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The present theslS lS a study of t.he low-cI" model of 

epIIeptogenesls ln ~he rat hlppocampal sIlce 

malntalned "ln vltro". 

PerfUS10n of the silces wlth Iow-C 1" a et 1 fic ld l 

cerebrosplnal fluid (ACSF) Induced short. and lonq lastIng 

st lroul uS-lnduced epllepti forro bursts. rfhe short j dSt. l nq 

bursts ( SB) represented a ml xture of EPSP and 1 nVl'rled 

IPSP. The long last lng bursts (LB) Wf>t"P tota lJ y dependf!f1 t­

on GABA-medlated chlorlde conductanl'es and were pro/.Mb l y 

generated by the sustained flrlng of Interneurons syndpsln9 

on the soma of the pyramIdal neurons. 

NMDA antagonlst could block the lat-è part of the LB, 

but not the SB nor the ear Iy part of the LB. i1owev('}", when 

the lntenslty of the stlmulatlon was Incredsed, lh(~ ) dt e 

part of the LB reappeared. 

The present work demonstrat.es that the maHtI:endncc of 

the phYSlologlcal chlorlde egul11brlum lS essentldl for t.he 

Integrlty of GABAerglc lnhlbltory mechanlsms, and that dny 

physI0pathologlcai condltion susceptIhle to alter t.he 

chlorlde egul11brlum may Induce eplleptogenesls. 
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La présente thèse est une étude du modèle 

d'ép1leptogénèse du bas-chlore sur des tranches 

d' h1ppocaiilpe de rat malntenu~s "ln v1tro". 

La perfUSIon des tranches avec du llqulde 

céphalorachldl.en artIf1cIel (LCRA) à fa1bl.e teneur en 

ct.lon (LCRA-C 1") Indu1sI t des act1vI tés éplleptlformes 

stlmulées de courte et de longue durée. Les actIvltés 

épl.leptltormes de courte durée (SB) conSl.sta1ent en un 

mélange de PPSE et de PPSI Inversé. Les actIvltés 

épII et)t 1formes de longue durée (LB) se sont révélées être 

totalement dépendentes des conductances à chlore médiées 

par la GABA, et furent probablement générées par l'act1vlté 

1ntense et soutenue des lnterneurones faIsant synapse avec 

le corps cellulalre des neurones pyramIdaIs. 

Le blocage des récepteurs au NMDA a permlS de bloquer 

la partle tardlve des LB, sans bloquer les SB n1 la partIe 

précoce des LB. Toutefols, le faIt d'augment_r l'lntens1té 

des st1mul1 a perm1S à nouveau l' expreSS10n de la partIe 

tardl.ve des LB. 

Le présent travall démontre que la sauvegarde de 

l'équIlIbre phyS1ologlque du chlore est essentIelle pour 

l' Intégrlté des mécanIsmes Inhl.blteurs GABAe'..glques, et que 

toute condItIon phYS1opatholog Ique pouvant altérer 

l'équ1ll.bre du chlore est susceptIble d'InduIre des états 

épIl eptogènes • 
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PREFACE 

ThIS wcrk has been pubilshed ln the Journal of 

NeurophySloloq:y and was dO'1e ln collaboratlon wlth Paul 

Perreault, Jacques Louvel and Ren~ Pumain. Paul Perreault 

was ) nvolved ln teachins . e the techn1que of Intracellular 

record1ngs. Jacques Louvel and René Pumain taught me the 

techn1que of 10n selectlve microelectrode ln Montreal and 

during a brief stay 1 n France, ln the1r laboratory. In the 

Appendlx, the techn1que of 10n select1ve m1croelectrode lS 

briefly descrlbed. MaSSlmo Avo11, my superVlsor, wrote the 

orlglnal verSl0n of thlS paper. A general Introductlon that 

glves a bnef hlstorlcal background 1S presented as weil as 

a fInal dIScussIon. 



1 am gratefu1 to my superV1sor. MaSSlmo Avoll. tor hls support. 

1 am a1so grcatly ~ndebted to Dr. P. Gloor for rcadIng nIf' 

manuscnpt and for hu, very appreclated correct 10nl:>. 

1 wlsh to thank Dr. Jacques LouVt~l and Dr. Renf'\ Pumiilll lot 

teachlng me "he techmque of Ion selectIve mlcroe1ectrode and. Stlf' 

SchIller for her contlnuous laboratory asslstance. 
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GENERAL INTRODUCTION 

The present thes1S lS a study of the low cl" model of 

eplleptoqenesls ln the rat hlppocampal sllce ma1ntalned "ln 

VItro". Part of th18 work has been publlshed (Avoll et al. 

Epl1epsy 19 one of the most common neurolog1.cal 

dlseases. About 1% of the populatIon suffers from epllepsy. 

EpLlept le selzures can be descrlbed as resultlng from a 

large collectIon of neurons dlscharglng .ln abnormal 

synchrony. ThIS synchronous discharge produces stereotyped 

and Involuntary movements or paroxysmal behaVloral 

alteratlons that profoundly aff€·ct the 11fe of the patlent. 

Epllepsy can be quallfled as partlal or generallzed. 

PartIal selzures affect only a part of the brain and the 

cllnlcal manIfestatIons reflect the functlons represented 

ln the rAglon of the brdln 1nvalved. General1zed epllepsy 

Inval ves large parts of the braln and can be subdlvlded, 

accordlng ta the tradltIonal Vlew, lnto petlt mal and grand 

mdl. Petlt mal selzures are charactet"lzed by a tranSlent 

loss of conSClousness; grand mal selzureo are charactprlzed 

by a loss of conS'::lousness assoclated wlth tonlc-clonlc 

r . , movements • 



7 

Cases of epl.lepsy have been reported thr"oughout 

hlstory and has been consldered for 10nC] t tmt:! as t h(' 

manlfestatl.on of negatl.ve forces ln man. In 1881, GOWl'I"S 

suggested that the epllept lC cond1t Ion resu 1 ts f rom d 

temporary decrease ln "reslstance" that would lead lI) d 

sudden relt-ase of "nerve force" (Gowers 1881). The flf!il 

sClentlflC approach to human epl1epsy was made by Hughllog 

Jackson. Accordlng to Jackson ail epl LepL1c sev:ures Wf'rf> 

due ta the exceSSlve dl.scharge of groups of nerve cc Ils 1 n 

the bralP (Jackson 1931). At thaL tl.me ail selzurcs w~re 

thought ta be .... aused by local structurdl or funcllordl 

ptyslopathology of the central grey matler (Jackson lQj]). 

Later Hunt (1931) brought ln the concept of an eqUl.llbrlUm 

between l.nhlblt1.0n and eXCl.tatl0n. He proposf>d tthll the 

braul was composed of l.nh lbltory and excl.tatory ('ells 

lnteractl.nq wlth each other, and that epllept.lforrn ac:t IVJ Ly 

would result from an lncrease ln the actlvlty of :!xcltaLory 

cells, or d decrease l.n the actlvlty of Inhlbltory cr-lh,. 

Slnce then, electrophyslologlcal .lnVestlgatlons have Inde('d 

revealed the presence of lnhlbltory and excltaLory clCt lVI ty 

(see Sherrlngton 1906) ln the hl.ppOCampuR (Kandel et dl., 

1961; Andersen et al., 1964) and ln the neocortex (Krnjf'V1C 

et al., 1964; Avoll 1986); and ln the Itght of re('('nt 

advances ln neurophYSlology, both an lncrease ln th,--

actl.Vl.ty of excl.tatory functtons and a decrease ln t.he 

actl.Vlty of lnhib1 tory mechan1sms found 
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experHnentaIly to contr1bute to neuronal hyperexcitdblilty. 

Changes the l.ntr InS"le post -synapt lC 

characterlstIcs of cortl..cal neurons were shawn to lead to 

a larger EPSP ampI1 tude (Lynch and Schubert 1980; Andersen 

et al. 1 198U; see also Ward 1969). An lncrease ln -:::he 

to excltatory neurotransml t ter was aiso 

demonstrated ln Is01ated cortlcal slabs obtalned from 

chron1C ep11eptlc anImaIs (Ward 1969; Sharpless 1969). 

Paroxysmal depolarlzlng shlft (PDS) 1 an expenmental model 

for J.nterlctal d1scharges, was lnlt1ally consJdered as a 

glant EPSP, pos~.nbly caused by the release of a larger than 

norma l quant 1 ty of neurotransffiltter from a gl ven Input 

pOpuldtlon, or Impulses orlglnatlng from a large number of 

excltatory cel1s converglng on the burstlng elements 

(Prince 1968; PrInce and Schwartzkroln 1978). A POS lS a 

brJ ef epllept 1 form event that exhlbl ts a t ranSlent / large-

amplltude depolar1zatlon assoclated wlth repetlt1ve flrlng, 

and thls excltatlon ar1ses w1th vu"tual synchrony ln the 

majorlty of cells ln a neuronal populatIon. However, thp. 

genprat lon of the PDS was later shawn to be attributed to 

a loss of the slmul taneously occurr1ng IPSP (DIng l edlne and 

G-jerstad 1979; Traub et al. 1987). 

