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Scheme. 1 Trisynaptic circuit of the hippocampus.
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Scheme. 2 Induction of LTP by influx of Ca?*.
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OREL, MEKERZTWENT A RT 572018 (Test), 7 v MEFNICEE 3 M HEBEIZ
TENSE, 47T =7 MIfibiv T 2 PRERIR ] 22 Fdk L 7=, Training CRE L7247 V=7
% Familiar, Test T TakiE L7247 =7 h% Novel & L, Novel Z##8i#k T 2HIA & L
C. Recognition index %3k 7=, Training & Test DWNTINT2 ODOAT7 V=7 ML T»
LGN ERFT0 U T L R o728, RS & g LA LT,



1-3 EERER
1-3-1 MfSL 3 L OSHIIRAN Zn2 3 L — % — 2 X 8 CAl1 SHIRDO LTP FHE D

7y FINOAER LTS A 7 A4 ATHB W T, Mifash Zn? ¥ L — % —Toh 5 CaEDTA £7-1%
HIRIN Zn?* % L— & —Tdb % ZnAF-2DA W T, W CAl §8i o LTP #FHE3H S, ~
¥ — 7 7 — AR AR 2 B i & 72 Zn2 8 CAL SEARHIARIZ BV A £ LTP OB C %3
Th oI RIS, £ Z TR T Z v FOWESS CAL 888235 T, CaEDTA (1 mM,
10 mM) F721% ZnAF-2DA (0.1 mM) AR F, LTP Z#E L 72, 1 mM @ CaEDTA DR
TIX ACSF BE & bl U, LTP BT D - 7228, 10 mM @ CaEDTA TidA E I &
7= (amplitude; ACSF, 177.2+16.7%; 1 mM CaEDTA, 171.0£9.1%; 10 mM CaEDTA, 94.2+4.4%:
slope; ACSF, 140.4+6.3%; 1 mM CaEDTA, 158.5+13.0%; 10 mM CaEDTA, 95.5+4.4%) (Fig. 1), %
72, ZnAF-2DA OEFIC L > TH, MBH CAl fHIKO LTP 1X5g2icifil 7z (amplitude;
ZnAF-2DA, 80.5+8.0%: slope; ZnAF-2DA, 83.0£6.2%) (Fig. 1),
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Fig. 1. Involvement of extracellular Zn?" influx in in vivo CA1 LTP. The recording region was
perfused with ACSF and test stimuli (0.05 Hz) were delivered to the Schaffer collateral/commissural
pathway of the anesthetized rats. The perfusate was changed with zinc chelators in ACSF (ACSF, n=7;
1 mM CaEDTA, n=3; 10 mM CaEDTA, n=4: 0.1 mM ZnAF-2DA, n=4) as shown by the black bar.
HFS (three trains of 50 pulses at 100 Hz separated by 10 s) was delivered at time 0 min.
Representative fEPSP recordings at time -50 (dotted line), -10 (gray line), and 30—60 min (red line) are
shown (upper). Each point and line (mean+SEM), which is the mean of 120 s, shows fEPSP amplitude
(A) and slope (B) (left). Each bar and line (mean+tSEM) represents the averaged fEPSP amplitude (A)
and slope (B) of the last 10 min (right). **p<0.01, ***p<0.001 (Dunnett’s test) vs. ACSF.
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1-3-2 ZnAF-2DA (2 X A¥EE CAl SRR N Zn2 % L— NEhE

FRFE T 7 > MRS CAL SEBA~AINA Zo? 8OERREE T H 5 ZnAF-2DA Z JRpT#e G- L. 1 ¢
%, MHAT A ZZAFR L, ZnAF-2 #OGRE A HIE LTz, ZnAF-2 OHEOGIE, &EEETH
% CAl SEHIRDOHHEIZ BN TOABIE S, wREEE CTIX R b -7 (Fig. 2B CAl,
DG), F7z. HFFFERANIHRABOMEE L&A U 7 LEKR (50 mMKCl) ZiRINL., #ifk4
B S5 & MES CAL FEIR O ZnAF-2 SOEFRE 3N L 7= (Fig. 2B +KCl),

A i }

ZnAF-2 Ca orange Merged
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Fig. 2. Chelation of intracellular Zn?" signaling in the CAl. (A) ZnAF-2DA (100 pM) was
bilaterally injected into the stratum radiatum in the CA1 of anesthetized rats at the rate of 0.25 pul/min
for 4 min through injection cannulas, as illustrated in the brain map. (B) Brain slices were prepared
from rats 1 h after injection. Intracellular fluorescence of ZnAF-2 (left) and calcium orange (middle;
merged, right) was measured in the CA1 (the red square) and the dentate gyrus (DG, the dark red
square). The upper and lower images are the basal levels in the CA1 and DG, respectively. The middle
images are obtained in the CA1 130 sec after stimulation with 50 mM KCI. PCL, pyramidal cell layer;
SR, stratum radiatum; GCL, granule cell layer. Bars, 50 pm.
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1-3-3 Y355 CAl1 I ~DHMIAN Zn> X L — ¥ — B 51T L A EBTEOBEARE

MR CALREIRICA vV =/ vavH=ma—LEBRELLET v NI, BT TS Y7 v
3 =a—L &N LT ZnAF-2DA %5 L, 1 FEB# I IRGR#ERBR 2 1T - 7=, Training 3
L O Test (BT, 7 v MBIWRICEIBRZ 7R L7-IF[# (Approach time) (%, RE[H]CZEDNEL
Z L Z R L7z (Training; saline, 25.242.5%; 100 pmol ZnAF-2DA, 28.4+1.7%; 200 pmol
ZnAF-2DA, 25.6£2.6%: Test; saline, 24.3£1.7%; 100 pmol ZnAF-2DA, 24.7+1.9%; 200 pmol
ZnAF-2DA, 27.1£1.6%) (Fig. 3A), Saline £ 5-#% Tli3, Training &t L Test ICBWT, T
3 ﬁ’%ﬁﬁ%ﬁg ZHLR AR L 72 REE OEE (Recognition index) [3A BEICHIN L7272, WIKR
LB VRS 7z (Fig. 3B Saline), ZnAF-2DA #5121 Y | Test T® recognition index |3
Saline #f & Mg L CAH EICHIHI S v, WIRERRGLIE OS2 JH] S 417z (recognition index:
Training; saline, 50.1£2.1%; 100 pmol ZnAF-2DA, 49.7+2.4%; 200 pmol ZnAF-2DA, 52.7+1.7%:
Test; saline, 70.4+4.6%; 100 pmol ZnAF-2DA, 57.5+3.0%; 200 pmol ZnAF-2DA, 48.3+1.3%),
ZnAF-2DA 1%, BERFEICHRGEIRGLIE OS2 E L7 (Fig. 3B),
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Fig. 3. Memory deficit due to blockade of intracellular Zn?>" signaling in the CAl. Twenty-four
hours after habituation, ZnAF-2DA (100 uM) in saline was bilaterally injected into the CA1 stratum
radiatum of unanesthetized rats at the rate of 0.25 pl/min for 4 min or 8 min. One hour later, rats were
subjected to object recognition test. (A) There is no significance in the approach time to the objects in
the training or test (saline, n=11; 100 pmol ZnAF-2DA, n=13; 200 pmol ZnAF-2DA, n=7). (B)
Recognition index was not elevated by the pretreatment with ZnAF-2DA. # p<0.05 (paired t-test), vs.

training: *p<0.05; **p<0.01 (Dunnett’s test), vs. saline.
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1-3-4 ¥55 CA1 FIE~D ZnClL £ 7213 KC1 B 5.1 X 2 YR HLBoESREE

Z v NOWEE CAIEIE~EE LA Y=V v arh=a— &I U CHREE F CHAbLIEn
(9.8 nmol/rat) %5 L, ¥IRGR#RRER %217 -7, Control #1235V T, Training & FL#E L Test
@ Recognition index [TA EIZHIN L, WAERGCIE i)%%{ﬁéﬁ/bto ZnCL AT F VT, Test D
recognition index |& Training & b L CHEME T, MRRERLEBEOESNEE I N
(recognition index: Control, 64.0+2.8%; ZnCl,, 55.044.7%) (Fig. 4A)o F 72, [AREICHER CAl
fEI~ KCl 2825 L7=t%, MR Z1T > 72, Control #F¥5 L U8 KCI+CaEDTA FfiZi5\>
T, Test M Recognition index /& Training & Fhle LA EICHIIN L, WIRGREGLIES S ST,
—J57C, KCl#5HETIL, Test @ recognition index |E Training & Frig LEEINET, #{R5R%GD

BOESNIH S 47 (recognition index: Control, 68.9+3.2%; KCI, 59.0+2.9%; KCI+CaEDTA,
63.243.2%) (Fig. 4B) 126}
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Fig. 4. Memory deficit after injection of ZnCl, or KCl into the CA1. (A) Twenty-four hours after
habituation, ZnCl, in DMSO was bilaterally injected into the CA1 stratum radiatum of unanesthetized
rats at the rate of 0.5 pl/min for 1 min (Control, n=3; ZnCl, n=9). One hour later, rats were subjected
to object recognition test. Each bar and line represent the mean+SEM. #, p<0.05 (paired t-test), vs.
training. (B) Twenty-four hours after habituation, KCl 100 mM (n=15) and KCI 100 mM + CaEDTA
(n=8) in saline was bilaterally injected into the CA1 stratum radiatum of unanesthetized rats at the rate
of 0.5 pul/min for 2 min. One hour later, rats were subjected to object recognition test. Each bar and line

represent the mean+SEM. #, p<0.05; ##, p<0.01 (paired t-test), vs. training: * p<0.05 (Tukey’s test), vs.
saline (n=9).
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1-3-5 ZnCL #EFRIC X Y88 CA1 LTP BEDEE

ErUE E Mgt Znr LV ERAIERE A EE T D DA LN T 570, BEIND
AERESL Zn?JRED 10 5 TH 5 0.1 uM ZnClL Z L L, HEE T 7 > b O CAL Fkic BV
T LTP ##5% L7=, LTP 555D 60 43HiA D 60 53% £ T 0.1 uM @ ZnCL i T LTP Z #5384
% & fEPSP O slope (3401 S 417223, amplitude (ZIFZALD BB Do 7o, [RERICAEE S
ZMfass Zo? JREED 100 5T D 1 uM D ZnCl, Z T 5 & . fEPSP @ slope & amplitude |
EBITR—A LU iEEs L LTP #5E & Jiii] S 417 (amplitude; ACSF, 203.7+8.5%; 0.1 pM Zn,
201.5£10.1%; 1 uM Zn, 99.4+4.3%: slope; ACSF, 168.2+6.0%; 0.1 uM Zn, 143.6+6.7%; 1 uM Zn,
94.1£8.8%) (Fig. 5A, 5B), LTP Z #5425 Z & 72< 1 uM @ ZnCl, % £ L fEPSP % &3 %
&L 60 432U T fEPSP amplitude |3 82.3+4.4%, slope IE 79.3+5.0% & 72 ¥ . 1 uM @ ZnCl 1
NR—=A L YL TO VT 7 AR ZEZIH L7z (Fig. 5A,5Bno LTP), 7=, MEFZ v hD
CA1 fEIIZH VT, 1 uM ZnCl % LTP #5360 4y HiA> D 40 43 Al £ CHERT L 72 B#E T LTP (340
il S AU72 23 (LTP 3558 10 43 Al72 & 10 231% £ CHENT L 72 FF TIX LTP 134l S /e h> - 7= (ACSF,
172.6+4.4%; Zn*" -60/-40, 146.9+8.5%; Zn** -10/10, 179.3+3.2%) (Fig. 5C).
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Fig. 5 Inhibition of CA1 LTP by increase in extracellular Zn>". The recording region was perfused
with ACSF and test stimuli (0.05 Hz) were delivered to the Schaffer collateral/commissural pathway of
the anesthetized rats. A given time later, the perfusate was changed with ZnCl, in ACSF (ACSF, n=6;
0.1 uM ZnCl,, n=5; 1 uM ZnCl,, n=5) as shown by the black bar and HFS (four trains of 100 pulses at
100 Hz separated by 130 s) was delivered at time 0 min. In another experiment, fEPSP amplitude and
slope were continued to measure without the delivery of HFS under perfusion with 1 uM ZnCl, (n=4).
Representative fEPSP recordings at time -70 (dotted line), -10 (gray line), and 30—60 min (black line)
are shown (upper). Each point and line (the mean+SEM), which is the mean of 120 s (six points),
shows fEPSP amplitude (A) and slope (B) (left). Each bar and line (mean=SEM) represents the
averaged fEPSP amplitude (A) and slope (B) of the last 10 min (time 50-60 min) (right). *p<0.05,
*#%p<(0.001 (Dunnett’s test), vs. control. (C) LTP was induced under the hippocampal pre-perfusion
with 1 uM ZnCl, in ACSF for 20 min as shown by the black bar (time -60— -40 min, n = 7) and the
hippocampal perfusion with 1 uM ZnCl; in ACSF for 20 min as shown by the gray bar (time -10— 10
min, n = 8) in anesthetized rats (left). The magnitude of LTP (right). **p < 0.01 (Tukey’s test).(ACSF,
n = 21). Representative fEPSP recordings at the time — 70 min (black dotted line), — 50 or —5 min

