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The K#2 surface efflux from the cat neocortex and rat hippocampus was
studied after preloading with K#2 from the surface. This K%2 efflux increases
from two to nine times during or after all electrically or Metrazol-induced
seizures and ‘“spontaneous” seizures. The K42 influx does not change during a
seizure, so this increased efflux is not due to change in the diffusion constant
or water flow from brain, The time course of the efflux is not compatable with
the eflux simply idicating increased turnover of potassium from cells. We con-
clude there is an increase in the concentration of potassium in the interstitial
space during seizures. A model is proposed in which this potassium accumulation
is an important step in the regenerative, all-or-none-aspect of the initiation of
seizures.

Introduction

There is a net movement of potassium ions out of neurons and into the
interstitial space associated with each action potential. Indeed, the con-
centration of interstitial potassium, [K],, increases in the vicinity of active
neurons in some circumstances (3, 7, 11, 19, 20, 30).

In epileptiform seizures there is very rapid firing of many neurons and
one might expect the [K], to increase. We show that this is, indeed, the
case. Spreading depression of Leao is the only case of increased [K],
with increased neural activity for which there is much evidence that the
increased [K], is of functional significance (9). We shall suggest that a
similar potassium mechanism exists in both phenomena. A preliminary re-
port of this work has alreadly appeared (6).

Methods

Changes in [K], have been measured by the method of Brinley, Kandel
and Marshall (2). This method consists of loading a brain with radioactive

1 This work was supported by Grant NB-04352 and GM-00353 from the National
Institutes of Health. Dr. Fertiziger's present address is Department of Anatomy,
Albert Einstein College of Medicine, New York, N.Y. 10461.
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572 FERTZIGER AND RANCK

potassium, K*2, and using the efflux of this isotope from the brain surface
as an index of changes in [K],. An evaluation of this method will be given
later in this paper.

All experiments were performed on cats and rats of both sexes, an-
esthetized with either sodium pentobarbital or chloralose. After surgical
exposure, the pial surface of the cat neocortex or the ventricular surface of
the rat hippocampus was incubated for 1-2 hours with radioactive potas-
sium in a prewarmed artificial cerebrospinal fluid. The specific activity of
the K** was 13.9 uc/pmole K*. In rats, a skin flap was used to retain the
column of fluid over the brain, while a Plexiglas well, press fitted into a
12.5-mm diameter trephine hole, was used in the cat. At the end of the
incubation period the brain was washed with nonradioactive cerebrospinal
fluid to remove any isotope adhering to the pial surface. A chamber, shown
in Fig. 1, equipped with stimulating and recording electrodes was then
positioned onto 0.25 cm? of the brain surface. A constant flow of warmed
nonradioactive artificial cerebrospinal fluid was perfused through this
chamber at a rate of 0.821 ml/min, equal to 21 times the volume of the
chamber per minute. The artificial cerebrospinal fluid was 0.5 mM Na,-
HPO,, 25 mm NaHCQOs,, 125 mm NaCl, 1.1 mm CaCly, 0.8 mm MgCl,,
and 3.0 mm KCI. The effluent from the chamber was collected and assayed
for radioactivity. In some experiments the perfusate was collected for
fixed periods of time (usually 30 sec), while in other experiments the
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Fig. 1. The perfusion chamber.
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duration of the collection periods was varied. When this was done, it was
necessary to determine the volume that was collected, and the radioactivity
was expressed as counts per minute per unit volume. The cortical EEG
was recorded by a pair of surface electrodes built into the chamber, thus
making possible a correlation between perfusate radioactivity and ongoing
EEG.

Seizures were elicited either by tetanic stimuli delivered to the brain
surface or by the intravenous administration of pentylenetetrazol (Metra-
zol). When Metrazol was used it was necessary to immobilize animals with
gallamine triethiodide (Flaxedil) and give artificial respiration. They, of
course, were also under general anesthesia. Figure 2 shows the electro-
graphic patterns of these seizures. We were concerned about the possibility
of confusing a seizure with spreading depression; however, in all cases
the episode was clearly a seizure. Some seizures had no postictal depression
at all.