An lncreased synchrony ln neuronal populatIons lS 

also consldered as a factor underlYlng the expreSSIon of 

eplleptlform act1vlty (Mlles et al. 1984; Mlles and Wong 

1987a). A sll.ght decrease or 1mpalrment ln the eff1cacy of 
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the lnhlbl t.ory mechanlsms, exper lmenta lly obta.l rwei by 

bathlng the neuronal tlssue ln very low concentrdtJOnS of 

GABAerglc antagonlsts, can lead la an Increase ln the 

synchronyof firlng (Mlles and Wong 1983,1987a; Wong dnd 

Traub 1983; Mlles et al. 1984). Thus, dn}' decrease 1 n t hl' 

efflcacyof lnhlbltlon, beslde the loss of lnhlbltlon 

ltself, lncreases neuronal synchrony dnd renders the 

neuronal t18sue hyperexcltable. 

Thus the lntegrity of lnhlbltlon lS lmportdnt. (01' tll(' 

malntenance of the norma 1 behavl0r of neurons. And 1 nd.ef~d, 

several models of epdeptogenesls based on a decrc.1Sf_' 1 n 

the efflcacy of lnhlbltory mechanlsms 10 the c(·nLr.~d 

nervous system have been developed and stud.ted. A br 1 (·r 

reVlew wi Il be presented and varJ.ous mode 1 H of 

eplleptogenesls based on a decrease of lnhl bltlon WIll Iw 

descrlbed, prlor ta the detalled study of the low Cl" model 

of eplleptogene8ls. 

In the central nervous system (CNS), gamma-

anl1nobut yrlc aCld (GABA) 18 an ublqUltOUS amlno aCJd UlaL 

fulflls the requlrements for a role as a neurotransmltter 

(for reVlew see Avoll 1988) . The actlon of cl 

neurotransmltter lS determlned largely hy lhe 

charactenstlcs of the receptors to whlch lt bl nds. GABA 

blnds to two speclf le receptor types, the GABA, dnd the 

GABA, receptors. The GABA, receptor actlvates a chior lde 
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conductance and brlngs the membrane potentlal close to the 

chlorlde equIllbrlum potentlal. Slnce the chlorlde 

equIllbrlllm potentlal lS more negatlve than the restlng 

membrane poten~lal, actIvatIon of GABAj receptors Inhlblts 

neuronal actlvlty. In the hlppocampus, GABA j receptors 

medlate both feedforward and fee~back Inhlbltlon (Alger and 

Nicoll 1982), preventlng multIple flrlng of the pyramIdal 

neurons and the spread of the actlvlty Into local neuronal 

clrcults (see Mlles and Wong 1987a,b). The GABAerglc IPSP 

medlated by the GABA j receptor is an early IPSP that lS 

hyperpolarlzlng at the soma and depolarlz1ng ln the 

dendrltes. 

l'he GABA. receptor lS llnked v ia a G proteln ta a 

potasslum conductance. The blnding of GABA to GABA. 

receptors that are located ln the dendrItes glves rlse to 

a late hyperpolarlz1ng potentlal. Antagonlsts for the GABA. 

receptor have been dlscovered (Dutar and Nlcoll 1988) and 

It was shown that the blockade of GABA. receptors does not 

lead ta the development of eplleptlform actlvlty (Dutar and 

Nicoll 1988; Malouf et al. 1990). 

The blockade of Inhlbltlon medlated by GABAj 

receptors, by the use of varlOUS drugs, has been wldely 

studled as a morIel of eplleptogenesis. lmpalrment of GABA j-

medlated Inhlbitl0n can be achleve by 1) a selectlve 10S8 

of GABA-releaslng neurons "ln VIVO", Il) decreasing the 

synthesls of GABA l.e. Inhlbltlon of glutamlc aCld 
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decarboxy lase, the enzyme that transforms glutamate 1 n tl) 

GABA, i11) pharmacolog1cal blocl~age of the GABA. receplonl, 

or 1V) the blockage of, or the 1nterference wlth chlorlde 

conductances Ilnked to the GABA. receplor. 

Selective lOBS of GABA-releasing neurons 

Select1ve degenerat10n of GABAerg1c neurons ln the 

brain can be ach1eved by top1cal appllcatlon of neurotoxlC 

agents on the surface of the cortex. Appllcat10n of dlumlnd 

gel (Rlbak et al. 1979) or cobalt (Ross and CraIg 190]) on 

the exposed cortex of an anlmal ln a chron1c expenment 

leads to epllept1c selzures. Assays revealed lhat ~he brdln 

tlssue 0f these an1mals showed a large fall ln lhe actlvlLy 

of the enzyme glutamlc aCld decarboxylase (GAD) and ln the 

content of GABA. 

HypOX1C treatment also leads ta ~he almost spec1fIc 

degenerat10n of symmetrlcal synapses (type Il) (Sloppr pL 

al. 1980) that are be11eved to be 1nhlbi tory ln nalure 

(Eccles 1969; R1bak et al. 1979). Several epllepsH~R .ln' 

bel1eved to be the consequence of severe hypOX1C ep180des 

1n early 1nfancy. 

Decrease in GABA synthes1S 

A d1rect 1mpa1rment ln the synthesls of GABA can be 

ach1eved by p~armacalog1cal blockage af GAD. Thls enzyme 1S 
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responslble for the decarboxylatl.on of glutamlc aCl.d to 

syntheslze GABA. Thl0semlcarbazlde (Kl11am and Baln 1957) 

and methoxypyr1doxlne (Ozawa and Okada 1976) both decrease 

the actlv1ty of GAD and thus decreases the product1on of 

GABA. In "ln vltro" studl.es ln the hlppocampal sllce 

prepa rat 10n, a s 19n1fl.cant correlat10n was made between the 

decrease ln GABA content by methoxypyrl.doXlne treatments, 

and the appearance of paroxysmal depolan z1ng shl.ft and 

epl.leptlform act1vlty (Ozawa and Okada 1976). 

M1ce exposed to oxygen at several atmospheres also 

developed se1zure actl.V1t1es that were attrl.buted to an 

Inact1vatl.On of GAD (Wood et al., 1966 of 9). 

Pharmacolog1cal blockade of GABA, receptors 

The most stud1ed "1n V1VO" model of ep11eptogenes1s 

1nvolves the pharmacological blockade of the GABA, receptor 

w1th pen1c1111n. TOf1cal appllcatl.On of penl.cl.lll.n on the 

cortex (Walker et al., 1945; Prlnce and Wilder 1967) have 

been shown to lnduce focal spl.ke dl.scharges as weIl as full 

blown lctal actlvlt1es. As demonstrated by exper1ments 

performed 1n the hlppocampal sllce preparatlon, at small 

concentrat1on, penlcl.llln l.mpalrS dendritlc l.nhl.bltion 

whereas somat1c l.nh1bl.tlon remalns lntact (Dl.ngledlne and 

Gjerstad 1980; Avoll 1988). 

The blcucuillne mode 1 of epl.Ieptogenesis has aiso 

been extensl.vely studl.ed (for reVl.ew see Alger 1984 and 
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Avo11 1988). B1cucul11ne 1S a spec1flc antaganlst of GABA I 

receptar. Systemlc appllcatl.On of b1.cuculll ne leads t () 

generallzed convul Slons (Meldrum 1975) WhE'rCdR bath 

appllcatl0n of blCuculllne 1n the "ln v1lro" hlppocampal 

sllce leads to the appearance of paroxysmal depoldrlzlnq 

Shlfts and hurst dlscharge8 (Olngledlne et al. 1986; Wony 

and Traub 1983). 

Chloride conductances 

Simllar to blCuculllne 18 the actlon of P1Cl"otoXlll 

that lS thought ta black the chlor1de condu~tancPH 

assoclated wlth the GABA I receptors (Olsen and Leeb-Lllndb(.!,"q 

1981). Appllcatlon of p1crotox ln lnduces the appe;HanCA of 

epl1eptlform actlvlty slmllar t.o that .Lnduced by 

blcuculllne (OIng ledlne et al. 1986; Hab lI. tz 1984) • 

Penlclllln was al sa reported ta block non-syndpt lC ch lot"ide 

channels ln crab muscle (Hochner et al., 1976). 

The "ln vItro" preparatlon allows the modlflCall.on of 

the lonic composltlon of the extracellular space of the 

nervous tlssue. Substltutl0n of chlorlde lonR was 

demonstrated ta lnduce eplleptlform actlvlty (Ydmamoto and 

Kawal 1968), probably by Shlfthlng the chlor l.de equlilbr 1 um 

ln the depolarlzlng dlrectlon. ThIS model of 

eplleptogenesls was the flrst "ln vItro" mode! of epllepsy 

ta be reported ln the 11terature. Hcwever no detalled 
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descrlptlon of the epIleptlform actlvlty was made and the 

mechanlsms underlYlng the expreSSlon of epl1eptlform 

actIvlty were net lnvestlgated. 

The work reported here was almed at studylng the type 

of epl1eptlform actlvlty obtalned followlng the 

Substltutlon of mO'dt of chlorlde 10ns wlth lmpermeant 

anIons, and to work tcward a better understandlng of human 

epIleptogenesls. 
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INTRODUCTION 

The use of ~n v~tro preparations o~ mammalian bra1n has 

allowed the character1zation of several cellular rnechan1sms 

that otherwlse would not have been amenable to be studied 

~n s~tu (for reV1ew see D1ngled1ne 1984). One of the 

advantages of the in v~rro preparat10n res1des in the 

of tue extracellular 

m1croenvironment by chan9ing 1ts 10n1C eornpos1t1on. By 

d01ng 80 one can 1nfer the phY81010g1cai role of a given 

10n by perfus1ng the neuronal preparat10n w1th artificial 

cerebro~p1nal fluid (ACSF) conta1n1ng various 

eoncentrat10ns of the ion under study, a blocker that 

prevents the entry of 10n8 through specifie channels, or in 

wh1ch a given 10n has been replaced wlth an impermeant 10n 

or molecule of the same charge. 

