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Control of spontaneous epileptiform discharges by extracellular potassium: 
an "in vitro" study in the CA1 subfield of the hippocampal slice* 
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Summary. 1. The effects evoked by changing [K+]o 
upon the synchronous epileptiform discharges 
(SEDs) generated in the presence of GABA antago- 
nists were studied in the "in vitro" hippocampal slice 
with extra- and intracellular recordings. [K +] in the 
artificial cerebrospinal fluid (ACSF) was varied in 
steps of 1 or 2 mM between 3.25 and 10.25 raM. 2. 
Spontaneous SEDs occurred rarely at [K+]o lower 
than 5.25 mM. Augmenting [K+]o from 5.25 to 10.25 
mM caused a four to five fold increase in the 
frequency of occurrence of SEDs while the duration 
of each SED was inversely related to the rate of 
occurrence. 3. Similar findings were observed when 
the CA1 subfield had been surgically disconnected 
from the CA2-CA3 subfields. In these experiments 
SEDs occurred independently in the two regions, but 
at any given [K+]o SEDs in the CA3 subfield dis- 
played a frequency two to three times higher than 
that of SEDs generated in the CA1 area. 4. The 
intracellular correlate of the SEDs in the CA1 
subfield either intact or isolated from the CA2-CA3 
ones was a large amplitude depolarization (duration 
100-600 ms) associated with a burst of action poten- 
tials. This intracellular event, which was similar to 
the paroxysmal depolarizing shift (PDS) recorded in 
focal models of epilepsy "in vivo", behaved largely 
like a synaptic phenomenon when the resting mem- 
brane potential (Vm) was changed with intracellu- 
larly injected current. A long lasting (half-width: 
0.3-2 s in 6.25 mM [K+]o) hyperpolarizing potential 
usually followed the PDS and could be inverted by 
hyperpolarizing the Vm by 15-25 mV. When [K +] in 
the ACSF was raised from 7.25 to 10.25 mM, 
pyramidal cells depolarized in a dose related fashion. 
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At the same time the post-PDS hyperpolarization 
decreased in duration and peaked earlier, thus cur- 
tailing the depolarizing envelope of the PDS. Conse- 
quently, the effect of increasing [K+]o was that of 
evoking more frequent, but shorter PDSs. 6. These 
findings demonstrate that the appearance of spon- 
taneous SEDs in the presence of GABA antagonists 
is dependent upon [K+]o. The effects of evoked by 
increasing [K+]o are presumably mediated through: 
(i) a decreased strength of K § repolarizing conduct- 
ances; (ii) an increased efficacy of synaptic poten- 
tials; (iii) a steady depolarization of the neuronal 
membrane. The modulation of the frequency of 
occurrence of SEDs appears to be related to a 
decreased duration of the hyperpolarization which 
follows the PDS, a potential which is largely medi- 
ated by a K § conductance. 
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Introduction 

A feature common to several of the drugs used for 
evoking epileptiform activity (e.g. penicillin, bicucul- 
line, picrotoxine) is the ability to antagonize 
GABAergic potentials (Curtis and Felix 1971; Curtis 
et al. 1972; MacDonald and Barker 1977; Dingledine 
and Gjerstad 1980; Schwartzkroin and Prince 1980a; 
Hablitz 1984). Therefore, an important factor in the 
genesis of focal interictal discharges appears to reside 
in a diminished efficiency of GABAergic CI- con- 
ductance (for review see Krnjevic 1983). However, it 
has been observed in our laboratory (Avoli 1984; see 
also Schwartzkroin and Prince 1978) that synchro- 
nous epileptiform discharges (SEDs) do not occur 
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spon taneous ly  in h i p p o c a m p a l  slices b a t h e d  in artifi-  
cial ce reb rosp ina l  f luid ( A C S F )  con ta in ing  penic i l l in  
(3.4 mM)  when  the  [K +] in the  A C S F  is kep t  at  3.25 
raM. This is a va lue  close to  tha t  n o r m a l l y  d e t e c t e d  in 
the  ex t r aneu rona l  space  (cf. Lux  et  al. 1986). Since 
the  absence  of  s p o n t a n e o u s  S E D s  in these  exper i -  
ments  is a c c o m p a n i e d  by  a b lock  of  the  r ecu r r en t  
IPSP and  the  abi l i ty  of  o r t h o d r o m i c  s t imuli  to induce  
large a m p l i t u d e  depo l a r i za t i ons  wi th  burs t  of  ac t ion  
po ten t ia l ,  we  i n t e r p r e t e d  the  l ack  of  s p o n t a n e o u s  
SEDs  as be ing  r e l a t ed  to the  [K+]o . 