Results

The 19 electroshock and Metrazol-induced seizures that have been
studied in 13 different animals all resulted in a stereotyped change in the
K** surface efflux. Soon after the start of the seizure, the K*2 surface
efflux started to rise, reached a maximum, and then returned to the pre-
seizure level. As shown in Table 1, these maxima ranged from 2.0-9.3
times larger than the preseizure efflux (mean = 4.9). No seizure has been
studied that has not resulted in this altered K** efflux pattern. In 11 of
the 19 seizures that have been studied, the maximum in the K** surface
efflux occurred after the seizure was over, and in four of these 11 cases
the maximum occurred after the EEG had returned completely to normal
(after postictal abnormalities, if any). In the eight remaining seizures

TABLE 1

Maxmar K # Surrace Erfrux DuriNGg ELECTRICALLY-INDUCED (E) AND
METRAZOL-INDUCED (M) SEIZURES IN THE RAT HirpocaMPAL FORMATION
(H) anp THE CAT SuPrasSYLVIAN Gyrus (N)

Peak seizure efflux
Non-seizure efflux

Type of setzure No. seizures No. animals
Mean Range

H-E 3.5 2.0-6.6 7 3
H-M 8.4 7.59.2 2 2
N-E 4.8 2.3-8.0 4 2
N-M 6.5 4.59.3 3 3
Spoat. (H) 4.3 2.9-6.7 3 3

Totals 4.9 2.0-9.3 19 13
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Fic. 2. Typical EEG patterns in neocortex (left) and hippocampus {right}.
Normal: a barbiturate spindle is depicted in the neocortical record; a.d.: afterdis-
charge following electrical stimulation; p.i.d.: postictal depression; T: tonic phase
of a Metrazol seizure; C: clonic phase of a Metrazol seizure. Time calibration 1
sec.

that were studied, the collection periods were too long to determine if the
maximum occurred before, during, or after the end of the seizure.
Electroshock Seizures. Figure 3 shows the results of a typical experi-
ment in which the changes in the K*? surface efflux are depicted. In this
experiment electroshock was used to elicit an afterdischarge lasting 18
sec in the rat hippocampal formation. {In this figure and in all subsequent
figures the circles have been placed at the end of the collection period.)



INTERSTITIAL POTASSIUM 575

Control EEG After discharge  Flat EEG  Return to control EEG Control EEG

T
250 -

- -

200

150

1
1
|
1
|
i
|
[
1
I
|
|
1
'

100

50+

K42 surface efflux{cpm /mi}

o 1 1 1 1 1 1 1
0 30 60 90 120 150 180
Time (sec)

Fic. 3. Effect of an electrically induced seizure on the K+2 surface efflux from
the cat hippocampal formation. The electrical stimulation was 3v, 50/sec, 1-msec
duration pulses, and occurred at time zero. The time scale for the control eflux
periods is compressed. Sample radioactivity is plotted at the end of the collection
period.

The K** surface eflux, which had been quite stable prior to the seizure,
started to increase during the seizure, reached a maximum at the end of
the postictal depression that followed the afterdischarge, and returned to
the preseizure level approximately 3 min after the onset of the seizure.
When the K** surface eflux was measured during subseizure electrical
stimulation in both the rat hippocampal formation and cat neocortex, it
consistently remained unchanged from the prestimulus level. In these
experiments the only stimulus parameter to be changed was the stimulating
voltage. Stimulating frequency and pulse duration remained constant.
Voltages used were always more than half the value of the lowest voltage
capable of eliciting an afterdischarge. The fact that there does not appear
to be a graded relationship between K*2 surface efflux and brain stimulation
strongly suggests that the efflux measurements reveal something about
the seizure process and not merely that the brain has been stimulated.
Metrasol Seizures. In general, the seizures produced by Metrazol lasted
much longer than those produced by electroshock. The tonic phase lasted
19-30 sec and was followed by a clonic phase that continued for as long
as 10 min, gradually giving rise to a more normal EEG. Associated with
Metrazol seizures in both cat neocortex and rat hippocampal formation is
an increase in the K*? surface eflux (Fig. 4), similar to that seen after
electroshock. However, this increase differed in three major ways from
that seen after electroshock. First, the K** surface efflux increased to a
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maximum that was larger than the maximum seen after most electroshock
seizures. Secondly, this maximum was always observed to occur much
later than in electroshock seizures. In one experiment the maximum oc-
curred 4 min after the seizure had started while in the majority of experi-
ments it occurred between 1.5 and 3 min after the initiation of the seizure.
In Fig. 4 the maximum occurs after a 1.5-min latency. In all cases, the
maximum occurred during the clonic phase of the seizure (i.e., never dur-
ing the tonic phase). Finally, the duration of the elevated K** surface
efflux is also much greater than the increase seen after electroshock. The
fact that the K** surface efflux maximum was larger and the duration
longer is not surprising inasmuch as the Metrazol seizure was clearly of
much longer duration, The longer latency was somewhat surprising, and
no clear explanation can be given for it. It may be because the source of
the increased K*? surface efflux in electroshock is closer to the brain surface
than in a Metrazol seizure. The time course of the K** surface efflux
increase shown in Fig. 4 (rat hippocampal formation) is typical for all
Metrazol seizures except for the fact that the return of the K** surface
efflux is somewhat longer than is usually seen. This may be related to the
fact that the return of the EEG to its preseizure character is aiso delayed.