(gray line) and 50 min (red line) are shown (upper).
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1-4 £

WBB AT A AZB W TS Zn2' % L —% —Th 5 CaEDTA i [Tl CAl fEIKD LTP
B TINH S 4, CAL fEIK D LTP (ZIZHIAEAA 2> DAIFEPNICE V AE D Zn* BN ETH D =
EDVIRSITWAI, Lo, MEATA AZERT 52 LT 75%0 ONTEM Zn2 3 L
TLE D 72DRI NTEM: Zn? O LTP #3839 2 EH Z M5 2 72 OI121X in vivo TORRETD
VB Tholz, TZT, MBEFT v FOY ¥ —7 7 —llk—CA1 ALY T 7 2128\ T
HEVE 7 1 — 7 & OFLEREMm 2 AV T, Uk EME LI RR L T CaEDTA Z it L LTP %575
72, ¥ CAL © LTP (%, 1 mM @ CaEDTA TIZZALR 720> - 7273, 10 mM ¢ CaEDTA
TIIAEEICIHE Sz (Fig. 1), 100 uM D Zn* % F L— F 95 729121%, 10 mM ¢ CaEDTA
£ 0.5, 1 mM @ CaBDTA 1E 2 VUL BB 5 Z L B3 fE SIL TV AR, LTP 23587 55
BRI (100 Hz, 0.5 7)) BRlCIBWT, Mifash Zn> L~V O Z ¥ L — b3 5 720121,
10 mM @ CaBDTA BETholctEZEx bbb, £, MIEAN Zn?F L —%—Thd
ZnAF-2DA i FIZBW T, LTP FHEITA EICHfl s e (Fig. 1), L7ER>T, ¥ —7 7
— AL — RS CAL $EARMIAE D > F 7 228\ T, Mfash 2 RBNIZE D IAE N D Zn2 )
LTP OFFEIZLETH D Z &0 invivo I TORINTZ, BRBOSF A=A L E SIS LTP %
BITK LT Zn* OENED IR SNT2 2 L0 D RRIB ORISR 2/F A 2 15t L 72, 1S CAl
fEIk~ ZnAF-2DA #5725 & CAl SO AT ZnAF-2 OEER A B, CAl1 AIfEN Zn?
MEL—REINTEZERMRTET, @I U ARERE O THRZIBRIEE XS5 &
ZnAF-2 OWIEHRHIIN L7= 2 &b | YEE CAL fEI~ ZnAF-2DA % /TS5 L7 1 BRI
FBUNT, HRRBLEE |2 K SMIEN Zn? LoV OB, b b E R OB 2 L 5/
InZ ORI E F L— bk D Z LR Sz (Fig. 2), = 2 C, ZnAF-2DA Z 45 L7- 1 I
M CIRRFEGRER Z1T 5 & . WIRREGLIROESIIEE Shco o, E CAL SERO ML
N Zn2 (I IRGRRR LB ORI L E TH D Z LA E N7z (Fig. 3), Ca?t [R5 $, LTP #5H
72 5 N IARGEFRGE B O EAF T )T LTS CA1 OMIIAN Zn> > 71 U o 7 O BEVEN IR S

(Scheme. 5; 7[X) . #EfG CAl LTP OFFE N MIAGERGLIE DRI EN 2 Z L RSNz,
InNIRE S LI TTH D Shank3 DY F T AZBIE~DBITe, v T A B IBEOHERRZ
BIH-9 5, Lo T, W CAl SEICIH VT, Mlast s HMIBEANICE Y SAE L7z Zn?*
X, RGN TEORRERET D 2 & T T AABEICE 5T 5 AREER S B,
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WS CAL FEIRICHV T CAL SEAHIIEAN Zn2 IXELE OB KB TH D Z L AVRE T —
J5C, ZnCl DG IIMIARGLIEOE S 2 EE Lz (Fig. 4A), £7-. CAl ~KCl Z# 5L
PR R B Xt 5 & W IRTREGEIR OB IREE Sy, T ORETMRSS Zn2 % L —
X —Td D CaEDTA ORIFFE 5 L W Sz (Fig. 4B), T78b b, 7% I U R{EEE
PR OO Fell B |2 X % GRS RERR IS AL Zn> DB 553”18 4172 (Scheme. 5),

/ v —T 7RI F TR

LTPES BRI 3 LTPEE E &Il i%k

2B (LTP)
RE(LTP)EE

Scheme. 5

Z 2T, invivo lIZBWT ZnCh #3425 Z & T CA1 LTP X EE & Ofast Zn2t L)L
THEEINDDONERFELIZE Z A, CALLTP (X 1 pM @ ZnCl #EHRIC & Y #1f] X 4v, 100 nM
ZnClL #EIIZ & - T fEPSP slope & 822 L7z & Ciddl sz (Fig. 5), ¥ v —77—
Rk 2 BEANET 5 &, RRDOMHENTZ IV Z I VBN, KAV FTRADINE I
ARG L, MIlN~ Na A AP iA LGRS A U D720 (BEME S F 7 2% &
A7 ; EPSP) ., ¥ CAl fEIR O FHRE DM M B - ek B0 CIIEA B 27tk T&
% (field EPSP ; fEPSP), Z iU HIIEE D v 7 AISE ZEGENMN & L TRegkd 5729, fEPSP
DORKE= X (amplitude) Tix7e<, SZH ENVESOME (slope) DTS, ¥ F 7 A DIEE)
DIBIERTNT A= THDHEINTWD, L7 T, fEPSP slope (2 L Bfiffrne, 48
TE S NS MIES Zn2 L1 D 10 fTéH D 100 nM T > TH CALLTP B3l &b & & VR
SNz, ZNETYF 7T A/NEND Zn2 L~UL1E 100-300 pM T 5 L il S TR Y B
vitro TIX~A 7 /)L LULD Zn* DA< EDOVERAMNTICH W BN CE 722 B | A<
A A& AW FE A6, CALLTP IE ZnCly 1-5 pM OFEWIC & 0 (e S, 30 pM OFERTIC &
DIEESNI ENRENTHDM, Lo, in vivo TIX PRI LT, LTP FiE A [EES 5
FHARA Zn> L oUiE ) ) L TH D T EDVREN., in vivo TDO I LR 5Bt NHETH 5
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T ERBT AR ot Fo. THVE TICHEE CAL FEIRIZ B THERESAS Zn2H X m E
FIZ X 2 B O B 2 B 35 2 & B2 NMDA S B RTEHIIZ £ 5 Ca2 Dt A2 2
LRABIZRENTWA 728, LTP B8R D 1 uM ZnCl #EFTIE LTP #5325 L CHPHIA I8 <
LTPHENT, UL, CALLTP #FE T 1 uM ZnCly T Tl LTP 1340 S e - 7= (Fig.
5C), LTP #FHERFOMIISS Zn> LT I pM BREIZE T EFH L TWA Z LR RSN D, —
J7C, CAl LTP #FHEHNIZ DA 1 uM D ZnCh Z#EWd % & CA1 LTP (340 &7z (Fig. 5C),
M Ah Cat & Zn D3RR D in vitro 2o TlE, Ca? 1B AMPA S B RIEMEAGIZ K - T, #
RAMRN A~ Ca?tlE Zn? O 2 fEFEIRAT 2 —4 T, Ca** & Zn> DOFAITIB A WITHBL L 72\
T ERHE SN TV AR, TEE RIS Zn2 Lo 10nM (Ca>* D 10353 D 1) Th
5128 AMPA S MRIEMEL A2 LTe Zn? i A BT Ca2t & BT TH e ERE S D,
LU, M Zn2 L oUL 649 100 pM (CaZ D 103 73D 1) & Hisd TR LU HERF S 71T
B2, MO TIKIRED Zn? i A Th->Th, —E L~ E TIIARRN CRUBER I S
% —75 T, LTP #F80— EHIHI AT AR 20 R B U, Zn> 2N HEMHAIR NI RN AT 5
&L LTP FEICBET 2 254 L /X7 EX° CaMKIl 72 I PoOfEA L, BE¥ X7 EICk
B ARA L OPLRLIE A, CaMKIL O U VU Fg{b7p 8 &2 PRE L, RAgRelEEIC 535 L& %
bivs,
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FOFE A MLV RAMIC LA Vaa)LFaaf Re)r L8 EEE o9 5 1
B CAL N Zn> > 71 o 7 DB

2-1 i

Z M LRI X HWBASN S 2 X U L~V OB TR RE A TEE T L Z L N b N
TWNDHB, 2 b L ZAMFICAEWEIR T — F (A — R BCE % (Hypothalamic-pituitary-adrenal
axis; HPA axis) &ML T 5L, ZvaarFaf R (vU A, Ty hClEarFarsn
V) MEIEEENLSWESN, M7 v aangFas REEN EFST 5, @BEICA L AR
amEhs e, FraalFa s RREMICHE BRI W SN EEFEENMET T 5
BABOl, v aa)F aAf NIE~BIT L, MRENCHIE IS e 5 7 vaanga
A RZEERBIRD IR T v aLF af FFEEICHEGT 2, MlREDIxTvarFal R
SZRIRIT v aanFa s R 28NS < (KdfE; 0.5nM), — 5T, ozl
a4 RZEERIZBIFENMERD (KA E; 5nM) BL 20728, AR T TIEI R 7 /1al
FaAf FZEEPEE LS. A PV RAARRELHANLEBIO E— 7K TIZ7vaarFad
REZREDE LSS, IR TN aLT af RZEFEEOMEITRAERELES LU, 7
aa)NFad REFREOHEZTA L RAARIC K 2RAEREZSET W, T2bh,
shaanFad FITMRENICHEET 2 IXTVvaLvFadf FZFRERL7VvaanFads
RZREEFE L, BEFREELNT 2 HERINEN NI L - T, B HBIcEEr 52
LB —FHT, Ml EOI X T ranrTgFas REXORZ vaarFa s REFIRIZZ L
aaLFad ROFREICLVBEFREEZ N S VBV KIGZ R T 2 EDNITFER STk
L, MR Lo I R T NanTF af FEEERIT, MREI R T VaLvFad REEK, 7
Naa)Faf RRFRELSTT )V azanF as FIod 28Ry (KdfE; 10 nM)
el 2~ L ZAMIC L AWERHIASL 7 L a avF o RLybd EFISE, iAo I ¢
FNhanFaf REZEERIZZVvaarTdads RRFEET 5L, BarREE2 0 SRV
SRR D MR D TV Z I RO R AR S U0 SRR eI B A 52 D b
DOWENRH DU Uiz > T, A ML RAARIFIZY ¥ —7 7 — 1k —CAl $EAHIIRM D>
FTFATE I VAT afl ROMBWEI X7 varF ad REEE~OREGEZIT LT, 7
B IS L BT Zn OB MR S Av, MR~ Zn? 3BV A ENERIE A FEE
HEEBEZ LD, ZIVETIZ, invitro DFFATTIZZ Vv aa)F a4 N2k 5 CAILTP #FHED
FEEIHIEAN Zn> LV OB G55 Z E A REN TS L, A R L AR
DFLNEEEIZKT DT 7 2 Zn OIERIZOW T, in vivo TORFHIEL T TR,
ZIZT, MEE EOI XTI vaLFa l Rs v aalF a f REREIEMELZ I L3N
FISIZER L, A MV AAMREO 7 vaanFaf e LIV I ViY77 Via%ic
£ 2 RABEREREE )T 5 Zn?* OB G- % in vivo TR LT,
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2-2 EERAE
2-2-1 REDOFHR
22-1-1 a)VFaRxRTFa
aFaRrTuary (FEMETHE ) 2%/ — (FeMizE T3 (BF)) T0.5 ug/ml
WL, U IV ET 1T ACSF THIR L CTHW-,
2-2-1-2 ZnAF-2 (fifash Zn* @7 o —>7)
ZnAF-2 (FEK AT 4 v (BK) K VFENE) 2, DMSO T5mM & L, U 4 /L F7-1% ACSF
THRWLTHW,
2-2-1-3 CNQX (AMPA ZZRBHEFA)