Severa l  s tudies  have  i n d e e d  d e m o n s t r a t e d  a role  
p l ayed  by K § in the  m o d u l a t i o n  of  ep i l ep t i f o rm  
discharges  ( Z u c k e r m a n  and  G l a s e r  1968; O g a t a  et  al. 
1976; Ol iver  et  al. 1978; Pr ince  and  Schwar tzk ro in  
1978) and in the  t rans i t ion  f rom the  in ter ic ta l  to  the  
ictal  s ta te  ( Z u c k e r m a n  and  G l a s e r  1968; Fe r t z ige r  
and  R a n k  1970; D ich t e r  et  al. 1972; Syper t  and  W a r d  
1974). F u r t h e r m o r e ,  s tudies  emp loy ing  ion-sens i t ive  
e lec t rodes  have  shown tha t  [K+]o increases  dur ing  
enhanced  neu rona l  act ivi ty  or  se izures  e v o k e d  by  
ion tophores i s  of  exc i t a to ry  t r ansmi t t e r s ,  e lec t r ica l  
s t imula t ion  or  chemica l  convulsan ts  (for  rev iew see:  
Lux  et  al. 1986; H e i n e m a n n  et  al. 1986). A l t h o u g h  
this r ep resen t s  p r o b a b l y  a consequence  r a the r  than  a 
cause of  se izure  in i t ia t ion ,  still the  e l eva t ion  of  [K § 
might  p lay  a ro le  in sus ta in ing ep i t ep t i fo rm activity.  
In  the  l ight of  these  f indings  we ana lyzed  in the  CA1  
subf ie ld  of the  "in vi t ro"  h i p p o c a m p a l  slice the  
re la t ionship  b e t w e e n  s p o t a n e o u s  S E D s  e v o k e d  by  
G A B A  antagonis t s  and  [K+]o. 

Methods 

Preparations and incubation of the slices 

Male rats (150-300 g) were decapitated under ether anaesthesia 
and the hippocampus quickly removed. Slices, 400-500 ~tm thick, 
were cut at an angle 35-45 ~ from a plane normal to its longitudinal 
axis using a McIlwain tissue chopper. They were then transferred 
into a tissue chamber where they lay in an interface between ACSF 
and humidified gas (95% O2, 5% CO2) at a temperature of 35 ~ C 
_+ 1 ~ C and a pH of 7.4. The composition of the ACSF was (in 
mM): NaCI 124, KC1 2, KHzPO4 1.25, MgSO4 2, CaCl2 2, 
NaHCO3 26 and glucose 10. Bicuculline methiodide (20 ~M) or 
penicillin (3.4 mM) were applied into the ACSF to block 
GABAergic conductances. [K +] in the ACSF and therefore [K+]o 
was increased by adding KC1. Changes in osmolarity associated 
with these procedures were not corrected. In some experiments 
CsCI (1 mM) was added to the ACSF in order to abolish the time 
dependent inward rectification which occurs when the resting 
membrane potential (Vm) is brought at levels larger than -80 mV 
(Brown and Griffith 1983). In a series of experiments the CA1 
subfield was separated from the CA2-CA3 regions by a cut which 
extended from the alveus, up to the inferior edge of the dentate 
area. This cut was performed with a knife immediately after 
slicing. 

Recording and stimulation 

Extracellular recordings were performed with glass micropipettes 
filled with 4 M NaC1 (resistance 5-20 mff~) which were positioned 
in the CA3 and CA1 subfields. Conventional intracellular record- 
ings were made from the soma of CA1 pyramidal cells in the 
subregion b (Masukawa et al. 1982). These neurons could be 
electrophysiologically identified by antidromic activation from the 
alveus. Glass micropipettes were filled with 4 M K-acetate 
(resistance 80-150 M~). The intracellular signals were fed to a 
high impedance negative capacitance DC amplifier with bridge 
circuit which allowed square wave current pulses (20-500 ms) and/ 
or steady DC current to be passed through the intracellular 
microelectrode. The bridge balance was carefully checked 
throughout the experiment and adjusted if necessary. 