Spontaneous Seizures. On three separate occasions, all in rat hippo-
campal formation, a seizure occurred which had not been directly elicited
by brain stimulation. These spontaneously occurring seizures always ap-
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Fic. 4. Effect of a Metrazol-induced seizure on the K42 surface efflux from the
cat suprasylvian gyrus. “T” is the tonic phase. Dosage 230 mg/kg. Sample radio-
activity is plotted at the end of the collection period.
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peared within 5 min after an electrically induced seizure and for this reason
the word “‘spontaneous” should be used with caution. However, these
seizures always occurred well after the effects of the previous afterdis-
charge appeared to be over and a normal EEG resumed. In fact, in two
of the three cases, the K** surface efflux had completely returned to pre-
seizure levels, while in the third case the return was almost complete. All
three of these so-called spontaneous seizures were associated with an in-
crease in K** surface efflux that was indistignishable from electroshock
in terms of magnitude and time course. Spontaneous seizures were never
observed in neocortex. Finding them in the hippocampus is not wholly un-
expected in light of the low seizure threshold demonstrated by this struc-
ture.

Evaluation of the K*2 Surface Efflux Method

The method of Brinley, Kandel and Marshall (2) that has been des-
cribed represents an indirect approach to studying the dynamics of the
interstitial potassium environment of the brain. We cannot draw any con-
clusions from it without the following considerations and experiments.

A negligible amount of K*? that reaches the surface of the brain will
enter the surface perfusate directly by moving across cell membranes at
the brain surface. Virtually all will diffuse into the perfusate via the inter-
stitial space. By Fick’s first law of diffusion, flux is equal to the concentra-
tion gradient in the interstitial space times the effective diffusion constant
of the brain.2 An increased surface efflux can therefore be due either to an
increased concentration gradient at the surface, an increase in the effective
diffusion constant at the surface, or to a bulk flow of fluid from the surface.
We have eliminated the possibility of an increased diffusion constant or
bulk flow of fluid from the surface by demonstrating that the rate of -
flux or K** from the ventricular surface into the hippocampal formation
during a seizure is the same as the nonseizure influx. The results of this
experiment are summarized in Table 2. Influx was determined by measur-
ing the specific activity of excised pieces of hippocampus after a 2-min
exposure to K*? on the surface, with and without seizures produced by
surface stimulation. An increased effective diffusion constant should in-
crease the influx (and increase efflux). A bulk flow of fluid out should
decrease the influx (and increase efflux). We consider the possibility of
both factors having an equal and opposite effect on influx sufficiently un-
likely so as to be ignored. Therefore, this increased K*? surface efflux
must be a result of an increased interstitial K42 concentration.

2 Effective diffusion constant includes factors expressing the diffusion constant of
the interstitial space, size, and geometry of the space, plus any diffusional barriers
such as pia mater.
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TABLE 2

A CoMPARISON OF THE K% INFLUX INTO BRAIN DURING SEIZURES AND
NON-SEIZURE ACTIVITY
Specific activity of the incubation medium was the same in all cases

Duration Spec. Activity

Expt. Incubation Brain
(min) (cpm/meg K*)
Control 2 1.52 X 108
Control 2 1.42 X 108
Seizure 2 0.49 X 10°¢
Seizure 2 2.05 X 108
Seizure 2 1.47 X 10°®