CNQX (SIGMA (%)) %V > %L T 10 uM IZAR L THW =,

22-1-4 20 ) Z 7 by (IR TV aLT af REFEREHR)

A¥nm /77 by (FEMEETE ) 2%/ —/LT 10 mgml [ZEMEL, V7L E
7212 ACSF T 100 uM IZAHR L CTHW =, 72, e L7 ) a—)b (FiehiZE T3 ()
T 25 mg/ml (2P L, 2 mlkg THEPENEGIZHWTZ,

22153727 YRRy (FhaarFad REERIKEZER)

7=/ Y ARy (Cayman) 2T /) —/LC 1 mgml \Z¥EfEL, V7V E7212 ACSF T
10 UM IZAIR L THWE, £/, 7L 7Y a—/1C 10 mg/ml [ZEfE L, 2 ml/kg CHEE
N GIZ AW,

2-2-2 KiEAR kU RASR
EAA192cm, &S 45 ecm OHBTEDBIALR T T AF v 7 754+2 400 ml D/KEK (23+1°C)
AN, FEOHFIZT v b E 30 oEHoE LT,

2-2-3 R/ A T A A DIERKL

Ty hEBEAL, ®NZERY H LR, KkinLica U U U 7WRT 1 A L., £
D%, IMpET Y B L RICKIZ S 2 D30, 20 U U URTTE bIZ 3 ofEm
LTz, AWEMENENNOWEZIRY H L%, © 77 h—2A (ZERO-1, ZRA —T 4

(%)) Z VT, 400 um DJE S THEE A T A A 2B LTz,
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224 Invivo=wA 7B AT Y VATODaANFaRT o EREOHEERA Zn OHIE
22-4-1 REET T v NS CAl ~D 2 LF a3 25 v > O

K7 77— VKR T L 727 » b OEEZ AT VA AEEICRE L, B v —7

(A-I-12-01, =1 =& (#R)) % Bregma D% )7 3.3 mm, A4 2.2 mm, S 2.2 mm OfLEIC
A L72%. ACSF % 2.0 ul/min C 2 BFLL R L7z, D%, ~X—A L& LT ACSF % 30

7. ACSF T 500 ng/ml [ZAR L7z a/LF aZAT7 v % 2045, S 512 ACSFIZRE LT 40

EETR U=, £ D%, CaEDTA (I mM) % 30 R Lz, 7=, arFazxrar L
REIZ, 100uM A1/ Z 7 bz LT,

2-2-4-2 FfES; Zn? PR E OPIE

2-1-4-1 IZBW T, FEWHEEZ 5 R (10 ul/sample) L7z, [FIUX L 7= #EWEHZIC, 1 sample
fEVZ, ZnAF-2 (1 uM) Z#shn (50 ul) L, b — K U —4— (ARVO sx, Perkin Elmer) (2T
ZnAF-2 @58 (BRI E 485 nm, IEHE 535 nm) ZWE L7,

2-2-5 In vivo ¥EFSHIIEN Zn>* A A—T 7
22-5-1 R R 7w MBI D arF axT o s &55%OMIAN Zn* A A—T 7

K27 v 7 — VKBTI L 72T > F@Eﬁgﬁ;}f%;f” VAEBEICREL, A ¥ 7=
Y ==a—L% Bregma D% 3.3 mm, /54522 mm, EX 2.2 mm ONEIZHA L, 30 757K
& L7, £Dthk. ACSF THM L7z ZnAF-2DA (100 pM) L aLFazxsrl (500 ng/ml)
Z 0.25 pl/min OFIE T, 16 ML Lz, K THD 50%, BMA T A AZ/FR L, =
VU T 20 ML EERE Lz, 2V U o 5VHR 3 ml A7z L7z Dish 12, fERLL
TR A T A A% L HE R L —F — 2% ¥ B8 (Nicon Al confocal microscopes, Nicon)
(2T, IS CAL JGfifE @ ZnAF-2 (iR 488.4 nm, JIEH K 500-550 nm) OHIEIRE A
HE LTz,

2-2-52 REE T T v MIBITDHKIRA ML AAMEDOMIEAN Zn* A A—2 7

HK 27 v T — VKR TR L 72 > R OFRE 2 AT LA EIZREL, A RhH=a—
L % Bregma D% 5 3.3 mm, £/ 22 mm, EZ 2.0 mm OLE ZT@A L. 7Ty 7 7%
FAWTCHEE L7z, 1 #E%. %EE 12T, ACSF T 100 uM (277 L 7= ZnAF-2DA % 0.25 pl/min
DOPEHT, 455 HEE Lic, EHERTNHD SH%, KEA ML A% 30 5HAR L, RIKA T
A AZAERR LTz, 22U U U F VKR 3 ml &7z L7z Dish (2, {ERL7=2MA T A 2%B L
HESL—PF—2 % ¥ VEMSE (Nicon A1) (2T, #EHE CAl HHE D ZnAF-2 m;‘n%@fﬁ%rﬁu
E L7z,
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2-2-6 Invitro A A — 7
2-2-6-1 RN Zn2tE L OWIIEN Ca2f A A — 0 7

Ty FIOIER U722 A T A A%, U 7V T#IR L7z ZnAF-2DA (10 pM) & Ca Orange
AM (10 uM) HIRIZIZ L, 30 pfIEE L, U o WRHRIZERE LT 20 43 Lh BfkiE L7-#.
EWZHW, U 7R 2ml Zi7- L7 Dish 12, 1ER L2 2R T A4 A& L, HERL—
P— 2 F v UHEMEE (Nicon) (27T, #EE CAl J#iE @ Calcium orange (FhitLiF 543 nm. I
TEW R 560 nm) & ZnAF-2 (bR 488 nm, HIEP & 505-530 nm) DaE¢GsRE 2 HIE L7z,
72, HIEBA 60 BHIEIC, TTF AT 10 B REIEE 500 ng/ml ERD X OWIML, &6
\Z 3 43f#] ZnAF-2 35 JL O Ca Orange D8 Y690 EE 2 E L 72, Dish @ Y > 7 /LHIZ CNQX, A E
777 MoERIEI 72T Y RARNAFIET, aF a AT AN L RERIZ R0 E %
HIE LT,

2-2-6-2 MAS: Zn2 A A— 0 T

Ty NIPBAERL U= B A T A 2%V 7 W T 20 43 L EfE L7-% IS =,
U 7R CHREL L7210 uM @ ZnAF-2 ¥A#R 2 ml Z3ifi7= L7z Dish (2, /E L 7= ¥ A 7 1 A
ZBL, HESL—PF—2 %2 VBEBSE (Nicon) (2T, #EE CAl HRE D ZnAF-2 (b
5 488 nm, JIEHE 505-530 nm) OHOGHREZWE Lz, £z, HIERL 60 BZIC, =
FaRTa L ERAARE 500 ng/ml 72D X OWRIL., & 6123 57[#] ZnAF-2 OHETRE 2
& L7z, Dish @ ZnAF-2 IEEHFICAE R ) T2 b ERIEI 727 U A R UAFETF, aLF
I RT 1 AN URIERIZ S s 2 e L7z,

2-2-7 In vivo CA1 LTP OFHE
2-2-7-1 BREE T in vivo CA1 LTP D&

1-1-4 L [RIEED 5L T, ACSF BEWE F_X— 2T A ZRE%. mEERF (100Hz, 11, 4
[l 130 FPRIRE) 12XV LTP #3BE L1,
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2-2-7-2 WEE T in vivo CA1 LTP D%

K7 27— VKK CHEE LT 7 v OB EZ A7 VA RBIRE L2 RKOX T AT
VRS 72 BRI EER A . Bregma D% 7 43 mm, £ 3.8 mm, EX 1.8-22mm (2, V=
7 v a vl =a— U EFLEEM %, Bregma D% 3.3 mm, 4722 mm, S 1.8-22 mm D
ALIEICHA LTz, fEPSP NE=HF —TEXHZ L 2R LIE, TRy T A7 7 2 HOTEE
L7z, DABEORREHEI T~ TRER T T1T o7, A fEPSP slope Dl KEZMIE L, £ DK 30%
NEN LB ZNERRE Lz, AEEARE LT 1 Kk, ~—A & LT fEPSP slope %
20 pEME LT, _X—=Z2F A LPED S 531%, ACSF T 100 uM ([ZA7R L 72 ZnAF-2DA % A
Yzl varh=a—vENLTEE CAl fEIEA~TEE T C 0.25 ul/min OJiE T, 4 4
Uz, & THE S H%, KZA NV A%E 30 oRAR Lz, KiZEA L ABRMGND 4 B
M2 B (100 Hz, 1 F), 4Bl 130 BRIk L. LTP 2§58 L7, mBEERIED 10
SRS 10 43MH FFERTO EPSP) . @B D 50 3% 525 10 43 GFE4% O fEPSP) O
fEPSP 2 E=4— L7, #HEHZD fEPSP ODREZ I ZFH L, FEINZLTP ORE S L LT
R L7,

2-2-8 U VFER{k CaMKII Z > {7 BRBEEDKH

2-1-44-1 CANFAXTu 2R LT v bbb, MBEAT A ZA&Fl L, #ER7Tn—7
FHAENLD AT A AD CAl FHIK D A% ki L7 Lysis buffer (20 mM Tris-HCI, 150 mM NaCl,
1% Triton X-100, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 5 mM NaF, 2 mM
B-glycerophosphate, 2 pg/ml leupeptin, 2 pug/ml pepstatin A, 2 pg/ml aprotinin, 1 mM dithiothreitol,
pH7.5) THREVFA A ULT, 50K ETipE L7ck, 0708 (H9R, (Bk) =7 %)
[z CmL L (3000g, 547, 4C), EiEEV TNy 77— (250 mM Tris-HCL, 8 % sodium
dodecyl sulfate, 40 % Glycerol, 0.02 % Bromophenol blue (BPB), 4 mM dithiothreitol, pH 6.8)
Z3: 1 TRAL, 5CTSHREAL, v=xZrTuy MY TV E LT, YO L
FAWTH X7 JI7E  (Pierce BCA protein assay Kit, Thermo Scientific) #17-7-, [FlfED ¥
NIEERDEIIC, vRZ T ay MAT TN EST 2 VITHINL, SDS-PAGE (20
mA/1 ., 70-90 73[E)) Z1T-72, D%, A7 L > (Immobilion-P, Millipore) (Z#55: (200
mA/1 #, 60 43f#]) L. =R T 60 /3H~7 =¥ (EzBlock Chemi, ATTO) L7z, —k#L
Ri%, U U EB{k CaMKII Hif& (Cell Signaling) F721% a-Tubulin FUATA > F2X— a3 L
7= (4°C. overnight), TBS-T (150 mM NaCl, 25 mM Tris-HCI, 0.1 % Triton X-20, pH7.5) T
Vet L7-%% . —k$UK (Anti-Rabbit IgG, HRP-linked Antibody, Cell Signaling) T % = ~—
Ta L (B, 1), BEF L7-1%. 56K (EzWestLumi One) (Zi% L, Luminograph I
T L7z,

28



2-3 REREER
2-3-1 )VFaRT v UETFRIZ X D18 CA1 OMRS Zn2 OHEN

A aF af R K518 CAL O MIas Zn? L~ L D2 % in vivo TH BN
L7, BT 7 > b OWE CAL fIRICENT IR 7 —7 24 A L 500 ng/ml = /L F a2 X7 1
> ZEFE (2 wl/min) L. [\ U 7= REFI I ZnAF-2 Z 8N L% O 3R 2 )& L 7=, 500 ng/ml
IV F A X7 w D20 53 M OEEFIC K0 WEEMARSNE O Zn> LoV EITHEIN LT (Fig.
6 CS (30-50)) , T DHEIMT =V F a 2T v G 72 < &b 30 73 IR L 72 (CS (30-50),
110.842.9%; ACSF (50-90), 110.7+2.8%) (Fig. 6 ACSF (50-90)), =/LF 2 A7 1 U HERZIZH
fast Zn? % L — X — T % CaEDTA AT 5 & B L7 HERIK D Zn?t L~ U 3sid LTz
ZEn, MlES ZnX BAARFEIC LV RSN Z &R S 7. (CaEDTA (90-120),
74.4+3.2%) (Fig. 6 CaEDTA (90-120)).

