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Epileptiform Burst Afterhyperpolarization: Calcium-Dependent 
Potassium Potential in Hippocampal C Al Pyramidal Cells 

Abstract. Synaptic excitation of hippocampal cells during blockade of synaptic 
inhibition results in an epileptiform "burst" potential followed by a prolonged after
hyperpolarization. This afterhyperpolarization resembles the one that is seen after 
the epileptic interictal spike and that is considered of critical importance in pre
venting seizure development. The afterhyperpolarization produced in the presence of 
y-aminobutyric acid antagonists is associated with a conductance increase and is 
inhibitory. It can occur in an all-or-none fashion after a burst, is independent of 
chloride, and is depressed by barium. The afterhyperpolarization has a reversal po
tential of —86 millivolts, and the reversal potential is strongly dependent on the ex
tracellular concentration of potassium. The afterhyperpolarization appears to be an 
intrinsic, inhibitory potassium potential mediated by calcium. This finding has impli
cations for understanding the cellular mechanisms of epilepsy. 

The interictal stage of epileptiform dis
charges is characterized in the cortical 
electroencephalograph by intermittent 
bursts of cellular activity called interictal 
spikes (/). Interictal spikes appear simi
lar to the high-frequency "burst" dis
charges seen in various animal models 
(2-6). For instance, intracellular record
ings from cells responding to the con-
vulsant penicillin, a commonly used 
model of the interictal state, reveal large 
depolarizing potentials (paroxysmal de
polarizing shifts) (Fig. 1A, left) that trig

ger bursts. A burst is typically succeeded 
by a prolonged afterhyperpolarization 
(AHP) that is functionally inhibitory and 
associated with a conductance increase 
(3, 4). Transition from the interictal to 
the true epileptic ictal (seizure) state is 
accompanied by disappearance of this 
AHP. The AHP has been assumed to 
play a key role in preventing the ictal dis
charge (5), although its identity has re
mained uncertain. While early evidence 
seemed to indicate that it is a persistent 
inhibitory postsynaptic potential (IPSP) 

Fig. 1. Characteris
tics of the AHPS in 
three CA1 pyramidal 
cells recorded with 
KMeS04-filled elec
trodes. (A) Ortho
dromic stimulation 
elicits an EPSP, ac
tion potential, and 
IPSP (Al, left). Ion-
tophoretic GABA (100 
nA, 2 seconds) ap
plied through an inde
pendently positioned 
pipette produces a bi-
phasic sequence of 
deflections (A2, left) 
(14). When the per
fusion is switched to 
a medium containing 
2 x 10~4M picrotoxin 
(Picro), the same stim
ulus evokes a "burst" 
potential and an AHP 
larger than the origi
nal IPSP (Al, right), 
despite the fact 
that the iontophoretic 
GABA response is nearly abolished (A2, right); resting potential, -63 mV. (B) The AHPS in 
picrotoxin blocks action potentials produced by brief depolarizing current pulses passed 
through the recording electrode (Bl). When hyperpolarizing current pulses are passed across 
the membrane (40-msec pulses at 10 Hz), a conductance increase accompanies the major por
tion of the AHPS (B2); resting potential, -64 mV. (C and D) The IPSP in normal saline is graded 
with increases in stimulus intensity (CI and closed circles in D), while the AHPS produced by 
the same stimuli in 10~4M bicuculline methiodide (BMI) is nearly maximal at just suprathreshold 
levels and does not change with increases in stimulus strength (C2 and open circles in D); 
resting potential, -63 mV. 
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(6), suggestions have been made that the 
AHP is a calcium-dependent potassium 
potential (6-8). To date there has been 
little direct evidence concerning this 
point. 

During experiments on synaptic inhi
bition in the hippocampal slice prepara
tion, we observed that orthodromic stim
ulation in the presence of y-aminobutyric 
acid (GABA) antagonists elicits a burst 
of action potentials and an AHP (9). 
Since the major inhibitory transmitter in 
the hippocampus is probably GABA 
(10), this finding strongly suggested that 
the AHP is not an IPSP, although vari
ous interpretations were possible. For 
example, the AHP could be (i) a non-
GABA-mediated IPSP unmasked by 
GABA antagonists, (ii) an antagonist-re
sistant form of GABA-mediated IPSP, or 
(iii) a nonsynaptic potential. The experi
ments described in this report demon
strate that the AHP is an intrinsic, cal
cium-dependent potassium potential that 
is initiated by the preceding burst dis
charge. 

