presence of 85 mM[K*]o.
Inhibition of NKCCl-mediated neuronal Cl~ import by bumetanide (10 uM) de-
pressed ictal-like epileptiform activity. Expanded sections of the trace show sup-
pression of ictal-tonic discharges by bumetanide. Right, power spectra of epilepti-
form activity in 10-min windows before, during and after drug application. Bume-
tanide strongly depressed the power spectra amplitude. (b) Averaged power of
epileptiform activity induced by 85 mM [K*'], before and after bumetanide
application. Bumetanide strongly depressed the power of epileptiform activity in
P7-9 and P10-12 hippocampal slices but was ineffective in P21-23 slices. (c) Left,
bumetanide (10 uM) did not depress interictal epileptiform discharges (IEDs)
in P22 rat hippocampal slices. Examples of IEDs before, during and after bume-
tanide application are shown on an expanded time scale. Right, power spectra of
epileptiform activity in 10-min windows before, during and after drug
application. (d) Left, in a P10 hippocampal slice, the GABAA-R antagonist bicu-
culline (10 pM) blocked ictal —like activity and abolished the anticonvulsant effect
of bumetanide. Bumetanide (10 uM) was applied in the presence of bicuculline, Ex-
amples of ictal-tonic discharges before bicuculline application and interictal epi-
leptiform discharges before and after bumetanide application are shown on an ex-
panded time scale. Right, power spectra of epileptiform activity in 10-min win-
dows before and during drug applications. {(e) Power of 85 mM [K*1, induced
epileptiform activity is not affected by bumetanide in the presence of bicuculline
(Bic).
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Fig. 6 Dark—and bright-field photomicrographs showing expressions of NKCC1, KCCl,
KCC2, and CLC-2 mRNAs in the hippocampus in sham-operated (A-D, I-L) and kin-
dled rats (E-H, M—P) (adapted from ref. 29 with permission). The sections were hy-
bridized to probes specific to NKCC1(A, E, I, and M), KCC1 (B, F, J, and N), KCC2(C,
G, K, and O), and CLC-2(D, H, L, and P). Marked upregulation of NKCC1 mRNA ex-
pression was observed in the dentate gyrus after kindling epileptogenesis (E, white
triangles), while hybridization signals for KCCl (F, black triangles) and
CLC-2 (H, black triangles) mRNAs were downregulated. Note that the lack of differ-
ence in the expression levels of KCC2 mRNA between kindled and sham—operated
rats. Also note that hybridization signals were located on the thionin—stained cell bod-
ies of dentate granule cells. GC, dentate granule cell ; Hil, dentate hilus. Scale bar =

1 mm (A-H),50 pm (I-P).
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Fig. 7 Spontaneous [Ca?*]; oscillations occurred in axotomized facial motoneu-
rons (adapted from ref. 20 with permission). A : spontaneous [Ca2*]; os-
cillations hardly occur at all in intact neurons even in low (1 or 0.5 mM)
[Mg?*],. B : in axotomized neurons, spontaneous [Ca?*]J; oscillations oc-
cur, their amplitude and frequency increasing as [Mg?*], is progres-
sively reduced. C : these effects of low—Mg?* ACSF, on resting [Ca2?*];
and [Ca2*]; oscillations, were blocked by the addition of D~AP5. D : ap-
plication of CNQX did not block these [Ca2*]; oscillations. E : addition of
TTX blocked these [Ca?*]; oscillations reversibly. F : among axotomized
neurons, synchronous spontaneous [Ca?*]; oscillations were occasionally
seen during superfusion with medium containing 0.5 mM[Mg2* ].. These
[Ca?*]; oscillations were reversibly abolished by bicuculline. Results illus-
trated in A-F were from 6 different slices. Note that baseline[Ca?* ] rose
progressively as [Mg?* ], was lowered in axotomized neurons but not in
intact neurons.