A B it
—~ cs CaEDTA ]
g 10 S 120 I T
] L
S 115 | g 110
8 2 100
8 100 N g
S o S 9 t
= =
r N
2 % L 80 | e
< <
N 70 L L L L N 70
0 30 60 90 120 ACSF  CS  ACSF CaEDTA
Time (min) (0-30) (30-50) (50-90) (90-120)

Fig. 6 Increase in extracellular Zn>" by the perfusion with corticosterone in the hippocampal CA1
in vivo. (A) The hippocampal CA1 was perfused with 500 ng/ml corticosterone (CS) for 20 min (time,
30-50 min) as shown by the black bar (n = 15). Forty minutes after finishing corticosterone perfusion,
the hippocampal CA1 was perfused with 1 mM CaEDTA for 30 min (time, 90—120 min) as shown by
the light gray bar. Each point and line represents ZnAF-2 fluorescence in the perfusate collected for 5
min that is the ratio (%) of ZnAF-2 fluorescence in each perfusate to basal ZnAF-2 fluorescence in
perfusate under the perfusion with ACSF for 30 min (time, 0-30 min). Basal ZnAF-2 fluorescence in
perfusate is expressed as 100%. (B) Each bar and line represents the rate (%) of each averaged ZnAF-2
fluorescence to the basal ZnAF-2 fluorescence. *p < 0.05; **p < 0.01, ***p < 0.005, vs. ACSF for 0—
30 min; ##p < 0.005 (Tukey’s test)
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2-322 INFaRT r L BHEE CA1 ORI ZnX DOXEMN

TNaa)F af R L 55 CAl OFMEN Zn* L)L DAt % in vivo TH L NI T 5 7=
D, WMEET T v FOWES CAL fEIkICA Y =7 arh=a—LZFEAL, AN Zo2
RITH D ZnAF-2DA & & H1{Z 500 ng/ml = /LF T AT 11 2 &K 0.25 pl/min T, 16 43 [E#
B UTe, BHETHD 5 0%, MBRAT A AZ/ER L, ¥5 CAl SBISKHE O ZnAF-2 #%
BRIE A2 BIE L2 (Fig. 7TA), 2V FaAT oIl kv, 5 CAl HHRE O ZnAF-2 dOEFREE N
AEIZEML, 2vF axT7 v 2 L HHIEN Zn2 L~ L O R 4172 (Control; 100.0 +
14.8,+CS; 2064 +17.2) (Fig. 7B),

A

250 r
200
150

100 T

ZnAF-2 fluorescence (% of the Control)

50

Control

Control +CS

Fig. 7 Increase in intracellular Zn?>* by the injection of corticosterone into the hippocampal CA1 in
vivo. (A) Corticosterone (CS, 500 ng/ml) in ACSF containing ZnAF-2DA (100 uM) was bilaterally
injected into the CA1 of anesthetized rats at the rate of 0.25 pl/min for 16 min, as illustrated in the
brain map above fluorescence images from the right hippocampus. Five minutes after injection,
coronal brain slices were prepared. Intracellular ZnAF-2 fluorescence was measured in the CAl. SR
stratum radiatum layer. Bars 100 pm. (B) At least five regions of interest were set in the CA1l. Each
bar and line represents fluorescence intensity in the stratum radiatum after injection of ACSF (control:

n = 7), corticosterone (+CS: n=4). * p <0.01 (t-test).
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2-3-3 aFaRTa il kD AMPA ZREEMLZ I LRI Zn2t L)L D

WEE AT A A% = invitro DRREHZBW T, 2bF 3 27 1 02 &0 sk SR
SO I PRADNHIINT 5 Z E PR ENTWHWL v aaiF as N X DM Zn> H#hn
DOHEZ LN T H 72012, WA T A A2 AMPA ZAEFLEX] (CNQX) f#1E Fa/LF
aRATRUERML, N Ca*B X Zn? L~V B RRGE LTz, I Fa AT ol L5
FaW Ca? 3 LN Zn D EEINIE, CNQX fF1E FA Bl =47z (Fig. 8A,8B), LA EXB =L
FaRT ALY | #EE CALIZEB W T AMPA S EMRIEME(L 2 LT, Mifastm & Mifa N~
D ZPHRADEINT 5 Z & BRI Tz,

A

S —
3 120 & 120
c 3
3 c
g 110 L §11o F T
S o
= * S
8,100 - =100
c N *k
S <
= N L
8 90 N 90
Control CNQX Control CNQX

Fig. 8 Corticosterone-induced increase in intracellular Ca?" and Zn>" by activation of AMPAR.
Corticosterone (the final concentration, 500 ng/ml) was added to brain slices bathed in Ringer solution
or 10 pM CNQX in Ringer solution 60 s after measuring the basal level of intracellular (A) Ca orange
or (B) ZnAF-2 fluorescence, and the changes in intracellular Ca orange or ZnAF-2 fluorescence were
measured in the same manner (A: control, n = 11; CNQX, n = 5. B: control, n = 12; CNQX, n=5). *p
<0.05, **p <0.01, vs. control (t-test).
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2-3-4 a)VFaxT a2k b LTP FEDORBT & Zn D5

Jvaa)F aAf RO LTP #FHEICkT HEMZ MG 272012, MEE T 7 > kO CAl
FEIRIZ 50 ng/ml 2 /VF 2 AT 1 % LTP 38 O @mBERIER O 25 4381706 5 4380, 10 43/iH
510 315, 5% D 25 315D 20 pEIEE L, CALLTP 2 Lz, a/LvFaxTa o
LTP #3813 KO E# OFENRIL, LTP FH3E2 Jf| L722x> 72 (A: ACSF, 175.2+7.1%; CS 50,
187.249.6%. B: ACSF, 168.2+6.0%; CS 50, 161.7+12.2%.) (Fig. 9A, 9B), MR o =L
IRAT B COFEFICE Y CALLTP FHE XA RBICHH S vz, Z omili3Miass zn2 s L —%
—Td % CaEDTA & ORIRFENIIC L 0 BRI 472, Sng/ml O 2/LF 3 27 1 OFEE Tldm
BEFERIEHIC R T B LTP 7538 1340 X /20> 72 (C: ACSF, 174.6+5.8%; CS 5, 169.0+5.84%;
CS 50, 142.0£11.2%; CS 50/CaEDTA, 178.9+11.02%) (Fig. 9C), %£7-. 1 pM ZnCl, % 5 ng/ml =
NFaxTa s LRRFCERT 2 & LTP SFE ORI MEE S 17z (D: ZnCl, 179.3+3.2%;
ZnCL+CS 5, 158.5£7.6%) (Fig. 9D),
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Fig. 9 Rescue of corticosterone-induced attenuation of CA1 LTP by extracellular Zn?>* chelator
when LTP was induced. (A) LTP was induced under hippocampal pre- or post-perfusion with 50 ng/ml
corticosterone (CS) (ACSF, n= 11; CS 50, n = 10.) as shown by the black bar (left). The magnitude of
LTP (middle). Representative fEPSP recordings at the time -50 min (black dotted line), -10 min (gray
line), and 50 min (red line) are shown (right). (B) LTP was induced under hippocampal post-perfusion
with 50 ng/ml corticosterone as shown by the black bar (ACSF, n = 6; CS 50, n = 5) as shown by the
black bar (left). The magnitude of LTP (middle). Representative fEPSP recordings at the time -30 min
(black dotted line), 10 min (gray line), and 50 min (red line) are shown (right). (C) LTP was induced
under hippocampal perfusion with 5 ng/ml corticosterone (CS) (n = 8), 50 ng/ml corticosterone (n = 7),
or 50 ng/ml corticosterone +1 mM CaEDTA (n = 5) as shown by the black bar (left). The magnitude of
LTP (right). *p < 0.05, vs. ACSF (n = 14), #p < 0.05, vs. CS 50 (Tukey’s test). Representative fEPSP
recordings at the time -30 min (black dotted line), -5 min (gray line), and 50 min (red line) are shown
(upper). (D) LTP was induced under hippocampal perfusion with 1 uM ZnCl, (n = 8) or 1 uM ZnCl; +
5 ng/ml corticosterone (n = 9) as shown by the black bar (left). The magnitude of LTP (middle). * p <
0.05, vs. ZnCl,+ CS 5 (t-test). Representative fEPSP recordings at the time -30 min (black dotted line),

-5 min (gray line), and 50 min (red line) are shown (right).
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2-3-5 I)VFaRTa LEFRE DO CA1 LTP BEOREHICHT 3 Zn* D5

BT 7 v b OWE CALSHIRKIZ LTP #7598 60 /325 20 /ol 2 v F a 27 v v 2T 5

& WS CAL fEIR O LTP #5381, 50 ng/ml = /LF 2 A7 1 o TIRIHl S22 7ol L
T, 500 ng/ml /)VFa 27w o TIIA RIS Sz, 72, 500 ng/ml 2/VF a3 X7 m |l
X% LTP FHEOMEIL, 2T axTar Eilas Zn> ¥ L — % —T& %5 CaEDTA O [rIRHE
PRI £ 0 BHIE X372 (A: ACSF; 172.6+4.4, CS 50; 166.1£8.4, CS 500; 138.1£3.9, CS 500/CaEDTA;
163.4+7.4) (Fig. 10A), X512, aAFaxT v UM%k, 30 40 £721% 100 43 H CaEDTA
ZHERLESAETYH, aLrFazxTo kb LTP HE 0oL 7 (B: ACSE;
172.6+4.4, CS 500; 138.1£3.9, CS 500/CaEDTA 100; 169.4+7.4, CS 500/CaEDTA 30; 171.7+14.1)
(Fig. 10B),
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Fig. 10 Rescue of corticosterone-induced attenuation of CA1 LTP by extracellular Zn>* chelator
prior to LTP induction. (A) LTP was induced under hippocampal pre-perfusion with 50 ng/ml
corticosterone (CS) (n = 7), 500 ng/ml corticosterone (n = 13), or 500 ng/ml corticosterone + 1 mM
CaEDTA (n = 12) as shown by the black and gray bars (left). The magnitude of LTP (right). **p < 0.01,
vs. ACSF (n = 21), #p < 0.05, vs. CS 500. Representative fEPSP recordings at the time -70 min (black
dotted line), -50 min (gray line), and 50 min (red line) are shown (upper). (B) LTP was induced under
hippocampal pre-perfusion with 500 ng/ml corticosterone as shown by the black bar (n =13) and
induced under hippocampal perfusion with 1 mM CaEDTA for 100 min (n = 7) or for 30 min (n = 7),
as shown by the gray and light gray bars, respectively, after 500 ng/ml corticosterone pre-perfusion
(left). The magnitude of LTP (right). ***p < 0.005, vs. ACSF (n = 21), #p < 0.05, vs. CS 500 (Tukey’s
test). Representative fEPSP recordings at the time -70 min (black dotted line), -5 min (gray line), and

50 min (red line) are shown (upper)
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2-3-6 AINFaRTa L ERICED Y VEME CaMKII #Z U X7 BRBEEORWH RT3
n>* D5

