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Effects of K" Channel Modulators on Extracellular K* Accumulation during Ischemia in the
Rat Hippocampal Slice. Jin Kyu Choi', Boe-Gwun Chun’ and Pan Dong Ryu! Department of Pharmacology,
1College of Veterinary Medicine, Seoul National University, Suwon 441-744; and -2College of Medicine, Korea University,
Seoul 136-705, Korea

Loss of synaptic transmission and accumulation of extracellular K ([K"]o) are the key features in ischemic
brain damage. Here, we examined the effects of several K™ channel modulators on the early ischemic changes
in population spike (PS) and [K "], in the CA 1 pyramidal layer of the rat hippocampal slice using electrophysiological
techniques. After onset of amoxic aglycemia (AA), orthodromic field potentials decreased and disappeared in
3.3+0.22 min (mean+SEM, n=40). The hypoxic injury potential (HIP), a transient recovery of PS appeared
at 6.0+0.25 min (n=40) in most slices during AA and lasted for 3.3+0.43 min. [K 1o increased initially at
a rate of 0.43 mM/min (Phase 1) and later at a much faster rate (12.45 mM/min, Phase 2). The beginning
of Phase 2 was invariably coincided with the disappearance of HIP. Among K" channel modulators tested such
as 4-aminopyridine (0.03, 0.3 mM), tetracthylammonium (0.1 mM), NS1619 (0.3~10 uM), niflumic acid (0.1
mM), glibenclamide (40 uM), tolbutamide (300 puM) and pinacidil (100 pM), only 4-aminopyridine (0.3 mM)
induced slight increase of [K"]o during Phase 1. However, none of the above agents modulated the pattern
of Phase 2 in [K "o in response to AA Taken together, the experimental data suggest that 4-aminopyridine-sensitive
K" channels, large conductance Ca’ " -activated K channels and ATP-sensitive K™ channels may not be the
major contributors to the sudden increase of [K'Jo during the early stage of brain ischemia, suggesting the
presence of other routes of K efflux during brain ischemia.

Key Words: Ischemia, Extracellular K™, Population spike, Hippocampal slice, K "channel, 4-aminopyridine,
NS-1619, Tetraethylammonium, Glibenclamide
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Fig. 1. CA1 population response to a single 40 s stimulus
to Schaffer collaterals at twice of threshold. A, Stimulus
artifact; B, Fiber volley; C, First excitatory postsynaptic
potential; D, Peak of population spike (PS). The ampiltude
of poputlation spike was determined by measuring the voltage
difference between C and D.
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Fig. 2. Ischemic changes in the population spike (PS) and
extracellular K* concentration ([K 'Jo) at CAl area of the
rat hippocampus. A. A plot of population spike amplitude
against time. The graph illustrates that PS amplitude in the
hippocampal slice preparation is stable for 100 min. B.
Changes in PS amplitude induced by aglycemic anoxia (AA)
that started at t=0. Hypoxic injury potentials (HIP) appeared
during AA. Note that recovery of PS is dependent on the
duration of AA period. PS was recovered when reperfused
during HIP, but failed to recover when reperfused after
disappearance of HIP. C. Records showing that correlation
of changes in PS amplitude and [K"]o.
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Fig. 3. Effects of MK-801 on the ischemic responses in
hippocampal slice. A. Plots of the PS amplitude and [K'Jo
vs time. Typical examples of PS recorded befote (a), during
(b) AA and following recovery period (c). B. These bar graphs
illustrate the percent tecovery of PS amplitude in
MK-801-treated slices. Increasing the concentration of
MK-801 resulted in a greater recovery of PS. Each bar
represents the mean +SEM as percent of PS amplitude before
introducing AA.
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Fig. 4. Effects of 4-aminopyridine (4-AP) on the ischemic
responses of the hippocampal slice. A. Typical plots of the
amplitude of PS and [K "], against time. B. Effects of 4-AP
on the ischemic responses of the hippocampal slice. *Time
to maximal Phase 1 depression’ indicates the duration of AA
when the maximal depression of PS was seen during Phase
1. Similarly, *time to end of HIP’ is the AA duration to the
end of hypoxic injury potential (HIP). "PS at peak depression’
is the amplitude of PS as percent of the control at the maximal
depression during Phase 1. *P<0.001.
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Fig. 6. Effects of NS-1619 on the ischemic responses of the
hippocampal slice. A. Ischemic changes in PS and [K']o
recorded in the presence of NS-1619 (10 pM). B. Effects
of NS-1619 on the depression of population spike, onset and
duration of HIP during ischemic responses of hipocamppal
slice. Note the early induction of HIP and prolongation of
HIP duration. *P<0.05, **P<0.01.
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Fig. 7. Effects of niflumic acid on the ischemic response of
the hippocampal slice. A. Ischemic changes in PS and [K 'Jo
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niflumic acid on the ischemic changes in PS and HIP. Note
the earlier loss of population spike in Phase 1 and the earlier
induction of HIP. *P<0.05.
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Table 1. Effects of ATP-sensitive K ' channel modulators on the population spikes (PS) recorded from CAl of hippocampal