B — B E R~ BE LT, #HflETH - 72
GABA fERIDPHRBHICHER Y T53TTH b,
T, fAERAERHEEBSORENEREEZ S
NTWDLREEEREREE ORI ZF D TAD» AR
WCIAAFRY VY ZAREIZL S GABAERHD
W A/ B A D W RSB b o T B T HETE % R
HTHHWNT, REEREEDODVDLDOTH S

polymicrogyria ®E F )V & SN 5 BEH & gk
BREEZVER L2, PO T v MHAEFOEBE
IO WMEREHETEHH L /-8B T focal freeze—
lesion (FFL) %47\, EEBMWREFEXE TH S mi-
crogyrus DT B HE OB B M RE D i e AL B F1
B, $hbb, BERAEHZWESYE. GABA
RV OEREZERERCITL ECT M
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Only in CP cells f“jﬁigratin,g’f’ into rkhicrogyrusat, P4:
NKCC1 (1), KCC2 (1) —[CIH, (1) and Glya2 (1) —
_regaining of glycine/GABAergic excitation ~

Fig. 8 Schematic drawing of a possible mechanism underlying GABA/glycinergic depolarization in migrating cells in the
dysplastic cortex®. Most of intrinsic membrane properties in migrating cells in the dysplastic cortex, except for
the input resistance, were comparable to those in exofocal cortex. [Cl~]i were increased in cortical plate (CP)
cells migrating into necrotic center from the intact upper cortical plate. Up—and down-regulations of NKCC1 and
KCC2, respectively, and up-regulation of glycine receptor o2 subunit were observed in dysplastic cortex.
[Ca2*]i increases induced by GABA/glycine were localized in upper but not in deeper layer adjacent to freeze—le-
sion, being attributable to GABA/glycinergic depolarization due to elevated [Cl-]i. These results indicate that
emergence of GABA/glycinergic depolarizations caused by elevated [Cl~]i due to Cl~ transporter regulation
could be involved in the abnormal migration and the resultant microgyrus formation.

YAR—F =3Bl %, insitu hybridization ¥, 7
SIVIVAIA ANy F I T YTk Cat A
A =T v TEENCTHRET L7,

FFL % 4~7 H 2%} T necrotic center {Z J& P
& B EMCHRE 2588 8h L T & 7245, FFL 22 6\
exofocal cortex . FFLIZ# L TWw T V/VI
JEOSERMBIIBA L kol ZORE. M
DB L DOEBFEFEE S N7 3~4EHEED
microgyrus 23K &7z (Fig.8). T INHD
% AR o0 BB R A PRAA I AR I & ST L 724, R
IO K % B\ T exofocal cortex @ & AR
JaEFEETH o720 LAL. [ClT] % GABA ?jifi
REMILHERTLEBAMBTLEALTED,
Z ARV GABA ERI b exofocal cortex Tl
TR TH o 72d OV AML TIZBLo I s L
TWwiY, CI' b9 Y AKR—%— mRNA OFHIZ
FFL # 4~7 H H % AMila T NKCC1 235,
M KCC2ANA L THEY, [CI'] LADKEREE
ERONY, BREWE L2, ZThbDZikid
MR ARSI —Bob 0T, EHIdEE4H
THEL 5 RERMIETO GABA/ 7Y ¥ V%R
# [Ca**]i ER D, FFL~NOBAMME TIEER 1

HAMFEFcRoonY, FLEETRIVV VR
754K o0 2 subunit (X 385E & 249 528, FFL
NOB A TITHIEPIHER L TH Y, EE
TIN5 GABAL A 7=y M.
WA B - 72

Z 15 microgyrus TR B DR BT 12 D A
o N7 NKCClL o, KCC2O@mAIZ LA
[Cl'], bR & ®EME: GABA/ZY ¥ Y EHIZ. %
SR ER A BB ORBMILICA LN LT
HHIR bbb CIlAAF AT RE
GABA/Z7Y ¥ YERICET % & 5 OB 3L,
GALEE D Z VR ERMBICHFE I N9
FFL ICBE) L 7=2%4~6 oMMz Zh & h B4
RN D B E 59, F00BE i
IH3NZ, BRE LTINS DR %R\ micro-
gyrus PR SN L EZ bz,

EREoO v FEEEREERR» O ORE TS b
REFBELEWT =P HEINTWS, Avoli
SO TNV —TIIEIR T AP ABEDOIEFH
5 N7z focal cortical dysplasia (FCD) D&k C&£
HEMALE L M K BE (K o) MEEZTT-
72H%, BBREWT &I FCD Tidsk 3 L5 ictal-

NI | -El ectronic Library Service



Japan Epil epsy Society

TADAMGE 24%1% 200644 H 13

like discharge. interictal-like discharge {Z\ 31
b GABALZBERDERALPFERE 2o T
72%, Z® GABAL ZHE% AT 5 interictal-like
discharge 12X o TIK Jo S EH L. ThiZ—FKL
T ictal-like discharge 2384 L7z ©F 0, HE
T GABAER L €DOERESL [K']o B3R IEDF
WeHhoTwabeEXZLNLZY, ok o
[K']o ERAOFEEO VD E2L LTKCC2IZL %
K'HEHZZ 2 TWwADS, THIZRICEBRRE KA D
fERkElE, ST LI—H LRV,