We used the transverse hippocampal 
slice preparation (/ / ) modified by sub
merging the slice at 30° to 32°C (12). 
Submerging affords stable recording con
ditions, and switching between various 
experimental media while maintaining 
an impalement can be performed with 
a "latching" solenoid valve (General 
Valve, Inc.). Intracellular electrodes 
were filled with either 1M potassium 
methyl sulfate (KMeS04), having resist
ances of 70 to 100 megohms at 130 Hz, 
or 3M KC1 (50 to 70 megohms). Rever
sal potentials were determined by pass
ing current, via a carefully balanced 
bridge circuit (WPI M701), through the 
recording electrode. Hippocampal py
ramidal cells from the CA1 field of male 
Sprague-Dawley rats were studied. All 
intracellular impalements were main
tained in stable condition for over 30 
minutes with resting membrane poten
tials of at least 50 mV (mean and stan
dard deviation, 60.6 ± 6.5mV; N = 64), 
action potential amplitudes of 76.3 ± 7.7 
mV (N = 52), and total neuron input 
impedances of 49.7 ± 14.7 megohms 
(N = 45). 

Intracellular recording from a CA1 
pyramidal cell with a KMeS04-filled 
electrode reveals an EPSP-spike-IPSP 
sequence in response to suprathreshold 
orthodromic stimulation. After the medi
um is switched from control to one con
taining bicuculline methiodide or picro
toxin (5 x 10~5M to 5 x 10~4M), the 
same stimulus elicits a burst potential 
followed by a late, slow hyperpolariza-
tion. Because this hyperpolarization is 
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present in concentrations of GAB A 
antagonists which block responses to 
iontophoretically applied GAB A (Fig. 
1A), we can eliminate the possibility 
that the residual hyperpolarization is 
due to an antagonist-resistant form of 
GAB A response. We refer to this post-
burst hyperpolarization as an AHP re
sulting from synaptic stimulation (AHPS) 
to distinguish it from both an IPSP and 
the AHP resulting from depolarizing 
current injection (AHPd). The AHPS 

has an amplitude of 8.6 ± 3.4 mV and 
lasts 2.9 ± 1.2 seconds (N = 16). It 
is associated with a conductance in
crease of 36 ± 12 percent (N = 11) and 
is inhibitory, blocking either spontane
ous or directly evoked action potentials 
(Fig. IB). The AHPS can occur in an all-
or-none fashion following a burst (Fig. 
1C) (13). This behavior is quite unlike 
that of synaptic potentials, such as 
IPSP's, whose amplitudes are continu
ously graded in proportion to stimulus 
intensity (Fig. 1, C and D). 

In mammalian central nervous system 
neurons, IPSP's are Cl~-dependent. In 
hippocampal pyramidal cells, IPSP's can 
easily be reversed from hyperpolarizing 
to depolarizing potentials by allowing 
Cl~ to diffuse into the cells from a 3M 
KCl-filled pipette (14, 15). If the AHPS 

were a Cl~-dependent potential, evoking 
it in Cr-filled cells would be impossible 
(16). However, the AHPS can still be pro
duced in these conditions after switching 
to. a perfusate with a GAB A antagonist 
(Fig. 2A). 

In many cells (77), including hippo
campal pyramidal cells (#), a calcium-de
pendent potassium current l/iccca)] is pos
tulated to occur after an intracellular de
polarizing current pulse produces a train 
of action potentials. The potential 
caused by this 7K(ca) is an AHPd. In our 
experiments a 100-msec depolarizing 
current pulse of 0.5 to 1.0 nA, causing a 
deflection of 10 to 20 mV and a train of 
four to eight action potentials, is fol
lowed by an AHPd of 6.6 ± 3.0 mV last
ing 3.1 ± 1.3 seconds (N = 13). The 
AHPd is resistant to tetrodotoxin but 
can be blocked by Co2+, Mn2+, and Ba2+ 