Orthodromic and antidromic anodal stimuli (0.05-0.3 mA, 
10-90 ~ts) were delivered through sharpened and insulated tung- 
sten electrodes placed in stratum (s.) radiatum and alveus, 
respectively. In some slices a lesion was made with a knife in the s. 
oriens in order to avoid that current spread from the stimulating 
electrode in the alveus would activate afferent fibers running in the 
s. oriens. 

Experimental protocols and data analysis 

The frequency of occurrence of SEDs was measured from either 
extra- or intracellular data. In the extracellular experiments [K +] 
in the ACSF was varied between 3.25 and 10.25 mM in steps of 
i mM in a cumulative fashion. The frequency of occurrence was 
obtained at any given [K +] over periods of at least 20 min after 
having waited 30 min for equilibration of the new [K +] level in the 
tissue chamber. When recording intracellularly the changes in [K +] 
were usually performed in 2 mM steps. 

Extracellular data were collected from over 80 slices. Intracel- 
lular observations were gathered from 47 pyramidal cells which 
displayed overshooting action potentials and the ability to gener- 
ate repetitive firing with adaptation during intracellular injection 
of depolarizing square wave pulses (0.2-0.5 nA; 20--500 ms). In 
[K+]o at 3.25 mM these cells were characterized by action 
potentials larger than 80 mV resting membrane potential of at least 
60 mV and input resistance higher than 20 Mr2. Data were 
displayed on an oscilloscope or on a Gould pen recorder. 

Results 

Changes evoked by bicuculline and penicillin in the 
CA1 subfield 

In keep ing  with  p rev ious  e x p e r i m e n t s  in the  " in  
v i t ro"  slice (Schwar tzk ro in  and  Pr ince  1978, 1980a; 
A l g e r  and  Nicol l  1980; D i n g l e d i n e  and G j e r s t a d  
1980) ba th  app l i ca t ion  of  e i the r  b icucul l ine  or  penici l -  
lin mod i f i ed  the  o r t h o d r o m i c  r e sponse  of  CA1  
p y r a m i d a l  cells to  s. r a d i a t u m  s t imula t ion .  In t race l lu -  
larly,  the  s. r a d i a t u m  i n d u c e d  E P S P  d i sp layed  an 
increased  a m p l i t u d e  and  d e c r e a s e d  r epo l a r i za t i on  
(Fig. 1Bb) whi le  s t imuli  at h igher  s t reng th  e l ic i ted  a 
burs t  of  fast ac t ion  po ten t i a l s  (Fig.  1Aa ,  b;  Bc).  
Ext race l lu la r ly  the  EPSP-s ing le  p o p u l a t i o n  sp ike  
r eco rded  in con t ro l  A C S F  ([K+]: 3.25 m M )  was 



