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The effects of intracellular
Ca2+ (Ca2+i) on K+ currents
in
hippocampal
cells were examined using acutely isolated cells
obtained
from adult guinea pigs. Whole-cell
voltage-clamp
recordings
were carried out in a configuration
that allowed
a continuous
perfusion of the intracellular
medium. Recording media were made to block inward currents and allowed
selective activation of K+-dependent
outward currents. Voltage-dependent
outward currents consisted
of an initial rapidly decaying
component
followed
by a sustained
component. The time constant of decay of the transient current was
about 25 msec, and previous studies (Numann et al., 1987)
showed that the kinetic and pharmacological
properties
of
this current closely resembled
the A current recorded
in
invertebrate
neurons (Connor and Stevens,
1971; Thompson, 1982).
Intracellular
perfusion of hippocampal
cells with a solution
containing
elevated Caz+ (about 4.5 x 1O-4 M) elicited outward currents at the holding potential (-45 to -55 mV) and
produced
changes
in voltage-dependent
K+ currents. The
transient outward current (IA) activated by depolarization
was
suppressed
with increases
in Ca2+i. Delayed, sustained
K+
currents were greatly potentiated.
Data also showed that,
among the 3 effects elicited by Ca2+(, suppression
of I, was
most sensitive to Ca*+; elevation. Previous results (Numann
et al., 1987) showed that IA had a lower threshold (about -45
mV) than sustained
currents (about -40 mV). By using low
levels of depolarization
(-40 mV), /, can be selectively
activated, and the suppressive
effect of Ca*+, on I,, was confirmed on the kinetically
isolated I,. Finally, a series of experiments
was carried out using extracellular
Cs (10 mM)
and tetraethylammonium
chloride (TEA; 10 mr.I) to block voltage-dependent
sustained
currents. Depolarization
still elicited I,, in this extracellular
medium. Intracellular
perfusion of
a “high’‘-Ca2+
solution no longer activated outward currents
at the holding
potential,
nor were the sustained
currents
potentiated.
However, the action of Cazfi on I, was retained;
elevation of Cazfi suppressed
I, at all depolarizing
voltage
levels.
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The results directly confirmed
that elevation of Ca2+i activates sustained
K+-dependent
outward
currents. In addition, direct evidence is provided demonstrating
that increases in Ca*+, suppressed
and, when it occurred
in sufficient
quantity, blocked IA in hippocampal
cells. The effect of Ca2+
on IA was confirmed under conditions
in which separation
of
transient
and sustained
currents
was achieved
based on
differences
in their kinetic and pharmacological
properties.

