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Two Pharmacologically and Kinetically Distinct Transient Potassium
Currents in Cultured Embryonic Mouse Hippocampal Neurons

Rui-Lin Wu and Michael E. Barish

Division of Neurosciences, Beckman Research Institute of the City of Hope, Duarte, California 91010

Transient potassium currents in mammalian central neurons
influence both the repolarization of single action potentials
and the timing of repetitive action potential generation. How
these currents are integrated into neuronal function will de-
pend on their specific properties: channel availability at the
resting potential, activation threshold, inactivation rate, and
current density. We here report on the voltage-gated tran-
sient potassium currents in embryonic mouse hippocampal
neurons dissected at embryonic days 15-16 and grown in
dissociated cell culture for up to 3 d.

Two transient potassium currents, A-current and D-cur-
rent, were isolated based on steady state inactivation and
sensitivity to 4-aminopyridine (4-AP) and dendrotoxin (DTx).
A-current had an activation threshold of approximately —50
mV and was half-inactivated at approximately —81 mV.
A-current relaxations at voltages between —40 and +40 mV
could be fit by single exponential functions with time con-
stants of 20-25 msec; these time constants showed little
sensitivity to voltage. In contrast, D-current had an activation
threshold of between —40 and —30 mV and was half-inac-
tivated at approximately —~22 mV. D-current inactivation was
voltage dependent; time constants of fitted exponential
functions ranged from approximately 7 sec at —40 mV to
200 msec at +40 mV. A slower component of inactivation
was also evident. D-current was preferentially blocked by
4-AP (100 um) and DTx (1 um). Operationally, A- and D-cur-
rents could be cleanly separated based on conditioning pulse
potential and 4-AP sensitivity.

Total transient potassium current amplitude increased
during the time that neurons were in culture (recordings were
made between 2 hr after dissociation and 3 d in culture).
When normalized for cell capacitance (an index of mem-
brane area), A-current density (pA/pF) decreased and D-cur-
rent density increased, even during a period between days
1 and 3 when total transient current density remained con-
stant. This observation suggests that A- and D-currents may
be reciprocally modulated. Since blockade of D-current (with
100 um 4-AP) increased both action potential duration and
repetitive firing in response to constant current stimulation,
long-term modulation of the A-current: D-current ratio may
affect the excitability of hippocampal neurons.
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Transient potassium currents were first described in invertebrate
neuron somas (Hagiwara etal., 1961; Connor and Stevens, 197 1a;
Neher, 1971), where they were shown to modulate slow repet-
itive firing behavior (Connor and Stevens, 1971b). They have
since been described in numerous other types of neurons, as
well as in cardiac muscle and other excitable cells (for reviews,
see Rogawski, 1985; Rudy, 1988), and have been shown to
influence multiple additional aspects of electrogenesis. In in-
vertebrate ganglia, a major determinant of electrical individu-
ality of identified neurons is variation in the amplitude and
inactivation kinetics of A-current (Serrano and Getting, 1989),
and transient potassium currents also influence electrical inte-
gration in nonspiking neurons (Mirolli, 1981; Laurent, 1991).
In vertebrate neurons, including those of mammalian hippo-
campus, transient potassium currents have been demonstrated
to affect action potential duration and/or repetitive firing during
maintained stimulation (see, e.g., Gustafsson ct al., 1982; Segal
et al., 1984; Halliwell et al., 1986; Nakajima et al., 1986; Stans-
feld et al., 1986; Storm, 1987, 1988; Gean and Schinnick-Gal-
lagher, 1989; present results).

Transient outward currents in mammalian and nonmam-
malian neurons have usually been identified as A-currents by
pharmacological and kinetic criteria (Thompson, 1977). These
include rapid activation and inactivation, dependence on the
holding potential, and sensitivity to 4-aminopyridine (4-AP).
In some neurons (see Discussion), an additional class of tran-
sient outward potassium current has been described. These cur-
rents, termed D-currents, differ from A-currents in showing
activation and inactivation at different voltages, slower inacti-
vation during depolarizing voltage steps, and enhanced sensi-
tivity to 4-AP, dendrotoxin (DTx), and mast cell degranulating
peptide (MCD peptide) (for reviews, see Dolly, 1988; Moczyd-
lowski et al., 1988; Castle et al., 1989).

