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Elucidating synaptic mechanisms and treatment of epileptic encephalopathy
associated with CDKL5 mutations
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Mutations in the CDKL5 gene cause severe epileptic encephalopathy. Cdkl5 KO

mice showed normal sensitivity to kainic acid; however, they displayed significant hyperexcitability
to NMDA. Electrophysiological analysis in the hippocampus disclosed an increased ratio of NMDA/AMPA

receptor-mediated excitatory postsynaptic currents (EPSCs) and a significantly larger decay time
constant of NMDA receptor-mediated EPSCs in Cdkl5 KO mice. Subcellular fractionation of the
hippocampus from Cdkl5 KO mice revealed a significant increase of GIuN2B and SAP102 in the
postsynaptic density fraction. Immunoelectron microscopic analysis of the hippocampus further
confirmed postsynaptic overaccumulation of GIuN2B and SAP102 in Cdkl5 KO mice. Ifenprodil abrogated
the NMDA-induced hyperexcitability in Cdkl5 KO mice. These data indicate that CDKL5 plays an
important role in controlling postsynaptic localization of the GIuN2B-SAP102 complex in the
hippocampus and thereby regulates seizure susceptibility.

CDKL5 NMDA GIuN2B



g X C—19, F—19—-1, Z—19, CK—19 (Jtm)

‘—V‘ 2
0.2mV
¢ L |l

1. WFEBAE 4RO 5

Cyclin-dependent kinase-like 5 (CDKLS5) i&ir
FIE Xp22 fEIICfIE L, BV - AL A=
v+ ¥ —¥ CDKL5 EHE%xa— K95,
WA, INEOERMECTADAMERIETH 5 |
XOHEEENME T = 2 MEERE R OFEER L ME
D BITIZIB T CDKLS Bin RO
ERFRE, RAEOWFTETIX, FHIRERE
ERIELT-ZIRD 8~16%., BHESEIEIEIC
M TADAEES T2 RO 28%I2B W T,
CDKL5 BIG 1 DOERNKEBFEE ST
%, L LZ ORI 2EEMRICHD ST,
CDKLS5 a1+ ERIZ X D TAMADFRIEH
FliionFE TR ARATH -2,

FLX 2N E T, CDKL5 D4 ke & s
TERNZ X DR EH PRI O HBY T, yeast
two-hybrid (kM O\T 7 4 =T 4 — BT L7 w
~hIT7 74—+ 3y FH L LC-MS/MS
ERHWEA X T b—LBHTICL DA
YER 5y O8RS 21T, CDKLS O
HHEMEREAL Y U LEE 2 RE L.
Cdkls 7 > 7 77 MKO)~ 7 A/ERL « J) i
Hr&47v, KO < 7 A0 NMDA(N- A F/L-D-
T ART XN T B By R o T, F
B/ FE/ SO E R RESEOTHRY %
RIE LT,

2. MO BEM

AIFZED HAJIL [CDKLS @Eir 2 RIC X
% T A INAPERIE D5y TR BERE T & = D%
BEEEILEOM ] TH Y, CDKLS KKz
KD HEM T T AR W O 4y 7 HEAE
CDKL5 RKIZ X 2t rr) BE (Gt
JuiE, FRiR/EE /R OFRE. T
CDKL5 RIKIZ X D2fRpER R D7 A
TEH 3R %2 W2 IR B O fRIA . 2 BARM B 1
E LT,

3. WD Ik

(1) Cdkl5 KO ~ © A5 &</ E B RO fiRAT
(2) Cdkl5 KO ~ 7 ARG D 7V 5 I RS2
KB B AL IR AT

