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ABSTRACT Extracellular potassium concentration is ac-
tively maintained within narrow limits in all higher organisms.
Slight variations in extracellular potassium levels can induce
major alterations of essential physiological functions in excit-
able tissues. Here we describe that superfusion of cultured rat
hippocampal neurones with potassium-free medium leads to a
decrease of a specific outward potassium current, probably
carried by RCK4-type channels (RCK4 are potassium channels
found in rat brain). This is confirmed by heterologous expres-
sion of these channels in Xenopus oocytes. In this system,
variations of extracellular potassium in the physiological con-
centration range induce significant differences in current am-
plitude. Moreover, the current is completely suppressed in the
absence of extracellular potassium. The potassium dependence
of macroscopic conductance in RCK4 channels was related by
site-directed mutagenesis to that lysine residue in the extracel-
lular loop between the transmembrane segments S5 and S6 of
RCK4 protein that confers resistance to extracellular blockage
by tetraethylammonium. It is shown that extracellular potas-
sium affects the number of available RCK4 channels, but not
the single-channel conductance, the mean open time, or the
gating charge displacement upon depolarization.

K* currents are involved in the generation of the action
potential, opposing the current flow through Na* and Ca?*
channels and thus decreasing excitability (1). The delayed
rectifier channels are important for repolarization and, thus,
the duration of the action potential. However, rapidly inac-
tivating K* currents (A-type currents) contribute to the
regulation of the firing frequency, since they modulate the
rate of recovery from the refractory period (2).

Variations in extracellular K* concentration ([K*],) have
been implicated in the pathogeny of several disorders, such
as epilepsy (3) and electrical instability of the heart following
acute ischemia (e.g., see ref. 4). Some of the effects of
changes in [K*], can be attributed to the shift in the K*
equilibrium potential, which modifies both the resting poten-
tial of the cells and the driving force for K*. However, in
many cases an increase in K* membrane conductance is
required to explain the observed alterations (5). Indeed, a
potassium-dependent K* conductance has been described
for many cell types (5), but the distinct channels that are
affected by [K*], under physiological conditions are cur-
rently unknown.

Since the alterations underlying pathological modifications
due to [K*], are mainly attributable to alterations on firing
frequency, an A-type current may be modulated by [K*],. In
this paper, we provide evidence for the existence of a specific
A-type current that is highly sensitive to [K*], in hippocam-
pal neurones, and we describe this effect on channels ex-
pressed in a heterologous system.
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MATERIALS AND METHODS

Biological Preparations. Rat hippocampal cultures were
obtained as in ref. 6. RNA preparation and oocyte injection
was performed as described (7).

Electrophysiological Measurements. Whole-cell currents in
cultured hippocampal neurones were measured by using
Kimax glass pipettes having resistances of 4-5 M(} and filled
with a solution of the following composition: 100 mM KClI, 10
mM NaCl, 20 mM phosphocreatine, 5 units of creatine
phosphokinase per ml, 4 mM MgATP, 10 mM EGTA, and 10
mM Hepes'KOH (pH 7.2). The bath solution contained 140
mM NaCl, 2 mM CaCl,, 2 mM MgCl,, 200 nM tetrodotoxin,
5 mM tetraethylammonium, 10 nM charybdotoxin, and 10
mM Hepes-NaOH (pH 7.2), with or without 2.8 mM KCI.

For heterologous expression of RCK4 channels (K* chan-
nels found in rat brain cortex), the specific cDNA-derived
mRNA (cRNA) was injected into oocytes (average amount 25
pg per oocyte) and the currents were recorded 2-5 days after
injection. The electrophysiological recordings on whole
oocytes were performed under conventional voltage-clamp
conditions by using a Turbo-TEC amplifier (NPI Electronics,
Tamm, F.R.G.) and intracellular electrodes with resistances
of 0.6-0.8 MQ when filled with 2 M KCl. All pulse protocols
were designed with 20-s intervals between pulses to allow
complete recovery from inactivation of the channel. Leak
and capacitive currents were subtracted on-line by using a
P/6 method. During the recording, the oocyte was continu-
ously superfused with the test solution at a flow rate of 10
ml/min; the chamber volume was about 0.3 ml.