slice during aglycemic anoxia

Time to maximal

Hypoxic injury potential

Drugs(mM, n) .
depression of PS Onset(min*) Amplitude(%**) Duration(min)
Control (0, 40) 334022 60023 58+4.62 334043
Pinacidil (0.1, 4) 22+0.10 734120 73+8.50 5.2+2.06
Glibenclamide (0.4, 4) 4.5+0.90 744096 66+12.9 374133
Tolbutamide (0.3, 2) 354021 78+1.78 64+10.0 3.0+0.35

Data are expressed as mean+SEM. *Duration of aglycemic anoxia to the beginning of hypoxic injury potential. **Percent

of PS amplitude before inducing ischemic insult.
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Ca’'-dependent CI' AEL JAlsls Aow Al
niflumic acid¥= 2] large conductance K channel(BK))
d& Mele Aoz daHchOtolia et al, 1994).
Niflumic acid+< Fig. 70i] .91 A &4 % 7] phase 1%+
Al E diztol vl#l whe] PSE AAAFH o P<
0.05) NS 16199}= 22| HIPE ¥4 A3 A& A%
HzTol v3) ggor i K'L9 F4% /s
¥ etk Niflumic acidg 283 4 -0l ZA4E
HoZ AJFG ¥ PS7} FEALES B2 4 gt
(Fig. 7).

ATP-sensitive K" 'd 7|HutA]Q) pinacidil (0.1 mM)3t
ZelA)Ql glibenclamide (0.4 mM) 3 tolbutamide (0.3 mM)
© ¥8A Pse Z7]9 AEY K522 Wl §o4
A o] S SutslA] Ekrh(P >0.05). ATP-sensitive K *
A kA9 pinacidil- S A-E318 #8270l PSe] 4
Alo) whg] @ 51 ATP-sensitive K" x'd X} +A|Q1 glibencla-
mides} tolbutamidel= X1 A3ke Bl o1} EAA
Ql LolAL ogf 31 ATP-sensitive K'Alld =4 &2
o] AX HIPAA 37 Foll AFEHoZ FF3IAE
o} PSE 3] EA|7|A] & X3l rh(Table 1).

il &

HEgue] I2ANAE 27)o) JopR Ak ¥
o g 0l1g ATPY] 7+4&, pHY 74, K 9] A|E wto g
9] §23} C17, Ca’", Na* 2] A Z ¢ke 2ol 991 adeno-
sine -2 9 A7 AG &4, #9] glutamater} 1] H
o] &4 glrh(Martin et al, 1994). & Z7])(Phase 1)o]]
Z 23 9 (population spike, PS)7} &A% & o]-§+ adeno-