Despite the wide distribution of D-currents, there have been
few studies in which A- and D-currents have been explicitly
identified and separated in the same cell. In adult rat hippo-
campal neurons, Storm (1988) separated A- and D-currents
pharmacologically, and studied the role of D-current in mod-
ulating repetitive firing behavior during constant current stim-
ulation. We have investigated further the properties of transient
potassium currents in embryonic mouse hippocampal neurons
dissociated and grown in culture for up to 3 d. We show below
that these currents can be differentiated based on their kinetics
and pharmacological sensitivities, and that in these mouse neu-
rons- D-currents affect both action potential repolarization and
repetitive firing. Further, we observed that the relative propor-
tions of A- and D-currents present in the membrane changed
during the 3 d from embryonic days 15 to 16 (E15-E16) that
the neurons were in culture. Such alterations could influence the
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shape of the action potential (which is repolarized by both tran-
sient and Ca-dependent potassium currents; Storm, 1987) and
thus modulate Ca entry.

A preliminary report of some of these results has appeared
(Wu and Barish, 1991).

Materials and Methods

Cultures. Details of the procedures for preparation and growth of cul-
tures have been modified from previous investigations (Barish et al.,
1991). Pregnant mice at E15-E16 were obtained from Simonsen. Em-
bryos were removed and kept at room temperature while hippocampi
were isolated (Banker and Cowan, 1977) and stored in HEPES (25 mm)-
supplemented Hank’s balanced salts solution (HBSS; JRH Biosciences)
at 37°C. After sufficient hippocampi had been obtained, they were trans-
ferred into dissociation solution [2% v/v papain solution (Worthington
2 x crystallized), 5.5 mm cysteine, 25 mm HEPES in Ca/Mg-free HBSS]
for a total of 45 min at 37°C, with a change of solution at 15 min. They
were then rinsed in trypsin inhibitor solution [0.8 mg/ml type II-O
chicken egg white trypsin inhibitor (Sigma T-9253) in HBSS] for 5 min,
followed by two rinses in culture medium. Cells were then dissociated
by gentle trituration with three flame-polished Pasteur pipettes of de-
creasing diameter, and plated a concentration of 4.8 x 10° cells/ml in
125 ul droplets onto coated 12-mm-diameter glass coverslips, to give
a final cell density of 5.3 x 10 cells/cm? Cells were allowed to settle
for 1 hr in the incubator, and the 35-mm-diameter dishes were then
filled with 3 ml of warm medium. Cultures were treated with 15 uMm
5-fluoro-2’'-deoxyuridine after 24—48 hr to halt overgrowth by glial cells.

The basic culture medium consisted of minimum essential medium
(Earle’s salts, glutamine-free; Mediatech) supplemented with NaHCO,
to 38 mm total, 1 mm pyruvate, glucose to 21 mm total, 1% ITS+
(insulin, selenium, transferrin; Collaborative Research), 10 mm HEPES,
and 2 muM glutamine. To this was added in early experiments 5% NuSerum
IV (Collaborative Research), 5% fetal bovine serum (HyClone), 10%
non-heat-inactivated equine serum (HyClone or Gemini Bioproducts),
and antibiotics. In later experiments, the additions were 10% NuSerum
IV and 10% equine serum and antibiotics were eliminated. Cultures
were grown at 37°C in a humidified 7% CO,/room air atmosphere.

Coverslips were cleaned and sterilized in 70% ethanol and coated
with 100 pgg/ml poly-p-lysine (Sigma P-0899) in 0.1 m Na-borate buffer
(pH 8.5) for 1 hr. They were then rinsed three times with sterile distilled
water. In some cases coverslips were additionally coated with 12.5 ug/
ml laminin in HBSS; a 25 ul drop was placed on the coverslip for 2-3
hr, and the cells in medium were plated directly into this mixture.

Electrophysiological techniques. Conventional whole-cell gigaohm seal
recording techniques were employed (Hamill et al., 1981). Recordings
were made using an Axopatch 1B amplifier (Axon Instruments); pulse
generation, data acquisition, and analysis were performed using a TL-1
interface and the pcLAMP suite of programs (Axon Instruments) running
on an AT-type microcomputer. Capacity and leakage subtraction were
performed using a combination of analog compensation at the amplifier
and a P/—8 subtraction protocol. Series resistance compensation was
not routinely employed. In test experiments, 50-80% compensation did
not significantly affect the current waveforms; the greatest voltage error
for the largest currents is estimated to be 12 mV. Currents were typically
low-pass filtered (four pole Bessel filter) at 0.5-1 kHz, and data were
typically acquired at 1-2 kHz. All voltages were compensated for liquid
junction potentials.