Modify1ng the compos1tion of the extracellular 

microenv1ronment has also been used to analyze in vltro 

sorne bas1c mechanisms of epileptogenesis. Epileptiform 

dlscharges can be readily observed ln hippoe~~pal sliees 

durlng perfus10n w1~h ACSF containing low [Ca2+]-hlgh 

[Mg2~) (Haas and Jeffreys 1984; Yaar1 et al. 1987), low 

IM92~j (Modyet al. 1987; Tancred1 at al. 1988; Taneredi 

et al. 1990), h1gh [K+] (Korn et al. 1987; Rutecki et al. 

. 1985), or low (CI-] (Chamberlin and Din~'pdine 1988; 
j 



Yamamoto 1972; 

Interesting ly, 
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Yamamoto and Kawa1 1967, 196B, 1969) • 

low CI- ep1leptogenes1s represents the 

first in vitro model of ep11epsy reported 11\ the 11terature 

(Yamamoto and Kawa1 1967). In th1s type of medlurn 

epileptlform d1scharges are presumably caused by the 

decreased eff1cacy of CI- potent1als medlated through 

the -arninobutyric acid (GABA)A receptor (for reV1ew see 

AvoI11988). To date, however, I1ttle was known about the 

cellular mechan1sms that character1ze low Cl--1nduced 

ep1leptogenesis. Furthermore none of the preV10US studles 

had dealt wlth the activ1ty generated by h1ppocampal 

pyramidal cells 1n the CAl subfleld. 

Th1s ser1es of exper1ments was undertaken to flii these 

gaps. By the use of standard electrophys101og1cal 

techniques, we analyzed sorne cellular and pharmacolog1c 

propertles of the epilept1form dlscharges generated by CAl 

pyram1dal cells durlng perfus10n w1th ACSF where most N~cl 

had been replaced with elther Na-lseth1onate and 

Na-methylsulfate. A preliminary report of th1S work has 

appeared (Puma1n et al. 1988). 
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( 
METHODS 

Preparation and incubation of the slice 

Male Sprague-Dawley rats (150-3009) were decapitated 

under ether anesthesla and their braln quickly removed from 

the skull. The hlppocampl were dlssected free, and 

transverse sllces (400-500 ~m thick) were cut using a 

Mcllwaln tlssue chopper. The sllces were then transferred 

into a tissue chamber where they laid at the interface 

between oxygenated ACSF and humldified gas (95% O2 , 5% 

CO 2 ) at 34±1 c>C (SE) • The composltion of the normal 

ACSF was (in mM) : NaCl 124, RCI 2, 

CaCl 2 2, MgS0 4 2, NaHC0 3 26 and glucose 10 at pH 

7.4. Low CI- ACSF was prepared by replacing 124 ml-I vf 

NaCI wlth eqtumolar Na-lsethionate or Na-methylsulfate. 

Because the concentratlon of cations decreases in the 

presence of lmpermeant anl0ns (Chamberlin and Dingledine 

1988; Dani et al. 1983; Louvel et al. 1988), in sorne 

experlments the low CI- ACSF contained 3.5 and 2.8 mM of 

CaCl:;.J and KCl, respectlvely. When necessary, bicuculline 

methlodide (BMI, 1-20pM), picrotoxln (100pM), 3-3(2carboxy-

plperaZlne-4-yl)propyl-l-phosphonate (CPP,I-5pM), or 

DL-2-amlno-5-phosphonovalerate (APV,10-100pM) were also 

( 
, 
1 

~ 
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added to the ACSF. AlI the chemicals were acquired from 

S~gma w~th the exceptIon of Na-methy lsulfate and CPP, WhlCh 

were obtalned from ICN and TocrlS Neuramlne, respectlvely. 

Extracellular !IncL intracellular r~ç9_~~H!!9 

F~eld potent~al and Intracellular recordlngs were 

performed in the subregion b of the CAl subfleld. For 

intracellular recordl.ngs glass nncroelectrodes were f 111ed 

wl.th 4 M K-acetate (resistance, 60-80MSl), whereas for 

extracellular recordlngs microelectrodes were f 1l1ed with 

2M NaCI (res~stance, 2-10MQ). The lntracellular signa13 

were fed to a hlgh-lmpedance, negatlve- capacltance DC 

amplifIer wlth bridge circu~t that allowed current to be 

passed through the Intracellular mlcroelectrode. The 

bridge balance was carefull y checked throughout the 

experiment and adjusted If necessary. In three sllces fIeld 

potentlals were recorded simultaneously ln the 

subfield. Intracellular and extracellular 

on a 

CAl and CA3 

data 

Gould 

were 

pen displayed 

recorder. 

on an oscilloscope and/or 

In the latter case a 20-MHz wave-form digitizer 

was often used to avoid distortIon of the sIgnaIs because 

of slow time response of the pp.n. In sorne Instances data 

were recorded on 

ACSF, pyramidal 

resting membrane 

FM tape for later analysls. 

cells ln the CAl subfIeld 

potentiai more negati ve 

In normal 

(~lsplayed 

than -60mV 

(-67.4t5.2 mV, mean±S.D., n=12), apparent Input resistance 
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of at least 15 Mn (28.5tlO.7 Mn, n=16) and action potential 

arr.phtude larger than 85 mV (94.5t14.2 mV, n=16). Most 

record1ngs were stable for per10ds of 1 to 5 h. 

~eas~em~nts with ion selective electrodes 

Ion select1ve m1croelectrodes were prepared according 

to the methods descr1bed in Lux (1974) (see Annex for 

further deta1ls on 10n select1ve microelectrodes). Double 

barreled p1pettes were pulled and broken to a tip diameter 

of 1-2 pm. The reference channel was filled w1th NaCl (lM). 

The other channel had the t1p silanized and was then filled 

with a res1n select1ve for Ion select1ve 

microelectrodes were prepared shortly before the 

exper1ment. Each ion selective m1croelectrode was 

cal1brated by uS1ng solut1ons of known ionic composition 

and was considered sU1table if: it was capable of 

giving a stable signal over a period of several minutes, 

and (il) lt was characterlzed by a near-Nernstian slope 

response (1.e.~52 mV during a tenfold change ln the 

concentration of KT). The calibration was usually 

repeated at the end of the experiment to correct any 

possible loss of sensltlvlty of the ion selective 

microelectrode durlng the experiment. The signaIs were fed 

Via Ag/AgCI Wires to a Meyer and Renz (Frankfurt) amplifier 

and d1splayed on a Gould pen recorder. In agreement with 
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preV10us exper1ments performed 1n our laborator1es (Louvel 

et al. 1988), the base 11ne value of [K"']." 1n low 

Cl- ACSF was approx1mately 2.5 mM. 

stimulation and d~ta an~~i~ 

Orthodrom1C (10-500 pA. 30-90 ps) were 

del1vered through sharpened and 1nsulated monopolar 

tungsten or b1polar stainless steel eleetrodes placed ln 

stratum (s.) radiatum. Antldromle stlmull were de11vered 

to the outer portlon of the alveus, and a mlnlmal lntens1ty 

of current was employed to avo1d eurrent spread 1nto s. 

oriens. In some experlments the CAl subfleld was separated 

from the CA3 reg10n by a eut that extended from the alveus 

up to and lncluding the lower part of the granule cells 

layer of the dentate area. 

Most of the flndings reported below were obtalned 

dur1ng perfus10n wlth low Cl- ACSF contalnlng 

Na-methylsulfate as substitute. However, beeause the 

results obtalned wlth Na-isethlonate were slmllar to those 

indueed by Na- methylsulfate, the data were pooled. 
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RESULTS 

Synaptic responses and epileptiform_ tiischarges in low cl­

ACSF 

In 1<eeping with 

CA3 subf1eld and 

preV10us exper1ments performed 

the dentate area of the ~n 

in the 

v~tro 

h1ppocampal sl1ce (Chamberl1n and Dingledine 1988; Yamamoto 

1972; Yamamoto and Kawa1 1967, 1968, 1969), orthodromic and 

antidrom1c responses generated by CAl pyramidal cells were 

transformed into ep1lept1form potentials dur1ng perfusion 

with low cl- ACSF. As 111ustrated 1n f 19ure lA, 

stimulat10n of the s. radiatum in low Cl- ACSF evoked 

e1ther a short-lasting epileptiform bur3t (SB) of act10n 

potent1als (durat1on: 122±41 ms, mean±S. D., n=15) followed 

by a late hyperpolar1zat10n or a sustained, long-lasting 

epileptiform buret (LB; durat10n: 7.2t3.6, n=12). The 

latter type of epileptiform response was characterized by 

an 1n1t1al burst of act10n potent1als that was s1m1lar 1n 

shape to the SB but was followed by a depolar1zing plateau 

of large ampl1tude. Act10n potent1als decreased 1n 

amp11tude during the onset of the plateau, and they 

reappeared dur1ng the repolar1zing phase suggesting that 

they underwent a depolarizat10n block. Sim11ar epilept1form 

d1scharges were al so evoked by antidromic stimuli 
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delivered ln the alveus (E'lg. lB, see aiso FIg. 3B and 5, 

C and 0). The effects induced by low Cl- ACSF were fully 

washable wlthln 30 mInutes (FIg. lA). 

