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The effects of bath-applied 4-aminopyridine on neurones and extracellular potassium and calcium concentrations were recorded 
in slices of guinea-pig olfactory cortex. Neurones were orthodromically activated by stimulating the lateral olfactory tract. 4- 
Aminopyridine (3-10/zM) had the following effects: (1) an increase in the frequency and amplitude of spontaneous postsynaptic 
potentials; (2) a prolongation and oscillatory behaviour of orthodromically evoked postsynaptic potentials; (3) induction of 
spontaneous or stimulus-evoked seizure-type discharges which were accompanied by large rises in extracellular potassium and falls 
in calcium concentration ; (4) a prolongation of the lateral olfactory tract population fibre spike. Prior to paroxysmal depolariza- 
tion, membrane potential, input resistance and soma spike duration were unaffected. In the seconds before seizure discharges, a late 
hyperpolarizing potential (evoke:l by orthodromic stimulation) was reduced in amplitude or abolished. Diphenylhydantoin (50 
#M) or magnesium ions (5 raM) prevented paroxysmal activity. Our results show that 4-aminopyridine can produce seizure-type 
discharges in a brain slice preparation. The role of increased spontaneous potentials and possible loss of synaptic inhibition as 
causal factors for such discharges is discussed. 

INTRODUCTION 

The actions of  4-aminopyridine (4-AP) on inverte- 

brate and vertebrate excitable tissue has attracted a 
great deal o f  interest. This compound,  whose best 

characterized action seems to be a blockade of  
axonal potassium channels23,3~,32,41,43, 45, has po- 

werful facilitatory actions on synaptic transmitter 
release in the peripheral and central nervous sys- 
tems 5,11,~8,19,zl,41,44. These effects have been exten- 

sively studied at neuromuscular  junctions, where 4- 

AP  causes an increase in quantal  content, whilst 
having little effect on the probabili ty o f  transmitter 
release or on the postsynaptic membrane  (see ref. 41 
for refs.). Detailed experiments on the central ner- 
vous system are so far limited to the cat spinal cord, 

where a facilitation of  mono-  and polysynaptic 
reflexes has been observedlS, 21. 

Before the cellular actions o f  4-AP were investi- 
gated, it was known to be a lethal convulsant  in 
frogs and miceg, 15. Recent  experiments have shown 

that  the related compound  3-aminopyridine causes 

convulsant  discharges in cortical neurones o f  ana- 
esthetized cats1,4°; tonic-clonic seizures in humans  
result f rom 4-AP poisoning 39. The exact mechanism 

underlying this action is unknown,  a l though it is 

possible that  the block of  axonal potassium channels 
is involved. Despite this toxicity, and the lack o f  
knowledge regarding its actions on supraspinal sys- 
tems, 4-AP has been clinically tested on a number  o f  
diseases o f  neuromuscular  transmission. These in- 

clude botulism, myasthenia gravis and the E a t o n -  
Lamber t  myasthenic syndrome 41. There is also hope 

that  increased transmitter release at central synapses 
and/or  a prolongat ion of  action potentials might  

lead to an improvement  in some CNS diseases aT. 
In  order to investigate the action of  this com- 

pound  on cortical neurones and also to gain some 

insight into convulsive phenomena  in a mammal ian  
brain slice preparation,  we have made a study of  the 
actions o f  4-AP on neurones in the olfactory cortex 

slice of  guinea-pigs. 
A preliminary account  o f  some of  these results has 

already been publishedlL 
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METHODS 

Male or female guinea-pigs ( ~  350 g) were deca- 
pitated and the brain was rapidly removed onto wet 
filter paper. Using a plastic guide and a bowcutter, a 
surface slice (approximately 500 /~m thick) of ol- 
factory cortex was cut and placed in oxygenated 
Krebs' solution at 30 °C. The time between decapita- 
tion and placement of the slice in Krebs solution was 
85 4- 11 s (mean 4- S.D. ; n ---- 15). After a few hours 
preincubation, slices were transferred to a small 
temperature controlled Perspex bath, sandwiched 
between two nylon meshes and completely sub- 
merged. Oxygenated Krebs' solution at 30 °C was 
pumped through the bath at 8-10 ml/min; bath 
exchange time was about 30 s. 