(3) Cdkl5 KO ~ 7 A5 D /il ik b 5 K Ot
G )% T WA SRR AT

(4) Cdkl5 KO ~ 7 ZZkE$ 2 7 ZA/EHEE
BTG & D KA RS 2L D iR

4. TR
(1) EBRAFZENENT

Cdkl5 KO ~ U A DS CA1 IR DO ER A
PREEPIFEATIZ K > T, 100HzZ, 1 FPREHIIK L xf
THEWHE (LTP)RBRICKIT 2 BN T
7 A% BN (EPSP)DOHEFA(K 1A). NMDA 7!
SREE LB T A %EIR
(NMDA-EPSC) / AMPA B2 7K % i L 7= Bl
B S S A% B (AMPA-EPSC) @ th
(NMDA/AMPA EPSC ratio) ®¥4A1(K 1B).
NMDA- EPSC DR EH DI R(X 1C),
NMDA-EPSC @ GIluN2B #R L ERIC L 5
FRVINEI(E 1D), 72 E DR LA 1572,

K1 A

B
o
o

[ O cdkis +Y
@ Cdki5-IY

wW
o
o

EPSP slope (% baseline)
n
o
o

100
0_ L L L L L L L L L ]
30 20 10 0 10 20 30 40 5 60
Time (min)
B 25 C 160 -
= — <0.001
p=0.013 2140 | P
20 =
= 120
2 15} ¢ %100 - ﬁ_
e v IS °0 ee
< o* S 80fog— °
z 10F .. GE) 60F 00
o §e® Z
o5 |82 $2e > 40
0©° 8 20}
(=]
0.0 —— o—
Cdkl5 +IY -IY Cdkl5 +IY -IY
D
= 180 Cdki5 +/Y
2 p=0.012 1
©
@ 125
a 2
X o
:; °O° N
100 f—
*S °Fo q0° 3 J S0pA
E' :z—. CdkI5-IY  Zoms
N N
(@]
@ 4
o
uw 50°
Cdkl5 +1Y  -IY
B2 180 PZO038  p=0.009
160 p=0.286
e 140 P=0800 —— p=0556
3TE — —
iy $120
89100
£83 80
255 60
gEc w0
< 20

0
CakI5+IY  -IY  +IY  -IY +IY -IY +IY -IY +Y -IY

PSD-95 GluN1 GIuN2A GIuN2B SAP102

(2) T I U RN E A O AL R RAT
Cdkl5 KO ~ U AR 7 2AEHDAEL
FHIRATIC K o> T, BT 7 A%MICE
7% NMDA ZHFEY 7 2=y NEHD—D
GluN2B M ONEHEE 1 SAP102 DA & 72N
(K 2)MH S E o7,
(3) SuERHARAL Y - PR B T AR AR AT
Cdkl5 KO ~ v AHEE Okt (X
3) L OV w1 BB AT I L - T, B M
VI T RAEEIZEBT D GluN2B KOt SAP102
OFBE/2BFIERBX HBHL N E o T,
(4) Cdkl5 KO = 7 A F F 2 1EEME DRI
Cdkl5 KO ~ 7 AMERIZB T, 7 AFi=
22— OEEMEE KT H BB T
A%BED GluN1 C2°/C2 bk =2 B % F 1k,
(X2 k72 < . v T ARITEROIE B O E
ITFRD BT,
(5) Cdkl5 KO ¥ 7 A DR U2 %9
% Bt GluN2B 3z I % #ifil

Cdkl5 KO ~ 7 A D NMDA (2%} % 5 i




X3 Cdki5 FFER Cdki5 KO
CA1
a
z
=}
O cA3 DG
[Te)
@
o
7]
a
[aV)
o
o
<
%)
X4 Cdkl5 EFERL Cdkls KO
“1p=0.031
m NT g 2
2 T $o i h
=) ta
0] Sp Sp £
" p=0.345
8 NT NT 5
DI %Q E
L e sp £ .
a's .
. p<0.001
Q NT NT E .
=} 3q
o Sp £ AN
= se a5
“ | p=0074
g
E NT NT ED :
= 2 |-
© Sp Sp L5
Cdki5 8743 KO
NMDA FEF s
6
5
N o4
¥
5 2 /R 7
e B/ v
M o /) /)
- /N /
‘N Y
/N /
1 = /
m
0 U 1 U
0] (ii) (iii)
Cdkl5 BF4ER Cdkl5 KO Cdkl5 KO
+ + +
EERIRK HEAIRK Ifenprodil
50 mg/kg