ILFa AT 1 AN K BRI Zn2 LUV O K VW LTP #5808 8559 2 ik 2 07 & H»
W2 572D, HMEE T T > b OWERE CAL fillkA 2L F a 27 v o CREMiR . CAL sl 11
TAHNEY 2 ) RIS o —F (CaMKID) DV (b & > 87 ERBLEDN
— AL HETITAZ Ty MECTHE L, aATFaxrar OFERICEY U U1l
CaMKlla & B DF /37 BHRBIEITA B L, Mt Zn> % L — &% —Th 5 CaEDTA &
DOIRIBFHEFRIZ L 0 ZOWF3IIIE S 7= (0 ACSF (-CS), 100.0+4.5; ACSF (+CS), 48.4+9.4;
CaEDTA (-CS), 96.8+10.8; CaEDTA (+CS), 120.1£13.5) (B: ACSF (-CS), 100.0+3.1; ACSF (+CS),
46.4+10.7; CaEDTA (-CS), 106.8+9.4; CaEDTA (+CS), 87.5+14.5) (Fig. 11),

o150 # 150
X3
E:-——-——--—-—-——— 8%100 R i - 100 pq===p-----4---
-CS +CS -CS +CS .gQ *% *%*
ACSF  CaEDTA %% %0 %0
P-CamKIl o 0 o
ACSF CaEDTA ACSF CaEDTA
P-CamKlla P-CamKIIB

Fig. 11 Decrease of phosphorylated CaMKII level by corticosterone-induced increase in
intracellular Zn?*. The hippocampal CAl was perfused with ACSF containing 500 ng/ml
corticosterone (CS) and ACSF containing 500 ng/ml corticosterone + 1 mM CaEDTA for 20 min.
Forty minutes later, phosphorylated CaMKII (P-CaMKII) levels were determined in hippocampal CA1
tissues. Representative images show P-CaMKII o and B protein expressions (left). Each bar and line
represents the rate (%) of normalized P-CaMKII level by a-tubulin level in hippocampal CA1 tissues
to that in hippocampal CA1 tissues perfused with ACSF, which is expressed as 100%. (middle and
right). (ACSF (-CS), n = 14; ACSF (+CS), n = §; CaEDTA (-CS), n = 12; CaEDTA (+CS), n = 6) **p
<0.01, vs. ACSF (-CS); #p < 0.05; ##p < 0.01, vs. ACSF (+CS) (Tukey’s test)
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2-3-7 aVFaRTua gl kB LTP #i#HlICkdT5 I x IV arFaf REEEBI OV
aa)Fad FFEDOESE

X T NaALNFal REFIKHEARICTHHL AR ) T 7 hoElidsZvaalFa R
KRR ERTHHI 7 =27V A M & aLFaxT o857 10 orio HREREG £ To 30 4
MIVERR L. WEEE T 7 > b CHES CAl fEIRO LTP 2758 L=, 2/ FaxT a2k 5b LTP
FEOMENIAE R ) T2 FoRI 7 =27 Y R b ORI L Y BLIE S 7 (Fig 124, 12B),
Fo, AT FUBXORI 72 7Y R N OBMEERIEL LTP 35828 LWl & %
MR L7z (A: ACSF; 172.3+5.9, CS; 147.8+5.6, SP; 166.9£12.4, CS/SP; 174.0+7.9) (B: ACSF;
172.3+5.9, CS; 147.8+5.6, MI; 177.5+6.3, CS/MI; 196.4+3.2) ,
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Fig. 12 MC and GC receptor antagonists rescue corticosterone-induced attenuation of CA1 LTP.
(A) LTP was induced under hippocampal pre-perfusion with 500 ng/ml corticosterone (CS) in ACSF
as shown by the black bar or/and 100 pM spironolactone (SP) in ACSF as shown by the gray bar in
anesthetized rats (left). The magnitude of LTP (right). ACSF, n=13; CS, n=11; SP,n = 6; SP/CS, n =
7. *p < 0.05, vs.ACSF, #p < 0.05, vs. CS 500 (Tukey’s test). Representative fEPSP recordings at the
time —80 min (black dotted line), —50 min (gray line), and 50 min (red line) are shown (upper). (B)
LTP was induced under hippocampal pre-perfusion with 500 ng/ml corticosterone in ACSF as shown
by the black bar or/and 10 pM mifepristone (MI) in ACSF as shown by the gray bar in anesthetized
rats (left). The magnitude of LTP (right). ACSF, n=13; CS, n=11; MI, n =4; MI/CS, n=5. *p < 0.05,
vs. ACSF, #p < 0.05, ###p <0.005, vs. CS 500 (Tukey’s test). Representative fEPSP recordings at the
time -80 min (black dotted line), -50 min (gray line), and 50 min (red line) are shown (upper).
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2-3-8 INVFaRTa L AMERNND I BIRBROELIIHTEIRXTIVaLFaf R
ZREBICIVvaarFas FEREOEE

aLFarTersFMlEE EOI XTI varTFas REEERBIORN I vaarTFa s R
BERETEML L, MOMRIC L > T Zn* B2 2L EE 200 RFT 5720, IxTran
FaA FZREEES (Ava /T2 b)) 37 vaalFad s ReREEES (27
=T VAN FET WBEATA AT azrTa s ZFML 120 BREOHIRINS O Zn2*
BREDOELANE LT-, a/F 3 2T 1l L HHE CAL SE R E OMIs: Zn2 L ~ULd
HINX, A¥r /T 7 bAE FABICHH SN2, X7 =27 Y 2 FAHE T Tl s
n7a/n-o7z (A, B: Control, 116.9+2.6; SP, 103.8+2.9; M1, 114.2+3.4) (Fig. 13A, 13B), =/LF =
AT 0 ALK DU CAL B E ORIIEN Ca? L)L ONX, Av e /) 727 N UfFET
SERICIE E NN, I T7 27 VAN AT ABIMITR N7 o 7= (C, D: Control,
104.7+1.5; SP, 100.3+1.0; M1, 102.4+1.1) (Fig. 13C, 13D), /v F a2 A7 v I X 55 CAl 8
BB E ORI Zn2 L-ULOBINE, At ) T2 NUEETABEICHHSh, 2727
U A b UAFE R CImiilE 234 530 (B, F: Control, 105.3+1.9; SP, 99.5+1.3; MI, 100.6+1.4)
(Fig. 13E, 13F). 180 B CITA BTN Zn>? LU B I 7 =7 U A b AZ K il s
7= (Control, 107.1+2.5; SP, 99.2+1.8; MI, 99.4+1.8, p<0.05, vs. control) ,
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Fig. 13 Corticosterone-induced synaptic Zn>* dynamics is differentially modulated by membrane
MC and GC receptors in the hippocampal CA1. (A) The area surrounded with the red line in the CA1
was imaged in brain slices with extracellular ZnAF-2. Extracellular ZnAF-2 fluorescence in the CAl
of brain slices bathed in Ringer solution containing 10 uM ZnAF-2 and 100 pM spironolactone (SP) or
in Ringer solution containing 10 uM ZnAF-2 and 10 pM mifepristone (MI). Extracellular ZnAF-2
fluorescence was imaged in the CA1 of brain slices at time 0 s (base) and 180 s (+ CS). PCL pyramidal
cell layer, SR stratum radiatum. Bar, 50 um. (B) Corticosterone was added to brain slices bathed in
Ringer solution containing 10 uM ZnAF-2 as shown by the arrow 60 s after measuring the basal level
of extracellular ZnAF-2 fluorescence, and the changes in extracellular ZnAF-2 fluorescence were
measured for 120 s (control, n = 10; SP, n = 9; MI, n = 14). Each point and line represents the rate of
ZnAF-2 fluorescence to the basal ZnAF-2 fluorescence (left). Each bar and line represents the rate (%)
of the averaged ZnAF-2 fluorescence of the last 20 s (time 160—180 s) to the basal ZnAF-2
fluorescence, which was expressed as 100% (right). *p <0.05, vs. control (Tukey’s test). (C, D)
Intracellular Ca orange fluorescence was imaged in the CA1 of brain slices, which were pre-loaded
with calcium orange AM instead of adding ZnAF-2 to Ringer solution. Corticosterone was added to
brain slices bathed in Ringer solution, 100 pM SP in Ringer solution, or 10 uM MI in Ringer solution
in the same manner as (A) (Control, n =26; SP, n = 23; MI, n = 27). *p < 0.05, vs. control (Tukey’s
test). (E, F) Intracellular ZnAF-2 fluorescence was imaged in the CA1 of brain slices, which were
pre-loaded with ZnAF-2DA instead of adding ZnAF-2 to Ringer solution. Corticosterone was added to
brain slices bathed in Ringer solution, 100 pM SP in Ringer solution, or 10 uM MI in Ringer solution
in the same manner as (A) (Control, n = 13; SP, n = 12; ML, n = 13). *p < 0.05, vs. control (Tukey’s
test).
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2-3-9 ANFART BT LHRMMES Zot NN T B IR T Vv F af RREEROH
5.

ANF AT AL DS Zo2 NI D I R T A TF ad REEREE O
B2HLNNIT 5720, MEET T v M CAL fEilk~a v Fa AT o v LRIFCI 2T 1o
VT ad RZRERESR (Avn /727 hy) Z2FRL, Mg Zn? LV a2 RlE L, =
NTF AT AL DN Zn> LUV OBINE, A e 2 T N URERICE D BRI
Ml &N (Aea 2 77 8 BRI T FE, time 35-40 min, CS; 110.6£2.7%, CS+SP; 102.0+1.9%)

(Fig. 14),
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Fig. 14 Corticosterone-induced increase in extracellular Zn?>* level canceled by co-perfusion with
spironolactone. The hippocampal CA1 was perfused with 500 ng/ml corticosterone (CS, n = 26) and
spironolactone (SP, n = 14) for 20 min (time, 20—40 min) as shown by the black bar. Each point and
line represents ZnAF-2 fluorescence that is the ratio (%) of ZnAF-2 fluorescence in each perfusate to
basal ZnAF-2 fluorescence in perfusate under the perfusion with ACSF for 20 min (time, 0-20 min,
left). Basal ZnAF-2 fluorescence in perfusate is expressed as 100%. Each bar and line represents the
rate (%) of each averaged ZnAF-2 fluorescence to the basal ZnAF-2 fluorescence (time, 3540 min,

right). *p < 0.05, vs. CS (t-test)
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2-3-10 IV FaRTa il kb CaMKIL Y VEBMLZ VRV BERBEEOWHICHTHIRT
alFaf FEEEOEE

aNFaRTa ik b CaMKI VU UL VX7 ERBEORDICRTTE IR T LaL
FaA RZEEOEGEZHOMNTT 2720, 5 CALIZaLFaxTar LEFHZI XTIV
anFaf REREBER THLAER ) T 7 Mo R2RER LK, S 72 ERL
CaMKII V Vb v R R BB E G Lz, arFaxTo it kb VU Rk CaMKIT #
VRERBEORBDIT oBBRLE bICAY D ) T AL W AEICHIE ST (o ACSF
(-CS), 100.0+2.9; ACSF (+CS), 75.7%6.6; SP (-CS), 84.6+5.7; SP (+CS), 102.4+4.2) (B: ACSF (-CS),
100.0+2.3; ACSF (+CS), 75.7£7.3; SP (-CS), 101.7£10.3; SP (+CS), 110.9+4.1) (Fig. 15),
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Fig. 15 Corticosterone-induced decrease in phosphorylated CaMKII level canceled by co-perfusion
with spironolactone. The hippocampal CA1 was perfused with AF containing 500 ng/ml corticosterone
(CS) and ACSF containing 500 ng/ml corticosterone + 100 uM spironolactone (SP) for 20 min. Forty
minutes later, phosphorylated CaMKII (P-CaMKII) levels were determined in hippocampal CAl
tissues. Image shows P-CaMKII a and B protein expressions (left). Each bar and line represents the
rate (%) of normalized P-CaMKII level by a-tubulin level in hippocampal CA1 tissues to that in
hippocampal CA1 tissues perfused with ACSF, which is expressed as 100%. (middle and right). ACSF
(-CS), n =27; ACSF (+CS), n = 24; SP (-CS), n = 15; SP (+CS), n = 16. **p < 0.01, vs. ACSF (-CS);
#p < 0.05; #p < 0.01, ###p < 0.005, vs. ACSF (+CS) (Tukey’s test)
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2-3-11 KFEAR b U RARIZ X 2HE CA1HIEN Zn> O HEHN