365 

A 
a b 

Control @, ~ _ ~ J  ~ _  

20/as 60 ~s 

�9 .~0/j 10 m Y  - -'.__a. : ,  : - ) 
20 mV 

40 mV 
_ _  2 nA 
20 ms 

Control 

10mV �9 A t 
�9 _ _ t  10 mV 

Penicillin A 

10/~s 30/~s �9 f 
- -  +0 .2  nA 

20 ms 20 ms 50 ms 

Fig. 1. A Effects evoked by bicuculline methiodide (20 ~M) on the synaptlc and non-synaptic responses of CA1 pyramidal cells bathed in 
ACSF containing 3.25 mM [K+]. In a--e, intracellular potentials evoked by orthodromic (a and b) and antidromic (c) stimulation of s. 
radiatum (A) and alveus (O), respectively; in d responses to intracellular injections of depolarizing and hyperpolarizing square pulses. Two 
different strengths of stimulation were employed in a, b. In the presence of bicuculline (45') orthodromic stimuli were capable of triggering 
two (a) and three (b) action potentials. This effect is paralleled by a block of the orthodromic and antidromic (c) IPSP while no change can 
be observed in the input resistance and the repetitive firing properties (d). In a-c, each stimulus induced response is shown at two different 
time bases and amplitudes. Resting Vm: -65 mV. Action potential amplitude: 80 mV. B Changes induced by penicillin (3.4 mM) on the 
synaptic and non-synaptic responses of CA1 pyramidal cells bathed in ACSF containing 3.25 mM [K+]. In a, superimposed field potentials 
(n: 5) evokked by s. radiatum stimulation (A) in control and 1 hour after penicillin (recording microelectrode in s. pyramidale). In b-e, 
intracellular potentials evoked by orthodromic (b, e)and antidromic (d) stimulation of s. radiatum (A) and alveus (0), respectively; in e, 
responses to intracellnlar injection of depolarizing square pulses. Two different strength of orthodromic stimulation were employed in b, c. 
In d, alveus stimuli of equal strength were delivered at resting (upper trace) and depolarized Vm (15 mV positive to rest, lower trace). Note 
that penicillin modifies the orthodromic response into a large depolarization capable of triggering a burst of action potentials while blocking 
the recurrent IPSP. These effects are accompanied by no change in the repetitive firing and afterhyperpolarization. Resting Vm: -60 mV. 
Action potential amplitude: 82 mV 

t ransformed into a burst  of  3-5  popula t ion  spikes 
(Fig. 1Ba). The  o r thodromic  response  modif ied  by 
either of  the two convulsant  drugs was consistently 
accompanied  by a b lockade  of  the recurrent  IPSP 
evoked by alvear s t imulat ion (Fig. 1Ac; Bd).  
Bicuculline or  penicillin at the concent ra t ion  used in 
the present  exper iments  did not  modi fy  the passive 
propert ies of  the neurona l  m e m b r a n e  (i.e. input 
resistance or  t ime constant) ,  the repeti t ive firing 
evoked by intracellular depolar izing pulses or  the 
af terhyperpolar izing potent ials  (Figs. l a d ;  Be).  

[K +] and spontaneous synchronous epileptiform 
discharges 

In spite of  the dramat ic  changes exer ted by both  
bicuculline and penicillin upon  the postsynapt ic  
responses of  CA1 pyramidal  cells, slices ba thed  in 
A C S F  containing 3.25 m M  [K § did not  genera te  
spontaneous  SEDs.  In  some slices spontaneous  
epileptiform events appeared  by raising [K § by 1 
m M  and were  observed  in almost  every case when 
[K +] was fur ther  increased to 5 .25-6.25 raM. A t  
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Fig. 2A, B. Effects evoked by raising the [K +] in the ACSF (artificial cerebro-spinal fluid) upon SEDs (synchronous epileptiform discharge) 
evoked by bicuculfine (20 ~M). In A, raw data displayed at two different time bases (a, b). Note that at 10.25 mM [K+]o the SEDs are 
mainly characterized by a relatively slow, negative field potential which often lacks the fast deflections due to the occurrence of population 
spikes. In B, plot of the frequency of occurrence of the SEDs versus [K +] 

these values SEDs recurred in the CA1 subfield 
rhythmically at a frequency of 0.06-0.3 Hz and 
displayed a stereotyped shape (Fig. 2Aa). As shown 
in Fig. 2Ab, SEDs recorded at the border between s. 
radiatum and s. pyramidale were characterized by an 
early field potential (duration: 50-400 ms) associated 
with burst of population spikes followed by a long 
lasting (up to 2 s) negative, slowly decaying potential. 