Stimulation of the lateral olfactory tract (LOT) 
and intracellular recording were performed using 
conventional methods previously describedT, 10. 
Cells were impaled with 4 M potassium acetate filled 
microelectrodes in the prepiriform or periamygda- 
loid regions at depths (from the pial surface) bet- 
ween 180 and 494/~m (377 4- 99; mean 4- S.D., n = 
20). Extracellular field potentials were routinely 
monitered using a 3 M NaC1 filled glass micro- 
electrode (about 1-3 M ~) placed on the pial surface 
of the prepiriform area. Ion sensitive microelec- 
trodes were constructed17, ~9 using 1.5 mm theta 
style glass, pulled to give tips of about 1.5/~m. One 
barrel was silanised by backfilling with a small 
amount of trichlormethylsilane, which was evapo- 
rated in a hot wire spiral. Ion exchanger was then 
injected into the sensitive side and after the tip had 
filled, the barrel was backfilled with appropriate 
electrolyte (150 mM KC1 or 150 mM CaC12). The 
reference barrels were filled with 150 mM NaC1. 
Electrodes were inserted into the prepiriform or pe- 
riamygdaloid regions at a depth of about 300 #m; 
this point was estimated from the turnover of LOT- 
evoked 'N-wave'13,16 and approximately corre- 
sponds to the soma layer in this preparation. 

Intracellularly recorded potentials were amplified 
using a conventional bridge-balance amplifier; ion 
signals were passed through high impedence FETs 
and then amplified. Subtraction of electrical signals 
common to both barrels of the ion sensitive elec- 
trodes was checked by injecting 20 mV, 20 ms pulses 
through the recording bath; electrical subtraction 

was complete within a few milliseconds. All elec- 
trical signals were simultaneously displayed on a 
chart recorder and monitored on an oscilloscope. 
Data was stored on magnetic tape (Hewlett Pack- 
ard; bandwidth DC 2.5 kHz) for later analysis. 
Some data was digitalized using a Nicolet Med 80 
computer. 

In a few experiments, the LOT was dissected free 
of  the surrounding cortex. The central end was 
drawn into a suction electrode, which was connected 
through an appropriate amplifier to an oscilloscope 
and a digital averager. Stimulation of the peripheral 
end was effected via a pair of Pt electrodes. This 
method allows a recording of the LOT fibre tract 
potential, relatively uncontaminated by postsynap- 
tic field potentials. In all experiments, the composi- 
tion of the Krebs solution was as follows (mmol/1): 
NaCI, 118; KCI, 3.0; NaHCO3, 25; NaHzPOa" 
H20 1.2; MgC12-6H20, 1.0; CaC12"2H20, 1.5; D- 
glucose, 11; this solution was continuously gassed 
with 95% O2/5% COz; pH = 7.4. 

Drug sources were as follows: 4-aminopyridine 
(EGA-Chemie, Steinheim); diphenylhydantoin so- 
dium (Parke-Davis); K+-exchanger (Corning 
477317); Ca2+-exchanger (gift from Prof. Simon, 
ETA Zurich). 

RESULTS 

Events preceding eonvulsant discharges 
Successful intracellular recordings were made 

from 26 neurones, which had the following passive 
membrane properties: membrane potential, --75 
mV 4- 8.8 (n = 25); input resistance, 45 Mf~ 4- 25 
(n = 19); action potential amplitude, 99 mV 4- 15 

TABLE I 

Effects of 4-aminopyridine on membrane potential and input 
resistance of olfactory cortex neurones 

Era, membrane potential; Rm input resistance; n = number 
of cells. 

Solution Em n Rm 
(time of application) 

(mV (Mg2 
± S.E.M.) ± S.E.M.) 

Control - -76 ± 2 (6) 52 ± 11 
4 - A P 3 # m o l / l ÷  10min --73 -4- 4 (6) 56 ± 13 
Control --79 ± 1 (12) 45 4- 9 
4-AP10/~mol / l÷5min - - 7 4 ± 2  (12) 46 4-8 