Electrodes were pulled from methanol-cleaned VWR 75 ul borosili-
cate glass pipettes to resistances of 2-3 MQ (standard internal and ex-
ternal solutions). The intracellular solution consisted of (in mm) 65 KCl,
65 KF, 1 CaCl,, 2 MgCl,, 11 EGTA, and 10 HEPES; pH 7.3. The
external solution (based on HBSS) consisted of (in mm) 140 NaCl, 5.8
KCl, 0.8 CaCl,, 1 MgCl,, 4.2 NaHCO;, 5.5 glucose, and 15 HEPES; pH
7.3. All external solutions contained 0.5-1 uMm tetrodotoxin (TTX) to
block voltage-gated Na currents, and 0.5 mg/ml bovine serum albumin
(BSA) to reduce surface tension.

The bath was continuously perfused at 0.5~1 ml/min. Drugs were
added either by changing the bath perfusate (and waiting for equilibra-
tion), or by changing the solution emerging from a continuously flowing
multibarreled puffer pipette positioned close to the cell under study
(solution change time, 250 msec, estimated from the shift in junction
potential between 0.1 M NaCl and KCl solutions measured at the cell
position). Recordings were made at room temperature (23 + 0.5°C).

Tetrodotoxin was purchased from Calbiochem, and dendrotoxin was

purchased from Natural Product Sciences. All other reagents were from
Sigma.

Results

Cultured mouse hippocampal neurons were similar in appear-
ance to those described by Banker and Cowan (1977), and dis-
played morphologies that could be classified as pyramidal, fu-
siform, or multipolar using the criteria of Kriegstein and Dichter
(1983). Recordings were made from neurons considered pyra-
midal based on the presence of triangular perikaryon with one
prominent apical dendrite, several shorter basilar dendrites, and
in many cases spines along the dendrites. These recordings were
made in the whole-cell configuration using a KF/KCl-based
internal solution containing EGTA, and a HBSS-based external
solution containing TTX. A series of control experiments dem-
onstrated that the concentrations of TTX used were sufficient
to block all voltage-gated Na currents (both inactivating and
noninactivating), and that Ca currents (recorded from Cs-per-
fused celis) were eliminated by high concentrations of internal
F (see also Kostyuk et al., 1977; Kay et al., 1986). In a recent
review, Storm (1990) described six voltage- and Ca-gated po-
tassium currents in hippocampal pyramidal neurons. Under the
recording conditions used here, neither M-current nor either of
the two Ca-dependent potassium currents were evident. We
confirmed that addition of 200-300 uMm Cd or removal of ex-
ternal Ca did not alter the waveforms of outward currents. As
described below, we can account for virtually all outward current
by the combination of voltage-gated A-, D-, and K-currents.

Separation of A-, D-, and K-currents

The traces in Figure 1 demonstrate decomposition of total out-
ward current into A-, D-, and K-currents using varying prepulse
potentials and low concentrations (100 uMm) of 4-AP. Figure 14
shows a matrix of current families recorded at voltages between
—50and +40 mV following 1-sec-long conditioning pulses from
the holding potential (—80 mV) to —120 mV (V.= —120 mV)
or 500-msec-long pulses to —40 mV (V, = —40 mV) in normal
external solution (left column) or in the presence of 100 um
4-AP (right column). Figure 1B shows the results of point-by-
point subtractions designed to isolate A- and D-currents. Traces
are shown on the left, and I-V relations for these currents on
the right. A-current was taken to be the current sensitive to
conditioning depolarizations to —40 mV, and thus the appro-
priate subtractions were a — ¢ and b — 4. Similar fast-inacti-
vating currents were obtained in normal solution and in the
presence of 100 um 4-AP, a pattern indicating that A-currents
were insensitive to low concentrations of 4-AP. They were
blocked completely by higher concentrations (2-3 mm; not
shown). D-current was taken to be the current sensitive to 100
uM 4-AP, and the appropriate subtractions were thus ¢ — b and
¢ — d. Similar currents were obtained when the currents sub-
tracted followed conditioning depolarizations to —120 or —40
mV. The current recorded following a prepulse to —40 mV in
the presence of 4-AP (d) was taken to be K-current, as it showed
minimal inactivation, and was blocked by 30 mwm tetraethylam-
monium (not shown).