Recent studiesemphasizethe role of intracellular Ca2+(Ca2+,)
asan ionic messenger
in the hippocampus,involved in processes
such aslong-term potentiation of excitatory synaptic transmission (Lynch et al., 1983; Malenka et al., 1988; Manilow et al.,
1989) and induction of cell death (Rothman and Olney, 1987;
Choi, 1988; Scharfman and Schwartzkroin, 1989; Sick and Rosenthal, 1989; Siman, 1989). Ca*+,may convey thesefunctions
through modulation of ligand- (Lynch and Baudry, 1984;Stelzer
et al., 1988; Chen et al., 1990) or voltage-gated channels(Alger
and Nicoll, 1980; Hotson and Prince, 1980; Lancasterand Adams, 1986; Leblond and Kmjevic, 1989). Ca2+,is known to
activate K+ channels in a variety of nerve and muscle cells
(Meech, 1978; Blatz and Magleby, 1987). In the hippocampus,
at least 2 types of K+ channelsunderlying afterhyperpolarizations (Lancaster and Adams, 1986; Numann et al., 1987) were
activated with elevations of Ca2+,.Voltage-clamp studiesshow
that membranedepolarization alsoactivates a transient K+ current with a decay time constant of about 25 msec(Gustafsson
et al., 1982; Segaland Barker, 1984; Numann et al., 1987). AS
a prominent component of outward current in hippocampal
cells, this current controls action-potential threshold, pattern,
and duration (Segalet al., 1984; Nakajima et al., 1986; Storm,
1987; Gean and Schinnick-Gallagher, 1989).
The possibility that Ca*+,may control transient K+ current
activation has received an increasingamount of attention. At
present,data relevant to this issuehave beenderived from experiments involving manipulation of extracellular Ca2+or addition of Ca*+ channel blockers. Evidence obtained by these
approachesis indirect and inconclusive. In addition, while some
studies show that the transient K+ current was suppressedby
removal of extracellular Ca2+or addition of Ca2+channelblockers (Thompson, 1977; MacDermott and Weight, 1982; Salkoff,
1983; Galvan and Sedlmeir, 1984; Zbicz and Weight, 1985;
Bourque, 1988), others suggesta lack of effect of such a manipulation (Gustafssonet al., 1982; Segalet al., 1984; Halliwell et
al., 1986; Surmeier et al., 1989) or that the effects can be explained by changesin charge screeningon the cell membrane
surfacedue to alterations in the concentration and composition
of extracellular divalent cations (Numann et al., 1987; Mayer
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Figure 1. Effects of intracellular perfusion of low-Ca*+ solution on K+ currents. A, The top curve shows the increase in IA peak amplitude during
such perfusion. The amplitude of the sustained current, measured at the end of the depolarizing pulse (when the A current would be completely
inactivated), shows gradual reduction (bottom curve). B, Outward current activated immediately following cell penetration (left records) and 20 min
after low-Ca*+ perfusion (right records). The currents illustrated were elicited during the period indicated between the Xs on the voltage protocols
(right). B, 2, An intercalating pulse (70 msec, -45 mV) was applied to inactivate Z, following the conditioning in hyperpolarization. Subtraction
of records obtained in B, 2, from corresponding ones in B, I, yielded the time course of I, (B, 3).

and Sugiyama, 1988). Furthermore, evidence suggeststhat divalent cations in extracellular solutions may directly affect potassium channels

by binding

to a specific domain

of the channel

protein (Begenisich,1989).In this paper,we demonstratedirectly
that elevation of Ca2+,suppresseda prominent transient K+
current

in hippocampal

cells.

[Ca*+] was 4.5 x 1O-4 M. In experiments where the high-Ca*+ solution
was used, perfusion of high Ca*+ was terminated when the membrane
effects of elevated Ca*+ became apparent and before a full exchange of
the high-Ca*+ solution within the cell had occurred. Thus, the effect of
intracellular Ca*+ reported here was observed at intracellular Ca*+ levels
below 4.5 x 10e4 M. We used a higher level of Ca*+ for the perfusion
so that we could observe Ca*+ effects more quickly following the solution
switch.

Materials and Methods

Results

Experiments were carried out on acutely dissociated hippocampal CA1
pyramidal cells from adult guinea pigs (Kay and Wong, 1986). To examine potassium currents, cells were perfused extracellularly with (in
mM) Trizma base, 140; KCl, 5; HEPES, 10; CaCl,, 0.2; MgCl,, 1; CoCl,,
2; and o-glucose, 24; with pH adjusted to 7.4 by adding methanesulfonic
acid. Substitution of Na+ by Tris in the extracellular solution prevented
the activation of Na+ current. The presence of CoCl, blocked Ca*+
currents. Whole-cell currents were recorded with a patch-clamp amplifier (List), following a procedure described by Hamill et al. (1981).
For intracellular perfusion, inlet and outlet plastic tubes were inserted
into the recording electrode down to the tip; solutions were exchanged
and circulated through the pipette under pressure during recording sessions. Details of the recording arrangement were presented previously
(Chen et al., 1990). Intracellular perfusing solutions used to fill the
recording pipette consisted of (in mM) ATP, 0.5; MgCl,, 1; BAPTA, 10;
leupeptin, 0.1; HEPES, 10; and K+-methane-sulfonic,
120. The pH of
intracellular solutions was adjusted to 7.2 by adding KOH. The above
control (“low”-Ca*+) solution yielded [Ca*+] levels of less than lo-* M
measured by Ca*+ electrode (Radiometer). For the “high”-Ca*+ solution,
BAPTA was reduced to 0.5 mM, and 1 mM CaCl, was added. Measured