A IR T & D S 7 FCD sk %
> C in situ hybridization 1 & 5% ML 5
ITOCl b9 Y AR— 7 —DORFELERET L
7zo ¥ b= E LTFCD &L B REE
WO WA %2 AT L 72, FCD MR T3
Bl 2 239, NKCC1 O3 3125 P A%
& RFLEETHRICHIINE LT 2o 72 —FF FCD
RN 2 B RMIIE T KCC2 M3 B IR &R
PLEFAEETH o 72h5 DB ORI/
T—RIEEIZAR 5 KREHOMIEMNI Tk KCC2
DEBBEFEICHA LT, DEoEREH»
L5, FCDIZBIFT A CIfE@ioREICL S [C]
D ERAIRE SN0, Tid GABA OBEEMAE
FNOM#E% " L7z Avoli & DG D45 TRy
B LTTFELLRZV, %I [CI ] o LA/
DI TEBRIIBI o TWAH I EZHAT S
BEXH LD, WIhilgd, CI'bF Y AR—
= DB — Y FIRBMBISENDHOTH -
2o Do XDz, BETu 038 E S0y
FLEBBTLODEERDLILNTE L,
TH, LECl AR AT RS Y AOHBE B EETZ
EEZTW5Y,

4. CURXFRED ZRE#HICE D TADLA
ABEENDERZE

U EBRRTE LI ITR S FE L IIHIE MRS
EWE THSH GABA 13 EIZFHICHHI: LIRS
3. K& LCTHEEMRICLE . GABA &%, #
5% % feed—forward & % > id feed—back #
HIZ L > CTHIFIL T 5D T, GABA fEH 0 BLE
OO RZBIIAEREIFE L~V TIE S S IR
ENB.Z DX RFEY GABA MEHIC X % |

BREELEIBEEOTADADORER RIEHEA

7Y —ELTIEGABAYEHZD LD LD B
GLACIRAFTRY VAR =,y b LK
PERIRZLIEZOND, 5. TADARE
DAL, 2 HITERBEORRE L HIFICANT
BB Cl R AF A7 L AN Z2EZ TV LE
M5

Bl 2 & [Cl'limfE i & % 8% ¥ GABA 1%
WS90 2RI A FTAER T A DOEEIZIE.
— B RPUT VN AF O & )12 GABA 1R % 1
Y 5D DL LAHERRTY, GABA, ZBMH
BTy I3 EM HAVRICI ZETFTEET
GABA e # BIEW 2 S MHIEICE L &85 2
EDIE)DVENTH LMV HH.ClT T VR
R— & — DHEFRNE—MIIIZRRA & U CTERIR
THHVLNTWVEY, WFROFF L BINMEIC
ZLwizo, [CIliced 21EHAE HE PR
REPGARID CI” b5 ¥ AR— % —H34b454 5 H
BRMOTIE [CIN L 2T €5 B T3NS
5\, LA L Dzhala & OEERT NKCC1 % %R
WZ#I# L 72 bumetanide D BFEE T F DOF
JEHEBECTERICHVONTWERETH Y,
M T®D NKCC1 & KCC2 DFEEEALDPINTE T
F o B THI S Ty B 1B108-36350 7y b 5] k¢
Ho72Z LH 5. bumetanide |2 & B HFAEIR TV
NADBERIZERBBROMNRIZR D 250 b L
T\,

T2 MAKBWTH e PNEMEABEETA»A
DIEFNZBVT, TAPABRZET LMD
[CI"]: L AT & % WY GABA £ ¥ % NKCC1
DOHMP % RETAHRIEONTE Y, NKCCL
FEEE % P13 % bumetanide 25— &R @ PR I BE 3E
TADPADBRICEN L TRED H L. TAPLA
EM% LT b b cortical dysplasia #l & T
[CIrliAMoOREICL > THEW CHEL 72
GABA, ZBMAKIGEMEAL A% ictal discharge (25 L
TWB I ENRMBEND, AP ClbT VA
A= —OFEBREHF LIHETIE. KCC2E
BIZRALTBY., NKCCI IZIEH Kk & Fakiz
WOTH o, LizdioT, 29 Lz
T NKCC1 OH¥RE % W3 2 BH ORI R ITRD
HfETE2whd Lk v, —% . FCD¥TH Nl
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MEETCAPAEERTD —HOMBEMET
KCC2 DADRENTZcRED PE Yy 7 L LT,
KCC2 (3 #n B2 53%79 0 #HERV B 5 Wi HEBE LA
NN TR FSF LR EZITH I LS I
DD b, FFIT. THENMEAF ISR
NBZEDHSHIh o720 T, AR EE LR
FTTCAPATIHERE LTI TRIAERELT
KCC2 A LT, VAo REEHE L EE
LTWaHREEdH S, LA >T, ThHof
BTIETLAZKCC2HEELX 7—AMLTRAS
CEDBER/IPL L, BiEFE A I Nat, K-
ATPase o2 subunit® & B 4 creatine kinase®™®
B WVWINHKCCZEEHLARLVTHEEZ DD
KCC2BtE# B ET A LR RBLADT. 2h
LOREHBEORFENE ST T, BEEWN
ClURRAF R Y ARFITD LOVFH LWTA
PABBEREOAROE LTHRTE %,