A- and D-currents could be further distinguished by the dif-
ferential sensitivity of D-current to DTx and 4-AP. The traces
in Figure 24 compare the effects of 100 um 4-AP and 1 um DTx
on A- and D-currents recorded during an 8-sec-long voltage step
to +20mV. DTx at 1 um blocked virtually all slowly inactivating
current while sparing the initial fast transient A-current, and in
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Figure 1. Separation of A-, D-, and K-currents based on voltage dependence of inactivation and sensitivity to 4-AP. A, Matrix of total outward
currents recorded during voltage steps from a holding potential of —80 mV under four conditions: 4, following a 1-sec-long conditioning hyper-
polarization to —120 mV; b, same as & but in the presence of 100 um 4-AP; ¢, following a 500-msec-long conditioning depolarization to —40 mV;
d, same as ¢ but in the presence of 100 um 4-AP. B, Subtractions of current traces shown in A to separate the individual currents. A-current was
defined as the current sensitive to conditioning depolarization to —40 mV, and D-current as the current sensitive to 100 um 4-AP. Currents
resulting from each of the two possible subtractions in the matrix are shown, along with plots of amplitude versus voltage in comparison to total
peak potassium current. K-current was taken to be the potassium current remaining after removal of A- and D-currents, as shown in d. All traces
in this figure were taken from the same cell. Similar results were obtained in 24 different cells analyzed in this manner.

its actions was thus similar to 4-AP at 100 um. We observed The 4-AP- and DTx-sensitive currents isolated by subtraction
only minimal block of D-current by 100-500 nm DTx. Selective of the traces in Figure 24 are shown below in Figure 2B. The
block of D-current by 1-2 um DTx was observed in five of five ~ inactivating phases could be fit by single exponential functions
neurons examined. with time constants of 2100-2200 msec, values somewhat larger
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Figure 2. DTx (1 um) and 4-AP (100 um) block similar slowly inac-
tivating transient potassium currents. The currents in 4 were recorded
during 8-sec-long depolarizations to +20 mYV following 1-sec-long con-
ditioning hyperpolarizations to —120 mV. DTx and 4-AP were applied
using a multibarreled puffer pipette; currents recovered during the wash
in control solution that separated application of the two drugs. Differ-
ence currents between control and currents recorded in the presence of
4-AP and DTx are shown in B. Both agents selectively blocked slowly
inactivating D-current while sparing the more rapidly activating and
inactivating A-current.

than those seen when currents recorded during shorter steps to
the same voltage were similarly fit. This observation suggests
that there are slow components to D-current inactivation not
reflected in the short-duration relaxations analyzed in Figure 5.

Standard protocols were adopted for isolation of A- and
D-currents. Normally, A-current was evaluated in the absence
of aminopyridines or other blockers, and D-current was taken
to be the (100 uMm) 4-AP-sensitive current recorded after con-
ditioning hyperpolarizations to —120 mV. The effects of altering
conditioning pulse potential were fully reversible. Treatment
with 4-AP could be reversed to approximately 80% of control
after 10 min of superfusion with 4-AP-free solutions.

Characterization of the two transient potassium currents

Reversal potential. A series of experiments was performed to
test for possible differences in the potassium sensitivities of A-
and D-currents. The reversal potential for transient outward
current was measured by depolarizing cells exhibiting both A-
and D-currents to +20 mV for 10 or 100 msec and then de-
termining the zero current potential for total whole-cell tail
current measured 5-7 msec after repolarization to test voltages
between —120 and 0 mV. Recordings were made following
conditioning pulses to —120 mV or to —40 mV, and in external
solutions containing 5.8 (normal), 12, and 48 mm K (substituted
for Na on an equimolar basis). Measurements were thus made
for currents composed of both A- and D-current, or D-current
only, with a minority component of K-current also contributing
to the determination of reversal potential (approximately 30%
of total peak potassium current is contributed by K-current; see
Fig. 1). As indicated by the data shown in Figure 3, there was
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Figure 3. Reversal potentials for tail currents recorded after 10-msec-
long depolarizations to +20 mV following conditioning polarizations
to —120 mV (to activate both A-, D-, and K-currents) or to —40 mV
(to activate D- and K-currents only), and comparison to the potassium
equilibrium potential (E, solid line). The data shown are mean + SEM
for three or four determinations. The reversal potentials at each potas-
sium concentration were not significantly different (paired two-tailed ¢
test), and corresponded closely to E, computed from the Nernst relation
for [K*]; = 130 mm and [K*], = 5.8, 12, or 48 mm.

no significant difference between the reversal potentials deter-
mined for ¥V, = —120 mV and V, = —40 mV. Similar results
were obtained for tail currents recorded following 100-msec-
long activating depolarizations. These observations suggest that
both A- and D-current have similar high selectivities for po-
tassium. Further, good agreement of the measured reversal po-
tentials with the Nernst potentials calculated for the internal
and external potassium concentrations utilized suggests that cur-
rents carried by other ions were not present under the recording
conditions utilized.