The current induced by depolarizing steps was also mea-
sured in outside-out membrane patches under constant flow
of a bathing solution containing various concentrations of
cations. For this purpose, we used aluminium-silicate pi-
pettes with resistances of 0.8-1.2 M), filled with 100 mM
KCl1/10 mM EGTA/10 mM Hepes’KOH, pH 7.2. The bath
solution contained 120 mM Tris, 1.8 mM CaCl,, and 10 mM
Hepes (pH 7.2 adjusted with HCI). The cations tested were
added to this solution as chloride salts, always maintaining
the total concentration of monovalent cations to 120 mM.

The gating charge measurement was performed in outside-
out patches as described (8), with 120 mM Tris chloride, pH
7.2/10 mM EGTA as pipette solution.

All electrophysiological experiments were performed at
19-21°C. Pulse patterns were generated, and currents were
sampled with a VME-bus-based computer system.

RESULTS

Reduction of an Inactivating Outward Current in Rat Hip-
pocampal Neurones by Decreasing [K*],. We investigated the
dependence of [K*], on a K* current present in primary
cultured hippocampal neurones. Hippocampal cells only
significantly express RCK1 and RCK4 transcripts out of all

Abbreviation: [K*],, extracellular potassium concentration; cRNA,
cDNA-derived mRNA.
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the RCK-type K* channels cloned so far (9). RCK4 shows
peculiar kinetics, with relatively fast inactivation and an
extremely slow recovery from inactivation (with a time
constant in the range of seconds) (10), and is the only
fast-inactivating K* current known to be resistant to charyb-
dotoxin and external (but not internal) tetracthylammonium
(11, 12). These properties allow the separation of RCK4-type
currents from other inactivating K* currents. Experimental
conditions were designed to selectively record rapidly inac-
tivating and slowly reactivating currents that are resistant to
tetracthylammonium and charybdotoxin. We applied two
identical and consecutive depolarizing pulses to 0 mV from a
holding potential of —80 mV and then subtracted the second
from the first one (Fig. 1 Inset). This not only removes leak
and capacitive components but also eliminates the currents
that do not inactivate over a 200-ms pulse, such as those
flowing through RCK1 channels, because these currents will
be present also during the second depolarization. In addition,
these recordings were made in the presence of 5 mM extra-
cellular tetracthylammonium and 10 nM charybdotoxin, re-
ducing to a minimum the outflow of K* through other K*
channels during the depolarizations (although 59 + 17% of
the outward peak current remained). Under these conditions,
all neurones tested (n = 18) showed an inactivating outward
current that presumably is carried by RCK4-type channels,
given the kinetic and pharmacological properties of these
channels. Internal tetraethylammonium (20 mM) blocked any
remaining currents obtained with the identical protocol (n =
8). The amplitude of this current was greatly reduced while
perfusing the experimental chamber with K*-free solution,
and complete recovery was always achieved on returning to
the normal perfusion solution containing 2.8 mM K* (Fig. 1).
Intermediate concentrations in the range of 1-3 mM [K™],
resulted in a graded modulation of the inactivating outward
K* current.

Heterologously Expressed RCK4 Channels Show Depen-
dence on [K*],. The current described in Fig. 1 is most likely
mediated by RCK4-type channels. This prompted us to
investigate the effect of [K*], on Xenopus oocytes expressing
cloned RCK4 K* channels (11). Reduction of [K*], reduced
the outward current by a factor of two or more in whole
oocytes under voltage-clamp, and this reduction was fully
reversible after supplementing the bathing solution with K*,
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FiGc.1. Whole-cell currents elicited by depolarizations to 0 mV in
hippocampal neurones. The peak current recorded at the physiolog-
ical [K*], of 2.8 mM (trace 1) is reduced when the cell is superfused
with K*-free medium (trace 2). Trace 3 shows the recovery. The
amplitude of the current is fully recovered when the cell is perfused
again with 2.8 mM [K*],. (Inset) Pulse protocol used and raw
currents. Traces 1, 2, and 3 were obtained by subtracting the second
from the first trace in records like the one shown in Inset (which
corresponds to trace 1). The holding potential was —80 mV.
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even in the absence of Na* and Ca?* and despite the decrease
in driving force induced by high K* concentrations (not
shown). In the voltage-clamp experiments, it was difficult to
obtain zero [K*],. This is probably due to both K* leakage
from the oocyte and K* accumulation in the microvilli on the
oocyte surface. Therefore, we performed patch clamp ex-
periments in the outside-out configuration under fast flow of
the external solution after removing the oocyte from the
chamber, allowing a better control of [K*], in the immediate
neighborhood of the membrane. Under these conditions, the
absence of potassium in the bathing solution abolished the
current (Fig. 2a). Na* or Li* were not able to recover the
current (Fig. 2a). On the other hand, the current was still
present when the patch was perfused with Rb*, Cs*, or
NH*, (Fig. 2b), although these cations were less effective
than K* in maintaining K* currents. The fact that the
nonpermeant ion Cs* is able to maintain the current shows
that the effect does not require ion permeation through the
channel, suggesting that an external site is responsible for this
effect.