(8) 
(8) 
(7) 
(7) 
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Fig. 1. Actions of 10 #M 4-aminopyridine on passive membrane properties and orthodromically-evoked postsynaptic potentials. 
A: a DC recording of membrane potential and the hatched bar indicates the time of 4-AP application. The fast downward 
deflections are responses to injected current and the upward deflections result from LOT stimulation. The large black deflections 
were produced by injecting a series of current pulses in order to assess the cell's current voltage relationship. B: shows the 
current-voltage curves constructed from such current injections at the times indicated in the lower right quadrant. It is noticeable 
that after 20 min superfusion with 4-AP (o), there was a slight depolarization but no major change in slope resistance. C: the 
membrane response to single supramaximal stimuli of the lateral olfactory tract, recorded at the times indicated by the numbers in 
A. These recordings were made on a very slow time base and show initially a hyperpolarizing electrotonic potential followed by the 
orthodromic stimulation. On this time scale the initial EPSP is compressed. This is illustrated on an expanded time scale in D. It can 
be seen that during 4-AP, the EPSP was reduced in amplitude but prolonged in duration and followed by several after oscillations 
of membrane potential. These effects were reversible by washing in normal Krebs' solution. 

(n = 19); recording  dura t ion ,  153 min 4- 132 (n - -  

26); all values mean  4- S.D. 

4-AP was appl ied  via  the ba th ing  solut ion at  a 

concent ra t ion  o f  either 3 or  10/~mol/1. In  the first 

5-10 min of  superfusion we could  measure  no 

significant change in membrane  poten t ia l  or  input  

resistance (Table I ;  Fig. 1). However ,  after a few 

minutes  we observed an  increase in the ampl i tude  

and f requency o f  spontaneous  pos t synapt ic  poten-  

t ials (Fig. 2). These potent ials ,  which  were usual ly  

depolar iz ing,  sometimes exceeded spike thresholct. 

In ject ion o f  depolar iz ing current  dur ing this phase  

somet imes led to repeti t ive cell discharges.  Fig. 2 

i l lustrates tha t  the increase in spon taneous  po ten-  

t ials was sl ightly delayed,  and  reached a m a x i m u m  

value after  abou t  10 min of  superfusion.  Sometimes,  

the f requency o f  such spontaneous  potent ia l s  was 

sufficient to sl ightly depolar ize  the recorded  neurone  

a l though  a change in input  resistance was rare ly  

no ted  (Fig. 1A, B). I t  was no rma l ly  the case tha t  

after  5-10 rain o f  superfusion with  10 #mol/1 4-AP,  

the LOT-evoked  pos tsynapt ic  potent ia l s  were al ter-  

ed. Thus,  a single L O T  stimulus,  which under  

cont ro l  condi t ions  only evokes a single EPSP,  spike, 

IPSP complex  33, elicited a series o f  membrane  po-  

tent ia l  osci l lat ions which slowly (over seconds) de- 
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Fig. 2. Effect of 3/zM 4-aminopyridine on spontaneous post- 
synaptic potentials. A: a computer plot of the frequency of 
spontaneous potentials. Ordinates, number of potentials per 
minute; the hatched bar indicates the duration of the drug 
application. B: high amplification oscilloscope records of the 
membrane potential before and during 4-AP. 

cayed (Fig. 1C). This effect was easily reversible by 
washing. Additionally we also observed that the 
initial EPSP was often reduced in amplitude (Fig. 
1D). 

Measurements of extracellular potassium and cal- 
cium concentrations showed that the initial phase of 
enhanced spontaneous transmitter release was ac- 
companied by a small increase in K ÷ and decrease in 
Ca 2÷ concentrations (Figs. 5 and 9A). 

Convulsant actions of  4-aminopyridine 
In all 24 slices which we studied, prolonged appli- 

cations of 10 #mol/l 4-AP led to repetitive convul- 
sant discharges. These were characterized, at the 
single cell level, by cell depolarization (20-40 mV), 
prolonged bursts of spikes followed by a period of 
depression during which the cell repolarized and 
spontaneous potentials disappeared (Figs. 3C, D, 7A 
and 9B, C). It was usually the case that just before the 
onset of such discharges the membrane potential ex- 
hibited spontaneous membrane potential oscillations 

(sometimes up to 10 mV in amplitude). Spectral 
analysis performed using a 16 Hz low pass filter 
indicated that the main power of these oscillations 
was at 0.29 4- 0.04 Hz (mean 4- S.D. ; n ---- 13). 