sine Sol] 3 AA A7 were] Ca’ AE 9 x5k, AR
A7 Af9 Na'Alld A 5o Ful7t A7) of
F-o|th(Martin et al, 1994). 5% KmjevicZ} Leblond(1989)
£ ARA7 Y Ca’ A9 Hrro] ATPY| Zhaell 7] Q1%
ha stgieh B AgolA AE vk K FEe e
A A8 F7vsle Phase 13§43 S7HE o] F+ Phase
29] 7 7HA = UERll o H (Fig. 2C) ol & ¥ A]
Telg FEE PR 8 HadE gxsic
(Zetterstrom et al, 1995). Phase 1ell4] ] A ZuF K AL %
9] Z71} Na'K* ATPase?] &4 2] 4= 9l3lo] K©
9 AE Qe E o] EFEI FHol dojubes Ao
2 X3 gJrh(Martin et al, 1994; Anker et al, 1985). Phase
2014 Koo F4% F717t Boluhe phase 2= HIP
7} B ARl AAE Q) o] A7lolE K e AE
gto 2 o] $&3 tEo] Ca¥' 7 Na'9] F48 AE
£-9lo] glx M Eete] &-BZ(anoxic depolarization)o] U
o]o] B 1% 9l th(Balestrino et al, 1989).

A S el sldle] AAFNE BT ek
PS7} dAH o2 sjAdolyln} A EE WAL hypoxic
injury potential(HIP)o] 2} &}+=ul|(Fairchild et al, 1988), &
7|7 (Phase 2) % HIP7}F Uehbe A2 {82 Qslo]
TEA AR Ad A9 Hul7t Srhd e whel 27] o
A ABAES kA deRtE Aoz AL Qo
(Sick et al, 1987; Fowler et al, 1990). & A& ol 4] A ZEu}
9] K" 5%5(K "1o)7} F43%] F7}5] = Phase 2 Al7| & v}
2 HIP7} &A= AA T BA1she] dolska(Fig. 2), o]
g2 & A9 o9 glo] BE Aol A o] E it
whabAl, o] T8 o] AAg B Lol Pold Ao & A
Zt. A F74A), HIPSF 343 [K ' Jod] Z7keh old
Ho| JEAE A EHAA &steh btk HIPS] A4 o]
Yol FHEA FulEE glutamate  wfFolEhH
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(Martin et al, 1994) glutamateol] 23t &2} dTAjo]
WA ohe3 2 AVeA S A7 4 3leh. 5, gluamate
9 ZAgor FYsE A EA K Aol
ghutamate-gated o] & A& 8 K9] o] Yojuic}
< Zejth

NMDAZ%=£4] XehA)lZ &ei#l MK-801& 22 ol
¥ (postsynaptic) §-$joll 2 2H-g-g 3le] 5= PS
9] &Aldle F¥e 7IXA %3 FE I FaIS Z
E Ao g RBI% 9 owv(Papas et al, 1993) £ A& o]
MK-801g A x|t sfju} AH o)A HIPAA 355 ZA4&
Aoz BFek FE 4EH N VAL DAY 4
U THFig. 3B). MK-8019] FXE 9JEHQ 35 A=
84 2ul5E glutamates] NMDA F-831¢] 24 3ol
A3 AEY Ca¥ FYEe FEAA Vet Aoz 2 A
Holld 58 £l BT MK-3012] o]H 3 BT Habs}
98¢ 3old = ddrh(Roi et al, 1993; Papas et al,
1993). & A79] sjubAH §Y Lol 4-APE HHA
9] PSS} =7 & Z£71A]|7] AL phase 10|41 2] PSQ] 4Alo]
Ads) A B2AG FE B ol d-APe]
sto] AAA G ddollA ARADEA L Bu)9] 71 %
< uptake®] A9} HHo] g AL E o AZITHHu et
al, 1991; Patterson et al, 1997). -3 adenosine 7 3}A)|<}
8-phenyltheophylline & A X331 73-¢- 5189 x7]9] PS
9] +AE AAlslE A o] Barx gt} (Fowler et al, 1990).
@2}A] 4-APS] 282 adencsinee] &% Askelol 1}
ey 7= 9rHGerber et al, 1989).