—FH. KR TR ClI A AF AT TR
IR (Fig. 1) &3 72BAaTidd 5, HHME
TAPABEDOWRFIZ.ClO VT Y AR—-F —%3E
BRI HPEI 9 2 FRF @ furosemide & % 5-9
% & epileptic activity 2B BICEWAD T 5 2 & 2%k
HENZY, BFELLT.7AMaY S +oCl k
FUVAR=F —IZERHLT, TAMEY A PORE
R &5 LI X o THIEHINE B M
WA R — A %3 (2N S 8T, ephaptic 2 BEED
AR L EEESIERLTWDEY, »
THIZEL, ZUVT7DOCL VGV AR—F —DF
DEENDOVT O SHBBE LT LERD B,

bW

[CI') ERIC X o T GABA 1EB 1 BIHI 259 59
FTHIEIWZLoT, TAPARIERFREINDG &
25 &, NKCCLIZX B ClBGADHIH] R KCC2
W2& 5 Clr e o3Iz X 5 [Cl LT, GABA
VEBYVESIGIM: %2 MR S CTRIEZBIILTE 2003
LI\, 2D X512, AT 7zEe#n Cl &
AL AE Y ARBA FFRBOEEE DT
WHZEEHRELIZ,

ABIIEIBEAARATAPAFEEDEFTHEHRONE &
DIZF LD bDTH A, BROBEETWIEZWIZAK

M—&SRCEH A LET, /o IBRERREEHESE
—BETIT > AMBIEREERE L& K (B
WA AT, BARERA, WHEET. FEiE—, EHEL,
A EA) & & b focal cortical dysplasia A% % B v 723 [H
Bigex LT B o -EVHRRAMERERYL V7 —D&KK
(HFIES, ME--C, SRR HEER, BREE) I
FLEH LTS,

X ™

1) Payne JA, Rivera C, Voipio J, Kaila K. Cation—chloride
co—transporters in neuronal communication, develop-
ment and trauma. Trends Neurosci 2003 ; 26 : 199-
206.

2) fEHESR. BICB T MM Cl- DR & mEikee. K
DOFHE 2000 5 22 : 219-223.

3) Fukuda A, Muramatsu K, Okabe A, Shimano Y, Hida
H, Fujimoto I, et al. Changes in intracellular Ca®* in-
duced by GABAA receptor activation and reduction in
Cl™ gradient in neonatal rat neocortex. ] Neurophysiol
1998 ; 79 : 4390-446.

4) fEHHE. BHHEREICBITS Clrbk A+ A5 ¥ ADHRE
IZOWTOH LWEZH., EEOHOAR 2005 ; 214 :
965-966.

5) Staley KJ, Soldo BL, Proctor WR. Ionic mechanisms of
neuronal excitation by inhibitory GABAa receptors.
Science 1995 ; 269 : 977-981.

6) Isomura Y, Sugimoto M, Fujiwara-Tsukamoto Y,
Yamamoto—Muraki S, Yamada J, Fukuda A. Synapti-
cally activated Cl~ accumulation responsible for depo-
larizing GABAergic responses in mature hippocampal
neurons. ] Neurophysiol 2003 ; 90 : 2752-2756.

7) Ling DSF, Benardo LS. Activity—dependent depres-
sion of monosynaptic fast IPSCs in hippocampus :
contributions from reductions in chloride driving
force and conductance. Brain Res 1995 ; 670 : 142-
146.