However, does an increase in interstitial K*? indicate an increase in
interstitial, nonradioactive potassium? I{ the specific activity of intersti-
tial potassium (S. A.,) is significantly smaller than the intracellular specific
activity (S. A.;) (ignoring any bound potassium), then a one-way efflux
of potassium from cells into a K*?-depleted interstitium could produce an
increased surface eflux without much elevation of the interstitial potassium
concentration. Perfusing the brain surface with non-radioactive cerebro-
spinal fluid will cause a reduction of the S.A,, in superficial layers, but
how deep will this be? S.A., will not fall below S.A.; in regions where the
time constant for the rate of K*? turnover by transmembrane fluxes is less
than the time needed to reach the brain surface by diffusion. The rate of
K** turnover in neocortex can be approximated by assuming a resting
transmembrane potassium flux of 14 X 10'* moles/cm? sec, an inter-
stitial space due to cell separation of 700 A, an interstitial potassium con-
centration of 4 mm, and that two-thirds of the membranes are glial with
no transmembrane flux.* With these assumptions, interstitial K** will be
expected to turn over with a time constant of 3 sec. Consequently, S.A.,
will fall below S.A.; only in those regions where the diffusion time for
potassium to reach the surface is less than 3 sec. Obviously this will com-
prise only the most superficial elements of the cortical mantle. If this in-
creased surface efflux is coming only from superficial elements, there will

3 These values were selected so as to bias this argument against a rapid turnover
time constant and not to indicate our personal preference for these values. The value
for resting transmembrane potassium flux was obtained from flux measurements on
sepia axons (13). This value seems reasonable because the specific membrane resis-
tance of sepia axons is comparable to the resistance of mammalian neurons. In fact,
the increased neuronal activity that takes place during seizures suggests a larger
transmembrane potassium flux than the value we have chosen. The quantitative con-
tribution of neuroglia cells to the potassium turnover is less clear and therefore has
been completely excluded from this argument, although it is surely important.
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be a delay of less than 3 sec between K** efflux from cells and its collec-
tion on the surface. On the other hand, if the increased K** efflux at the
surface is associated with increased potassium in depth, then the maximal
surface efflux would be expected to occur after a considerably longer
delay. Since the surface efflux maximum occurs after the end of the seizure
and in several cases after the return of a normal EEG, the hypothesis that
superficial elements are responsible for the K** surface efflux maximum
seems untenable and can be rejected. (The case is especially strong in the
hippocampus, because of the alveus, a predominantly myelinated fiber tract
that runs along the ventricular surface of the hippocampus. In this mye-
linated fiber tract ionic fluxes occur only across a small fraction of the
total membrane surface, the nodes of Ranvier. Therefore, in the alveus
both the surfaces contributing to the increased K** eflux from cells and
those contributing to the equilibration of S.A.; and S.A., are decreased.)
The large fluxes of both K and K** occur in gray matter in depth. We,
therefore, conclude that the increased surface efflux is an indication of an
increased potassium concentration in the interstitial space of the brain.
While the magnitude of this accumulation cannot be determined from these
data, it seems likely that it is at least as large as the increase in the K*?
surface efflux.

Discussion

We have shown an increased K*? surface efflux to be associated with
three types of seizures in two places without any exceptions. There seems
to be little question that this phenomenon is a characteristic of all epilepti-
form seizures. The observation that there is an increase in the [K], of
mammalian brain during epileptiform activity is not totally unexpected.
What is surprising is that this change is not a trivial one in amount
or duration but is comparable to the increased efflux of three to eight
times in [K], of several minutes duration reported by Brinley, Kandel and
Marshall (3), during spreading depression of Leao.

Because of the magnitude of the increase in [K],, it might be argued
that a special mechanism for elevating [K], is necessary. However, a
simple calculation relating the magnitude of the potassium efflux associated
with the size of the brain’s interstitial space reveals that this is not neces-
sary. Arbitrarily assuming an interstitial space of 300 A surrounding a
neuron, the potassium flux that is associated with each action potential
(5 pmole/cm?*/action potential) elevates the [K], by 2 mm/l, provided
that the released ions do not diffuse away, which normally occurs. If, how-
ever, all the neurons in an area fire simultaneously, the places potassium can
diffuse to are markedly reduced.