Efects of low-Caz+ intracellular perfusion on voltage-activated
K+ currents
Stepdepolarizations to above -45 mV from -95 mV activated
outward currents consistingof an initial transient outward current followed by delayed sustainedcurrents. The transient outward current decayed with a time constant of about 25 msec.
Previous studiesshowedthat this current sharessimilar properties with the transient outward current (I,,) describedin molluscan cells and is blocked by 4-aminopyridine (4-AP) in a
voltage-dependentmanner (Numann et al., 1987).The delayed
currents consistedof at least 3 components,including 2 that are
activated by Ca*+,and 1 that is not affected by Ca*+,and inactivates slowly (Numann et al., 1987).
Continuous intracellular perfusionwith the low-Ca2+(control)
solution causeda gradual increaseof the Z, and a decreaseof
sustainedK+ currents (Fig. IA). After 20 min of perfusion, Z,
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Figure 2. Effects of intracellular perfusion of high Ca2+ on holding and K+ currents. A, The continuous chart record of the experiment. The
recordings began with control solution perfusion. High-Caz+ solution was introduced for the period indicated by the bar labeled calcium below the
record. As the effects of high Ca2+ became apparent, the positive pressure used to force the high-Ca2+ solution into the pipette was stopped (period
indicated by the gap between the bar labeled calcium and the second
bar labeled control). The continuouscurvein the graph records the holding
current (at -45 mv). Vertical deflections register voltage-dependent K+ currents elicited by voltage-clamp pulses. Peak current is clipped off in the
record. Three of these current traces (marked I, 2, and 3) were expanded and are shown in B. B, Current records activated at control (I) and during
high-Ca2+ (2, 3) perfusion conditions. Zero on the currentaxisindicates absolute 0. The currents illustrated were elicited during the period indicated
between the Xs on the voltage protocol. C, Plots of time courses of the change in peak amplitudes of the transient K+ current (I,,) and holding
current in response to high-Ca2+ perfusion. Data were obtained by averaging results from 5 cells. The barsrepresent the SD of the data. Zero on
the timeaxis of the graph represents 5 min before reduction in Z, amplitude was detectable following the introduction of high-Ca2+ solution. D, IA
activated by depolarizing pulses to - 10 mV under the control (left) and high-Ca2+ (right)conditions, obtained by the subtraction procedure (Numann
et al., 1987).

increased by 125% (+ 5% SD, n = 5), and delayed current decreased by 48% (+8% SD, y1 = 5). The isolated time course of
Z, (Fig. 1B, 3) was obtained by subtracting the delayed current
activated by a protocol (Fig. lB, 2) from total outward current
activated by another (Fig. lB, 1).
Increases in the amplitude of Z, occurred without alterations
in the kinetic properties of the current. The rate of decay was
26.6 f 7.7 msec (mean f SD; n = 5) before control (low-Ca2+)
perfusion and 28.6 f 7.2 msec (n = 5) after 20 min of perfusion.
The decrease in sustained K+ currents was expected because
Ca*+-dependent
components would be suppressed in the control
solution. The results also suggest that the reduction in Ca2+,

produces an unexpected increase in the amplitude
of IA. We
internally perfused the hippocampal
cell with the high-Ca*+ solution to test this hypothesis.