#) %% 0l| 4] large-conductance Ca®*-activated K *channel
& F2 AVeHE TEAS | mM 443 F S0l s
7] PSE] &Ale] AQAFAY £ HellA] v]%3l
o], o] phase 13}7 ol large-conductance Ca®*-activated
K" channel o] ##H 5|0 91§ 7454& AAsta glek A
&)1 9) large-conductance Ca’*-activated K *channel X}gh
AZ eI NS 16199] #89] 5718 W AL A
Blo) 4 HIP7} Ubehb A1Z¥sh HIP 2441743} phase 2
9] [K'1o9] ZF7H3Hol FA A A=) Yelyke}
Motk oi714 Ful2¢ AL HIPAAD Phase 29]
AR o] FAlell AAFQche o g, gollA 7 &
2 FEAe] WA Az dojdE HoFe &
S1be] Bako|oh. oWk 71 0.2 Ns-16197} o] A3k
£ 7t Ae AR AR HIPS] £30] Ao
%) A large-conductance Ca’*-activated K "channel®] 71
Wo 2 gutamates] ul7t ARG HEOE S8
2 4 9t} Adenosine Al g9} K Al'de] 2AJ3t=]
o] A7 dekoll A BHESo] fHbE]o] glutamate?] Fu]7}
4% H(Zini et al, 1993)7}, ol A Ag-3 T} £y

= glutamateol] 2]3}o] HIP7} fatxlvl= 7} (Sick et al,
1987; Fowler et al., 1990)cl] A3 & wll, NS-1619¢]] 2]
3| HIPS] 4o 3= o]-f+ NS 16197} AAANG =
ol F2IL Sutol glutamates] £u]E THEAA
HIPS] A A& A7 AQA7e AL Hld
large-conductance Ca’*-activated K'3'd 7HubAlo]m A
Ca’'-dependent Cl A|YE JAlste Aoz <A
(Seguela et al, 1993) niflumic acidE X X|A] HIPS| &4
A)7+3} Phase 2% tlZ2FollA Bt el velygc ol
niflumic acid7} #fulel] =A) e Eo] 9)+(Seguela et al,
1993) Ca** -dependent CT' x4 &} A|3toll o) S EF&
ZRAA glutamate®] Fuje} FEAS FR8o] HHE
Ag gl fabsles A2 o AXIG(Fg. 7).

ATP-sensitive K" x)\d-2 o 3L 2-9) A Xl de] £F3}
o ¥ 8 A ATPS] £ %7} 2.1 o] Z 9ls}o] ATP-sensitive
K aldoll 93t K" AME gro o] 59 FHEE o
Ar5] 9 th(Murphy et al, 1991). &, [H]glibenclamide2] 7
A e Fulol £ Zas}w], CA1(0.208 fM/mm’)ol| A]
Hr} CA28} CA3ell TR R o] & 2oz 473l
(erry et al, 1990). 2 Al¥oll A= ATP-sensitive K" x}'d
27 FE ZAY stoll sPA} PSS} [K Joo] WS}l A T
Z2FH YA JQE Aol & FHE + U3 rH(Table 1). £
AT AE v]Fo] & u supAHL CAL F-HollA
L 384 [K'lo Al ATP-sensitive K 3'd 2]
APe =27 g AT oA,

AgH oz @ Qo] At $1¥A ik CALRol
A H8-29) Phase 2 SAGIA AES]o] FHE K
o) 2UL 4-APGO0 M)l STehod ADE) = hAg o)
A K'AEU, NS-161900.3~10 uM)ol] &Jsle] A=,
TEA(I mM), niflumic acid0.1 mM)ol] 9Js}e] Xehs]E
large-conductance Ca’"-activated K 'channel, 18]3 gli-
benclamideol] 2]3}o] X}eb=] A1} pinacidil, diazoxide 5-<ll
o)sle] duli= ATP-sensitive K' Ajd So] obd oh& &
27} 2 ANt ok 53], A 7t F
7}El= Aoz A& &elZl adenosined} glutamate9} 22
ARAZTEA L] B Tol Ulgt FFAA AEH 5
o] He¥ ZoF ofAZIckHansen, 1990).

2 =

YA AR K o] £ F7He AL ol
U ol ARE Eole] ATRY K o] AEHOE he
A WEe FEEel 94 @ek & 4Ye) Ase

large conductance Ca’"-activated K #]'d, ATP-sensitive K
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*Ad, 28] 3 4-aminopyridineol] AEHE]E KA do] A
9 TEGS AAs ] 29 siulEH CAL 299

29 PRl FAHAA AL e BedFa 9ok

ZAe 2

B AT AR 96 T 24 (F-0079)
9} 96 B.72] & o FoNEAF o] (HMP-96-M-4-0039)¢] 2|
22 7hssiAl =gl ZAE-AY
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