By varying the [K § in the ACSF between 5.25 
and 10.25 mM it was possible to demonstrate a close 
relationship between [K +] and the frequency of 
occurrence of SEDs (Fig. 2). When the frequency of 
occurrence of SEDs at the [K +] capable of evoking a 
regular pattern (e.g. 5.25 mM in the experiment 
illustrated in Fig. 2) was compared with the fre- 
quency evoked by 10.25 mM [K+], the increase 
observed was four- to five-fold. Also, at [K +] values 
higher than 7.25 the increase in frequency was 
inversely related to the amplitude and the duration of 
each SED. Similar results have been recently 
reported for the CA3 subfield by Rutecki et al. 
(1985). Furthermore, it is known (and could be 

confirmed in the present experiments) that SEDs 
evoked by antagonists of GABA are generated in the 
CA2-CA3 subfields and then synaptically propa- 
gated to the CA1 subfield (Schwartzkroin and Prince 
1978; Gjerstad et al. 1981; Wong and Traub 1983). 
Thus, the effects of [K +] upon SEDs in the CA1 
subfield could possibly be explained as resulting from 
changes occurring in the CA3 subfield. 

We therefore repeated the same type of experi- 
ments in slices in which the CA1 subfield had been 
disconnected from the CA2-CA3 regions. In these 
cases spontaneous SEDs were seen at [K +] above 
6.25 mM, i.e. at values larger than those sufficient for 
evoking spontaneous SEDs in the intact hippocampal 
slice (Fig. 3B). As observed when CA1 neurons were 
connected with the CA3 subfield there existed a close 
relation between the frequency of occurrence of 
SEDs and [K +] over a 6.25-10.25 mM range (Fig. 
3C), while the amplitude and the duration of each 
SED (mainly of the late negative field) was inversely 
related to the frequency of occurrence (Fig. 3Bb, D). 
Simultaneous extracellular recordings from the iso- 
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Fig. 3. A Occurrence of spontaneous SEDs (synchronous epileptiform discharge) (bicuculline, 20 ~tM) in CA1 and CA3 subfields which 
were disconnected by a cut. Note the higher frequency of occurrence as well as the shorter duration of SEDs in the CA3 subfield. B Effects 
of increasing [K +] upon the frequency of occurrence and the morphology of SEDs recorded from an isolated CA1 subfield in the presence 
of bicuculline. In both A, B, data shown in b were similar to those in a but at higher time base for better appreciation of the changes in 
shape. C Plot of the frequency of occurrence of the SEDs versus [K +] from the experiment shown in B. D Plot of the duration of the late 
negative field versus the frequency of occurrence (data from the experiment shown in B) 

lated CA1 and CA3 subfields disclosed that SEDs in 
CA3 occurred at higher frequency and were shorter 
than those in CA1 (Fig. 3Aa, b). 

Intracellular recordings during spontaneous 
synchronous epileptiform discharges 

As shown in Fig. 4(A-C) the cellular correlate of the 
"in vitro" SED generated by CA1 hippocampal cells 
was a large amplitude depolarization associated with 
a burst of fast action potentials (duration: 
504500 ms). This phenomenon,  termed paroxysmal 
depolarizing shift (PDS) because of its resemblance 
with the cellular event underlying the focal interictal 
spike "in vivo" (Matsumoto and Ajmone  Marsan 
1964), was similar in both "intact" and "isolated" 
CA1 subfields. The PDS was usually followed by a 
hyperpolarization (hereafter called post-PDS hyper- 
polarization) which displayed in [K+]o 6.25 mM a 
halfwidth of 0.3-2 s and peak latency (as calculated 
by considering as zero the onset of the PDS) of 

200-600 ms. Thus, it corresponded in time with the 
late negative extracellular field potential of the SED 
as recorded in s. pyramidale. 

The increase in conductance occuring during the 
post-PDS hyperpolarization was capable of shunting 
action potentials induced by intracellular depolariz- 
ing pulses (Fig. 4C). However,  in some instances 
action potentials could be observed during the post- 
PDS hyperpolarization. As shown in Fig. 4D, these 
action potentials appeared to arise from small 
amplitude, fast negative transients which represented 
the extracellular population spikes recorded intracel- 
lularly with reference to bath. The action potentials 
recorded intracellularly during the post-PDS hyper- 
polarization were presumably generated through 
field (ephaptic) interactions. They could be aborted 
or enhanced by hyperpolarizing or depolarizing the 
Vm with intracellular steady current injection. 