Analysis of passive membrane properties revealed 
that just prior to seizure discharges, the membrane 
potential was virtually unaltered and the current 
voltage relationship (assessed by injecting hyper- 
polarizing current pulses of increasing amplitude) 
was unchanged (Fig. 4A). Cell excitability, as judged 
from the number of spikes elicited by a depolarizing 
current pulse, was either increased, decreased or 
unchanged (see, for example, Fig. 4C). During the 
paroxysmal depolarization, the cell input resistance 
was reduced (Fig. 4A, C), and this probably ac- 
counts for the disappearance of spontaneous poten- 
tials. In several experiments repetitive seizure dis- 
charges continued for periods of up to 30 min (the 
complete duration of 4-AP application). 

Ionic changes during convulsant activity 
The seizure discharges recorded from single neu- 

roues in the olfactory cortex slice were always 
accompanied by large increases in extracellular po- 
tassium and decreases in extracellular calcium (Figs. 
3, 5 and 9). Baseline concentrations in our prepara- 
tion were 3.0 and 1.5 mmol/1 respectively. Potassium 
rose to a value of 9.9 4- 2.9 (mean 4- S.D.; 43 trials 
in 9 slices) and calcium fell to about 1.2 mmol/1 (7 
trials in 2 slices). It was frequently noticed that 
simultaneous with the above mentioned membrane 
potential oscillations, ion concentrations exhibited 
rhythmic changes (see, for example, Fig. 5). In some 
experiments we measured potassium in two distinct 
regions of the slice (separated by several millimeters) 
and these experiments indicated that the seizure 
discharges occurred simultaneously in all regions. 
No evidence for a 'spreading depression' type phe- 
nomenon was obtained. 

Changes in lateral olfactory tract evoked potentials 
The usual change observed was a reduction in the 

amplitude of the LOT-evoked EPSP, accompanied 
by a marked prolongation of the postsynaptic re- 
sponse (Fig. 1C, D). We analyzed in detail changes 
occurring in a further LOT-evoked postsynaptic 
potential (known as the LHP). This late hyperpo- 
larizing potential, briefly described by Constanti et 
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al. 7 appears to be an IPSP additional to the C1- 

mediated IPSP described by Scholfield (ref. 33, see 
also ref. 27). Our experiments showed that  this 
potential is accompanied by an approximately 50 

decrease in input resistance, is very sensitive to 
repetitive or thodromic  stimulation, and is reduced 
in amplitude when tbe bath  potassium was raised to 

8 or 10 mmol/1 (Fig. 6). Since the L H P  reversed 
10-15 mV negative to resting potential 7, it may  

result f rom a synaptically induced increase in po- 
tassium conductance (cf. ref. 30). In  4 cells where 
this potential was recorded, we observed that  4-AP 

reduced its amplitude. Fig. 7 illustrates an example 
of  this and shows the following. In  the seconds 
preceding seizure discharge, this potential was re- 

duced and subsequently abolished. In  the period 
between two seizure discharges, it reappeared only 
to disappear again about  20 s before the second 

discharge. It  is therefore possible that  this represents 

a rhythmic loss o f  inhibition, synchronous in time 
with the onset of  cell seizure discharge. 

Action of 4-aminopyridine on the axons of the lateral 
olfactory tract 

In  4 experiments we measured the populat ion 
spike f rom isolated lateral olfactory tracts (free o f  

surrounding cortex). The results (illustrated in Fig. 
8) revealed that  in micromolar  concentrations,  4-AP 

significantly prolonged the populat ion spike by up 
to 300 ~ .  This was accompanied by some reduction 

in amplitude. 

Action of some antagonists of seizure discharges 
In  order to further characterize the nature o f  the 