8) Yamada Y, Fukuda A, Tanaka M, Shimano Y, Nishino
H, Muramatsu K, et al. Optical imaging reveals cat-
ion—Cl~ cotransporter—mediated transient rapid de-
crease in intracellular Cl~ concentration induced by
oxygen—glucose deprivation in immature rat neocorti-
cal slices. Neurosci Res 2001 ; 39 : 269-280.

9) Katchman AN, Vicini S, Hershkowitz N. Mechanism
of early anoxia—induced suppression of the GABAa—
mediated inhibitory postsynaptic current. ] Neuro-
physiol 1994 ; 71 : 1128-1138.

10) Wagner S, Castel M, Gainer H, Yarom Y. GABA in the
mammalian suprachiasmatic nucleus and its role in di-
urnal rhythmicity. Nature 1997 ; 387 : 598-603.

11) LoTurco JJ, Owens DF, Heath MJ, Davis MB, Krieg-
stein AR. GABA and glutamate depolarize cortical
progenitor cells and inhibit DNA synthesis. Neuron

NI | -El ectronic Library Service



Japan Epil epsy Society

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

TABAMRRE 24%1%

1995 ; 15 ¢ 1287-1298.

Behar TN, Li YX, Tran HT, Ma W, Dunlap V, Scott C,
et al. GABA stimulates chemotaxis and chemokinesis
of embryonic cortical neurons via calcium—dependent
mechanisms. ] Neurosci 1996 ; 16 : 1808-1818.
Shimizu—Okabe C, Yokokura M, Okabe A, Ikeda M,
Sato K, Kilb W, et al. Layer—specific expression of Cl~
transporters and differential[Cl~]i in newborn rat cor-
tex. Neuroreport 2002 ; 13 : 2433-2437.

Owens DF, Boyce LH, Davis MB, Kriegstein AR. Exci-
tatory GABA responses in embryonic and neonatal
cortical slices demonstrated by gramicidin perfo-
rated—patch recordings and calcium imaging. J Neuro-
sci 1996 ; 16 : 6414-6423.

Fukuda A, Tanaka M, Yamada Y, Muramatsu K,
Shimano Y, Nishino H. Simultaneous optical imaging
of intracellular Cl~ in neurons in different layers of rat
neocortical slices : advantages and limitations. Neuro-
sci Res 1998 ; 32 : 15-23.

Ben—Ari Y, Cherubini E, Corradetti R, Gaiarsa JL. Gi-
ant synaptic potentials in immature rat CA3 hip-
pocampal neurones. ] Physiol 1989 ; 416 : 303-325.
Ben—Ari Y. Excitatory actions of GABA during devel-
opment : the nature of the nurture. Nat Rev Neurosci
2002 ; 3 1 728-739.

Owens DF, Kriegstein AR. Is there more to GABA
than synaptic inhibition? Nat Rev Neurosci 2002 ; 3 :
715-727.

Yamada ], Okabe A, Toyoda H, Kilb W, Luhmann H]J,
Fukuda A. Cl~ uptake promoting depolarizing GABA
actions in immature rat neocortical neurones is medi-
ated by NKCCL. ] Physiol 2004 ; 557 : 829-841.
Toyoda H, Ohno K, Yamada ], Tkeda M, Okabe A, Sato
K, et al. Induction of NMDA and GABA. receptor—
mediated Ca?* oscillations with KCC2 mRNA down-
regulation in injured facial motoneurons. J Neuro-
physiol 2003 ; 89 : 1353-1362.

Nabekura J, Ueno T, Okabe A, Furuta A, Iwaki T,
Shimizu—Okabe C, et al. Reduction of KCC2 expres-
sion and GABAx receptor-mediated excitation after
in vivo axonal injury. ] Neurosci 2002 ; 22 : 4412-4417.
van den Pol AN, Obrietan K, Chen G. Excitatory ac-
tions of GABA after neuronal trauma. J Neurosci
1996 ; 16 : 4283-4292.

Coull JA, Boudreau D, Bachand K, Prescott SA, Nault
F, Sik A, et al. Trans—synaptic shift in anion gradient
in spinal lamina I neurons as a mechanism of neuro-
pathic pain. Nature 2003 ; 424 : 938-942.

Cervero F, Laird JMA, Garcia—Nicas E. Secondary hy-
peralgesia and presynaptic inhibition : an update. Eur
J Pain 2003 ; 7 : 345-351.

Khalilov I, Holmes GL, Ben—Ari Y. In vitro formation
of a secondary epileptogenic mirror focus by interhip-
pocampal propagation of seizures. Nat Neurosci

26)

27

~—

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

2006 4 4 H 15

2003 ; 6 : 1079-1085.