Voltage dependencies of activation and inactivation. Currents
recorded using two-pulse voltage protocols to determine the
activation and inactivation properties of A- and D-currents are
shown in Figure 44, and the activation and inactivation curves
obtained from these (open circles) and multiple cells (solid sym-
bols; mean + SEM) are shown in Figure 4B. These recordings
were made from selected cells exhibiting predominantly A-cur-
rent or D-current (see caption). Steady-state inactivation was
determined by measuring current availability following 700-
msec-long conditioning steps to voltages between —120 and 0
mV, and current activation was measured during these same
steps. Activation and inactivation curves were fit with Boltz-
mann relations of the forms and with the parameters given in
the caption.

The A-current activation threshold (approximately —50 mV)
was 10-20 mV negative to that for D-current (between —40 and
—30 mV); these values are just positive to the resting potential
for these cells (between —80 and —60 mV). The half-inacti-
vation voltage for A-current was —81.4 £ 1.4 mV (mean +
SEM, n = 5), while for D-current it was —21.5 = 4.5 mV (n =
4). A substantially greater proportion of D-current as compared
to A-current will thus be available for activation during voltage
excursions from the resting potential.

Inactivation time courses. Representative records used to de-
termine inactivation time constants are shown in the upper (4
and B) and lower portions (C-E) of Figure 5. These records
were taken from cells exhibiting predominantly A- or D-currents
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Figure4. Activation and steady state inactivation versus voltage relations for A- and D-currents. 4, For determination of steady state inactivation,
current availability was assayed by test depolarizations to +40 mV following 700-msec-long conditioning steps to voltages between —120 and 0
mV, and expressed as relative conductance (G/G,,,,). Activation was determined from the amplitudes of transient currents during the conditioning
pulse, and their computed chord conductance versus voltage (G-V) relations were normalized relative to similar curves computed for the currents
shown in Figure 1 in which G reached a maximum. These recordings were made from cells expressing only A-current (on day 0) or D-current (on
day 3). B, Plots of relative activation and inactivation (expressed as G/G,,,,) for A-current (above) and D-current (below). Values for the currents
presented in A are shown using open symbols (with fitted Boltzmann relations as broken lines), and mean (+SEM) values are shown using solid
symbols (with fitted Boltzmann relations as continuous lines). Numbers of cells (#) are 5 for A-current activation and inactivation, 4 for D-current
activation, and 3 for D-current inactivation. The plots of relative conductance versus voltage in B were fit with Boltzmann relations of the form
G/G oo = /{1 +expl(V — V,,)/k]} for inactivation and G/G,,,, = 1/{1 +exp[—(V — V,.)/k]} for activation. Parameters for the fits to values determined

for the currents shown in 4: A-current activation: V,, = —20 mV, k = 9. A-current inactivation: V,, = —82 mV, k = 12. D-current activation: V,,
=0 mV, k = 10. D-current inactivation: V,, = —10 mV, k = 13. Parameters for the fits to mean values: A-current activation: V,, = —17 mV, k =
9. A-current inactivation: ¥,, = —81 mV, k = 13. D-current activation: V,, = 0 mV, k = 13. D-current inactivation: V,, = =22 mV, k = 14.

Recordings in which the properties of A- and D-current were characterized were made from neurons of different ages expressing predominantly
~ne or the other current. As described, the proportion of total potassium current attributable to A- or D-current changed during the 3 d that the
neurons were in culture. Thus, at early times some cells expressed almost exclusively A-current while after approximately 3 d transient potassium

current in some cells was dominated by D-current. Such neurons were selected for this and other analyses.

(see Fig. 4 caption). A- and D-current relaxations during ex-
cursions to activating voltages were fit with single exponential
functions (Fig. 54,C), and D-current inactivation at voltages
negative to the activation threshold was determined using a two-
pulse protocol (D1, D2). The time constants of A-current in-
activation did not vary systematically with voltage and were
approximately 20-25 msec at voltages between —40 and +40
mV (Fig. 5B; open symbols mark data for the traces shown in
A and solid symbols indicate mean £ SEM). In contrast, D-cur-
rents inactivated much more slowly than A-currents, and with
time constants that were more rapid at more positive voltages,
varying from approximately 7 sec at —40 mV to 200 msec at
+40 mV (Fig. SE). D-currents showed an additional slower
inactivation that was evident during seconds-long voltage steps
(see above).

Both A- and D-currents recovered from inactivation with
time courses that could be approximated by single exponential
functions. As illustrated in Figure 6, recovery from inactivation
was assayed using a three-pulse protocol in which an inactivating
pulse to +40 mV was followed by an interval of varying voltage
and duration, and then a step to +40 mV for assay of available
current. Time constants for both A- and D-currents ranged from

80 to 200 msec between —120 and —60 mV, with A-current
recovery consistently more rapid. Both currents recovered more
rapidly at more negative voltages.