abnormal  discharges we examined their sensitivity 

to known blockers of  synaptic transmission and also 
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Fig. 3. Rhythmic seizures in a slice of olfactory cortex during superfusion with 10 #M 4-aminopyridine. A, B and C: simultaneous 
recordings of (from the top downwards) extracellular field potential, extracellular potassium concentration and intracellularly 
recorded membrane potential. The double-barrelled potassium electrode was located in the middle of the slice. It can be seen that 
about every 30 s, the cell showed a depolarization on which bursts of spikes were superimposed. In C these spikes are attenuated in 
amplitude due to the recorder response time. Line D shows a fast and accurate recording of the initial phase of the first paroxysmal 
depolarization. Synchronous with the cell discharge was a large rise in potassium and a corresponding change in field potential ; this 
indicates that more than the recorded cell underwent such a paroxysmal depolarization. 
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Fig. 4. Changes in membrane potential, cell excitability and orthodromic response in the minutes before, during and after a 
paroxysmal depolarization induced by application of 5 FtM 4-aminopyridine. The illustrated section begins 9 min after 4-AP 
application. A complex sequence of pulses was applied to the cell as follows: a selies of hyperpolarizing current pulses (the first was 
0.075 nA and each subsequent pulse increments by this amount); a single LOT stimulus (50 V; 0.1 ms); a depolarizing current pulse 
(0.3 nA). This sequence repeated every 20 s. At the times indicated by the numbers in A, fast oscilloscope sweeps were digitalized 
and plotted on an X-Y plotter. B: the responses to LOT stimulation. C: the membrane response to the injection of a depolarizing 
current pulse. The controls were recorded before application of 4-AP. Spikes are attenuated in amplitude in A due to recorder 
response time. Note how during the seizure the membrane resistance falls, although the cell fires repetitively in response to 
depolarizing current (C3) or orthodromic stimulation (B3). It can also be seen that the late hyperpolarizing potential is reduced in 
amplitude shortly before seizure onset (B2), and that the spontaneous potentials are absent for several minutes after paroxysmal 
depolarization. 

the ant iconvulsant  diphenylhydantoin.  Fig. 9 illu- 

strates the results of  two such experiments. Par t  A 

shows a s imultaneous recording of membrane  po- 

tential and  extracellular potassium. Appl ica t ion  of 

10/zmol/1 4-AP (without LOT stimulation) led to an 

increase in  spontaneous potentials  followed by 

rhythmic seizure discharges. These were quickly and  

reversibly abolished by adding 5 mmol/1 MgC12to the 

ba th ing  solution. Part  B illustrates that  50/~mol/1 

d iphenylhydantoin  could also block seizure dis- 

charges. This finding was confirmed in 8 further 

experiments. It  should be noted that in both  cases 

the increased spontaneous activity was not  fully 

suppressed by these antagonists.  We have consis- 



81 

tently found thatprior application of these substances 
can completely prevent the increase in spontaneous 
potentials induced by 4-AP. The reason for this will 
be investigated in future experiments. 

DISCUSSION 

4-Aminopyridine is a potent blocker of delayed 
rectifier channels in a variety of invertebrate23,3:, 32, 
45 and also vertebrate4a axons. It is also a relatively 
selective blocker of transient outward current in 
molluscan neurones (A-current38,42) and sheep 
Purkinje fibres (ItoS). Other basic membrane ac- 

tions have been suggested: (a) a modification of 
sodium channel permeability32; (b) a facilitation of 
calcium currents 24. It is most probable that a com- 
plete understanding of the actions of 4-AP on such a 
complicated system as a brain slice requires far more 
knowledge about cell membrane behaviour than is, 
at present, available. However, some of the phe- 
nomena that we observed can be explained on the 
basis of today's knowledge. Our recordings in the 
olfactory cortex indicate that 4-AP induces an in- 
crease in spontaneous transmitter release at central 
synapses. This is similar to our findings with guani- 
dine (another K-channel blocker:0). Since there is 
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Fig. 5. Recordings of extracellular potassium (C) and calcium (B) made with two separate ion selective microelectrodes placed in 
the centre of an olfactory cortex slice. The DC recording from the potassium reference barrel is displayed in A (that from the 
calcium reference was essentially identical). Note bow a few minutes after adding I0 I~M 4-aminopyridine (hatched bar) the 
potassium rose and the calcium tell. Shortly before seizure onset there were marked oscillations of ion concentrations which to some 
extent continued alter the large rises seen during the seizure. Following washout of 4-AP, ion levels quickly returned towards 
control levels and seizure activity terminated. Dashed lines indicate control ionic levels. 
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Fig. 6. Some properties of the 'late hyperpolarizing potential' (LHP) recorded from a neurone in the olfactory cortex slice. In A, the 
LOT was stimulated (50 V; 0.1 ms) every 15 s and between the control and test, a short tetanus ( 8 Hz, 5 s) was applied. This caused 
the LHP to be abolished for about 30 s. B : a type of control experiment; between the control and test, only the recorded cell was 
tetanized. This was achieved by passing 0.4 nA brief current pulses across the membrane at 8 Hz. The duration of the pulse was 
such that one pulse elicited only one action potential. Under these conditions, the LHP elicited by a following LOT stimulus was 
unaffected. C: illustrates that the LHP is accompanied by a fall in membrane resistance. The downward deflections were produced 
by 40 ms, 0.3 nA current pulses; the LOT stimulus is obvious from the spike. D : in the same cell the LHP could be observed even 
when the LOT stimulus was insufficient to elicit a soma spike. Note that the LHP was still accompanied by a reduction in 
membrane resistance. E and F: the LHP was reduced in amplitude when the bath potassium was raised to 8 mM and 10 mM, 
respectively. Resting potential of this cell was --90 mV. 8 mM potassium depolarized the cell by 7 mV and 10 mM potassium by a 
further 8 mV. 