Of all the cloned K* channels tested [RCK1 (13), RCK2
(14), RCK3, RCK4, RCKS (11), Raw3 (15), and ShA2 (16—
18)], only RCK3 and RCK4 showed modulation by [K*],. In
oocytes injected with RCK3 cRNA, we detected a reduction
in current density by 60% when [K*], was reduced from 10
to 0.1 mM, but the current did not disappear during perfusion
with K*-free medium. The RCK3 channel is sensitive to
charybdotoxin [ICsy = 1 nM (11)], does not inactivate within
200 ms, and is not significantly expressed in hippocampus (9).
Therefore, it seems reasonable to suppose that the modula-
tory effects of [K*], on the inactivating K* currents seen in
hippocampal neurones are due to an action on RCK4-type K*
channels.
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FiG. 2. Outward current measured in outside-out patches ob-
tained from oocytes injected with cRNA coding for RCK4 during
depolarizing steps to —40, —20, 0, 20, and 40 mV from a holding
potential of —100 mV. a and b were obtained from two different
patches. In addition to 110 mM Tris chloride, the bath solution
contained 10 mM of the indicated test cation as the chloride salt. The
sequence shown corresponds to the chronological order in which the
solutions were changed.
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FiG. 3. (a) Alignment of amino acid sequences in the region
responsible for the K* and tetraethylammonium sensitivities of the
various K* channels. Those residues identical to RCK1 have been
substituted by dashes. The numbers to the right indicate the respec-
tive positions in the sequences. All of the sequences end at the
beginning of the putative S6 segment. (b) Families of current re-
sponses obtained under the same conditions as those described for
Fig. 2 in membrane patches from mutant K533Y'I535M in the
presence of 0 or 10 mM [K*],.

Localization of the Region Responsible for the K* Effect on
RCK4. Fig. 3a shows the amino acid sequence of the K*
channels studied in this work in the vicinity of the site that is
thought to confer tetracthylammonium sensitivity (19).
Those channels sensitive to relatively low concentrations of
extracellular tetraethylammonium carry an uncharged resi-
due in the equivalent position to residue 533 of RCK4, while
the latter shows a positively charged residue (lysine). RCK3,
which shows partial sensitivity, carries a histidine residue in
the equivalent position, which should be partially charged
under physiological conditions. Because of the competition
between [K*], and the external tetraethylammonium-
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induced block (20) we assumed that Lys-533 in RCK4 not
only confers tetracthylammonium insensitivity but also might
be involved in the modulatory effect of [K*], on current
density.

To test this hypothesis, the RCK4 double mutant
K533Y-I535M (Lys-533 — Tyr and Ile-535 — Met) (12) was
investigated. This mutant shares 100% homology with RCK2
in the region responsible for tetraecthylammonium sensitivity.
As reported previously (12), the mutant was sensitive to
tetracthylammonium, but most interestingly, the current
density was not modified by [K*], (Fig. 3b). These results
strongly suggest an inverse relation between external tetra-
ethylammonium sensitivity and modulation of K* outward
current by [K*],.

Dose-Dependence of K* Modulation. The dose-dependent
modulation of K* current density in outside-out patches from
oocytes injected with RCK4 cRNA as a function of [K*], and
[Cs*], is shown in Fig. 4a. The [K*], at which half of the
maximal amplitude was obtained is 2.20 = 0.61 mM (mean +
SD in four independent experiments). This value was ob-
tained by fitting the experimental data points with a dose-
response equation, and no correction was made for variations
in reversal potential caused by the various [K*],. Therefore,
the value of 2.20 mM for [K*], is the concentration at which
the effective K* current density is half maximal under
physiological conditions. Under the same conditions, the
half-maximal activation of ionic currents by Cs* was ob-
tained at 4.10 mM (%£1.03, n = 4).