Changes in A- and D-current expression during culture

Neurons were examined for changes in the expression of po-
tassium currents during the first 3 d after dissociation and culture
on E15-E16. Typical families of outward currents recorded on
days O (the day of dissociation), 1, 2, and 3 are shown in Figure
74. Both peak and steady state current amplitudes and total cell
capacitance increased during the period days 0-2, and reached
a plateau between days 2 and 3, as shown in the upper portion
of Figure 7B. The same data normalized to cell capacitance and
expressed as specific current (current density expressed as pA/
pF) are plotted in the lower portion of Figure 7B. Specific peak
and steady state current increased during the first day in culture,
and then remained stable over the next 2 d.

During this period spanning days 1-3 in which peak current
density remained approximately constant, current waveforms
changed such that slowly inactivating outward currents domi-
nated at longer times in culture (Fig. 74). The change in wave-
form suggested a shift in the relative contributions of A- and
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D-current to total potassium current, and this possibility was
assessed using two separate schemes.

In one set of measurements, the percentage of total current
assigned to A-, D-, or K-currents was determined by separating
individual currents using the conditioning voltage and phar-
macological criteria outlined in Figure 1. The percentage con-
tributions of these currents to total outward current recorded at
a test voltage of +40 mV is shown in Figure 7C. A- and D-cur-
rents over the period days 0-3 changed reciprocally, with the
A-current percentage decreasing from approximately 90% on

day 0 to 40% by day 3, while the D-current percentage increased
in parallel. The K-current percentage remained approximately
constant,

The second determination was done by analysis of steady state
inactivation curves for transient potassium currents. Figure 84
shows currents recorded using a two-pulse voltage protocol to
measure the voltage dependence of transient potassium current
availability at a test potential of +40 mV. As in Figure 7,
current relaxations were slower in older cells. Figure 8B shows
plots of I/I,,, during the test voltage step as a function of the
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preceding conditioning potential. The data were fit with the sum
of two Boltzmann relations (solid line) representing the contri-
bution of A- or D-current inactivation to the overall waveform.
The parameters of these Boltzmann relations (broken lines as
indicated) were similar to those evaluated for A- and D-currents
in Figure 3 (see caption) and were fixed. When the relative
contributions of A- and D-current components were varied, the
steady state inactivation data for each day could be well fit by
the sum of these two Boltzmann relations. This pattern is con-
sistent with a change in the relative proportions of A- and D-cur-
rents, with the properties of the currents not changing signifi-
cantly during this period.

Quantitative estimates of the proportions of relaxing currents
due to A-current evaluated using these two procedures were
similar. By measurement of currents separated as in Figure 1,
the contribution of A-current to total potassium current was
89% on day 0, 61% on day 1, 41% on day 2, and 38% on day
3. By fitting steady state inactivation curves, the A-current con-
tribution to relaxing potassium current was 81% on day 0, 69%
on day 1, 34% on day 2, and 31% on day 3.

A further indication that the change in steady state inacti-
vation parameters during the period days 0-3 was due to in-
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rents from inactivation. 4, For both A-
and D-currents, 1-sec-long voltage steps
to +40 mV to inactivate all transient
currents were followed by steps of vary-
ing durations to voltages between —120
and —80 mV (for A-current) or —60
mV (for D-current). The magnitude of
available A- or D-current was then de-
termined during a test voltage step to
+40 mV. Records showing A-current
recovery at —80 mV and D-current re-
covery at —100 mV are shown on the
left panels. Recovery curves at various
voltages were fit with single exponential
functions (right panels). B, Plots of re-
covery time constant versus voltage for
the records shown in 4 (open symbols),
and mean = SEM (solid symbols; n =
4 for A-current and 3 for D-current).

crease in the proportion of D-current in the membrane is shown
in Figure 9. Currents recorded from a day 2 neuron using a two-
pulse protocol under control conditions, and in the presence of
100 um 4-AP, are shown in Figure 94. In Figure 9B, I/ ,, is
plotted for these two sets of traces, and for cells on day 0 (when
A-currents predominate). At voltages negative to —60 mV, the
plots for day O neurons and day 2 + 4-AP neurons are virtually
identical, a result indicating that the properties of the day 2 cell
were derived from the coexistence of (100 um) 4-AP-resistant
and -sensitive components. At more positive voltages, the plots
diverge because of the contribution of D-current to transient
potassium current in the (untreated) day O neurons.