now considerable evidence that  such an  enhance- 

ment  of t ransmit ter  release occurs at a n u m b e r  of 

peripheral and  central synapses, we feel that  a 

c o m m o n  mechanism is involved. The most  likely 

explanat ion is that  4-AP, through a block of some 

type of K+-channel,  destabilizes presynaptic struc- 

tures such that  spontaneous spikes/depolarizations 

occur% The fact that  such spontaneous release is 

te t rodotoxin (TTX) sensitive suggests that  a facilita- 

t ion of calcium currents (whether resting or voltage 

sensitive) is uolikely to be the pr imary  mechanism of 

action. One consequence of an enhanced presynap- 

tic excitability might be repetitive firing o f  axons/ 

nerve terminals following a single nerve stimulus, as 

observed in lamprey giant  Mtiller axons dur ing 

applicat ion of guan id ine% It is possible that  the 

postsynaptic membrane  potent ial  oscillations and 

their accompanying ion fluctuations result f rom 

such a presynaptie  rhythmicity.  Thus, when the 

axon membrane  potential  oscillates, this leads to 

periodic release of neurotransmit ter ,  which depola- 

rizes the recorded neurone.  We often observed that  

bursts of spontaneous  potentials were superimposed 

on the peaks of postsynaptically recorded mem- 
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Fig. 7. Rhythmic loss of the late hyperpolarizing potential (LHP) associated with the onset and offset of seizure type neuronal 
discharges. A: a DC record of membrane potential with two major paroxysmal events. B: the membrane response (at high 
amplification) to a single LOT stimulus. The control was recorded before application of 10 ,aM 4-AP and the DC record starts 2 
min after drug addition. The subsequent records were taken at the times indicated by the numbers in A. Note that just before onset 
of seizures (3 and 7) the LHP was reduced in amplitude. In the 'interictal' periods (6 and 9) it reappeared. Note also the very large 
spontaneous membrane potential oscillations evident before the first seizure discharge. 

Control h-AP 10~mol/t Wash 

B Concentration Duration Amplitude 
~umot/I % of control % of control 

1 109 z 2 109~2 
3 129 ~- 4- 98~5 

10 183 ; 8 69 ; 3 
100 336 ~- 14. 56,~9 

Fig. 8. A: averaged population potentials recorded from an 
isolated lateral olfactory tract. The traces are 10 sweeps at one 
per 5 s; stimulus was 50 V, 0.1 ms. The small square pulse is 
the stimulus artifact (retouched for clarity). Note how 4-AP 
caused a prolongation in the population spike and also 
reduced the amplitude. B: cumulative data obtained from 4 
similar experiments. The values are means ± S.E.M.; the 
duration was measured at 50% amplitude. 4-AP caused a 
dose-dependent increase in potential duration and above 3 
#M some depression of amplitude. 

b rane  potent ia l  oscil lations.  H o w  such a repet i t ive 

discharge could  arise is no t  d e a r .  I t  has been 

repor ted  tha t  4 -AP leads to  slow osci l lat ions and  

spike discharges in squid axons14,3% however  i t  is 

p robab le  that  this behav iour  is no t  pure ly  a conse- 

quence of  de layed rectifier channel  b lockade  14. 