Ueno T, Okabe A, Akaike N, Fukuda A, Nabekura J.
Diversity of neuron—specific K*—Cl~ cotransporter ex-
pression and inhibitory postsynaptic potential depres-
sion in rat motoneurons. J Biol Chem 2002 ; 277 :
4945-4950.

Hiibner CA, Stein V, Hermans—-Borgmeyer I, Meyer
T, Ballanyi K, Jentsch TJ. Disruption of KCC2 reveals
an essential role of K—ClI cotransport already in early
synaptic inhibition. Neuron 2001 ; 30 : 515-524.

Jin X, Huguenard JR, Prince DA. Impaired Cl~ extru-
sion in layer V pyramidal neurons of chronically in-
jured epileptogenic neocortex. ] Neurophysiol 2005 ;
93 : 2117-2126.

Okabe A, Yokokura M, Toyoda H, Shimizu—-Okabe C,
Ohno K, Sato K, et al. Changes in chloride homeosta-
sis—regulating gene expressions in the rat hippocam-
pus following amygdala kindling. Brain Res 2003 ;
990 : 221-226.

Okabe A, Ohno K, Toyoda H, Yokokura M, Sato K,
Fukuda A. Amygdala kindling induces upregulation
of mRNA for NKCCI, a Na*, K*-2Cl cotransporter,
in the rat piriform cortex. Neurosci Res 2002 ; 44 :
225-229.

Munoz A, Mendez P, Alvarez—Leefmans F, DeFelipe
J. Altered expression of NKCC and KCC2 transport-
ers and GABAergic innervation in human epileptic
hippocampus. Soc Neurosci Abstr 2004 ; 567 : 6.

Lu J, Karadsheh M, Delpire E. Developmental regula-
tion of the neuronal-specific isoform of K—Cl cotrans-
porter KCC2 in postnatal rat brains. ] Neurobiol
1999 ; 39 : 558-568.

Plotkin MD, Snyder EY, Hebert SC, Delpire E. Ex-
pression of the Na—K-2Cl cotransporter is develop-
mentally regulated in postnatal rat brains : a possible
mechanism underlying GABA's excitatory role in im-
mature brain. ] Neurobiol 1997 ; 33 : 781-795.

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen
H, Lamsa K, et al. The K*/Cl~ co-transporter KCC2
renders GABA hyperpolarizing during neuronal
maturation. Nature 1999 ; 397 : 251-255.

Sun D, Murali SG. Na*-K*-2Cl~ cotransporter in
immature cortical neurons : a role in intracellular Cl~
regulation. ] Neurophysiol 1999 ; 81 : 1939-1948.
Tkeda M, Toyoda H, Yamada J, Okabe A, Sato K,
Hotta Y, et al. Differential development of cation—chlo-
ride cotransporters and Cl- homeostasis contributes
to differential GABAergic actions between developing
rat visual cortex and dorsal lateral geniculate nucleus.
Brain Res 2003 ; 984 : 149-159.

Wang C, Ohno K, Furukawa T, Ueki T, Ikeda M,
Fukuda A, et al. Differential expression of KCC2 ac-
counts for the differential GABA responses between
relay and intrinsic neurons in the early postnatal rat

NI | -El ectronic Library Service



Japan Epilep

16

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

sy Soci ety

TADAEE

olfactory bulb. Eur J Neurosci 2005 ; 21 : 1449-1455.
Li H, Tornberg J, Kaila K, Airaksinen MS, Rivera C.
Patterns of cation—chloride cotransporter expression
during embryonic rodent CNS development. Eur J
Neurosci 2002 ; 16 : 2358-2370.

Dzhala VI, Talos DM, Sdrulla DA, Brumback AC,
Mathews GC, Benke TA, et al. NKCC1 transporter fa-
cilitates seizures in the developing brain. Nat Med
2005 ; 11 : 1205-1213.

Fukuda A. Diuretic soothes seizures in newborns. Nat
Med 2005 ; 11 : 1153-1154.

Ben—Ari Y, Holmes GL. The multiple facets of y-ami-
nobutyric acid dysfunction in epilepsy. Curr Opin
Neurol 2005 ; 18 : 141-145.

Sankar R, Painter M]J. Neonatal seizures : after all
these years we still love what doesn’t work. Neurol-
ogy 2005 ; 64 : 776-777.

Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R.
On the origin of interictal activity in human temporal
lobe epilepsy in vitro. Science 2002 ; 298 : 1418-1421.
Marty S, Wehrle R, Alvarez Leefmans FJ, Gasnier B,
Sotelo C. Postnatal maturation of Na*, K*, 2C1~ co-
transporter expression and inhibitory synaptogenesis
in the rat hippocampus : an immunocytochemical
analysis. Eur ] Neurosci 2002 ; 15 : 233-245.

Cohen I, Navarro V, Le Duigou C, Miles R. Mesial tem-
poral lobe epilepsy : a pathological replay of develop-
mental mechanisms? Biol Cell 2003 ; 95 : 329-333.
Leinekugel X, Medina I, Khalilov I, Ben—-Ari Y,
Khazipov R. Ca?* oscillations mediated by the syner-
gistic excitatory actions of GABAA and NMDA recep-
tors in the neonatal hippocampus. Neuron 1997 ; 18 :
243-255.

Chevassus—an—Louis N, Baraban SC, Gaiarsa J-L,
Ben—Ari Y. Cortical malformations and epilepsy : new
insights from animal models. Epilepsia 1999 ; 40 :
811-821.

Jacobs KM, Hwang B]J, Prince DA. Focal epilepto-
genesis in a rat model of polymicrogyria. J] Neuro-
physiol 1999 ; 81 : 159-173.

Sugimoto M, Yamada J, Kilb W, Ueno S, Luhmann H]J,
Fukuda A. Regaining of GABA- and glycine-induced
calcium influxes during formation of the microgyrus
in an experimental model of cortical malformations.
Soc Neurosci Abstr 2003 ; 888 : 9.

Shimizu—Okabe C, Okabe A, Kilb W, Sato K, Luhmann
H]J, Fukuda A. Ontogeny of the mRNAs for NKCC1 &
KCC2 in a model of cortical malformations. Soc Neuro-
sci Abstr 2003 ; 679 : 13.

Okabe A, Shimizu—Okabe C, Kilb W, Kobayashi K,
Kawashima Y, Takayama Y, et al. Changes in the ex-
pression of mRNAs for glycine and GABAa receptor
subunits in the rat freeze~lesion model of cortical mal-
formation. Soc Neurosci Abstr 2004 ; 272 : 10.

24%1%

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

62)

63)

64)

2006 4£ 4 A

Flint AC, Liu XL, Kriegstein AR. Nonsynaptic glycine
receptor activation during early neocortical develop-
ment. Neuron 1998 ; 20 : 43-53.

D’Antuono M, Louvel J, Kohling R, Mattia D, Bernas-
coni A, Olivier A, et al. GABA. receptor—-dependent
synchronization leads to ictogenesis in the human
dysplastic cortex. Brain 2004 ; 127 : 1626—1640.
Shimizu—Okabe C, Tanaka M, Matsuda K, Okabe A,
Sugimura N, Sato K, et al. KCC2 expression is down-
regulated in human epileptogenic cortical dysplasia.
Soc Neurosci Abstr 2004 ; 272 : 22.

Lopez-Samblas AM, Adams JA, Goldbreg RN, Modi
MW. The pharmacokinetics of bumetanide in the
newborn infant. Biol Neonate 1997 ; 72 : 265-272.
Wang C, Shimizu—Okabe C, Watanabe K, Okabe A,
Matsuzaki H, Ogawa T, et al. Developmental changes
in KCCl1, KCC2, and NKCC1 mRNA expressions in
the rat brain. Dev Brain Res 2002 ; 139 : 59-66.
Ganguly K, Schinder AF, Wong ST, Poo M—-M. GABA
itself promotes the developmental switch of neuronal
GABAergic responses from excitation to inhibition.
Cell 2001 ; 105 : 521-532.

Aguado F, Carmona MA, Pozas E, Aguilo A, Mar-
tinez—Guijarro FJ, Alcantara S, et al. BDNF regulates
spontaneous correlated activity at early developmen-
tal stages by increasing synaptogenesis and expres-
sion of the K*/Cl~ co—transporter KCC2. Develop-
ment 2003 ; 130 : 1267-1280.

Rivera C, Voipio J, Thomas—Crusells ], Li H, Emri Z,
Sipila S, et al. Mechanism of activity—dependent down-
regulation of the neuron—specific K—-C1 cotransporter
KCC2. ] Neurosci 2004 ; 24 : 4683-4691.

Kelsch W, Hormuzdi S, Straube E, Lewen A, Monyer
H, Misgeld U. Insulin-like growth factor 1 and a cy-
tosolic tyrosine kinase activate chloride outward
transport during maturation of hippocampal neurons.
J Neurosci 2001 ; 21 : 8339-8347.