Efects of high-Ca2+ intracellular perfusion on K+-currents
Figure 2 shows the effect of elevated Ca2+, on outward currents
activated by depolarization
and on the holding current at -45
mV. Figure 2A shows a chart record of the membrane current

in responseto high-Caz+perfusion and recovery from such an
effect. Membrane currents were first recorded with control intracellular

perfusate.

Introduction

of the high-Ca2+

solution

re-

sulted in the development of an outward current at the holding
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Figure 3. A, The currentresponses
to hyperpolarizingvoltagestepsto -55, -75, -95, and - 115mV at a holdingpotentialof -45 mV. A, I,

is obtainedin the controlcondition.Duringintracellularperfusionwith the high-Ca2+
solution,currentactivatedby hyperpolarizationincreased
(A, 2), andtransientcurrentactivateduponrepolarizationto -45 from varioushyperpolarizations
is no longerdetectable.The effectsof highCa2+
arereversible(A, 3). The currentsillustratedwereelicitedduringthe periodindicatedbetweenthe Xs on the voltageprotocol(upper right). B, A
plot of the current-voltagerelationshipat the hyperpolarizingrange.The 2 curvescrossed
over at about-90 mV, closeto the estimated
K+ reversal
potential.

potential. The outward holding current was readily reversed
upon washout with control perfusate.Figure 2B showsoutward
currents activated by depolarization at different times following
introduction of the high-Ca2+solution. Elevation of Ca2+,produced an expected increase in sustainedK+ currents. On the
other hand, Z,, observedin isolation by the subtraction method
(Fig. 20), appearedto be blocked by the high-Ca2+intracellular
solution. Data in Figure 2B also show that suppressionof the
transient K+ current occurred before Ca2+,reached a sufficient
level to induce changesin holding current and sustainedK+
currents (cf. Fig. 2B, 1 with B, 2). Similar resultswere observed
in 4 other cells tested. Figure 2C showsthat Z, decreased,on
the average, by 55% (& 12% SD, n = 5) before changesin the
holding current were observed.
Selective activation of I, by low-voltage depolarization
To avoid possibleerrors introduced by the subtraction procedure, we carried out another setof experimentstaking advantage

of the differencesin the threshold of Z, and sustainedK+ currents.
Previously, we showedthat the threshold of Z, is below -45
mV, whereassustainedK+ currents have thresholds more depolarized than -45 mV (Numann et al., 1987). Depolarization
of hippocampal cells to -45 mV should primarily activate Z,
(Fig. 3A, 1). Following introduction of the high-Ca2+solution
(Fig. 3.4, 2), outward current developed at the holding potential
(-45 mV), and hyperpolarizing voltage stepswereaccompanied
by larger inward currents becauseof the increasein conductance.
Figure 3B plots inward currents accompanyinghyperpolarizing
stepsin the control and high-Ca2+conditions. Reversalpotential
for the current activated by the high-Ca2+solution, assumedto
be the point where the 2 curves intersect, is about -90 mV,
suggestingthat Ca2+,activated a potassiumconductance at the
holding potential. Figure 3A, 2, showsthat, after elevation of
Ca2+,,repolarizqtion to -45 mV from various hyperpolarizing
stepsno longer activated Z,. The suppressionof Z, by Caz+,was
reversed upon washout with control solution (Fig. 3A, 3).
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Figure 4. Membrane current responses obtained when extracellular perfusate contained Cs and TEA (both 10 mM). The data points plotted in A
indicate the peak amplitude of Z, under different conditions. The introduction of high-Caz+ solution reduced Z,. Z, amplitude increased when the
control solution was again introduced. The inset shows current records activated by depolarizations to 0 mV following hyperpolarizing pulses of
- 100 mV for 250 msec. An original chart record of the experiment is also presented in A. The chart record shows the time course of currents
recorded corresponding to the time scale provided in the x-axis of the graph. B, The current record obtained in control (left) and high-Ca2+ conditions
(right). The currents illustrated were elicited during the period indicated between the asterisks on the voltage protocol. The records were obtained
after leak subtraction. Leak conductance was determined by currents elicited by hyperpolarizing pulses. Analysis of data showed that TEA and Cs
did not affect the decay rate of the A current. The inactivation time constant was 25.8 and 22.3 msec, respectively, at 0 and -20 mV (compared
to 28.6 + 7.2 msec, mean ? SD, at 0 mV in the absence of Cs and TEA). The fact that outward current, activated at all voltages tested, decayed
completely to baseline (after leak subtraction) indicates that sustained currents were blocked by Cs and TEA, and that only Z, was activated by the
depolarization.