The abIl1ty of CAl pyramIdal cells to generate elther a 

SB or a LB after electrlcal actIvatIon was dependent on the 

strength of the extracellular focal stImulus. As shown ln 

figure 1C, stimulI dellvered ln s. radiatum evoked at f1rst 

an excltatory postsynaptlc potentlal (EPSP) that grew ln 

amplitude and duratl0n and turned inta a SB as the stImulus 

intenslty was progresslvely Increaaed. LBs were Induced 

only by stImulI of high strength. In addltlon, SB and LB 

displayed dlfferent refractory perl0ds -an InterstlmuJus 

interval longer than 20s was requlred to consistently 

induce a LB. Conversely, the SB could be evoked by stlmul1 

dellvered up to 1 Hz. When a hlgh-lntenslty, orthodromlC 

stimulus occurred durlng the refractory perlod of the LB, 

onlya SB could be elicited (see for Instance flgure lA). 

The shape and amplitude of both SB and LB were modlfled 

by hyperpolarlzing the membrane pùtentlal wlth 

intracellular Injection of steady, DC negatl ve cur rent 

through K-acetate fl11ed mlcroelectrodes (not lilustrated). 

However, the occurrence of actIon potentia 1 s (Whlch ln turn 

would actlvate repolarlz1ng conductances) duclng the 

stimulus-induced epileptlform responses hampered any 

detel1ed analysls of the changes evoked by modlfylng the 

membrane potential. Therefore we repeated thlS type of 
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Figure 1 - A: Intracellular responses to orthodromlC stImulI 

delivered ln s. radlatum before (Control), durlng (Low 

Cl-) and after washout (Wash) of low CI- ACSF. The 

epileptiform responses shown ln b are the same as ln a but 

at slow tlme base. Note that orthodromlc st~mull ln low 

CI- ACSF lnduce two types 

epileptlform burst (SB, left 

of burst: short-lastIng 

ln Low Cl- panel) and 

long-lasting epIleptlform burst (LB, r~ght ln the Low CI­

panel) • In Uns case the SB was evoked by an orthodromIe 

stimulus that was dellvered 11 s after a stlmulus-Induced 

LB durlng the LBIs refractory perl0d) . B: 

Intracellular responses Induced by alvear stImulI before 

(Control) and durlng (Low Cl-) perfusl0n wIth low CI­

ACSF. C: occurrence of LB lS dependent upon the lntenslty of 

the orthodromlc stimulus. 

Induce an EPSP WhlCh grows 

generatlng a SB and a LB. 

StImull of IncreasIng strength 

ln amplItude and IS capable of 

In thlS and the followlng fIgures 

stImulI dellvered ln the alveus and stratum radlatum are 

indlcated by filled circles and triangles, respectlvely. 
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Figure 2 Effects 1nduced by vary1ng the rest1ng membrane 

potential upon the amplitude of the SB (A) and the LB (8) 

generated by a CAl pyram1dal cell that was recorded 

1ntracellularly with a microelectrode filled with QX-314. 

The samples on the top of each panel are actual responses 

recorded at rest1ng potential (R.L.) and 60 mV 

hyperpolar1zation; in each panel the plot shown below was 

obta1ned by measur1ng the ampl1tude of the SB (A) and LB (8) 

140 and 1400 ms follow1ng the orthodrom1c stimulus; the 

abscissa values 1nd1cate the membrane potent1al relative to 

reste C: Changes 1n membrane conductaflce dur1ng a LB as 

measured by inject1ng hyperpolarizing pulses of 

1ntracellular current of constant intensity. 
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ex~erlments by uS1ng m1croelectrodes f111ed w1th the 

11docalne der1vat1ve QX-314, WhlCh blocks voltage-dependent 

Na· currents (Connors and Prlnce 1982), As shown ln 

flgure 2 (A and B), the amplltude of both SB and LB 

lncreased as a contInuum durlng hyperpolarlzaLlons of the 

membrane up ta 60 mV more negatlve than the restlng 

potentlal value. Furthermore, thlS type of 11near behavlor 

could be appreclated when measurlng the ampllt'lde of bath 

the early and late component of the LB. The membrane 

conductance tested by Injectlng Intracellular pulses of 

hyperpolarlz1ng current Increased by 65-80% (n=3) durlng 

the long-irtsting depolarlzlng plateau assoclated wlth the 

LB (F Ig • 2C), 

The Intracellular epileptiform responses recorded ln CAl 

pyramIdal cells were assoclated with a synchronous, fIeld 

potential and an increase ln rK·J o ' As shown ln part Aa 

of fIgure 3, LB was accompanled by a biphaslc fIeld 

potential (duratl0n 5-15s) and ct large, tranSlent Increase 

in [K·]o (9.7t2.9 mM from a basellne of approxlmately 

2.5mM, n=7 experiments). On the contrary, a brlef, 

small-amplltude field potential and a small Increase ln 

(K+]o (52.5 mM, n= 5 experlments) were observed durlng 

the SB evoked by stimulI of low ~ntenslty or ellclted 

during the LB's refractory perl0d (Fig. 3Ab). In fIgure 38 

one can also appreciate that the fIeld potentlal and the 

.~ 
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Figure 3 Changes 1n [K"'")o (1), extracellular field 

( 2) and 1ntraeellular ( 3) potentials simultaneously 

recorded in the CAl subfield of an hippoeampal slice 

perfused with low cl- ACSF following orthodromie (A) and 

ant1drom1e (B) st1mul i. In A, a and b show a LB and a SB 

respeet1 vely. Due to the slow time base, the extraeellular 

and 1ntraeellular bursts associated with the SB are not 

diseernible 1n Ab. 
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sirnultaneously reeorded change:Ln [K"'] generated during 

an alveus-induced LB were s~m~lar to those observed after 

orthodromie act1vat:LOn. 

Spontaneously occurring ep1lept~form discharges w1th 

shape and duration slmllar to the SB or the LB were 

observed ln nearly 20% of over 90 sllces perfused wlth low 

Cl - ACSF (Fig. 4A and B, contro l ). When fle Id potentiai s 

were slmultaneously recorded in the CAl and CA3 subflelds 

(n= 

both 

3 sl~ces), simllar epilept~form events wcre seen .ln 

areas ( Flg. 4A) • The spontaneous d1sC'harges 

disappeared 1n the CAl (F1g 4Ba, Cut) but perslsted ln the 

CA3 subf:Leld (not illustrated) after surgical separatIon of 

these two reg10ns. SB and LB could be e11c1ted, however, 

in the isolated CAl subf :Leld after orthodrom~c st Imu 11 .. 

(F1g. 4Bb, Cut). 

Reeordings 

normal to s. 

an aX1S performed at different s~tes along 

pyram:Ldale (n=6 silces) revealed that the 

the LB fastest and largest ~ncreases 1n 

occurred at the border between s. 

(K ..... ]o dur~ng 

or~ens and s. pyramIdale 

(Fig. SA). Furthermore, the f:Leld potent1&1 of the LB 

studied 1n these exper~ments reversed ~n poiarity ln the 

middle portion of s. radiatum, approx1mately 350-400~m from 

the s. pyram1dale. However, the changes 1n ampI1tude of 

th:LS f1eld potent1al d1ffered depend~ng on the latency 

from the stlmulus at WhlCh measurements were performed. The 

early part of the LB that coinc1ded with the ~nItlal burat 
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Figure 4 - A: Spontaneous epilept1form diseharges recorded 

simuitaneously in the CA3 and CAl subfield by two 

extraceilular microelectrodes placed 1n the s. pyramidale. 

Note that s1m11ar types of epileptiform events oeeur at the 

same t1me in the two areas. One LB and one SB are 1nd1cated 

in the CAl trace by a s1ngle and double asterisk, 

respect1vely. B: Effects induced by separat1ng the CAl from 

the CA3 subfield (Cut) on spontaneous and stimulus-indueed 

low-Cl- epileptiform bursts. In a, note that the 

spontaneous epileptlform events recorded ln the CAl 

subfield of the Intact silce (Control) disappear after the 

surgical separation of thlS area from the CA3 subfield 

(Cut). However stimulus-induced discharges 1n the CAl area 

are not affeeted by thlS procedure (b). 
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Figure 5 A: Changes in [K"']o (upper trace) and 

extracellular f~eld potentials (lower trace) ~nduced by 

orthodromie st~muli and recorded at different sites (as 

ind~cated on the left) along an ax~s normal to the s. 

pyram1dale. B: Plot of the of the changes in [K+]o (as 

percent of the max1mal inerease) and of the amplitudes of 

the extraeellular field potentials during the LBs shown in 

A. Measurements were made at 100ms (empty c~rele) and 2000ms 

(fllled eircle) from the stimulus art~fact. C: s1m~lar depth 

profiles eharaeter1ze the LBs ~ndueed by eleetrical stimuli 

del~vered in the alveus (left) and s. radiatum (right). D: 

plots of amplitudes of extracellular field potentials shown 

~n C and measured 2000ms from the stimulus artifaet. Right 

and left panels represent data obta1ned from LBs induced by 

stimul ~ del~vered in the alveus and s. radiatum, 

respectively. 
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of action potentials, displayed maximal negatIv1ty 1n the 

mIddle port10n of the s. radiatum, I.e., where the 

stimulatIng orthodromlc electrode had been placed. 