The fact that  4 -AP p ro longed  the L O T  fibre spike 

suggests tha t  these fibres possess rectifying po tas -  

s ium channels  sensitive to 4-AP. However  the soma  

spike of  pa leocor t ica l  neurones  was unchanged  by  

the same concent ra t ions  (not  i l lustrated) .  This  is 

s imilar  to our  findings in ra t  gangl ia  11, where we 

observed tha t  the soma  spike was relat ively unaffect-  

ed by  low concent ra t ions  o f  4 -AP (see also ref. 26) in 

cont ras t  to vagus nerve C-f ibres  which exhibi ted  a 

• m a r k e d  p ro longa t ion  o f  spike. I t  therefore  appears  

as though  there is 's i te specificity'  for  delayed recti- 

fier type channels ;  unmyel ina ted  nerves conta in ing  

m a n y  such channels  and  soma regions relat ively few. 
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In support of this is the finding that mammalian 
myelinated fibres possess few classical delayed recti- 
fier channels3, 20. 

The convulsant discharges, which we recorded are 
different in character from any other seizure-type 
discharges recorded in olfactory cortex 34 or hippo- 

campa135,36 slice preparations. In both cases, con- 
vulsants such as bicuculline, penicillin and barium 

ions all lead to brief paroxysmal depolarizations but 
not to long duration depolarizations of 20-30 s. The 
large changes in extracellular ionic concentrations 

observed during 4-AP seizures are similar to those 
observed in vivo with other convulsants 17. Indeed, 
superfusion of 4-AP over the anesthetized cat cortex 

produces similar ionic changes to those we have 

observed in the guinea-pig olfactory cortex slice (U. 
Heinemann, personal communication). This, at 
least, suggests that this in vitro model is similar to 

existing epileptic models. 
Two major changes in neuronal function seemed 

to be contributing to the generation of convulsant 
activity in our preparation. Firstly, the increase in 

spontaneous transmitter release, which was evident 
in the minutes before and between seizure dischar- 

ges. Secondly, the apparent loss of an IPSP shortly 
before paroxysmal depolarization. This latter effect 
has also been observed in the cat cortex during 
superfusion with 3-aminopyridine 1. The fact that the 

IPSP reappears in the 'interictal' period, despite the 
continuing presence of 4-AP, indicates that loss of 
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Fig. 9. Blockade of 4-AP-induced seizure discharges by magnesium and diphenylhydantoin. A and B: simultaneous recordings of 
membrane potential and extracellular potassium concentration. The arrow marks the start of superfusion with 10 #M 4-AP. After 
an initial rise in spontaneous potential frequency (accompanied by a rise in potassium) the cell and slice exhibited spontaneous 
rhythmic seizure discharges. These were quickly and reversibly abolished by raising the bath magnesium concentration by 5 mM 
(hatched bar). C" recorded from another cell in another slice and shows how 50/zM diphenylhydantoin could also arrest the 
rhythmic seizures elicited by 10/zM 4-AP. The arrow marks the start of 4-AP application and the upward deflections were produced 
by intermittent stimulation of the LOT (not illustrated). Note how, in both examples, the spontaneous potentials continued even 
though the seizure discharges were abolished. 



inhibition does not  simply result f rom a 4-AP anta- 

gonism of  inhibitory transmitter receptors on the 
postsynaptic membrane.  Our  experiments in sym- 
pathetic ganglia n and also in brain slices 12 have quite 

clearly shown that  4-AP in concentrations up to 100 

#mol/1 can only be, at best, a weak G A B A  antago- 
nist. There is substantial evidence that  G A B A  is one 
o f  the inhibitory transmitters operating in this corti- 
cal region4, 6. However,  the possibility exists that  in 

the seconds before seizures commence,  the cell sensi- 
tivity to inhibitory transmitter is reduced. Such a 

mechanism has been demonstra ted during hippo- 
campal seizures in vivoL Furthermore,  it is unlikely 
that  the L H P  disappears due to the 4-AP-induced 
rise in potassium, since this level was not  more than 

4-6 m M  at the start o f  seizures. At  these levels o f  
extracellular potassium the L H P  could still be re- 
corded. The final possibility is that  due to the 
increase in spontaneous activity, an inhibitory inter- 

neuronal  pathway 'switches off '  thus leading to 
instability in the circuit. Once the cell populat ion 
has undergone paroxysmal  depolarization, cell resi- 

stance falls and spontaneous potentials disappear 
(either due to a pre- or postsynaptic action) this then 
allows the interneurone to 'switch on '  again. 

Since Mg  2+ could arrest seizure discharges, this 
implies that  Ca 2+ influx at either pre- or postsynap- 
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