[K*], Modifies the Number of Available Channels. The
mechanism for the increase in current density on increasing
[K*], (despite a concomitant decrease in driving force) is not
yet clear. In general terms, the measured current amplitude
can be described as the product of the number of available
channels multiplied by the current flowing through a single
channel and by the probability of the channel to be open,
which is related to the mean open time of the channel. No
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FiG. 4. (a) Dose-dependence of the K* current evoked by pulse depolarizations to +40 mV from a holding potential of —100 mV, plotted
as function of [K*], (0) and [Cs™*], (a). All currents were measured in the same outside-out patch with 100 mM KCl/1.8 mM CaCl,/10 mM
Hepes'’KOH, pH 7.2, in the pipette. The fits through the data points are Bolzmann distributions with following parameters: Kq = 2.8 mM, slope
=1.00 for K*: K4 = 4.6 mM, slope = 0.92 for Cs™. (b) Duration and amplitude histograms of spontaneous channel openings in an outside-out
patch held at +40 mV in the presence of 0.5 or S mM Cs™ in the external solution. The experimental data were fitted by using the following

fA

parameters: 0.5 mM Cs*, mean duration of 47 ms, and mean 7 = 401 + 59 fA; S mM Cs*, mean duration of 45 ms, and mean I = 425 + 84
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significant difference either in single-channel conductance or
in mean open time was detected upon changing the Cs*
concentration from 0.5 mM to 5 mM in the external solution
of outside-out patches (Fig. 4b). Therefore, the observed
[K*],-dependent increase in macroscopic RCK4 current is
most likely due to an increase in the number of channels
available for activation. This was confirmed by means of
nonstationary noise analysis (21, 22), which revealed an
invariant single-channel current of about 0.6 pA at 80 mV for
either 0.5 mM or 5 mM Cs* in the extracellular solution (not
shown).

A more direct indication for a change in the number of
channels able to conduct was obtained by comparing gating
currents at various [K*], (Fig. 5b). The figure shows that the
gating charge displaced is apparently invariant for four dif-
ferent [K*],, which would give rise to ionic currents differing
by orders of magnitude, indicating that the channels are still
able to gate but do not conduct current in the absence of
extracellular K*. Therefore, when [K*], is reduced to nom-
inally zero (which requires a fast and constant flow of K*-free
solution), the ionic current is not detectable. However, it is
recovered completely after returning to a K*-containing
solution. '

Another possibility for explaining the dependence of the
number of available channels by [K*], would be if the
inactivated state were affected by [K*],. The latter possibil-
ity was checked for RCK4. The traces in Fig. 5a show that
the time constant of inactivation is not changed in these
channels by varying the [K*],, as determined by fitting an
exponential to the decaying phase of the currents during a
depolarization. However, the time constant for recovery
from inactivation is much slower in the absence of extracel-
lular K* (Fig. 5a). We do not think that this is the main effect
responsible for the variations in current density that we
observe, since it is also detectable in other channels whose
current densities are insensitive to [K*],. In addition, the
variations in the slow recovery from inactivation are not
likely to play a crucial role during the brief interpulse duration
of Fig. 1. Therefore, we favor a direct effect of [K*], on the
number of available channels, particularly because inacti-
vated channels would be immobilized and not give rise to
gating currents, but we observe similar amounts of charge
moved at various [K*], (Fig. 5b).
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FiG. 5. (a) Recovery from inactivation of RCK4 currents at
different [K*],, measured in cell-attached patches. (@ Upper) Trace
with 50 mM [K*],. (@ Lower) Trace with 1 mM [K*],. The dashed
lines are single-exponential fits to the peak currents. (b) Gating
charge displacement at 1 uM, 100 uM, 2 mM, and 20 mM [K™*],
measured in outside-out patch. The depolarization pulse is to +40
mV from a holding potential of —100 mV; a standard P/4 protocol is
used to correct for linear leakage. The pipette contained 120 mM
Tris/1.8 mM CaCl,/10 mM Hepes, pH 7.2.
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The effect of [K*], on current densities is also present in
heterooligomeric channels formed by chimeric dimers con-
structed by linking RCK1 and RCK4 open reading frames
(23). It has been shown before that this chimera forms hybrid
channels that inactivate (unlike RCK1), but with inactivation
rates significantly slower than homooligomeric RCK4 chan-
nels (time constant for inactivation is 200 ms) (23). The
absolute reduction of ionic currents in going from a solution
with [K*], = 20to [K*], = 0.2 mM is 30%. The time constant
for the recovery from inactivation and the current density are
also sensitive to [K*],, but the current does not disappear
under rapid flow of K*-free medium, unlike in RCK4 chan-
nels.