Conversely, the late component attained maxImal negative 

values near the s. pyramidale, 1 • e. , a t the S 1 te w he re 

the largest and most rapId increases 1n [K~J~ were 

seen (Fig. 5B). That stimuli del1vered 1n the s. rad1atum 

and in the alveus gave s1m11ar LBs lS furLher shown ln the 

experiment of Fig.5 (C and D). As can be appreciated there, 

LBs elic1ted by alvear stimulI had depth profIles that were 

indist Ingul.shable f rom those induced by orthodromlc 

activatIon (n=3 exper1rnents). One should also note that 

the depth profl.le of the field potent1al assoc1ated wIlh 

the s. radiatum-induc ~d SB was sirnllar to the one observed 

when plottlng the amplItude of the extracellular potentlal 

of the early part of the LB lnduced by similar st1mull (not 

illustrated) • 

The electrophysiolog1cal features of the LB were 

different from those of spreadlng depresslon recorded 

dut"lng perfusion with low Cl- ACSF. In this type of 

medium, spreadIng depression was at times seen after 

single-shock stImulation and could be consistently Induced 

by train of st1muli. As shown ln the experlment of f1gure 

6A, both the extracellular and the Intracellular 

potentlals as weIl as the changes ln [KT]O recorded 

during a LB were far less Intense and prolonged than those 

1 



occurring during spreading depreasion evoked 

sllce by a brief (10 s) train of stimull at 

41 

in the .arne 

2 Hz. The 

peaks ln [K~)o measured ln the s. pyramldale of five 

silces durlng LB and spreadlng depresslon were 9.4t2.8mM 

and 99.7t42.4mM respectlvely. Furthermore, durlng spreading 

depresslon the input resis~ance meaeured by injecting 

hyperpolarlzing pulses of current became lmmeasurably low 

(not 11Iustrated). Finally, a dlfferent velocity of 

propagatlon characterlzed LB and spreading depressl0n (Fig. 

6B). These measurements were performed by recordlng ln the 

CAl subfield at two sltes located 1.5-2.5 mm apart while 

eliciting LB or spreading depression by stimulating the CA3 

area. The velocity was then estimated by divlding the delay 

between the two events (as determined by takjng as 

beginnlng of the potentlal the half-amplitude of the onset 

deflectl0n) by the distance between the two recording 

pOlnts. When studied in the same slices (n=2), the LB 

propagated at 0.016-0.16 mis (n=9 LBs), whereas the 

spreadlng depressl0n displayed a velocity of 1-2-10- 4 mis 

(n=2 spreadlng depressions)(see also Snow et al. 1983). 

Furthermore, ln these experiments we could aiso observe 

that SB propagated at 0.14-0.28 mis (n=9 SBs). 

Because [K+] and [Ca2~] appear ta be lower ln the 

low Cl- ACSF as compared to the normal medium 

(Chamberlin and Dlngledine 1988; Danl et al. 1983; Louvel 

et al. 1988),we analyzed to which extent these changes in 
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Figure 6 A:Changes (upper trace), 

extracellular (middle trace) and intracellular (lower trace) 

potentials simuitaneously recorded ln the CAl subfield 

during perfusion with Iow Cl- ACSF. Note the different 

amplitude and duration of the SB induced by a slngle 

orthodromic stlmulus (trlangle) when compared w1th spread1ng 

depresS10n e11cited by a tra1n of stimull deI1vered 1n 

s. radiatum at 2 Hz (bar). B: Different veIoc1tles of 

propagation characterize the LB (a) and the spread1ng 

depression (b) along the CAl subf1eld. LB and SD were 

elicited by a slngle shock st~mulus and a traln at 2 Hz 

(bar), respectively. In both cases the m1croelectrodes were 

placed 1.5 mm apart. 
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( ion1c concentrations could contribute to the epileptiform 

responses seen ln low CI- ACSF. When [K·]o in the 

low CI- ACSF was restored to a value close to that of the 

normal AC~F by adding O.8mM KCI, the LB lncréased ln 

duratlon by 78±54% (n=5 experlments). Conversely, when 

CaC1 2 ln the ACSF was brought to 3.5rnM, the duratlon of 

the LB decreased by 57.6±8.6%, whereas the threshold for 

eilciting LB or SB increased (n=3 experlments). Finally, 

when the free concentration of both catIons was adjusted in 

the low cl- ACSF as in normal medium, no dlfference in 

duratlon could be observed (n=5 experiments). The changes 

ln duratlon were not accompanled by any consistent 

modIfIcatIon of the amplitude of the extracellular field 

potentiai or of the pattern of the assoclated synchronous 

flring (i.e. population splkes). 

Pharmacological properties of the epileptiform responses 

evoked j, n lov Cl- ACSF. 

The results obtained by analyzlng the fIeld potential 

profIle of the epileptlform responses recorded ln low Cl-

ACSF Indlcate that the late, negative component of the LB 

is maximum at the border between s. pyramidale and s. 

orlens. This zone lS the Sl\~ where GABAergic synapses 

between lnterneurons of the recurrent lnhlbitory pathway 

and pyramIdal neurons are localized (Andersen et al. 

1964a,b) suggesting that an outward movement of CI- ions 
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through channels coupled to GABAA receptors m1ght occur 

during the prolonged depolarizlng component of the LB. We 

studied therefore the effects exerted by pharmacologlc 

blockade of the GABAA receptor on the low CI­

eplleptiform. This was achleved by addlng BMI or 

picrot r ... n. 

As shown in flgure 7A, the prolonged and sustalned 

depolarlzation assoclated wlth the LB could not be ellclted 

in medium containlng BMI even following stlmull of 

intens1ty 16-fold greater than ln control (n=2). In thls 

experimental condltI0n the burst of act Ion 

potentials was followed by a long-lastIng hyperpolarlzatI0n 

slmilar to the one seen after a SB. Slmilar results were 

also obtained durlng appl1catl0n 

cel! s) • 

of plcrotoxin (n=2 

It was also eVldent ln these exper1ments that the SB 

ellcited by hlgh-lntensity stlmuli durlng the refractory 

perl0d decreased 

either GABAA receptor 

effect was further 

in app11catlon of 

antagon1st (Flg. 78). The latter 

durat10n durlng 

confirmed by analyzing the effects 

induced by BMI on the depolarlz1ng response evoked by 

stimuli de11vered at low Intensity (FIg. 7e). As shown ln 

flgure 7D, the depressant effects evoked by BMI on the low 

Cl- epileptlform responsee were also apprec1ated by 

record1ng s1multaneously the extracellular field potent1al 
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Figure 7 Effects induced by bath application of 

bicuculline meth1od1de (BMI) upon the ep1lept1form act1vlty 

recorded in low Cl- ACSF. A and B panels show LBs and 

SBs wh1ch were recorded 1ntracellularly 1n the Barne neurone 

Note in A that BMI blocks the LB WhlCh falls to occur 

even when h1gher ]nten~ity stlrnull are used. In B one can 

appreciate that BMI reduces the depolarlzlng envelope of the 

SB (arrow ln control). This effect of BMI 1S more clearly 

illustrated in C where thlS drug was tested on the synapt1c 

depolarization underlying SBs evoked by low str~ngth stlmull 

and recorded at dlfferent membrane potentlals as obtalned by 

intracellular injectl0n of hyperpolar1z1ng pulses. 0: 

Changes in [K~)o (1) and extracellular potentlal (2) 

s1rnultaneously recorded the s. pyram1dale before 

(Control), durlng (BMI) and after washout (Wash) of 20uM 

BMI. 
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and/or the changes in [K~)o (n=8 experiments), The 

effects of the two GABAA antagonists were revers1ble 

after washout with control low CI- ACSF. 

The 1nvolvement of the N-methyl-D-aspartate (NMDA) 

receptor in ep11eptogenes1s has been pointed out in several 

models of epilepsy (Avo11 1989; D1ngledine 1986; Dingledine 

et al. 1986; Hwa and Avoli 1988; Mody et al. 1987; Tancredi 

et al. 1988; Tancrecli et al 1990). We analyzed therefore 

the effects 1nduced by the NMUA receptor antagonists APV 

and CPP on the low CI- epileptiform discharges. 

Intracellular record1ngs performed 1n three CAl pyramidal 

cella revealed that the late, sustained depolarizing 

component of the LB 1nduced by high-1ntens1ty stimuli was 

reduced and eventually blocked by either CPP or APV (Fig. 

8A, 30~A), However, in the presence of these NMDA receptor 

antagon1sts an epileptiform response similar to the one 

elic1ted 1n control low CI- ACSF could st111 be elicited 

when the st1mulus intens1ty was further increased (F1g. 8A, 

200pA). Furthermore, CPP or APV d1d not affect the SB 

(F1g_ 8B). In the latter case one could also appreciate 

that the synapt1c r~tent1al underlY1ng the SB as disclosed 

by hyperpolar1zing the membrane potential w1th 

1ntracellular 1nject10n of current was not reduced (Fig, 

8C). S1m11ar results were also obtained by th~ use of 
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Figure 8 - Effects induced by CPP (5~M) upon LB (A) and SB 

(8 and C) recorded intracellularly ln two dlfferent CAl 

pyramidal cells. Note that the block of the LB is dependent 

upon the stimulus strength since a slmllar LB as in control 

low CI- ACSF lS evoked by orthodromlc stlmull dellvered at 

higher intensity. Note aiso the Iack of conslstent effects 

induced by CPP on the SB WhlCh can be also be appreclated 

when studying the synaptic envelope underlYlng the SB (C). 
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extracellular field-potential recording. in nine .liee. 

perfused with low Cl- ACSF containing one of the two 

NMDA receptor antagon1sts. 

{ , 
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DISCUSSION 

Epileptifo~ discharges in low Cl- ACS~ 

Two types of eplleptiform responses are observed ln low 

Cl- ACSF after electrlcal actlvatlon of antidromlc or 

orthodromlc pathways. The flrst type, termed SB, lB 

characterlzed by a brief depolarizatlon assoclated wlth 

synchronous dlscharge of actl0n potentlals and lS followed 

by a hyperpolarizat~on. The second type, called LB, 18 

composed of an early component 81mllar ta the SB but 

followed by a late, prolanged depolarlzatlon. 