A N L AAMIC K DHEE CAL fEIROMIEN Zn2 L~ L OZ{LEZH LT D720, 7 v b
R CAl ik~ > Y=/ v a v h=a—LVEMALEER, BELZI=2—LE/ LT
FEE N CHIRKN Zn2 i )R 3RTH D ZnAF-2DA (100 uM) % ¥t 0.25 pl/min T 4 235 L
7otk KIZA N L A% 30 srfEAm L, BRICHERAT A ZAEZ{ER L, CAl #)ED ZnAF-2
HOLIRE 2 JE L7z (Fig. 16A), 1S CAl KO8 O ZnAF-2 @GR ITKIZ A N L A DA
WXV AHEEIZHM L7= (Control, 100.0+6.0; Stress, 140.6+22.4) (Fig. 16B),
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Fig. 16 Increase in intracellular Zn?* at the hippocampal CA1 after exposure to water immersion
stress. (A) ACSF containing ZnAF-2DA (100 uM) was bilaterally injected into the CAl of
unanesthetized rats at the rate of 0.25 pl/min for 4 min, as illustrated in the brain map above
fluorescence images from the right hippocampus. Five minutes after injection, rats were exposed to
water immersion stress for 30 min. After stress exposure, coronal brain slices were prepared.
Intracellular ZnAF-2 fluorescence was measured in the CA1. SR stratum radiatum layer. Bars 100 pm.
(B) At least five regions of interest were set in the CAl. Each bar and line represents fluorescence
intensity in the stratum radiatum after exposure to stress (Control, n = 10; Stress, n = 5). * p < 0.05

(t-test).
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2-3-12 KIER b UV RARIC L D HEE TS CA1 LTP OFFFIIT 5 Zn* D5

IR, 5= = — LA

FLEkFEMZ T v MER CAl ~HALREE L7k, RETICT,

ZnAF-2DA (100uM) ZifiiH 0.25 pl/min T 4 3G L7z, KIRA b L 2% 30 s Aaff L
7o, 4WF[ERE, WEE T CLTP 2358 L7z, WEE T 7 v MK CAL @ LTP FHEIIKIR A b LA
BRI L DG L, Z OWEEFTHINEAN Zn2 % L — % — T 5 ZnAF-2DA ORFi#512 X 0 [k
N7z (ACSF, 123.7+4.2; ACSF+Stress, 104.1+7.5; ZnAF-2DA+Stress, 127.5+4.7) (Fig. 17),
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Fig. 17 Rescue of stress-induced attenuation of CA1 LTP by intracellular Zn*" chelator. ACSF

containing ZnAF-2DA (100 uM) was injected into the CA1 of unanesthetized rats at the rate of 0.25

ul/min for 4 min. Five minutes after injection, rats were exposed to water immersion stress for 30 min.

Four hours after stress exposure, LTP was induced (left). The magnitude of LTP (right). ACSF (-), n=
9; ACSF (+), n =8; ZnAF-2DA (+),n = 6. * p < 0.05, vs. ACSF (-), # p <0.05, vs. ACSF (+) (Tukey’s
test). Representative fEPSP recordings at the base line (black dotted line), —5 min (gray line), and 50

min (red line) are shown (upper).
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2-4 &

2

ARVRIZED T NVE I VLAV OBEINTRMERE 2 EE T 5, T 0 REHEREREE
XA NV RAARREHC WM END T vaanTF af RpREET W, ZraalFas R
XTI aALTF al REFESL T VaanF a f RERRICGEST D, HHACHIZENIC
GETBHIFRTINaALTFaf RERIKRLZ VaalFal REFRIKF I VaarFaf Ko
FEAIZ L W BENABAT LERGHATIN 7 & LT, EEFRIEEF I BOISEEZITH ., MIEN
DIRTNanFaf REFEIT, FrvazalrFalf ReFERER LT rvaarFas
R~OBFEDS 10 FRREBERWZOITIE L TRV | MlEFS b4 puis0, —J5 <t/
aaFaf REFERT, A NV AARECHRNEENICK T — 7RI\ T/ Laa
NTFaA REDOREEENEMT 5, TF, MIE EICHFET IR T VanrT asf RZEE
RV NVaaANTF af FEFEPBIRFREAZHEDROENVSEEZRT 52 ENERSATY
BN, anFaxTa o FEICK DBIMEREREEILI R T VLT al REFELERC®
T, X R ERRIER TR e EOHRENH B2, Z OREFICHEK I x 7 v
T)VF A REZFRTE iﬂ:%ﬁ L7 WA G35 &2 b5, MilakE oI x7 1
AT A RZEREE, @EEFICARETH I MED I X TV arF al REFERE T
ﬁbfﬁw::w%ﬂ4P 2P A E AP IAK < . Kd flElE 10 nM F2BE T v U6l HfafE 1o
FZZ v aanF ad RBFEE L TWRWI R IV aF ad REREPFET D, 5 CAl
FEIKIZBWT, TV T AR RCGFET A IR TN aNT o, REFRIZTVE I VRO
HHHHERZ R EED 2L, WA RN F T RMFET D IR TN A NF o, FZREKITKF
¥ RV EIH LRI O B2 @b 5 Z A S A b U AAMREOMIEEE Eo I % Z
VAN TFaf REFERLT V3 a)vFaf REFEREEE, st vz I e~ L%
HMS SRS AN TSI EEZE 20N TWAHBISL, 22 ¢, ZraarFaf Rigkd
ARSI D Zn? L~V DA E AT LTz, T 7~ MZBW TS CAL fEIZ 2 LT 3 X
Ty ERERT D EMIRINE R O Zn2 LUV L (Fig. 6). MRSt Znt L ~UL O BN
IR TN aANT af FZERERERGFE F CHARICHEl SN (Fig. 14), £z, a1FaX
T v > OWEE CAL $e 5 TR Zn2 L~ L b H8N L7- (Fig. 7)., MM A 7 A A2 AMPA %%
REHEAFE T aLFaxTa s 2075 L, MIBA Ca2tl LU Zn> L)L OB~
ny 7 &7 (Fig. 8), 2Z/AF AT ATHMIEBEI R T V3T a1 REREEEZ T
LCyry—7 7 —IERENSD 7 NZ I UL Zn Ot 2 I S, AMPA S B KTENE
{b% 4 LT CAL AN ~D Ca> R Zn> O AZ M S5 Z L AVR STz,

MHIZHBNT, A MLV RILLTP ZfEF L, RHHIE, long-term depression (LTD) Z{igi
T5LDOWRENFET D03, A L AAROBESCHIME, FEBRHIC K > T 7 R APk
WZXF T DERIT R D00, W2 A b U A IIGRFIEREIZ X U CIRMERIC B < — 5T, @A
BRI A b U AT E B A EE T 28, BT T v M kwf@%(mlﬁﬁ’so
ng/ml )V F A A7 1% LTP #HE 5 J3Ai £ TO 20 77 £ 7213 LTP % 5 20 4
HEVEL TH LTP F8ICH EREIT R oo 7- (Fig 9A, 9B), H?%é%@@m?iﬁ
EEmA RN, aVFaxT ez LTP FHEOEANIERT 5 2 & TLTP ME#Esh b
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ZEB anFarT arh CatERA D AMPA SRR E R LSBT, LTP 22 S &
5:&#ﬁ¢éh1w oene2] - L7=3 o> C, aFa AT a Nl kD AMPA KON
2L, MR Zn? 23 B VIR OFEIPH CHIIN L LTP s58 0MEdE S5 alREENR B 2 b
Do ANFART AL D LTP FHE ORI T2 Zn> OB 5 2 FEMICRET T 2 LR &
Do

LTP 3538 RFIZ 50 ng/ml D /b F a7 m 2R+ 5 &, CALLTP IEEEI L, Z OREsIT
CaEDTA fF1E F C#E &7z (Fig. 9C), IV FaRATa il kb LTP EEICY T 7 A Zn?
FRENBA G55 Z L% in vivo THIO TR STz, @HEERMF O aLrFaxTa Al L 5
R gk s B MR AN~OE R 72 Zn? WA LTP FHE AT 5 Z L3R ENiciod, ThEThH
MTIXLTP FBEICE b %2 5 27200 1 pM ZnCly & 5 ng/ml 2V F 2 AT v > Z RIFRFICERT 5
& LTP BT 5 Z LR a7z (Fig. 9D), MifasMEH O Zn> L~ Loz L v =
VT ART 1 AT KD LTP §HEOWEES MEE 47z, CA1LTP 1L 50 ng/ml = /L F a3 X7 1
@ LTP #5381 B ATORERE TIEE S 72 x> 7228, 500 ng/ml OFEFE TIFmh S -, [FkE

Z OF5IE CaEDTA {7/E F Cik#E &7z (Fig. 10A), 2V F 2 27 v i1 CaEDTA
EHRLTESGEThLarTFarT Al kD LTP FHE O xk#E SN/ (Fig. 10B), =/b
FaRxT o AKX DR Zn2 L L oINS v Fax T e LRI LT
Fie T 22 ENERTH D EEZOND, BIMIZ X HHE CAl SEKOMIELIL, D
48-60 Wff1212351F 5 CaEDTA #HIC XV LFEIN DG, Lo o> T, A b L AARWKEZT
T<, ARV AARHE TH-TH, WREILHEN Z? R A% HET 2 2 & THORBEHEE
FEEZPHIECTX D TREMEN & 5,

CaMKII ® U R L~ Wik CAL SEIIC 38\ T LTP 53844 I HI I3 % 306410651 @
ARV AAMIZE Y R—=ZD CaMKIl U UL L~LME R L, LTP §FE 08553 500, X
5T, LTP #FEIZiX, CaMKII @V k7215 T2 <, CaMKI 2MEHT 2L b EETH 5
ZEPRMBNTREY, MEEICIE o B3 IOV L CaMKIL 23MF/E L, a0 CaMKII (% CALl
FEIR D LTP 35312067 B o> CaMKII 13 o i CaMKII O 3 F 7 A~DRATIZBE 54 5 (681069
ZZT, o MBIOBRDY iRk CaMKIL # VR 7 ERBB AT Lz, arFaxTo
12V U EE{L CaMKIL & > /R 7 B DOR—Z L-YLTOFRBLELZ o MB LU L & ITIK T &4,
D DOIK T IX CaEDTA [AIRFERIZ & 0 BIE &7z (Fig. 11), Zn*' X CaMKIL IZAEA L, H
PEICTEME 2 BHET D Z E R BTV A3 in vitro TOEIRE Zn* % W -85 Th 5,
Akt cid, HEEMIAN Zn2 L ~UlE, ZlaaLFaq Rick - T, BN CaMKII %
T 5 LU ETELTWWRN E & 2 TV 5, CaMKIT T ERARME— CAL SR o 2
VA U RRVEEIM AR IS B W TS E O 2 35 L OMERH B, Liz-o
T, A M VRAFKRHZ T LI 7T A FET D CaMKIL DI L3 If S d 2 & T, 7
I UL & HIT Zn? ORI~ O R MR Sd, MR Zo2 B IAZ L L, LTP 7%
AP L2 FREE D B 5,
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INTART UL DT T ATO Zn2Re Ca¥* OEREZ AL 2 = Ol A IRICHEE L,
WHN COEREZHRAT A A THRFTT 2 &, aLFaxTa il L pMilash s L OHEN
D In* LIV OEEINEI R TV anTF adf REEEREAICHL AR 2 77 N AF(E FIR
IE&Eniz (Fig. 13), Avwv/J7 hadardazxsroy ERBHCERT 5 2 & Tinvivo T
DS Zn?t L~ L OHEIN, CaMKIL U U EE{L L~V DI, CA1 LTP FE O Il ~ T % [l
#F L7 (Fig. 12A, 14, 15), aLFazxso itk vy —7 7 —flEN6 I 271 aLFa
A RZRREMELEZ T LTI I Uk e & ISHBaIMNT B S 472 Zn? 13 AMPA 25 KTE
PEALZ I L C CAL $EMSHIRICEY sAE L, CaMKIL U Vb L~V 2K F &8, LTP %
WlT 5 Z LR E NI, MNORIREANA 2 LT a2 X7 1 LI 1-2 ng/ml TH D 72 Hl
fas oI x I v anFaf REREEZEEEI GV I U BO BRI RET 2 729121,
D7pd b 5 ngml OANVF ARTRUPMETHLHI0, 2D L KRFO 50 ng/ml
DaANF aAAT B AERTIE, ML FaxF o LoULR Sngml [SELTE LT, +
IR TN aANTF al REFEPEEILENTWRhoZ ERBx H5b, LarL, 500
ng/ml 2/VF 2 2T 1 TR I, MIEE Lo I 2T v a T ag RERENEEICE Y 7
VB IR S AL, AMPA SZERTEMEL A ST L CRIBAN ~O Zn? R ADMEI L, LTP 7%
WA SN ZB2 NS, Fo, ZhaarFas RSREHER CHLI 727 R
FATE o TharFaxT oAl L5 LTP FEOEEITIE 7z (Fig 12B), X7 =7
U A R ATHIBEAN ZnZ O INEINE L2z hso 7225, HIIEPN ZnX o83 Z i L7=  (Fig. 13),
) FaXTa 3HEED v a a T ad RZEEREMEEIZE Y non-genomic ZR2{EH %
I U CHERS CAL IR D A XA AR EREST 2304, avFaxTra AirvaaLFads
REZRRTEHEALZ I LT, MO0 A = XA THIFEN Zn> LV E NS, LTP #FE%
PfT 2 Z ERB SNz, AT aRxRTa Al S/MEN Ca L-ULoENE, Ava
T R ORTHHIENI 727U A M TIEE{L L -T2 (Fig. 13C, 13D), 2/LF 2 R
T A E D LTP sH80MmiillciL, #9 L HAIEKN Ca? L~ L OB E S biF TidZen 2
EAVUREN, MR Ca? Tld/e < RN ZnX L~V OBIINEE TH H Z L AVRIR STz,