(8,18). It is associated with a weak con
ductance increase. If a similar calcium-
dependent potassium potential is in
volved in the synaptically evoked AHPS, 
the AHPS should be susceptible to block
ade by calcium antagonists, but, because 
the AHPS follows a synaptically initiated 
burst, it is not possible to test this hy
pothesis by using calcium antagonists 
that block synaptic transmission. How
ever, while Ba2+ passes through Ca2+ 

channels (19) and antagonizes /K(ca) (20), 

it does not block IPSP's (8, 21). In 2 mM 
Ba2+ and 0.2 mM calcium, pyramidal 
cells depolarize slightly and fire sponta
neously, and the burst is greatly pro
longed (Fig. 2B). Both the AHPS and 
AHPd are substantially and similarly re
duced (approximately 60 percent reduc
tion from control amplitudes; N = 5), 
emphasizing their fundamental similarity 
and suggesting their dependence on cal
cium. 

There has been little direct evidence 
for the involvement of potassium in ei
ther the AHPS or AHPd in the hippo
campus. We obtained such evidence by 
determining the reversal potentials of the 
AHPS and AHPd and demonstrating the 
dependence of the reversal potentials on 
the concentration of extracellular potas
sium, [K+]0. In 13 cells we obtained clear 
reversals of at least one of these poten
tials (Fig. 2C). The potentials reversed at 
levels that are not significantly different: 
for AHPd, "87.3 ± 5.4 mV (N = 11), 
and for AHPS, -84.7 ± 6.4 mV (N = 6) 
at normal [K+]0 (5.4 mM) (22); the com
bined mean is -86.4 ± 5.4 mV. In three 

additional cells whose Cl~ gradient had 
been inverted by Cl~ diffusion from a 
KCl-filled pipette or by perfusion with 
low extracellular Cl~, the AHPS reversed 
at -86.7 ± 5.0 mV, confirming the pre
vious suggestion that Cl~ is not involved 
in these potentials (Fig. 2A) (14). In 13 
other cells the AHP's could be nullified 
at levels from - 7 6 to -94 mV, but not 
convincingly reversed. These values are 
all in the range expected for the equilibri
um potential for potassium. Therefore, 
we evaluated the effects of isosmotically 
altered [K+]0 on the reversal potentials of 
the AHPd and AHPS (Fig. 2D). The slope 
of the least-squares regression line relat
ing reversal potentials to [K+]0 is - 5 0 
mV, similar to the Nernst equation pre
diction of - 6 0 mV for a purely potas
sium-dependent potential at 30°C. This 
close agreement supports the inter
pretation that both AHPS and AHPd are 
due to potassium currents. 

Our experiments indicate that the 
AHP that follows a burst is not an IPSP 
but rather an intrinsic, calcium-depen
dent potassium potential. Unlike IPSP's 

Fig. 2. Ionic mecha
nism of the AHPS. (A) 
A CA1 pyramidal cell 
recorded with a KCl-
filled pipette. In the 
presence of 10"4M 
pentobarbital, ortho
dromic stimulation 
produces a pro
nounced depolarizing 
IPSP (control). After 
the medium is 
changed to one con
taining BMI, the re
sponse is reversibly 
replaced by a burst of 
action potentials and 
an AHPS; resting po
tential, -55 mV. (B) 
Comparison of the ef
fects of 2 mM Ba2+ on 
the AHPS and AHPd 
in a single cell. In the 
presence of BMI 
(Control), both ortho
dromic (top) and di
rect (bottom) stimuli 
produce large AHP's. 
Twenty-six minutes 