Selective activation of I, in the presenceof extracellular C’s
and TEA
Interpretation of data such as those obtained in Figures 2 and
3 is complicated by large K+ conductancesincreasesto K+ currents that occurred with elevated Caz+,. We found that addition
of tetraethylammonium (TEA, 10 mM) and Cs (10 mM) to the
extracellular perfusateblocked sustainedK+ currents but not ZR.
Figure 4 showsthe resultsobtained under this condition. Peak
amplitude of Z, wasfirst monitored when the cell wasinternally
perfused with the control solution. Upon the introduction of
the high-Ca2+solution, peak amplitude of Z, gradually decreased
(Fig. 4A). Chart records for the experiments are also shown in
Figure 4A. The data showedthat outward current activated at
the holding potential (-45 mV) was also blocked by extracellular TEA and Cs. A noticeable difference between the chart
record shown in Figure 4 and that shown in Figure 2B is that
intracellular high Ca2+no longer activated outward current at
the holding potential (-45 mV). Figure 4B shows Z, elicited

from another cell before (left record) and after high-Ca*+solution
perfusion. Current recordswere obtained after leak subtraction.
The data show that Z, was blocked in the high-Caz+perfusion.
Discussion
The study directly demonstratesthat Caz+,suppressedand, in
sufficient concentration, blocked a prominent transient K+ current, Z,, in hippocampal cells.The resultsdo not provide precise
information on the level of Ca2+,required to exert an effect on
Z,. We observedthat Ca2+,suppressed
Z, just before potentiation
of the sustainedcurrent, and activation of outward currents at
the holding potential (-45 mV) occurred. Previous studies
showedthat, in rat myotube cells, Ca*+,beganto induce outward
current at -45 mV when its concentration increasedto about
5 PM (Barrett et al., 1982). Presumably, suppressionof Z, also
occurs at this level of Ca*+, if properties of outward current
channelsin hippocampal cells are comparable to those in the
myotube. Other studies(Hotson and Prince, 1980)have shown
that singleaction potentials in hippocampal cellselevated Ca2+,
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sufficiently to activate K+ currents. If the rise in Ca2+, following
action potentials had equal access to all K+ channels in the cell,
we expect that suppression of IA could also be induced by normal
activities of hippocampal cells.
Our results show that Ca2+,produced opposing effects on voltage-dependent K+ currents in hippocampal cells. It suppressed
Z, and enhanced sustained K+ currents. The relative contribution of the 2 effects on cell excitability would depend on factors
such as the sensitivity of the outward currents to Caz+,, the time
course of the Ca2+ rise. and the duration of effects of Ca2+ on
the different currents. Data showing that Z, was suppressed during the high-Ca2+ perfusion before activation of the outward
holding current and sustained K+ currents (Fig. 2) suggest that
conditions may exist such that tonic levels of Ca2+, can selectively modulate IA and regulate the excitability of hippocampal
cells.
Suppressionof IA by 4-AP hasbeenshownto reducethe action
potential threshold and latency in hippocampal cells (Segalet
al., 1984; Nakajima et al., 1986; Storm, 1987; Gean and Schinnick-Gallagher, 1989). Thus, modulation of Z, by Ca2+,may
enhance postsynaptic excitability and increasethe efficacy of
EPSPsto trigger action potentials. Previous studiesshowedthat
high-frequency stimulation of afferent fibers to hippocampal
cells allowed initial subthresholdEPSPsto trigger action potentials afterwards