In addltlon to dlsplaylng slmllar shapes, the SB and 

the early component of the LB share many ather features. 

First, they Increase in amplItude durlng 

hyperpolarizatlon of the membrane potentlal, behavlng as 

expected from a conventl0nal synaptlc potentlal. Second, 

both epileptiform events are associated wlth a fIeld 

potentlal that attains its maxlmal amplltude ln the s. 

radlatum (namely, at the same level of the pathway 

activated by electrical stimull), Indicatlng that the 

excitatory Input resides presumably ln the Schaffer's 

collaterals. Thlrd, both responses are reduced, nat 

blocked by appllcatlon of BMI or plcrotoxin suggesting that 

they are only partlally medlated by an Inverted GABAer~lc 

potentlal such as the recurrent. somatlc lnhlbitory 

postsynaptic potentlals (IPSP). Fourth, blockade of the 
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NMDA receptor w1th either APV or CPP doe. not modity th.M. 

two types of epilept1form events, 1ndicat1ng that a 

receptor subtype other than the NMDA 1S 1nvolved in their 

generat10n. Therefore we can conclude that 

the eùrly part of the LB represent a m1xture 

the SB and 

of fast EPSP 

because of synaptic 1nputs located 1n the ap1cal dendrites 

of CAl pyram1dal cells and early IPSP. 

A d1fferent mechan1sm appears to be responsible for the 

appearance of the late, long-lasting component of the LB. 

Its extracellular field potential attains 1n fact maximal 

negative values at or near the border between s. pyramidale 

and s. oriens -not in s. radiatum as is the case for the 

early part of the LB or the SB. Furthermore, there is a 

close correlat1on between the max1mal negativity of the 

f1eld potent1al assoc1ated with the late component of the 

LB and the max1mal 1ncrease 1n (KT]O. These findings 

1ndlcate therefore that the s1te where the maximal 

depolar1zat10n occurs dur1ng the late component of the LB 

1S loca11zed close to the soma of CAl pyramidal cells. 

Furthermore, the exper1ments performed with the GABAA 

receptor antagon1sts BMI and picrotox1n 1ndicate that the 

generat10n of th1s component requires the functioning of 

GABAerg1c synapses. Therefore we propose that this 

long-Iast1ng depolar1zat10n 1S caused by Cl--mediated, 

GABAerglc conductances that are due to the intense and 

prolonged firing of 1nh1bitory interneurons forming 

1 
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synapses at or close to the soma of h1ppocampal pyranl1dal 

cells (Andersen et al. 1964a,b). However, the flrlngs 

obtalned to date do not exclude that a GABAergic potentlal 

m1ght be only necessary for triggerlng the LB process. 

Namely, 1t might be solely responsible for Inlt1.ülng a 

phase of lncreased exc1tablI1ty durlng WhlCh other 

synaptic, presumably reverberatlng, mechanlsms would lnduce 

inward currents associated with the long-lastIng 

depolarizatlon that underl1es the LB. 

In the course of the present experiments we have aiso 

considered the possibility that the appearance of epllept1c 

discharges ln hlppocarnpal shces perfused with low CI­

ACSF m1ght result from the lower concentratIon of free 

rnono- and dlvalent cations that occurs ln thlS type of 

medIum. More spec1flcally, we were concerned by the 

decrease 1n Ca 2 + and K+, because both Ions have been 

lmpllcated to play a role 

ep1leptiforrn dlscharges (Lux 

ln the physlopathogenesls of 

et al. 1986; Ohver et al. 

1978). The experlments ln WhlCh one or both catIons were 

brought close to the values normally present ln the ACSF 

suggest, however, that thlS type of lonlC Imbalance lS not 

sufficient to cause the appearance of eplleptlform 

discharges. Nonetheless, our data lnd1cate that Ca~+ and 

K+ rnight play a modulatory role -increaslng the [K+ J 
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( in the ACSF caused a prolongation of the LB wherea., when 

Ca 2 '" was compensated, a decrease in the ~ntens~ty of 

epileptiform act~vity was observed. 

N~Il~=-activat~!l conductances and low Cl- epileptiform 

activity 

The results obta1ned with CPP and APV indicate that 

NMDA receptors are 1n part involved in the triggering of 

the late comli ... :1ent of the LB sJ..nce both antagonists 

produced an increase 1n the threshold for the appearance of 

such paroxysmal event. This type of effect might suggest 

an act~on exerted by cpp or APV on the exc~tatory synapses 

that eXlst between the pyramidal cells and the 1nhibitory 

interneurons of the recurrent system. This conclusion is 

supported by recent studies indicat1ng that in the CAl 

subf1eld of h1ppocampal slices bathed in law Mg2'" ACSF, 

APV -in addition to block the epileptiform burst- aIso 

reduces ln a revers1ble way the ant1dromic, somatic IPSP 

(Tancredi et al. 1988; Tancredi et al 1990). More recently 

we have observed that CPP is capable of reducing the 

ant1dromlC IPSP elicited 1n normal ACSI!' (G. Hwa and 

M. Avoll, unpublished data). 

Our experiments aiso show that NMDA receptors are not 

1nvol ved ln the mechan1sm under l ying bath SB and the early 

component of LB. Experiments in the CAl area have 

indlcated that the duration of the short-lasting 
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epileptiform discharge generated by pyram1dal cells bathed 

in BMl lS reduced during perfusion wlth APV (Dlngledlne et 

al. 1986). Similar results have been observed ln the rat 

neocortex treated wlth BMI (Hwa and Avoll 1988). One 

difference between the BMI and the low CI- models 

resldes in the fact that 1n the latter case lnhlbltory 

conductances act1vated by GABAA receptors remaln present, 

though the resulting potentlals are 1nverted. On the 

contrary, after BMI appl ication GABAA receptors and the 

resulting 1ncrease ln conductance are decreased or blocked. 

Therefore in our experlments the rel ief of the NMDA 

10nophore f~om the gatlng effect of Mg 2
... (Novak et al. 

1984) dur1ng the depolarlzatl0n assoclated wlth the SB 

might still be under the influence of the large lncrease ln 

conductance caused by the eff lux of C 1-. 

lB the LB a spreading depreBsion-like _~vel'!:t:."? 

Spreadlng depresslon has been consldered to represent an 

experimental model of epllepsy (Leâo 1972). Furthermore, lt 

has been recently suggested that long-lastlng epllept1form 

dlscharges recorded 1n lmmature rat neocortex dur lng 

perfus10n with p1crotox1n mlght share a number of tralts ln 

common with those of spread1nq depreaslon (Hablltz 1987). 

However, the results obtalned ln the present experlments 

suggest that the latter concluslon does not apply to the LB 

recorded 1n low CI- ACSF. When LB and spread1ng 
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depreas~on were compared in the same experimental condition 

(i.e. during perfusIon wlth low CI- ACSF), marked 

differences could be observed between these two phenomena. 

F~rst, the decrease ln ~nput resistance during spreading 

depress~on is cons~stently larger than the one associated 

with the long-Iast1ng depolar1zation of LB. Second, the 

f~eld-potent1al shlft and the increase ln [K~)o are by 

average two to four times those seen durlng the LB. 

Measurements of [K~]o during spreading depression ln 

different preparatlons lndlcate values that are within the 

range observed in our exper1ments (Balestrino et al. 1989; 

N1cholson et al. 1978; Somjen et al. 1985). Third, the 

d1fferent values of the veloclty of propagatlon of the two 

events in the CAl subfield of the hippocampal slice 

suggest that a slow phenomenon such as 

(Gardner-Medwin 1983; Gardner-Medwin 

Yaarl et al. 1987) might represents 

K~ redistr1bution 

and Nlcho1son 1983; 

the maln factor for 

the propagatIon of the spreading depression wave, whereas 

different, faster mechan~sms should be responslble for the 

spread of the LB. Interest1ngly the velocity of propagat1on 

of the LB was lower that the one of the SB. The values 

observed ln the latter case suggest that the SB spread 1S 

dependent on a mechanism of synaptic transm1sslon w1th 

nerve conductlon. 
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Possible additional mechanisms 

Our results 1ndicate that the main factor respons1ble 

for the appearance of low Cl-, synchronous ep1lept1foLm 

discharges resides 1n the 1nverS1on of potent1als med1at~d 

through the GABAA receptor. However, there are sevelal 

addit10nal mechanisms that are 11kely to contr1bute to the 

genes1s of these ep1leptiform d1scharges. F1rst, sorne 

effects observed in low Cl- ACSF are presumably med1ated 

through the decreased concentrat1on of free cat10ns that 

occurs 1n this type of med1um <Chamber11n and D1ngled1ne 

1988; Dani et al. 1983; Louvel et al. 1988). Second, cl­

Subst1tutes can modify the 1ntracellular and/or 

extracellular pH (Sharp and Thomas 1981). Th1rd, 1t has 

been shown that voltage-dependent membrane funct10ns are 

shifted 1n the negat1ve d1rect1on as the result of the 

direct action exerted by lyotrop1c an10ns on the membrane 

(Dan1 et al. 1983; Hodgkin and HorOW1CZ 1959, 1960; 

Koppenhdfer 1965). F1nally, 1n low Cl- ACSF one would 

pred1ct that voltage- and 

conductances (Mad1son et al. 1986; Owens et al. 1986) would 

be blocked or largely decreased. The exact contr1but1on of 

these addit10nal mechan1sms to the 

observed 1n the CAl subf1eld of the 

st111 awa1ts further analys1s. 

changes 1n exc1tabl11ty 

rat h1ppocampal s11ce 
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Relevance of the present findings to epileptogene.i. 