PEDZEI] 72 TTHEDY . GluN2B % NMDA 3 &4k
DT T AGMAREBICK D b DDA MR
AET 5729, GluN2B BERAYPHEHE ifenprodil

ZHi# 5 L, NMDA E#RBR 21T 72 & 2 A,

KO~ 7 22T 5 NMDA % J& MR g oD 5 fiE
HEP AR L[S F CHIE S e (X 5),

DL EORFERE FAy 6. CDKLS 1dife 5 bls
M7 2 BT D GluN2B H NMDA 52 & 14K
D JG1E A HI#E L, CDKL5 KIBIZBZE M 5
7 A% 3Z GluN2B % NMDA 52 54K 8 o4
Frkd+ o T, —a—u  HENES RETT
'L, EREZMEETLET LI ERHLNE
otz

ARWFgeiL, R THIH T, CDKLS KN
KO B EEZ BRETLET DA T =X LD
—WRE LT D L dkic, BEEMEL ST R
TRKREAICHRENICERT 2E DN
CDKL5 BRI L D2 TANADIREFRE L 7o
LAREME AR L, A% O/NEBEHEMETADA
DGy IR ERE T & S R ATIRRIE D~
BB L R BRND D,

5. E/pFEFEF L
(WFgefeses. ot
IR

Gy AR M OSEHERT 72812

CERsam ) (B3 44)
(D Okuda K, Takao K, Watanabe A, Miyakawa
T, Mizuguchi M, and Tanaka T. Comprehensive
behavioral analysis of the Cdkl5 knockout mice
revealed significant enhancement in anxiety- and
fear-related behaviors and impairment in both
acquisition and long-term retention of spatial
reference memory. PLoS One.
2018;13(4):e0196587. Epub 2018/04/28.
PubMed PMID: 29702698. (£ #H:H V)
@ Okuda K, Kobayashi S, Fukaya M, Watanabe
A, Murakami T, Hagiwara M, Sato T, Ueno H,
Ogonuki N, Komano-Inoue S, Manabe H,
Yamaguchi M, Ogura A, Asahara H, Sakagami H,
Mizuguchi M, Manabe T, and Tanaka T. CDKL5
controls postsynaptic localization of
GluN2B-containing NMDA receptors in the
hippocampus and regulates seizure susceptibility.
Neurobiol Dis. 2017;106:158-70. PubMed
PMID: 28688852. (& 74 V)
@ M), MR, EIsETANAE
O fhit %€ 2 fE T O JRUK B {5 ¥ CDKLS @
VTTX%LﬂM%%@%%’WTT EES

76 (Folia Pharmacol Jpn). 2015;145(4):183-6.
(EHE72 L)

(EEFR) (31 01)

O HEEsE, BEBE, MRS, A A,
EABIL, SRR =, JEER, R, Bk
FEAT, AR DE, BRI, =, CDKLS
controls postsynaptic localization of
GluN2B-containing  NMDA receptors in the
hippocampus, and regulates seizure susceptibility,
emotional behaviors, and memory, The 8th Brain

Research Institute International Symposium .
2018 4

@ T.TANAKA, K. OKUDA, S. KOBAYASHI,
M. FUKAYA, K. TAKAO, A. WATANABE, T.
MURAKAMI, M. HAGIWARA, S.
KOMANO-INOUE, H. MANABE, M.
YAMAGUCH]I, H. SAKAGAMI, T.
MIYAKAWA, M. MIZUGUCHI, T. MANABE,
CDKLS5 controls postsynaptic localization of
GluN2B-containing NMDA receptors in the
hippocampus and regulates seizure susceptibility.
2017 CDKLS5 Forum Meeting in Boston, 20174
@ T.TANAKA, K. OKUDA, S. KOBAYASHI,