BYEA B LRI IRTERGRE A R 2 SI6TTIs) SRR D R b L R AT K D AR A RE R
EZRT D 20 OB ARG LTz, CAL fHIkIC A V=7 v a v =a— L&A LEER.
FLEE T C ZnAF-2DA %85 L, BHRICKBRA MLV AZAR L, MBEARAT A AZ/ER L, 5
CAl FHIROD ZnAF-2 @CBEZ T 5 & A b U AAMIC L D IERBHIEN Zn2 L~ L h3 4
425z EnmrEinle (Fig. 16), EHIT, KiZA b L AAMENIIES CA1 fEIRO ML Zn?*
% ZnAF-2DA Tx L— 95 & KA b L RAAMIZ X2 TEE TS CAL LTP 55 04|23
FHIE Stz (Fig. 17), L7eR> T, A MLV AAMRHIZHW IS Vv aanFaLf R, i
FG CAL IZHB W THEE EOZFKITHEG L, ¥ —7 7 —ENLD 7NV E I R E Zn> D
B A S, CAL $EAMIEN Zn? LSV ZINS L 2 L, Zo8INc X Y CaMKIL Y
VERELOVMETR LT LTP BB AINH S AL, BREMEENEE SN D Z E AR I
(Scheme. 7).
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FE3EE YRSt IR IR AT N ~ i 3 72 Zn® RIS K % AR B RE R

3-1 iR

MRS CAL SEAHIIZIX, BNE MR 7 v 2 I VR FHMEICX LTSI Th D Z &b
TWBHEI —%5 R R IR RE D 7 0 & I U ERBE B okt L CHifigs Th 5 &
DG XTIV ZAVIZMEGR R TH D Z E ML TWAS, oL, EDOFIKEIEH
B2 TIXZR W VRS BRIt OV S aE Ik & B 72 0 AR ia s S #rf 8T AE SRR 8 S 1L 581,
PR & [FIRFI . 0 L 728 049 S0%1E 7 AR h— A&/ 29, THR =2 ALY
AEREN KSR it L2, FER A 2 hEsns L Ex bhd, L2AT, W
WIETE @AM X SR FE MR TV | vy —T 7 —lIB L E2p Y Zn> 2 L, L
L, TR b= R K DM KIRED ERICE Y, Mifash 7 v & I Ul L~ L3 8N4
% Z & THIRAMIAFAET 2 Zo DS ~Ji A U GREERE & [H 5 3 2 I REMEDY & 2 (Scheme.
8), I TH ZFTIE, IS K L LB RE 5 Bl AHE L R FR S RE 23 P X 4,
Z OREEISHIAES D S FERIAN ~D Zn2 AR G-3 5 v E Rt LTz,
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3-2 EERAE
3-2-1 FRELF in vivo DG LTP O

K7 v T = NIKEKCHEELTZT v O Z AT VA EBEIREL 2 RKDZ T AT
VRS 7 DRI EME A . Bregma D% 5 8.0 mm, A 4.5 mm, EX 3.0-3.5mm i, Y
7 va = a— Ui EEEMm (EIM-60, —1 1A (BK)) %, Bregma ®#% ) 4.0 mm, £
25 mm, RS 3.0-3.5 mm OALEIHRA L7z, EUBHMEICRITEMZ . Z O8N JETh 5 JEkL
B B AR AT D &, BN 7 2% EAL fEPSP) (X, LIfl& O 75 BT
FLER S D, MRUARIZIB W TIRENEN 234 T 5 & FIAl & @ Population spike (PS) 738143
INDH7ZH, PS ODRE S (Amplitude) %, FEK L7 OE OFEE S L THIE L7z, PS
@ amplitude DI KAEDK) 40% 3Bl 5 Btz Ay, 0.05 Hz D7 A ML TR—2F 4 b
LT .PSZ 30 pHE=F— LT, X—R&E=F—1%, EHEHE/K, 100 mM KCI £7-1% 100
mM KCI + 10 mM CaEDTA 7% £ 5-77i K 0.25 pl/min T 4 43 £ 7213 8 0% 5- L. 60 %I E
BEEERIE (200 Hz, 0.1 %0, 108l 10 BRI 12XV LTP 2558 L7z, 0% b7 X Millg
TPS DE=HF—% 60 5yfilfselT. s D 10 53[ED PS @ amplitude O F-YIE % 358 X ju7= LTP
DREEEL LTI LTz, £72, "—R&2F=F—1%, LTP 2FE L. T 5 HHBI/AHE
#/K. 100 mM KCI % 721% 100 mM KCIl+1 mM CaEDTA % jiii# 0.25 ul/min C 4 4y Rj#e5 L7=,
LTP Z#5E L7- 60 /3% £ TPS DE =X —%Hil)iz,

3-2-2 In vivo YEB W IREEIRAN Zn> A A—V 7

K27 v 7 — VKB TREELT2T v SO Z AT VALEBIZREL, 1YV =73
Y ==a— L% Bregma D% 4.0 mm, /245 2.5 mm, EX 3.2 mm OFEIZFHA L7z, 3057
%, AEFAHKTHIR L2 ZnAF2DA (100 pM) & & bz, AHEANH/AK, KCl (100 mM) .,
KCl + CaEDTA (10 mM). KCI+CNQX (2 mM) %t 0.25 pl/min C 8 /&5 L=, &5
TINS5 5%, BIMAT A ZZAFRk U, WS OREEBRZIMICT 5720, BMAT A
A% 5 uM @ Calcium Orange AM #HRIZIR L, 30 Z0MIFFHE L, U > 7 /WRPIZE LT 20 43U
FEE L%, BIEICHWE, U VK 2 ml A7~ L7z Dish 12, (B LT A T A4 2 %
B, HES L —P— 2% ¢ EMSE (LSMS10, Carl Zeiss) (2 C., # IR AR fALE D Calcium
orange (JAIACIZ IR 543 nm, HIEH & 560 nm) & ZnAF-2 (FhiEi & 488 nm, HIEFF 505-530
nm) OHEHRE 2 JIE Lz,

3-2-3 #E RS B IR B~ R ET R 55 O W AR R

K7 77— VKK CIHEE U727 > b OIEH A AT L A S5 @ IR E L Bregma D% )5 4.0
mm, 74 2.5 mm OZLEIZ, AT VAHTA REHWT, T4 Rh==2—1% 32mm OFES
WAL, 7ur 777y CEE L, 1%, T4 Rica—Liiqvry=rvarh=
2—L&EfAL, RWEET, AFEAHK, 100 mM KCl % 721% 100 mM KCI1 + 10 mM CaEDTA %
PR 0.25 pl/min T, 8 /M T THRE L. 1-2-6-2 & [RERICWIAETRABR 21T~ 7=, B5I1%.
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WAFSEEFER O Training 217 9 1 KR E 7213 Training 217> 72 5 312147 > 72,
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3-3 ERER

3-3-1 B4 Y v LARIC X 2R EIRE LTP FHEOEE & WksE%E
In* D5

R O

‘.Elll

100 mM KCI1 7 {55 #nR B S T d G- L 7c 1 g 22 (2 8K Ia] LTP A 753 L 72, 100 nmol
@ KCl $¢5- (JitiF 0.25 pl/min C 4 3 OEFE 1 pl Z2885) TIEEIRE LTP IZZE L L -7z
N, ZOfEETH 5 200 nmol O KC1 45 itk 0.25 ul/min T 8 /3 DEEE 2 ul Z#5) Tik
B2l Sz, FomEliTmiEst Zzn % L — ¥ —C& 5 20 nmol ® CaEDTA (10 mM) &
DO [AIRF 5-CRLIE X317z (saline, 250.9 + 15.0%; 100 nmol KCI, 250.8 + 18.7%; 200 nmol KClI,
156.6 + 25.0%; 200 nmol KCI+20 nmol CaEDTA, 250.3 + 8.0%) (Fig. 18A, 18B), 7=, HHEE T IH
E LT =a2— &N L TR IIREIERIC KCl Z2%5 Uiz 1 REMZ IS IRRERREBR O
Training Z4TWZ D 1 KFfEI&IZ Test 21T o 72, WRICHLIR 2R L7-FEIEL, BEFIC K2 A8
727213 ) > 7= (Approach time: saline, 25.3 + 2.0%; KCI, 26.5 + 2. 3%; KCl + CaEDTA, 25.5 +
2.4%) o YIS B R [E]~D 200 nmol KC1 $£5-12 & V) M IARGRFRGELIE O M 34 B IS Il S 7= a3,
Z OFEEIT 20 nmol CaEDTA DI[RIFFfE 512 L v fHIE X iv7= (recognltlon index; saline, 66.3 +
1.5%; KC1, 51.4 + 2.6%; KC1 + CaEDTA, 66.5 + 4.0%) (Fig. 18C),
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Fig. 18 High K*-induced impairments of LTP and memory. (A) LTP was induced 1 h after injection
of saline (1 pl, control, n =7), 100 nmol KCI (100 mM, 1 pl, n =4), 200 nmol KCI (100 mM, 2 pl, n=
6), or 200 nmol KCl + 20 nmol CaEDTA (100mM KCI + 10 mM CaEDTA, 2 pl, n = 4) via an
injection cannula. The arrow shows the time of injection. Representative fEPSP recordings at the time
=70 min (black line before injection), —20 min (after injection; dotted line) and 50 min (after tetanic
stimulation; red line) are shown (upper side). (B) The magnitude of LTP. ** p < 0.01, vs. saline, #, p <
0.05, vs. 200 nmol KCI (Tukey’s test). (C) The object recognition test was performed 1 h after bilateral
injection of saline (1 pl, control, n = 9), 200 nmol KCI (100 mM, 2 ul, n = 8), or 200 nmol KCI + 20
nmol CaEDTA (100 mM KCI + 10 mM CaEDTA, 2 ul, n = 8). **, p <0.01, vs. saline, ##, p <0.01, vs.
200 nmol KCI (Tukey’s test).
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3-322LTP FER E - IXIFTEOG NV U LHEKIZ L A2 HIRE] LTP HEOEE L 213k
IR EAEEICNT D Znt D5

IR 7 MHRRIEISEISIC IS\ T, LTP 23538 L7 5 20#%1C 200 nmol KC1 & Ja a5 L 7c
& A, LTP IFA B S 4, 2 O#ifill% 20 nmol CaEDTA & O[RIFFE 512 K 0 BHIE S 47z