Ikeda K, Onimaru H, Yamada J, Inoue K, Ueno S,
Onaka T, et al. Malfunction of respiratory related neu-
ronal activity in Na*, K*—-ATPase 02 subunit—defi-
cient mice is due to abnormal Cl- homeostasis in
brainstem neurons. ] Neurosci 2004 ; 24 : 10693-
10701.

Inoue K, Ueno S, Fukuda A. Interaction of neuron—
specific K*—Cl~ cotransporter, KCC2, with brain—type
creatine kinase. FEBS Lett 2004 ; 564 : 131-135.
Khirug S, Huttu K, Ludwig A, Smirnov S, Voipio ],
Rivera C, et al. Distinct properties of functional KCC2
expression in immature mouse hippocampal neurons
in culture and in acute slices. Eur J Neurosci 2005 ;
21 : 899-904.

Inoue K, Yamada J, Ueno S, Fukuda A. Brain—type
creatine kinase activates neuron—specific K*-Cl~ co-
transporter KCC2. J Neurochem 2006 ; 96 : 598—608.

NI | -El ectronic Library Service



Japan Epil epsy Society

TADPAIRGE 24%15 200644 A 17
65) Haglund MM, Hochman DW. Furosemide and manni- form activity. Science 1995 ; 270 : 99-102.
tol suppression of epileptic activity in the human 67) Hochman DW, Schwartzkroin PA. Chloride—cotrans-
brain. ] Neurophysiol 2005 ; 94 : 907-918. port blockade desynchronizes neuronal discharge in
66) Hochman DW, Baraban SC, Owens JW, the ‘“epileptic’ hippocampal slice. ] Neurophysiol
Schwartzkroin PA. Dissociation of synchronization 2000 ; 83 : 406-417.

and excitability in furosemide blockade of epilepti-

Summary
Active CI” Homeostasis Hypothesis and the Experimental Models of Epilepsy

Atsuo Fukuda”
YDepartment of Physiology, Hamamatsu University School of Medicine

One of the recent topics in neuroscience is that the major inhibitory neurotransmitter
GABA necessarily evokes excitation in immature brain, in contrast to inhibition in normal
adult brain. Such excitatory GABA actions may be involved in neural circuitry develop-
ment promoted by neuronal differentiation, migration, and synaptogenesis. On the other
hand, a conversion of GABA response from inhibition to excitation could also be induced
by certain pathological condition even in adult. Since GABAA receptor is a Cl™ channel,
such a developmental or a pathological switch of GABA action between inhibition (Cl™ in-
flux) and excitation (Cl™ efflux) is induced by changes in Cl~ gradient. We have been in-
vestigating the dynamics of neural functions modulated by such active ClI”- homeostasis in
the experimental models of epilepsy.

Tetanic stimulation induced post—tetanic depolarization followed by seizure-like af-
terdischarge in hippocampal CAl neurons in brain slices. Massive Cl™ influx during te-
tanic stimulation was responsible for [Cl ]; increases lasting for the period of afterdis-
charge. This acute postsynaptic Cl- accumulation through GABA. receptor channels via
feed-forward inhibition resulted in reversal of its own action to excitation. This feed-
forward excitation induced a seizure-like afterdischarge, implicating a relation with epi-
leptogenesis. The neuronal Cl™ homeostasis is regulated by cation—Cl~ cotransporters, so
that the active shift of CI~ homeostasis could be generated by the dynamic balance of Cl~
importer (NKCC1) and exporter (KCC2). In a rat kindling model, there was an activity—de-
pendent increase in NKCC1 mRNA in the dentate gyrus and the pyriform cortex. Thus an
increase in [Cl ]; and a reduction in GABAergic inhibition may occur in those epileptic
rats. In a rat neonatal cortical freeze—lesion model of human polymicrogyria, GABA-in-
duced depolarizations associated with increases in [Cl™]; were observed in cortical plate
neurons migrating into the dysplastic lesion. NKCC1 mRNA was upregulated whereas
KCC2 mRNA was downregulated in those migrating neurons. These characteristics were
similar to the known characteristics of migrating cortical plate cells. Thus, cortical plate
cells locating adjacent to the necrotic center of the freeze—lesion might regain or preserve
the excitatory GABA actions, so that they could migrate into the dysplastic lesion to form
microgyrus. Thus a collapse of active CI™ homeostasis may be responsible for a pathogene-
sis of both idiopathic and organic epilepsies.
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