M. FUKAYA, K. TAKAO, A. WATANABE, T.
MURAKAMI, M. HAGIWARA, S.
KOMANO-INOUE, H. MANABE, M.
YAMAGUCH]I, H. SAKAGAMI, T.
MIYAKAWA, M. MIZUGUCHI, T. MANABE
CDKLS5 controls postsynaptic localization of
GluN2B-containing NMDA receptors in the
hippocampus and regulates seizure susceptibility.
2017 Annual Meeting of the Society for
Neuroscience, Washington, DC, 20174

@ WS, WEEE, IRERE, A R4,
EREBLL, ElEE =, MRk, R, K E
PEAT, KB HE, B, =670
Comprehensive analyses of CDKLS5, a causative
gene product for neurodevelopment disorders
West syndrome or atypical Rett syndrome, 5 40
|l B AR R 2 2017 4F

® A EfA BEHD., MEE. EAEE
Sh EHERE =L IRV, JEEAC, BRI,
B BFEAT. AKIEHE, BRI, st Mo
¥E =% . CDKLS5 controls postsynaptic NMDA
receptor localization and regulates memory,
emotion and seizure susceptibility, &5 39 [a] B A&
ST EMTRER, 2016 F

© A b4 BEHD., MHEE. EEE
5L, mMERE =, JEEAC, FRIFHEE, P EVEAT.
K VR, B, Bt [P #sE | CDKLS
controls postsynaptic NMDA receptor
localization and regulates memory, emotion and
seizure susceptibility, &5 39 [a] H AR R F K
2. 2016 4%

@ H9PHEsE, BEBE, IEE, M LR
A RE BN, EHEE = PR, BRI,
B BFEAT. K EHE, R, B H, West
JEBERE - Rett SEMRE O JF K E 5 - CDKLS I3,
NMDA S ZAAHERE 2 HilfH L, FCIE - 28 1§
), S BET5. % 45 Al H AR
ey - 5 37 [B B ARAEM PR =
. 2015 4F

HH R s | B KRR R B 54,
RS = AL, A RARA L FRIREE, B L
FEAT. AKEHE, EDIEI, HEafth, CDKLS
controls NMDA receptor function and regulates
memory, emotion and seizure susceptibility, 38
[l AR R 2R 2 20154

© M BB, IARERE  TRE B L.
EAERE = PEEAL. AT BER A RIFEE. B
EPEAT. KRECHE, BRI Eah e

West/iE: {5 /R ett i 5 ¥ D J A 18 {5 - CDKLS5
I IS R BRI RRAE I L, R
TEB/ 5 AR 2 FRE S 5. 55508 B A R 5
PR TmES - H38E A A/NRBIEFET
firfEx. 20154

B i s2 . K O fE. CDKLS5 controls
glutamate receptor function and regulates memory,
emotion and seizure susceptibility, 25 57/a] H A/)N
IRAPR R 20154F

F RIS

(XF) (G0 )

(PE SE U EHE )
O HEERDL (GO 1)
Py
LR
MR
FH¥E -
TiSS e
HFEFH B -
EHNADH]

OBFRIL (B0 1)
SR

LA

MR

fHAE -

i

BASHEHAH -

ENA DRI -

6. WFIERHAK

(HIFgEREE

M fsE (TANAKA, Teruyuki)
KR KT « RKPEPEESRPER - #EB0=
FgeE &5 10246647

QW 7E5r R
7L

Q)N E

KA M (MIZUGUCHI, Masashi)
HRURY: « KEFEBEIESSRF5ER - B
P HE = 20209753

B4y f#th (MANABE, Toshiya)
WK « [ERVEIFERT - 2%
F9eE %5 70251212

%4 BilL (FUKAYA, Masahiro)
LB R - L - iBAR
WIEEFE B 10360900

EfE &= (TAKAO, Keizo)
IR « WF e HEMERSAR A SR HEHERR & S8R
K — - R
%385 80420397

(OHWFIEH &
BMH  #B) (OKUDA, Kosuke)
IR - KEFPEES SRR - KRBT
X

Ml #% (MURAKAMI, Takuto)
FOLREE: « REPBEEFSRAIER « Kb
S