(saline, 219.7 £+ 21.7%; 200 nmol KCI, 124.9 £+ 18.6%; 200 nmol KCI + 20 nmol CaEDTA, 213.4 +
19.4%) (Fig. 19A, 19B), £ 7=, WIAEZRKERD Training Ehi 5 5314 12 #ikAI~ KCl Z 5 L,
Test 24T 272, WARFEHGEARIZI VT, MR 2 7R3 I 3RE RN 3o WV T B e 221 3 08
7> 7 (Approach time: saline, 29.0 + 2.7%; 200 nmol KCI, 21.9 + 4.6%; 200 nmol KCI1 + 20 nmol
CaEDTA, 26.5 +£4.2%), Training % ® KCl %512 L 0 | WIRGEEGLIEOEANEE S, 20
&2 % CaEDTA (2 X V) [El#E X 47~ (saline, 65.7 + 3.3%; 200 nmol KCI, 51.6 + 2.8%:; 200 nmol KC1
+20 nmol CaEDTA, 69.2 +4.8%) (Fig. 19C), & HIZ, HoOWEEZ HWT, 24 FEHZICHEYD
BRI A 1To72 & 2 A, KCl BHRHICE W T H ARG BN A S, KCL Ik 29
RERERFLIBE DS REE L — 1\ ThH 5 Z E/RS L7 (24 hour-approach time: saline, 21.3 +
3.8%; KCl, 21.4 + 3.2%, 24 hour-recognition index, saline, 72.5 + 3.8%; KCI, 67.9 + 2.4%) (Fig.
19D),
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Fig. 19 High K*-induced impairments after LTP induction and learning. (A) Saline (1 pl, control, n
=6), 200 nmol KCI (100 mM, 2 pl, n = 5), or 200 nmol KCI + 20 nmol CaEDTA (100 mM KCI1 + 10
mM CaEDTA, 2 pl, n = 6) was injected 5 min after LTP induction. The arrow shows the time of
injection. Representative fEPSP recordings at the time —20 min (before tetanic stimulation; black line)
and 50 min (after tetanic stimulation; red line) are shown (upper side). (B) The magnitude of LTP. *, p
< 0.05, vs. saline, #, p < 0.05, vs. 200 nmol KCI (Tukey’s test). (C) Saline (1 pl, control, n = 7), 200
nmol KCI (100 mM, 2 pl, n = 6), or 200 nmol KCI + 20 nmol CaEDTA (100 mM KCI + 10 mM
CaEDTA, 2 pl, n = 7) was injected 5 min after training of the object recognition test. *, p < 0.05, vs.
saline, #, p < 0.05, vs. 200 nmol KCI (Tukey’s test). (D) Another object recognition test was performed
24 h after the experiment (C) by using the same rat.
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3-3-3 50 Y U AR & A ¥EH IR EI OKIKEN Zn2 DM

MRS CAL SEIRICH VT, @AY U LRI L0 Vv —7 7 — B D Zn2 AN ik S d, HE
RHEREN O Zn> L~ U EINT 5 2 & &R UC & 7200, YR ke 2 B9~ 2 W N B N (I
R/ NENIZ Znr 2 & £ 720, ZVH I UERVEEMEMR O BLE |2 X 0 RSN AT RS
D I SN~ T D aTREMER B 5, = 2 CEl U 7 AHIKIC X B HIIRN Zn2 L UL o
A ZET 2 728, Wl R IEN MmN g i HHAXEE & L T ZnAF-2DA % KCI & [RIRHZ %
B LI-E 24, WEEEREIEICH VT ZnAF-2 OEEAEIEZL S, CAL X CA3 fEIK Tldk
SN2z & 2R L7e (Fig. 20A), 1SS IR EIRLATILE (235 ) T KCL & 512 & 0 ik
W Zn? L~V B B U OIS Zn? % L — % —Té % CaEDTA & D[Rk
HiZX0BIEENT-, £7-. AMPA ZFET X T=2Z hTh 5 CNQX % KCI & [FRFIC# 5
T 5 &\ KAIZ L DHIREN Zo?t L~V O L S/ (Fig. 20B,20C), A U 7 A
R X0 KISk Zn? 3 AMPA B RTEMEL 200 L GIIBBRIZIRAT 2 2 & BRI S iz,
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Fig. 20 High K'-induced increase in Zn?>' influx in the dentate gyrus and its inhibition with
CaEDTA and CNQX. (A) An illustration of bilateral injection into the dentate gyrus at the rate of 0.25
pl/ min for 8 min via injection cannulas (left). The area surrounded with the red line in the dentate
gyrus is imaged in B (right). (B) Five minutes after injection of KCI (100 mM), KCI + CaEDTA (10
mM), and KC1 + CNQX (2 mM) in saline containing ZnAF-2DA (100 uM), coronal brain slices (400
um) were prepared and stained calcium orange AM to identify each region in the hippocampus.
Intracellular ZnAF-2 and calcium orange fluorescence were measured in the hippocampus. GCL,
granule cell layer; H, hilus. Bars, 50 pm. (C) Each bar and line represents the rate (%) of fluorescence
intensity after injection of KCI (n = 4), KCI + CaEDTA (n = 4) or KCIl + CNQX (n = 5) to that after
injection of saline (n = 7), which was represented as 100%. ***, p < 0.001, vs. saline; ###, p < 0.001,

vs. KCI (Tukey’s test).
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3-4 &

2

WERS CA1 fEIE -~ 100 nmol KCI #5-12 X W{RGRFGC IR O M 15 XBEE S 7= 2300 Vg i i
WREI~O A0 KC1 #5-CTIL#RE LTP #5358 4 /i L - WIRREGLIR OB SIS Sk h o
7= (Fig. 18), Z D Z Lt HIREIERGHIILIE CAL SRR & iz L, @AY 7 A K50
SRRAIIC X D BEEEZZ IS WD EAR ST, #R BRI X T 7 A M aNI
In* e E £ R WNIEBRAE DN RS T 2720, @A U 7 SIS K 2 Bl cldiass Zn?
LAVLT ER LRWEBZ b s, £D72 2 {FEIZHY 7 2 200 nmol KCI % Btk [E1Z & b-
THZET, LY EMICH Y PR Z N Z 72, FOfEE, Mlast zZe2i AR E <
20 BRIV T LTP FENEE SN B X b b, £7o, WRE LTP #E% 12 KCl
b LG EICBWTh, LTP 8IS 7z (Fig. 19), Ca B D AMPA S22,
Zn> DHASAN ~D FEE 22 PR Tdo 5 75 LTP FHERF O S SEE R L 0 %y 7 ARKE T
—IEPEICEEINT A8, Zo7-, LTP FEEEOE S Y 7 AR X0 . M Zn2 o0
DEAE L7200 | LTP Bl S B2 65, 612, IR Training @ 1 FFfH
ATE721T 5 3% D KCl OF5I2 LY | LTP [EF & —H L THREEGELRIIEE SN, Zh
HEh Y U LAFERIED LTP EESCHREHGLIEESES IS Znx 1L —%—Th 5
CaEDTA (2 XV HIE &7z, @& U v AfRIC X DR EIERHEAE N Zn2 L~ L O8N,
AMPA Z AL EHRTH 5 CNQX 8 L Uit Zn> ¥ L — % —TdH % CaEDTA D [FAIFF# 51
Lo SnizZ E2an (Fig. 20), &4 U U ARITRIZ XD AMPA 2 ¥R MEAL 2 L C kL
AREA~O Z?RAREIN LT &2 bbb,

ZnAF-2 1 Zn* R A 72 RS TH 0 | Ca?t EES TR
752 S D Al F A LI L84, (EEIE(EENE)

KClIZ XY CaiZillo AMPA ZRFKE I L
T Ca¥ i A BN % 23, CaEDTA DR
1EZh 5 (ZnEDTA JERRIC L 0 Ca2 7)) 705
B 2T, RN TN L. Zn2ic kv
LTP D55 Z L CRifENEE S D Z &7
RIS NTz, —J. @AY U LRI 24 REH
BICOIRGERGABR 21T O & | LIRSS
Eneinotz (Fig. 19D), ZDZ &b, —
WHEORREFEEENELZINT-EEZD
NDe BLEXY sk EIERCHIIL A Zn? 4
DREFEIL CA1 HERHIRE & [FIERIC IR RRER AL
BHREEO K THDIZ ERNTRBRINT
(Scheme. 9),

Scheme. 9
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S

FEERICEE T DMRIL, v I CBFENEMREIR ZTER L TR D | E OMRER
X Zn? 2 B0 b OB AET D, ZHETIC, SERBIERICE T HMiast 72 I gy 7
NVEN LT Ca> o 7 U v VT OBEBEENRHE S TE 0, MlEN Zn> > 7Y v
DARREE., LR~ OEENZ DN TI 2 IT STy, AR T, MEEe
AN Zn2 > 7 U o ZIFRRIRIERRIC G 2 D0 £ L Tr/ 2 I Uit B 1
£ 5 MR Zn> BhRESIE O RHE | LR AERERR 4 72 DT DD in vivo IZB W THRFT 21T - 72,

BT, Yy —7 7 BB S D Zn?tE AMPA S ERIEMELAZ S LT CAL
FEASHIRENICIEA U LTP ICR 595 2 &, S UREEGLIEOERICKETHDH Z LIRS
Nice —FH T, Yy —7 7 — (D EEBEES 2 & M C¥mL7e 7 v I i Zn?*
Z CAl $EAHIAIRENCIRA S, MEREFGLEAEE L, Thbb, JA¥I L@y s
FNEI LT 7 A Zn BN REILREIE & BHEICBIR T2 2 L8 invivo TH LN E 7R o7z,

BOETIR, I I VBEEREAEETHSA N LAICER LI, arFarTa il
IV IxTLarFas REFREBERILSL, Yy —7 7N L A2 I Ve LD
(2 Zn 03 S0, AMPA ZFARTEMAL 2 L Tl CAL SRR A Eh, U v
fe{t CaMKIl O _X— R LUK F &, LTP 255325 Z & 23 in vivo THID TH B &7
ST, IHIT, KIFAMLVAAMMIZE D, CAl HEAHIIEN Zn2 L-UL2HEIN L, LTP 2355
THIE. ZOWIHIL ZnAF-2DA TEEIND Z EDRE, BEA MLV ARRICE D VT
TR I OMREENREE T ORI,

R TIE, MR AED RS S OV KA TR, BRI O T AR h— 2 RUTHE S M
K OMRA I K0 | BRI 2SRRI 2 2 03 < 72 5 S HE L. Mifast Zn2 ot
REBMEA M LTz, MIIAS KR 22— BPEIC N S8 5 &, Bl B |2 3 0 SRARERE N
FEE Xd, Z OFEEICHINA Zn2 35325 Z L2 LT LT, EOlRRHERR R )N S Zn2tn
HH SRR WERIRENZB W TH 74 I VISR SIS Z LIk Y. AMPA &K
L2 U Clfash Zn2 23 sk E FEk A A L SN A L, s E 2 B 925 2 L AVR
S,

AT LD . MEEHIAS Zn2 PR A Z A L7l Zn2 BhREZS(LIXRRINFERE & 421
BItRT 2 2 &L MR Zn> B BB OAE I TR MFERE - BEE T2 2 & 2% in vivo IZB\W T
AL E oo, MEHAARGHIOH Zn2 @BREHIENIE X b L 2 AR-ONNER S K 2 38k EERElE &
TR =704 — 7 v M7 DH LB 2 BD,
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KU LT FSVE LEKIBINS o, LREES A, REFIE, TEHZE, #
AR, R« RS Ay RIRFIERE, (Gfih— B, BNAKGE, #H5) SFSAL
DR RSEHNZLET,

RS2 BATT 5 IS 72 0 4 2 20 C A7 TE N 8 R KSR A /B B4y B 0D
BRI AL L B E T

£lo. KR EZITT DICH T V572 T 2 W I W IR SR E ) o Z — 0
ERRICTREST 2L L b, BTV E LT v MEIGEATREREOEEZRLET,

&I ﬁ%%ﬁ$\%iﬁ%$’ﬁw1 HOHWHETYAR—F LT NP, .
Ifi, BB LN AT L, DB EGHE L £,
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