without

changes

in amplitude

(Taube

and

Schwartzkroin, 1988). Data here suggestthat at least one way
such modifications may arise is via the intracellular action of
Ca2+on Z,. Ca2+,alsoincreasedneuronal excitability in the Hermissenda by reducing K+ currents (including a transient K+
current); in this preparation, suppressiveeffects of Ca2+,on K+
currents have been suggestedto be a mechanism underlying
associativelearning (Alkon, 1984).
References
Alger BE, Nicoll RA (1980) Epileptiform burst afterhyperpolarization:
calcium-dependent potassium potential in hippocampal CA 1 cells.
Science 2 10: 1122-l 124.
Alkon D (1984) Changes of membrane currents during learning. J Exp
Biol 112:95-l 12.
Barrett JN, Magleby KL, Pallotta BS (1982) Properties of single calcium-activated potassium channels in cultured rat muscle. J Physiol
(Lond) 33 1:2 1 l-230.
Begenisich T (1989) The role of divalent cations on potassium channels.
Trends Neurosci 11:270-273.
Blatz AL, Magleby KL (1987) Calcium-activated potassium channels.
Trends Neurosci 10:463466.
Bourque CW (1988) Transient calcium-dependent potassium current
in magnocellular neurosecretory cells of the rat supraoptic nucleus. J
Physiol (Lond) 397:331-347.
Chen QX, Stelzer AS, Kay AR, Wong RKS (1990) GABA, receptor
function is regulated by phosphorylation in acutely dissociated guineapig hippocampal neurones. J Physiol (Lond) 420:207-22 1.
Choi D (1988) Calcium-mediated neurotoxicity: relationship to specific channel types and role in ischemic damage. Trends Neurosci 11:
465469.
Connor JA, Stevens CF (1971) Voltage-clamp studies of a transient
outward current in a gastropod neural somata. J Physiol (Lond) 2 13:
1-19.
Galvan M, Sedlmeir C (1984) Outward currents in voltage-clamped

rat sympatheticneurons.J Physiol(Lond)356:115-133.

Halliwell JV, Othman IB, Pelchen-Matthews A, Dolly JO (1986) Central action of dendrotoxin: selective reduction of a transient K conductance in hippocampus and binding to localized receptors. Proc
Nat1 Acad Sci USA 83:493-497.
Hamill OP, Marty A, Neher E, Sakman B, Sigworth FJ (198 1) Improved patch-clamp techniques for high-resolution current recording
from cells and cell-free membrane patches. Pfluegers Arch 391:8510U.
Hotson JR, Prince DA (1980) A calcium activated hyperpolarization
follows repetitive firing in hippocampal neurons. J Neurophysio143:

409419.
Kay AR, Wong RKS (1986) Isolation of neurons suitable for patchclamping from adult mammalian central nervous systems. J Neurosci
Meth 16:227-291.
Lancaster B, Adams PR (1986) Calcium-dependent current generating
the afterhyperpolarization
of hippocampal neurons. J Neurophysiol
55:1268-1282.
Leblond L, Kmjevic K (1989) Hypoxic changes in hippocampal neurons. J Neurophysiol 62:1-14.
Lynch G, Baudry M (1984) The biochemistry of memory: a new and
svecific hvvothesis. Science 224:1057-1063.
Lynch G, L&on J, Kelso S, Barrionevo G, Schottler F (1983) Intracellular injections of EGTA block induction of hippocampal longterm potentiation. Nature 305:7 19-72 1.
MacDermott AB, Weight FF (1982) Action potential repolarization
may involve a transient, Ca*+-sensitive outward current in a vertebrate neurone. Nature 300: 185-l 87.
Malenka RC, Kauer JA, Zucker RS, Nicoll RA (1988) Postsynaptic
calcium is sufficient for potentiation of hippocampal synaptic transmission. Science 242:8 l-84.
Malinow R, Schulman H, Tsien RW (1989) Inhibition of postsynaptic
PKC or CaM-KII blocks induction but not expression of LTP. Science
2451862-865.
Mayer ML, Sugiyama K (1988) A modulatory action of divalent cat-