One cannot decide whether the accumulation of potassium ions in brain
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interstitium is causally related to the seizure process, as has been suggested
previously by Green (10), or if it merely is a “by-product” of the seizure.
The fact that the maximum K*? efflux can occur after the seizure does not
prove the [K], accumulation is only a by-product of the seizure, because,
as we have shown above, there is a substantial and unknown delay between
[K]o increase and K*2 efflux. However, we shall develop here the hypo-
thesis that an increase in [K], is of causal significance in the seizure and
show that this fits fairly well with many electrophysiological facts about
seizures.

An increase in the [K], of brain will depolarize neurons, which will
make them more excitable. The increase in [K], will also shift the equili-
brium potential of potassium in a depolarizing direction. Since the neuron
is partially depolarized, chloride, if passively distributed across the cell
membrane, will enter the neuron, and the chloride equilibrium potential
will also be shifted in a depolarizing direction. The shift of the potassium
and chloride equilibrium potentials in a depolariziing direction will cause
the reversal potential of the IPSP to move in a depolarizing direction from
what it was before (not necessarily to cause a depolarizing IPSP), and the
efficacy of post-synaptic inhibition will be reduced. This is a second factor
increasing the excitability of the postsynaptic neuron. Because of increased
excitability, the neuron will increase its rate of firing, causing a further
increase in [K],, so the process is regenerative. Eventually the depolariza-
tion due to increased [K], may reach threshold, directly causing and main-
taining firing beyond any effect from excitatory synaptic input, although
spike activity need not always occur due to accommodation. If this depolari-
zation is sustained and large enough the neuron will be silenced due to
cathodal block or to changes in the spike mechanism. Sodium is entering
the neuron with action potentials and chloride is entering passively due to a
sustained depolarization so water can be expected to follow, causing the
neuron to enlarge. Presumably this will decrease the size of the interstitial
space, and therefore further increase [K], and also increase the electrical
impedance of brain. Surely, increased [K], has other effects also, but those
just described seem most likely and, as will be shown below, can be com-
pared with published data.

Note that this hypothesis says nothing about the initial increase in ex-
citability or how the [K], became elevated initially, the underlying pathol-
ogy, the interictal episodes, or the spread of a seizure, and only weakly
relates to its termination. The major thrust of this proposed potassium
mechanism is in the regenerative all-or-none aspect of the initiation of
seizures—when does an interictal episode become ictal? This hypothesis is
summarized in Fig. 5. Up to some value of [K], the process does not be-
come regenerative, and is only a localized or subthreshold effect—the fac-



INTERSTITIAL POTASSIUM 581

tors decreasing [K], (diffusion in interstitial space and movement into
cells) being more effective than those increasing it. At some threshold
[K], value, however, the mechanism becomes regenerative and a seizure
is initiated.

To our knowledge there are eight studies (from six laboratories) of in-
tracellular electrical events during ictal phenomena, using Metrazol- and
penicillin-induced seizures, and afterdischarges (4, 12, 18, 26-29, 31).
In seven of these studies most neurons had a sustained depolarization of
many seconds and many millivolts during the seizure (4, 12, 18, 27-29,
31). (Let us call this “sustained profund depolarization.”) Rapid firing
of neurons directly from the sustained profound depolarization occurred
until the depolarization became so great that the shape of action potentials
became abnormal and then were no longer initiated. However, in any one
study not all neurons showed these sustained profound depolarizations.
Furthermore, in these reports there are two situations in which sustained
profound depolarizations were not common. In one of these exceptions
(12) there was sustained profound depolarization of most hippocampal
pyramidal neurons during a seizure if the fornix was intact. but if the
fornix had been previously cut and allowed to degenerate, most of the hip-
pocampal pyramidal neurons showed hyperpolarization during a seizure
and none depolarized. The other exception (26) is in hippocampal seizure
initiated by subiculum stimulation in which almost no cells with sustained
profound depolarization were seen in hippocampus.

During sustained profound depolarizations seen during seizures all
transient hyperpolarizations were reported to decrease or disappear in
some studies (4, 18, 27-29, 31).

Profound depolarizations of greater than a second have nof been seen
in any of the many intracellular studies of interictal discharge (I, 4, §,
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Fi1c, 5. Regenerative consequences of accumlation of interstitial K+,
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14-17, 21-25, 27-29, 31, 33). Most transient hyperpolarizations did not
decrease or disappear in any of these same studies of interictal discharge.