DISCUSSION

We have shown the modulation of a K* current by [K*], in
hippocampal neurones and suggested it to be a RCK4-type
current because of the match in properties between the
currents measured in neurones and in oocytes expressing
RCK4 channels. Heterologously expressed channels show a
requirement for [K*], to allow permeation, since the current
disappears without it. In neurones, we never managed to
completely abolish the RCK4-type currents at zero [K*],; we
believe that the reason for that is the technical difficulty in
effectively obtaining a [K *], of zero at the external surface of
a neuron in culture, combined with the possible-presence of
heteromeric channels, which are less sensitive.

All other cloned channels tested lacked a comparable
effect. The effect is most pronounced in the range of phys-
iological K* concentrations present in mammals, so that
small variations in [K*], can induce significant changes in the
K* current amplitude. Therefore, RCK4-type channels are
likely to play an important regulatory role and may induce the
response to changes in [K*],. Since the [K*], can increase by
0.1-0.8 mM during normal neuronal activity (3), spike fre-
quency may be modulated in an activity-dependent manner,
and this might play a role in epilepsy and spreading depres-
sion (3, 24, 25). In addition, RCK4 channels are most
abundant in the atrium (26), and therefore these channels
could play a decisive role in producing arrythmias upon
changes in [K*],.

The data presented here identify a region mediating the
potassium sensitivity. It is the same region that affects
tetraecthylammonium sensitivity (19) and slow (n-type) inac-
tivation (27). The latter process is thought to be due to
extracellular Ca* binding, which matches the hypothesis of
a conserved cation binding site in the outer mouth of the
channel. We have found that the double mutant
K533Y-I535M is sensitive to externally applied tetraethylam-
monium and insensitive to K*, while it keeps the kinetics and
conductance of the wild-type channel. One of the residues
mutated is the one responsible for tetraethylammonium sen-
sitivity and slow inactivation (and therefore Ca?* binding),
while the other mutation is a conservative change in terms of
charge (isoleucine to methionine). Since all other channels
that are insensitive to [K *], carry an uncharged residue in the
position equivalent to 533 (except RCK3, which is slightly
sensitive), we believe that Lys-533 is the crucial residue for
regulation by [K*],. This is also supported by the previous
finding that increasing [K*], leads to a lower tetraethylam-
monium sensitivity, which suggests that they might be com-
peting for the same site. Our results strongly support the
requirement for K* bound to RCK4 channels as a prerequi-
site for ion permeation, similar to the need for K* ions to
ensure survival of K* currents in squid giant axons (28).

Another A-type channel cloned from mammalian brain,
mShall, shows properties very similar to RCK4, in terms of
reactivation kinetics and tetraethylammonium-insensitivity
(29). At the moment, it is not possible to discard an impli-



2470 Neurobiology: Pardo et al.

cation of this channel in the generation of the effect that we
observe in neurons. However, mShall shows a valine residue
at the position equivalent to 533 in RCK4, and this residue is
the same for RCKS, which lacks both tetraethylammonium-
sensitivity and modulation by [K*],.

The mechanism responsible for the enhancement of the
macroscopic current seems to be an all-or-none effect on
permeation because no changes in single-channel conduc-
tance or mean open time are detected. Moreover, we observe
that the current carried through RCK4 channels is entirely
abolished when [K*], is 0. The channels seem to be blocked
in the closed or open state, or both, rather than in an
inactivated one, since the inactivation mechanisms are not
modified. It is important to point out that the acceleration of
the recovery from inactivation, which is also induced by
[K*], (and might also contribute to modulation of the chan-
nel), is not responsible for the increase on macroscopic
amplitude, as shown by the following observations. First, all
our measurements have been carried out with a pulse interval
long enough to achieve complete recovery of the initial
amplitude. Second, it is known for RCK4 channels that
inactivation is only conserved in the cell-attached configura-
tion and that the kinetics of inactivation are variable from
oocyte to oocyte because the oxidation of a specific residue
in this channel removes inactivation (10). We have not
observed any differences in sensitivity to [K*], due to
excision (and therefore oxidation) of the patch in which we
observe a loss of inactivation. Third, the double mutant
whose current density does not depend on [K*], also shows
K*-dependent recovery from inactivation, and RCK3, which
does not show fast inactivation, is also affected by [K*],. The
effect of K* on the recovery from inactivation can be
explained by a ‘‘knock-off”’ of the ‘‘ball peptide’ (30) in-
duced by the inwardly flowing K*.

Since A-type currents regulate excitability of cells like
neurones or cardiomyocytes, this phenomenon might have
physiological implications, such as modulation of firing fre-
quency in neurones, whose clarification requires further
studies.
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