The frequency of occurrence of the PDS at a 
given [K+]o was not affected by changing the Vm in 
the hyperpolarizing direction with intracellular injec- 
tion of steady current (Fig. 4B). Also, during this 
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Fig. 4A-D. Effects evoked by intracellular injection 
of steady hyperpolarizing current upon the morpho- 
logy (A) and the frequency of occurrence (B) of the 
PDS (paroxysmal depolarizing shift) occurring 
spontaneously in the isolated CA1 subfield of a 
hippocampal slice bathed in bicuculline (20 pM) 
and 7.25 mM [K+]. Note that the early component 
of the PDS increases in amplitude upon increase of 
the Vm, while the late part (open arrow) is clearly 
diminished at values larger than -20 mV. The filled 
arrow points at the post-PDS hyperpolarization. 
Resting Vm (RL) in this neuron was -65 mV. In C 
shunting ability of the post PDS hyperpolarization 
upon action potential evoked by intracellular injec- 
tion of depolarizing pulses (filled squares, 400 ms, 
0.4 nA). The spontaneously occurring PDS are 
indicated by arrows. In D. evidence for field 
(ephaptic) effects during SED (synchronous epilep- 
fiform discharge) in the presence of penicillin 
(3.4 raM) and 7.25 mM [K+]. Note that each action 
potential rises from a small negative transient 
during the post PDS hyperpolarizafion. By chang- 
ing the Vm, the amount of action potentials can be 
enhanced (+8 mV) or aborted (-12 mV) 

procedure the PDS appeared to change in amplitude. 
Although the occurrence of action potentials during 
the depolarizing event did not allow us to quantify 
this phenomenon, it was quite clear from the raw 
data that the early part (first 50-100 ms) of the 
depolarizing envelope increased as a continuum 
during the full range of hyperpolarized levels studied. 
Conversely, the late component of the PDS, after an 
increase over levels of 0-20 mV negative to rest, 
decreased at more negative Vm values (Fig. 4A, 
open arrow). By hyperpolarizing the neuron it was 
also possible to decrease the amplitude and eventu- 
ally to invert the post-PDS hyperpolarization (Fig. 
4A, filled arrow; 4D). The equilibrium potental of 
this event in 6.25 mM [K+]o was 10-20 mV negative 
to rest (i.e. -85 to -100 mV), a value which was 
suggestive for a K + conductance. CA1 pyramidal 
cells (either still connected to or isolated from the 
CA2-CA3 regions) depolarized steadily of 5-10 mV 
during elevation of [K+]o from 7.25 up to 10.25 raM. 
This change in Vm was accompanied by an increase 
in the frequency of occurrence of the PDSs which 
became smaller in amplitude as a result of the 

decreased electrical gradient across the neuronal 
membrane (Fig. 5A). In addition, although a rela- 
tively larger number of action potentials could be 
seen at the peak of the PDS at the new Vm reached 
during elevation of [K+]o, the duration of each PDS 
decreased. This phenomenon appeared as if it were 
caused by the post-PDS hyperpolarization which, at 
depolarized Vm, peaked earlier thus curtailing the 
depolarizing envelope of the PDS. At the same time 
the duration of the post-PDS hyperpolarization 
potential decreased. 

The relationship between duration of the post- 
PDS hyperpolarization on one hand, and [K+]o on 
the other is clear in Fig. 5B. Both half-width and total 
duration of the post-PDS hyperpolarization were 
inversely related to the [K+]o, a relation which was 
also observed with the afterhyperpolarization follow- 
ing action potentials elicited by depolarizing pulse of 
current. In none of our intracellular experiments (n: 
3) the duration of the spontaneous PDS increased 
upon changes in [K+]o between 7.25 and 10.25 raM, a 
finding which is in agreement with the extracellular 
data reported above. 
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Fig. 5. A Changes evoked by increasing [K +] upon 
the PDS (paroxysmal depolarizing shift), the post- 
PDS hyperpolarization (a, b) and the afterhyper- 
polarization which follows a discharge of action 
potentials evoked by an intracellular current pulse 
(e). B Plot of the duration of the post-PDS hyper- 
polarizations (duration O and halfwidth [q) and of 
the hyperpolarizations following action potentials 
(duration �9 and halfwidth II) evoked by the 
intracellular pulses. Vm of this neuron at 7.25, 8.25 
and 9.25 mM was -65, -59 and -52 mV, respectively 