D-current contribution to the action potential waveform

We examined the contribution of D-current to the Na-depen-
dent action potential recorded using the normal KClI/KF-based
internal solution. As shown in Figure 104, 100 uMm 4-AP in-
creased repetitive firing in response to constant current stimu-
lation. Further, 4-AP also increased action potential duration,
as shown in Figure 10B where the rising phases of the first two
action potentials recorded in response to identical +3.5 pA
current injections have been aligned.
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Figure7. Changesin A-, D-, and K-currents during the first 3 d of culture, evaluated from records of whole-cell current and separation as illustrated
in Figure 1. 4, Potassium currents recorded during steps to voltages between —80 and +40 mV from —80 mV. Day 0 refers to the day of culture;
recordings were made after allowing the cells to settle onto the substrate for 2-3 hr. B, Relationship between increases in potassium current amplitude
and changes in membrane area. The upper panel shows mean peak and steady state current amplitudes at +40 mV (solid triangles and squares)
and total cell capacitance (open circles) for cells in culture for up to 3 d. Data are mean + SEM; » = 9 for day O, 10 for day 1, 8 for day 2, and 9
for day 3; n for capacitance = 12 for day 0, 6 for day 1, 13 for day 2, and 10 for day 3. The lower panel shows mean (+SEM) peak and steady
state currents normalized to cell capacitance (pA/pF), calculated for the cells above. C, Changes in relative contributions of A-, D-, and K-currents
to total potassium current. Individual currents were isolated based on holding potential and sensitivity to 100 um 4-AP. The currents sum to slightly
more than 100% because each current was measured at its maximum, and these occurred at slightly different points in the overall waveform. Data
are mean + SEM (when larger than the symbol); n = 9 for day 0, 20 for day 1, 9 for day 2, and 10 for day 3.

Discussion

We have characterized two transient potassium currents in cul-
tured embryonic mouse hippocampal neurons: A- and D-cur-
rents. These currents differ in their voltage dependencies of
activation and inactivation, and in their sensitivities to 4-AP
and DTx. Schemes for their separation in current- and voltage-
clamp experiments were outlined. Further, reciprocal changes
in the densities of A- and D-currents during the first 3 d after
culture at E15-E16 were described that suggest potential mod-
ulation of the A-current : D-current ratio in more mature neu-
rons.

Distribution of D-currents

D-currents, or currents showing the properties of D-currents as
defined above, have been observed in many mammalian neu-
rons. They have not always been explicitly identified because
they are often found with A-currents, and separation of A- and
D-currents requires titration of 4-AP or detailed evaluation of
steady state inactivation curves (see udy, 1988). Among the
neurons in which D-currents have been identified or observed
are rat visceral sensory (nodose) neurons (Stansfeld et al., 1986,
1987), rat dorsal root ganglion neurons (Stansfeld and Feltz,
1988; Stansfeld et al., 1991), rat hippocampal neurons (Gus-
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Figure 8. Changes in the contributions of A- and D-currents to total relaxing current during the first 3 d in culture, evaluated from plots of steady
state inactivation versus voltage. 4, Currents recorded at +40 mV after 1-sec-long conditioning voltage steps to voltages between —120 and 0 mV
on the days indicated. B, Plots of the relative amplitudes (I/1,,,,) of relaxing potassium currents (I, — caay sume) VErsus conditioning voltage. Data
are mean = SEM; n = 6 for day 0, 6 for day 1, 9 for day 2, and 6 for day 3. Each of these plots was fit with the sum of Boltzmann relations
appropriate for A- and D-currents. Each is indicated by the broken lines, and their sum by the solid lines. The Boltzmann parameters used in
computing these curves were derived by fitting the data for day 1, and were V,, = —85 mV and k£ = 10 for A-currentand V,, = —17 mV and k =
12 for D-current. These parameters were fixed, and only the relative portions of the two Boltzmann relations were varied in fitting the data in B.

tafsson et al., 1982; Halliwell et al., 1986; Storm, 1987, 1988),
rat neostriatal neurons (Surmeier et al., 1989, 1991), and rat
amygdala neurons (Gean and Schinnick-Gallagher, 1989). In
some other neurons, dual transient potassium currents have
been observed, but separation of the two has not fit the A- and
D-current pattern described above [e.g., histamine neurons in
rat hypothalamus (Greene et al., 1990), cat layer V pyramidal
neurons (Spain et al., 1991)]. In other cells, only one class of
transient potassium current has been reported [e.g., neonatal rat
motoneurons (Takahashi, 1990), cerebellar granule cells (Cull-
Candy et al., 1989), cultured rat neocortical neurons (Ahmed,
1988; Zona et al., 1988)]. Some investigations of cultured or
acutely dissociated hippocampal neurons, or neurons in slices,
have reported the presence of A- but not D-type transient po-
tassium currents (Segal and Barker, 1984; Zbicz and Weight,
1985; Neumann et al., 1987).