Severa 1 studieo have shown that during epllept~forrn 

actIvIty the extracellular mIcroenvlronment undergoes 

marked changes ln size as weIl ln the concentration of ions 

(for reVlew Bee Lux et al. 1986). Direct rneaBurements with 

ion selective mIcroelectrodes have revealed that [Cl-Jo 

Increases by up to 7 mM. However, thls lncrease lB due to 

shrinkage of the extracellular space, and, ln fact, it has 

been estlmated that approxlmately 35mM of Cl- could leave 

the extracellular space during seizure activlty (Dietzel et 

al. 1980, 1982; Lehmenkuehler et al. 1982) Furthermore, if 

one considers that some of this CI- WIll el.ter the neuron 

(Delsz and Lux 1982; Lux 1974), the transrnembrane gradlent 

for Cl- durlng selzure actlvity might approxim~te the one 

recreated experimentally in thls study. Therefore sorne of 

the cellular phenomena reported here might help ln 

understanding the changes in excltability that accornpany 

Intense epileptiform actlvity. Finally, sorne support to the 

possIble relevance of our findlngs cornes from studies ln 

WhlCh the transmembrane gradient for Cl- was rnodlfled by 

ammonla. In sorne neuronal systems ammonla block an 

outwardly dlrected C!- pump (Alckin et al. 1982; Llinas 

et al. 1974; Lux 1971), and ln both humans and laboratory 

anlmals Induces an encephalopathy that lS accompanied by 

selzures !Ishlda 1967; Sherlock et al. 1954). 
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GENERAL CONC- USION 

Although there lS no such pathology as hypochloremld 

reported ln the 11terature, the study of the mode 1 of low 

Cl" eplleptogenesls lS relevant ta human epllepsy. Most of 

the model S of epIleptogenesls not caused by the Impa 1 l"ment 

of GABAerglc funct Ions revealed that, ln SpI te 0 f c 1 f~d 1" 

eplleptlform actlvlty, GABAerglc lnhlbltlon rpm.ilnf'd 

functlonal (Chagnac-Affiltal and Connors 1989; Malouf et .d. 

1990; Higashima 1988). That IS, GABA J s st 11 1 presf"nt. 1 n 

the tIssue, lnhl bltory post-synaptlc patent la l s (I p:";p) ('dn 

be recorded, and appllcat lon of GABA anlagon 1 sts morlu l.it f~ 

the neurona 1 actl VI.ty. However, the quest Ion tha t n.~m.:.t 1 nH 

ta be asked lS whether InhIbItIon always remaUll~ op! IllIally 

functl0nal and stdble, or whether, ln splte of 'he pn'Hf!n('(' 

of ''';ABAerglc J.nhlbl.tlon, the 

fluctuates generatlng perlode of 

~~ff J cacy 

"parLI a j 

u[ the 

InhIbItIon" thd!. 

could lead ta the appearance of eplleptlforll1 dcLIVILy. 

For Instance, we have prellffilnary data obtdlned from 

experlments performed on human tJ.ssue obtaJned fr"om 

eplleptlc fOCl of patIents refractory ta conVf.:'nt. lond J 

antlconvulslve therapy. Bathlng the human llssue ln medIum 

cantal ;nng no Mg" Ions leads to spontaneous epllept. 1 [onn 

actlvlty (Avoll et al. 1987; 1991). We found t.hal ln thIS 

preparat.lon, ln splte of clear eplleptlform dctlVILy, 
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Inh1bIlion was stlll functional as shown by the presence of 

sllmuluH-lnduced and spontaneous IPSP's that could be 

blocked by GABA antagonl.sts, and by the effects of GABA 

anlagonists on the burstlng actlvlty. However, while 

recording spontaneous IPSP's, we found that the frequency 

of the IPSP's had a strong tendency to decrease jusl prlor 

to the onset of a burst. ThlS suggests that perlodlc drops 

ln the efflcacy of GABAerglc lnhlbltlon could lnltlate 

bur8tlng actlvIty. 

We demonstrated ~hat the phYS1010g1cal drlvlng force 

for ch 10r lde ln the nervous tIssue lS essent la 1 for the 

Inlegrlty of the GABAerglc lnhlbltory mechanlsms. Thus we 

may conclude that any varIatIon ln the drlvlng force for 

chlorlde Ion may render the tlssue hyperexcltable and prone 

to develop eplleptlform dlscharges. 

As mentloned above, there 18 no such pathology as 

hyperchioremla. However, punctuated varIatIons ln the 

chlor Ide equl1Ibr lum may occur, for example, dur1ng ep1sode 

of h1gh Intenslty of flr1ng (for reVlew see Lux et al. 

1986), or durlng ammon1ac lntoxlcation (Ishldd 1967; 

Sherlock et al. 1954). 

ThIS suggests that 1n humans, an eplsode of epl1eptlc 

seizure may modulate the chioride equ11Ibrlum sufflclently 

to decrease the efflcacy of the GABAerglc lnhlbl tIon, 

beyond a crltlcal threshold. 
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Velocity _QL_~on<Juctlon 

As mentloned ln the results, the SB propdqated at d 

veloclty suggestlng that the spread of the SB was dependenl 

on normal mechanlsms of synaptlc transml SSlon and ncrvp 

conductl0)~. However, the LB propagated at cl velocLly up lu 

ten tlmes slower than the SB, suggestlng othpr mechdnlslllH 

of propagatlon. Beslde the conventlonal pl'opagat Ion of 

nerve Impulse through synaptlc transmIssIon dnd rH-'l'Vf' 

conductIon, there are three ot her mechanl sms of propaga 1: Ion 

that can be consldered: a) fluctuat.lons ln thf' 

extracellular concentratIon of ions I.e. lncreases ln the 

extracellular concentratlon of potaSSIum and dl ffu~l1on of 

potaSSIum; b) transmISSIon lhrough electrl<~al syndpHf'S; (.) 

fIeld InteractIons. 

It IS unllkely that accumulatIon of potaSSIum Ln lhp 

extracellular space and dlffusion of poLasslum 1 n U\f' 

tIssue could dccount for the propagatIon of the LB. In our 

exper lments, the onset of the LB was never preceded by .Hl 

lncrease ln the extracellular concentrdtIon of potaHslwn 

lon. The veloclty of propagatlon was also too hlgh to 

account on the sImple d lf fus 1 on of potass 1 um Ions ln t hf' 

lnterstl tlal f lUld. Spread lng depress Ion thd t propd9d !:PS ,j t 

a veloclty about 1000 tInteS slower than t.he LB 18 mon' 

llkely to be dependent on the accumulatl0n and diffusIon of 

potaSSIum outslde the neurons (Leao 1972). Furthermore, 



71 

durlng spreadlng depress 10n, the extracell ular 

concentratIon of potasslum reaches a plateau that IS about 

ten tlmes hlgher than durlng the LB. 

However, It lS reasonable to thlnk that the Increase 

.ln the extracellular concentratlon of potasslum facll1tated 

the propagatl0n of the LB. ThIS IS suggested by expel'Iments 

uSlng the Low Ca" Hlgh Mg" mode l of eplleptogenesls, where 

synapt.lc transmlss 10n 18 blocked. In these exper Iments, 

burstlng dctlVlty was nevel' observed ln 3mM of potasslum. 

The concentrat.lon of pota8S.lUm had to be Increased to 6-9mM 

to Induce burstlng (Haas and Jeffreys 1984). 

In the CAl subfleld of the hlppocampal sllce, there 

lS eVldence for electrlcal coupllng between pyramldal 

neurons. ThlS eVldence derlves from experlments where 

Intracellular dye Injectl0n revealed dye-coupllnq, and from 

palred Intracellular recordlngs (Ma,~VIvar et al. 1982; 

Andrew et al. 1982;. However, during dye InJectIon, only 2-

3 neurons cou1d be stdined at once. It lS hard to concelve 

that such a 11mlted Interaction could lead to the 

synchronizatl0n of a large populatIon of neurons. Indeed, 

computer modelling suggested that thlS condItIon 18 not 

suff lC lent for synchronlzatlon, at least in the Low Ca" 

burst (Haas and Jeffreys 1984) and ln the penlcll11n burst 

(Traub and Wong 1982). Electrlcal coupllng could however 

modulate the strength of synchron ~tl0n. 
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Fleld lnteractlon takes place when extracellular 

current generated by the actlvlty of cl set of neurons 

located ln a close vlclnlty modulates the dCtlvlly of 

another set of neurons. The f low of the current 1 n t he 

extracellular space, and moreover the pdssagf:' of lh!' 

current from the extracellular spdce to the lnlrdf'(-'Ilular 

space through the membrane dp.p~nd on the relatIve ImppdarH"t' 

of both medlums. The Impedance of the medIum 19 il funcllon 

of the conductlvlty of the extracellular space, Lhf' 

tortuosl.ty of the extracellular space and Its HIZP, thr' 

space constant of the neurona 1 processeR 1 n the cl 1 l'ect. lOn 

of the current, and, ln the present f'aHe, the l,un 1 nd'" 

orlentatlon of the pyramldal neurons ln the hlppocdmpdl 

structure. Furthermore, Hl the CAl re<)lon of 

hlppocampus, pyramldal neUl"OnS are densp.ly packed wlth d 

re latl ve absence of lnterven 1 ng neurog lIa (Grppn ] 964; 

Green and Maxwell 1961). 