Discussion 

Spontaneous synchronous epileptiform discharges in 
the CA1 subfield of the "in vitro" slice 

These experiments demonstrate that the appearance 
of spontaneous SEDs generated by hippocampal 
pyramidal cells in the presence of GABA antagonists 
is dependent upon the [K+]o. Accordingly, spontane- 
ous SEDs in the intact CA1 subfield could only be 
observed when [K +] in the ACSF was brought to 
levels larger than 4.25 mM, a value more than 1 mM 
higher than the one found in the extraneuronal space 
(cf. Lux et al. 1986). We could also show that the 
absence of spontaneous SEDs in 3.25 mM [K +] was 
not caused by a lack of action of bicuculline or 
penicillin since they were both able to block the IPSP 
and to change the orthodromic response to s. 
radiatum stimulation into an epiteptiform burst 
(Schwartzkroin and Prince 1980a; Dingledine and 
Gjerstad 1980). 

The relation between [K § and excitability of 
hippocampal slices maintained "in vitro" has been 
described by several investigators. Orthodromic 
responses are facilitated by increasing [K +] in the 
ACSF (Hablitz and Lundervold 1981) and a PDS like 
response appears at [K +] of 10 mM (Ogata et al. 

1976; Prince and Schwartzkroin 1978). Also a quan- 
titative analysis of the relation between frequency of 
occurrence of SEDs and [K +] has recently been 
reported for the CA3 subfield (Rutecki et al. 1985). 
Here, in the absence of chemical convulsant, the sole 
increase in [K+]o was capable of evoking spontaneous 
SEDs. 

Our data confirm these previous findings as well 
as that the CA2-CA3 regions are the sites from 
which SEDs are triggered in the intact slice bathed in 
GABA antagonists (Schwartzkroin and Prince 1978; 
Gjerstad et al. 1981; Wong and Traub 1983). How- 
ever, we have also demonstrated that hippocampal 
pyramidal cells in the isolated CA1 subfield can 
generate spontaneous SEDs under adequate condi- 
tions. One of these conditions has been identified as 
a certain minimal [K+]o value. Although the [K+]o 
required for the appearance of spontaneous SEDs in 
the isolated CA1 subfield was higher than that 
capable of eliciting them in the intact slice, the 
morphology of the SEDs and of the intracellular PDS 
were similar in the "intact" and "isolated" CA1 
subfield. 

Spontaneous SEDs in the isolated CA1 subfield 
have been reported by Hablitz (1984) in the presence 
of picrotoxine. Furthermore, slices bathed in ACSF 
containing low Ca ++ (a condition where synaptic 
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transmission is largely blocked) generate spontane- 
ous synchronous bursts which start usually in the 
CA1 subfield (Yaari et al. 1983; Haas and Jefferys 
1984; Avoli and Agopyan 1986). Finally, spontane- 
ous SEDs have been recorded "in situ" in the 
presence of penicillin from hippocampal islands con- 
sisting mainly of the CA1 region (Dichter et al. 
1973). 

Synaptic and non-synaptic origins of the synchronous 
epileptiform discharges 

The cellular correlate of the spontaneous SED gener- 
ated by hippocampal pyramidal cells in either "iso- 
lated" or "intact" CA1 subfield was a large amplitude 
depolarizing potential associated with a burst of 
action potentials. Thus, from a morphological stand- 
point the PDS recorded in the present experiments 
was similar to that described in both "in vivo" and "in 
vitro" models of focal epilepsy (Matsumoto and 
Ajmone Marsan 1964; Prince 1968; Ayala et al. 1973; 
Schwartzkroin and Prince 1978, 1980a; Gjerstad et 
al. 1981; Hablitz 1984). 

As expected for a network generated potential 
(Johnston and Brown 1981), intracellular injections 
of hyperpolarizing current did not change the PDS 
frequency of occurrence at any given [K+]o. In 
addition, this procedure caused an increase of the 
amplitude of the depolarizing potential as expected 
for a phenomenon which reflects synaptic conduct- 
ances. However, by increasing the Vm we could 
observe a late component of the depolarizing 
envelope which was clearly dependent upon the Vm. 
High threshold Ca ++ inward currents in the dendrites 
(Wong and Prince 1979) and/or voltage dependent 
conductances related to N-methyl-D-aspartate recep- 
tors (Dingledine et al. 1986) might in fact be respons- 
ible for this late component of the PDS. 