after the medium is changed to one containing 2 mM Ba2+ and 0.2 mM calcium, the cell has 
depolarized 15 mV and begun to fire spontaneously. Both AHP's are depressed at the new 
depolarized resting level, but, in order to compare their amplitudes in Ba2+ with control am
plitudes, we hyperpolarized the cell to the original resting potential (Ba2+). Barium effects are 
reversible (Wash). The current pulse producing the AHPd is 0.65 nA and lasts 100 msec; control 
resting potential is -61 mV. (C) Reversal potentials of AHPS and AHPd determined in the 
presence of 10~4M picrotoxin. The membrane is hyperpolarized to the indicated levels by 
passing current through a bridge circuit; resting potential, -62 mV. (D) Effects of extracellular 
potassium on reversal potentials of AHPS and AHPd determined for six cells. Reversal poten
tials were obtained for at least two levels of [K+]0 in every cell. The least-squares regression 
line has a slope of -50 mV per decade change in [K+]0. The deviation from the slope expected 
from the Nernst equation (-60 mV) is probably due to the values obtained in 1 mM K+, pre
dicted to be higher than were observed. This may be due to incomplete equilibration of 1 mM 
K+ in the extracellular space or to a slight contribution by another ion with a relatively less 
polarized equilibrium potential. 
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in mammalian central nervous system 
neurons, the AHPS can be all-or-none, is 
independent of Cl~, and is reduced by 
barium. It has a very negative reversal 
potential that is similar to that of the 
directly activated, calcium-mediated 
AHPd. Both AHP's are sensitive to 
changes in [K+]0. We conclude that the 
AHPS is produced by the influx of cal
cium which underlies the burst potential 
in these cells (23). Increased intracellular 
calcium results in activation of a potas
sium conductance, allowing potassium 
to leave the cell and hyperpolarize it. 
The conductance increase and the hyper-
polarization act to inhibit the cell. 

If the burst and AHPS adequately mod
el the interictal state (24), then character
ization of the AHPS is relevant to under
standing the transition between interictal 
and ictal epileptic states in emphasizing 
conditions that would depress the AHPS, 
such as the rise in [K+]0 and the decrease 
in [Ca2+]0 associated with neuronal activ
ity (25). As previously suggested (6, 7), 
attenuation of synaptic inhibition allows 
a burst (2) to be expressed in response to 
excitatory inputs. A burst is followed by 
an AHPS, a nonsynaptic inhibitory po
tential that functions initially to prevent 
the development of epileptic discharges. 
Increased neuronal activity during and 
after bursts would elevate [K+]0 and 
depress [Ca2+]0, both actions tending to 
decrease the inhibitory effectiveness of 
the AHPS. When a point is reached at 
which the remaining calcium-dependent 
potassium potential is inadequate to 
block runaway prolongation of a burst, a 
seizure results. Our data are in accord 
with this hypothesis. 

In experiments performed after this re
port was originally submitted, we re
corded from 16 CA1 cells with electrodes 
filled with 0.2M EGTA plus 2M 
KMeS04. We confirm the observation of 
Schwartzkroin and Stafstrom (26) that 
the current-evoked AHPd is blocked by 
this treatment. The AHPS following 
evoked bursts, which may be analogous 
to their penicillin-induced bursts, is also 
altered in CA1 cells. The primary effect 
of EGTA is a marked shortening of the 
duration of the AHPS. This effect is evi
dent in comparisons made two ways, (i) 
There is a difference between the AHPS 

of cells held for at least 5 minutes each 
with KMeS04 electrodes (half-time of 
decay of AHPS is 0.85 ± 0.36 second; 
N = 19) and those recorded with EGTA 
electrodes (0.33 ± 0.45 second; N = 16). 
A Mest shows that this difference is sig
nificant at P < .001 and holds even 
when cells from the same slice are com
pared. (ii) We examined the effects of 
EGTA in nine cells by comparing the 
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half-time of decay of the AHPS produced 
within 1 minute of entering the cell 
(0.66 ±0.31 second) and after record
ing from the cell for at least 5 minutes 
(0.32 ± 0.08 second). The difference is 
again significant at P < .001. In nine 
cells recorded with KMeS04 electrodes, 
the same measuring procedure revealed 
no shortening of the AHPS. Our findings 
with EGTA support our suggestion that 
the AHPS in CA1 is a calcium-dependent 
potassium potential. Thus the differ
ences between our results and those 
of Schwartzkroin and Stafstrom in CA3 
neurons are probably due to differences 
(for example, size) between the cell 
types themselves. In preliminary experi
ments with cells from the CA2 and CA3 
region, we have not seen marked effects 
of EGTA on the AHPS. 
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