In theory, glven that the fIrlng thl'eHhoJd of 

pyramldal neurons lS reached wlthln O.5-1.0ms and that CAl 

pyramidal neurons are dlstrlbuted clpproxlmately 20lJm d[liirt , 

lf a gr.)up of pyramldal neurons generdtJ.ng d population 

splke recrulted the lmmedlately adJacent neuronA, th~ 

hlghest veloclty of propagatlon possJble VIa flPld 

lnteractl0ns can be estlmated to 20mm/s. Indeed, severdl 

factors have to be consldered ln order ta do a more precise 

estlmation of the veloclty of propagatIon. Howcver, 20mm/s 
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lS ln the range of 16-160mm/s that was experlmenta.lly 

observed for the propagatIon of the LB. It lS then l1kely 

that the LB may have propagated VIa fIeld InteractIons. 

~~DA_~~c~ptorB 

It hds been observed that NMDA antagonists block the 

late part of the LB, but not the SB nor the early part of 

the LB. However, when the IntensIty of the stImulatIon was 

Increased, the NMDA antagonlst was no longer effectIve ln 

blocklng the late part of the LB. Thus, although NMDA 

receptors could modulate LB, ItS expreSSIon dId not depend 

upon the activity of NMDA receptors. Slnce the late part of 

the LB was totally dependent on the actIvlty of GABAerglc 

InhibItIon, thlB suggests that NMDA receptors mlght 

modulate the activity of GABAergic neurons. ThIS goes ln 

hne With eVldence that NMDA receptors mediate the synaptic 

transmISSIon at the synapse between the GABAergic 

Interneuron and the soma of the pyramIdal neuron (see Sah 

et al. 1990 and Tancredi et al. 1990). The burst Ing 

activity of the pyramIdal neurons would actlvate the 

GABAergic Interneurons that synapse recurrently onto the 

pyramIdal neurons. 

Increasing the Intensity of stImulatIon could: 

overcome the blockade of the NMDA receptors Since 

antagonists used were competItIve; b) Increase 

a) 

the 

the 

contrlbùtlon of the non-NMDA receptors ln the synaptic 
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transmISS] on between lnterneurons and py ramlda 1 neu r"tH)H; 

and c) directly activate the GABAerglc lnterneurons ln Itl(' 

vlcinity of the stimulating electrode, a.nd the I,B wlJuld 

then propagate VIa fIeld InteractIons Inrlependt~nt Iy of 1 hl' 

NMDA receptors. 

Termination of the Bursts 

We observed that the var IOU' suhst Ituenls for" 

chioride had the abI1lty to decrease the [ree concentrdllon 

of potaSSIum and calcIum ln the artlfLClal cerebrospln.tl 

However, adding the approprlate qUdntlLy of 

potass lum and ca lClum, to }"estore a f rep concent rill Ion of 

3.25mM dnd 2.0mM, respectJvely, we demonstraled Lhat the 

decrease ln the free concentratIon of these Cdt LonH WdS not 

responsible for the appearance of the epllepllform eV('f1LH. 

Epileptiform act1.Vlty developed even when lhe sJJces W('rf' 

bathed from the beglnning of the exper lmenl Hl d f t"l'l' 

concentratIon of potass1um and calc1.um of 3.25mM and 2.0IllM, 

respectively. 

However, we observed that lncreaslnq bath pot.aHR lUIll 

and calcIum concentrat1.on modulated the duratlon of the 

bursts. Increaslng the concentratIon of potaSSIum J ncrr~as(.!d 

the duratlon of the bursts. l nc reas Ing the concent_ rdt Ion of 

ca le lum dec reased the durdtlon of the bursts. Th] s st. rong 1 y 

suggests that the termlnatlon of the burst WdS dependenL on 

Ca"-dependent K' conductances (fw; see Storm 19H7; Alg(~r 
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and Wl111amson 1988; Schwlndt et al. 1988). It further 

suggesls that the duratlon of the burst (5-15s) depends on 

the accumulated extracellular concentratlon of potasslum 

and on the bufferlng capaclty of the neuroglla for 

potasslum. The more rapldly potds81um 18 removed from the 

extracellular space, 

egulllbrlum, the more 

restorlng 

rapl.dly 

the 

the 

proper potasslum 

Ca" -dependent K' 

conductances can brlng the membrane potentl.al to restlng 

value. We dld not, however, studled the relatl0n between 

the peak change 1.n potasslum concentrat1.on and the duratl0n 

of the bursts. 

~leptl.f~rm Actlvity an~~ 

An 1.ncrease ln the lntracellular pH was reported to 

promote burst1.ng actlvlty by lncreaslng the frequency of 

the bursts (Haas and Jeffreys 1984) • Conversel y, 

aCldlf1.cat1.on of the lntracellular med1.um was demonstrated 

to uncouple cells (Orkand et al. 1981; Spray et al. 1981) 

and to reduce current d1.SperSlon, decreas1.ng the burstlng 

freguency ln the Low Ca" burst model of eplleptogenesls 

(Haas and Jeffreys 1984) . ThIS lS 1mportant, for 

Substltutlon of chlorlde 10n8 wa8 shown to affect the 

lntracellular pH (Sharp and Thomas 1981). 

VarlOUS substltuents of chlorlde were used ln the 

present work. However, most of the experlments were done 
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uSlng Na-methylsulfate and Na-lsetlll.Onate. MethylslllL-ll t~ 

and lsethlonate can be consldered as anl0ns of sLrony dClds 

wlth a pKa smaller than 1.0 and 1.25, respect1vely (Shdrp 

and Thomas 1981). Thus, lt 1S poss1ble lhal t hp 

subst 1 tutl0n of ch lorl.de by methy 1 sul fate dnd 1 splh 1 und t f' 

led to an lntracellular aCldlf1catHln, faclilldtlnq thr> 

express10 1 of eplleptlform actlvlty. However, II \vtt c; 

reported that d-, a general prulclple, dnlons of SIl"CHl<1 

aClds have llttle effects on Lhe ntraC'elllllar pli (Shttrp 

and Thcmas 1981). 
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Appendix 

ron _Sele_çt:!y~ "ic~~~~.t~~t_roc!~ _( I~~) 

Essentlally, the ISM are tubes of glass w1th an 

artlf1clal selectlve membrane bUllt at the tlp. The 

membrane belng selectlve, lt behaves to varlOUS 10niC 

concentrat1on accordlng to the uernst equatlon: 

and 

E.: S lO5LU~ 

log [ ] :t.. 

E= potentlal (mV) 

where s= 2303 RT 

zF 

R= gas constant (8.31441 J/K mol) 

T= thermodynamlc temperature (K) 

F= Faraday constant ( 96485 (C/mol) 

z= valence of the 10n measured 

i= initl.al 

f= flnal 

ThlS equation can be transformed to, 
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Flndlng the variable S by expo8ing the IBM to 

varlOUS known lonlC concentratlons allows to callbrate the 

ISM. Flgure 1 shows an example of a callbratlon where an 

ISM selectlve to K~ was exposed to concentrations of 3mM 

and 30mM successlvely. The change in potentlal generated 

was 55rnV. Solvlng the equatl0n for S, 

[L.= 3rnM 

S = 55mV / log unit 

E = 55rnV 

Thus to determlne the concentratl0n of K~ ln the 

course of an experlment uSlng such an ISM, we use the 

followlng equatlon, 

where [)1 lS assumed to be the concentratlon of K+ 

added to the ACSF or the concentratl0n of K+ as measured 

ln the Solutlon when perfuslng low Cl- ACSF (namely 

2. 5mM) • 

~he ISM were confectioned as follows. Caplilary 

tubes (1.5 mm 0.0.) were thoroughly washed ln sulfuric acid 

and hydrogen peroxlde, rlnsed ln dlstilled water and 

acetone, and drled ln an oven. Half of the tubes were 
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slightly bent under the flame at one end and glued to 

another stra1ght tube wlth dental cement or epoxy. The 

double-barrel ele~trodes were then pulled uS1ng a vertIcal 

puller. 

After the ISM have been pulled they were filled w1th 

the appropr1ate solutIons. Reference channel was filled 

with 100mM NaCl or ACSF, Ca2+'~electlve and 

KT-selectIve channels were fIlled wlth 100mM CaC1 2 and 

100mM KCl, respectlvely. Under llght m1croscope, the tlp 

was broken to reach a tip dlameter of 1-5pm. The 10n 

select1ve channel was then connected ta hlgh and ~~w 

pressure devlces through a serIes of valves. Under the 

light m1croscope, the tlp of the electrode was sllanlzed 

with a solutIon of 10% sIlane ln trlchlorotrlfluoroethane, 

and the 10n select1ve reSln was gently moved by suctlon 

Into the tlp of the channel to form a column of 100-200pm. 

A chlor1nated s1lver Wlre was Introduced lnto each barrel 

and flxed wlth wax. Each ISM was then callbrated accordlng 

to the equat10n descrlbed above, uSlng solut1ons of known 

lonic composlt10n. 
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Figure 1 

Ca11bratlon of an ion select1ve mi~roelectrode (IS~ 

selective to KT. The ISM IS success1vely exposed to 

solutIons of 3mM, 30mM and 3mM of KCl, ln presence of 

CaCl 2 and NaCl ln order to account for IOnJr 'nteractions 

ln the ACSF and the possible 1nteractlon of the varlOUS 

Ions wlth the reS1n. The bars lndlcate the tlme of 

Injection of the dlfferent solutIons. 
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1 1 
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