It should be emphasized that during SEDs we 
could also observe action potentials which appeared 
to be generated through field (ephaptic) effects. 
Synchronization of action potentials can occur when 
evoked neurotransmitter release is blocked in low 
[Ca ++] ACSF (Yaari et al. 1983; Jefferys and Haas 
1984; Avoli and Agopyan 1986). Also, Snow and 
Dudek (1984) have shown that electrical field effects 
contribute to the synchronization of action potentials 
generated on top of the PDS evoked by picrotoxine. 
The evidence gathered in the present experiments is 
in keeping with these data and in fact we could show 
that electrical field interactions are capable of mak- 
ing neurons fire action potentials even during the 
powerful "inhibitory" post-PDS hyperpolarization. 

Modulation of synchronous epileptiform discharges 
by [K+]o 

Several mechanisms underlie the appearance of 
spontaneous SEDs evoked by the increase [K+]o. It is 
well known that high [K+]o increases the efficacy of 
synaptic transmission and indeed this has been a 
frequently used tool for studying synaptic transmitter 
release in brain tissue maintained "in vitro". On the 
other hand, increasing [K+]o evokes a dose related 
steady depolarization of the Vm. Hippocampal 
neurons are consequently brought to a Vm which is 
closer to the threshold for the generation of action 
potentials and within the range of activation of 
endogenous bursts which have been observed in the 
CA1 subfield (Masukawa et al. 1984). Also, in this 
situation, field (ephaptic) effects will be greatly 
facilitated. 

The reduction of the chemical gradient for K § 
across the neuronal membrane will also affect several 
K § repolarizing conductances. Accordingly, K § 
channel blockers such as tetraethylammonium or 4- 
aminopyridine are able to evoke epileptiform activity 
(Schwartzkroin and Prince 1980b; Voskyul and 
Albus 1985). Finally, the increase in [K+]o will also 
induce a shift of the C1- equilibrium potential (Martin 
1979). Although such a mechanism should play a 
minor role in our experiments, where GABA con- 
ductances have been blocked by bicuculline or 
penicillin, it might still be capable of affecting non- 
synaptic CF conductances (Owens et al. 1985). 

The experiments reported here demonstrate that 
the increase in frequency of occurrence of SEDs 
during elevation of [K+]o is related at the intracellular 
level to a decreased duration of the post PDS 
hyperpolarization. In keeping with this observation 
experimental evidence indicates that this potential is 
mainly underlied by two different K § conductances, 
namely: (i) a Ca +§ dependent K § current (Hotson 
and Prince 1980; Brown and Griffith 1983) which is 
powerfully turned on by the depolarization associ- 
ated with the PDS and (ii) a synaptic hyperpolarizing 
K § conductance which is enhanced in the presence of 
GABA antagonists (Alger and Nicoll 1980; Hablitz 
1981; Thallman and Ayala 1982; Alger 1984; Lancas- 
ter and Wheal 1984; Newberry and Nicoll 1984). 
Accordingly, reduction or blockage of the Ca +§ 
dependent K § current by cyclic AMP results in an 
increase of the frequency of SEDs evoked by bicucul- 
line (Newberry and Nicoll 1984). Also, modeling 
studies have attributed to the post-PDS hyperpolari- 
zation a pivotal role in determining the rate of 
occurrence of spontaneous PDSs (Traub and Wong 
1983). However, our data do not suggest the exist- 
ence of a simple relationship between post-PDS 
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hyperpolarization and frequency of occurring of 
SEDs since the interval between spontaneous SEDs 
appears to be longer than the duration of the post- 
PDS hyperpolarization. A similar conclusion has 
been drawn in hippocampal slices bathed in ACSF 
containing picrotoxine and 5 mM [K § (Hablitz 
1984). Consequently, in addition to the K § mediated 
post-PDS hyperpolarization, other mechanisms do 
contribute to determining the frequency of occurr- 
ence of spontaneous SEDs. 
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