ionson transientoutwardcurrentin culturedrat sensoryneurones.
J
Physiol (Lond) 396:417433.
Meech RW (1978) Calcium-dependent potassium activation in nervous tissues. Annu Rev Biophys Bioeng 7: l-l 8.
Nakajima Y, Nakajima S, Leonard RJ, Yamaguchi K (1986) Acetylcholine raises excitability by inhibiting the fast transient potassium
current in cultured hippocampal neurons. Proc Nat1 Acad Sci USA
Numann RS, Wadman WJ, Wong RKS (1987) Outward currents of
single hippocampal cells obtained from the adult guinea-pig. J Physiol
(L&d) 3$3:331-353.
Rothman SM. Olnev JW (1987) Excitotoxicitv and the NMDA re*
ceptor. Trends Ne&osci iO:29&304.
Salkoff L (1983) Drosophila mutants reveal two components of fast
outward current. Nature 302:249-25 1.
Scharfman HE, Schwartzkroin PA (1989) Protection of dentate hilar
cells from prolonged stimulation by intracellular calcium chelation.
Science 246~256-259.
Segal M, Barker JL (1984) Rat hippocampal neurons in culture: potassium conductances. J Neurophysiol 5 1: 1409-l 43 1.
Segal M, Rogawski MA, Barker JL (1984) A transient potassium con-

ductanceregulates
theexcitabilityof culturedhippocampal
andspinal
neurons.J Neurosci4:604-609.
Sick TJ, Rosenthal MJ (1989) Indo-l measurement of intracellular
free calcium in the hivvocamval slice: comvlications of labile NADH
fluorescence. Neuroscience 28: 125-l 32. Siman R, Noszek JC, Kegerise C (1989) Calpain I activation is specifically related to excitatory amino acid induction of hippocampal damage. J Neurosci 9: 1579-l 590.
Stelzer AS, Kay AR, Wong RKS (1988) GABA, receptor function in
hippocampal cells is maintained by phosphorylation factors. Science
241:339-341.
Storm J (1987) Action potential repolarization and a fast after-hy-

perpolarizationin rat hippocampal
pyramidalcells.J Physiol(Lond)

Gean PW, Schinnick-Gallagher P (1989) The transient potassium current, the A current, is involved in spike frequency adaptation in rat

385~733-759.
Surmeier DJ, Bargas J, Katai SJ (1989) Voltage-clamp analysis of a
transient potassium current in rat neostriatal neurons. Brain Res 473:

amygdalaneurons.BrainRes480:160-169.
Gustafsson
B, Galvan M, Grafe P, WigstromHA (1982) A transient
outwardcurrentin a mammaliancentralneuroneblockedby 4-ami-

Taube JS, Schwartzkroin PA (1988) Mechanisms of long-term potentiation: EPSP/spike dissociation, intradendritic recordings, and glu-

nopyridine.

Nature 299:252-254.

187-192.
tamatesensitivity.J Neurosci8:1632-l644.

The Journal

Thompson SH (1977)
channels in molluscan
Thompson SH (1982)
current. J Gen Physiol

Three pharmacologically distinct potassium
neurones. J Phvsiol (Land) 265465488.
Aminopyridine
block of transient potassium
80: 1-18.

of Neuroscience,

February

1991,

1 l(2)

343

Zbicz KL, Weight FF (1985) Transient voltage and calcium-dependent
outward currents in hippocampal CA3 pyramidal neurons. J Neurophysiol 53:1038-10587