The electrical impedance of brain increases during a seizure (5, 32).
Neither of these reports on impedance describes the relation to interictal
abnormalities, from which we assume there was little change.

Thus three kinds of electrophysiological changes which the potassium
accumulation hypothesis predicts would occur during seizures but not
during interictal abnormalities have indeed been seen during seizures and
not during interictal abnormalities. Importantly though, some neurons in
a seizure do not show the kinds of electrophysiological changes simply
predicted by the potassium accumulation hypothesis. Sawa, Nakamura and
Naito (29) and Matsumato and Ajmone-Marsan (18) attempted to ex-
plain these “exceptions” in their own data and in others in terms of sy-
naptic inhibition by rapidly firing cells elsewhere or elimination of synaptic
input. The argreement of the predictions of the hypothesis and published
results seems good enough so that the hypothesis must be seriously con-
sidered. Since there are many other possible explanations for these electro-
physiological data, they are only consistent with the hypothesis and the
hypothesis is not proved.

The hypothesis is similar to the commonly held hypothesis of spreading
depression. Since the same structure can have both seizures and spreading
depression, which are grossly different phenomena, there are clearly other
major differences in their mechanisms.

An essential part of this regenerative potassium accumulation hypothesis
is the idea that there exists an interstitial potassium concentration which,
when exceeded, triggers the regenerative all-or-none process depicted in
Fig. 5. As a test of this aspect of the hypothesis and to gain a better un-
derstanding of how the brain handles high interstitial potassium con-
centrations, we have attempted to vary [K], by varying the surface [K]
and examine the effects of this on the K** surface efflux and EEG.

We have measured the K** surface efflux from the surface of the cat
suprasylvian gyrus while perfusing the surface of the brain within and
surrounding the chamber described earlier with different concentrations of
potassium. Figure 6 shows the results of a typical experiment. The sur-
face [K] was varied between the normal cerebrospinal fluid [K], 3 mM
and 120 mm, while the perfusate was collected for 1 -min periods. Isotonic-
ity was maintained by replacing sodium with equimolar amounts of potas-
sium. The [K] in the perfusate was varied in a stepwise fashion consisting
of 10-15 min exposures to each different solution, A 10-15 min exposure
to normal cerebrospinal fluid was spaced between each high potassium
exposure. The same experiment was repeated in three different cats, all with
the same results. In all experiments, the K#? surface efflux behaved in an
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Fic. 6. Effects of perfusing the surface of the cat suprasylvian gyrus with varying
concentrations of potassium, ot the K42 surface efflux from that structure, The
perfusate [K] was increased by replacing Na with K. The heavy line of the efflux
record corresponds to periods of abmormal perfusate with the ratio of the maximal
efflux to the preseizure eflux shown. (Note the declining baseline which is probably
a manifestation of depletion of brain radioactivity during a perfusion period lasting
110 min.).

all-or-none fashion, regardless of the [K| of the perfusate. At concentra-
tions up to 45 mM (and in some cases 60 my) neither the K* surface
efflux nor the EEG changed. However, beyond these concentrations, which
are 15-20 times greater than normal cerebrospinal fluid [K], the K*?
surface efflux underwent the characteristic change. This is shown in Fig. 6.

The efflux changes were always paralleled by a marked change in the
EEG, either flattening or spiking. The changes were nof epileptiform
seizures. It is likely that this was spreading depression, but d-c measure-
ments were not made, so we do not have a definite identification. The
changes in K** surface eflux and EEG evoked by high potassium on the
brain surface were of limited duration, even when the abnormal perfusate
continued. Sometimes, as in the first and fourth (60 and 75 mM) test in
Fig. 5, more than one episode was triggered. The latency from onset of
high potassium to the beginning of an abnormal episode was up to 2.7
min and variable.
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The fact that there is no change in either the K*? surface efflux or the
EEG at surface concentrations 15-20 times greater than normal suggests
that the brain is able to handle these potassium loads without a change
in the [K],. However, at higher surface potassium concentrations, this
control appears to break down and interstitial potassium undergoes a large
change as indicated by the stereotyped increase in K** surface efflux and
the change in EEG. A high CFS [K] has been shown to result in seizures
in hippocampus (34).
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