Comparison with other transient potassium currents

A-currents in embryonic mouse hippocampal neurons were sim-
ilar to those described in other preparations of hippocampal
neurons, including rat neurons in culture and in slice, and acute-
ly isolated guinea pig neurons (Gustafsson et al., 1982; Segal
and Barker, 1984; Segal et al., 1984; Zbicz and Weight, 1985;
Halliwell et al., 1986; Nakajima et al., 1986; Neumann et al.,
1987; Storm, 1988). Properties held in common include acti-
vation thresholds between —60 and —40 mV, inactivation time

constants of 20~30 msec and independent of voltage, and steady
state half-inactivation voltages (determined from Boltzmann
relations) between —80 and —60 mV.,

D-current characteristics in mouse hippocampal neurons dif-
ferentiated them from the also present A-currents. These include
steady-state inactivation curves shifted approximately 60-70
mV positive, enhanced sensitivity to 4-AP (block by 100 um
vs. 2-3 mm for A-current) and to DTx (block by 1 um), and
much slower inactivation time courses that could be fit with
exponentials whose time constants varied with voltage. The first
two of these properties permit separation of D-current from
A-current. In hippocampal CA1l neurons in slices from adult
rat, Storm (1988) also compared the properties of A- and D-cur-
rents. As for the D-currents studied here, D-current in these rat
neurons activated and inactivated more slowly than A-current,
and was blocked by low concentrations of 4-AP. However, in
contrast to the configuration described here, D-currents in adult
rat neurons activated and inactivated at voltages negative to
those for A-current; half-inactivation for A-current was at —60
mV, and for D-current it was —88 mV. Since D-currents in
other preparations of hippocampal neurons have not for the
most part been investigated in the same detail, it is difficult to
know if this variation is related to differences in species (mouse
vs. rat), developmental stage (embryonic vs. adult), preparation
(culture vs. acute slice), or recording technique (patch electrode
vs. microelectrode). These last two possibilities seem less likely.
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A B
Figure 9. 4-AP-sensitivity of steady +40
state potassium current inactivation. 4, —%l
Steady state inactivation determined for -80 mv 120 10+
a day 2 cell under normal conditions osl
and in the presence of 100 uMm 4-AP. B, ’
Relative current (I/1_,,) versus voltage Day 2 06+t
for day 2 cells under normal conditions x 04l
(open circles), and in the presence of g
100 um 4-AP (solid circles; both are S 02¢
mean + SEM, n = 6), compared to that 00
for day O cells under normal conditions 0'2 O Day 2
(solid triangles; data from Fig. 8). The 021 ® Day 2 + 4-AP
curve for Dgay 2 + 4-AP dips below 0 Day 2 + 100 uM 4-AP -04 . . n , A Day0
because transient current was defined -140 -100 -60 -20 20
aS Lo — Lieaay sue> and in the presence Voltage (mV)

of 4-AP, K-current activation was ap-
parent during the test depolarizations
to +40 mV from relatively positive
conditioning depolarizations.

Growth in culture per se did not affect the voltage-dependent
characteristics of D-current; the D-currents recorded 1-2 hr after
dissociation at E15-E16 had properties identical (except for
current density) to those observed after 2-3 d in culture. In
addition, the use of patch electrodes did not appear to affect the
D-currents. No large shifts in activation or inactivation param-
eters after rupturing the cell membrane were observed, and sim-
ilar currents were recorded when Cl or aspartate rather than F
were used as intracellular anions. Future experiments will ad-
dress the two remaining possibilities.

D-currents in hippocampal neurons appear to be less sensitive
to 4-AP and DTx than those in peripheral neurons (see also
Dolly, 1988). D-currents in DRG neurons (Stansfeld and Feltz,
1988) and nodose neurons (Stansfeld et al., 1986) are blocked
by DTx at concentrations of 2-10 nm and by 4-AP at 20-30
uM, while block in hippocampal neurons (and other central neu-
rons) requires 350 nM to 2 uM DTx and 40-500 um 4-AP (Gus-
tafsson et al., 1982; Halliwell et al., 1986; Storm, 1988; Gean

A

Control

400pA|

100 msec

and Shinnick-Gallagher, 1989; Surmeier et al., 1991; present
results).

Contribution of D-currents to action potential repolarization

Segal et al. (1984) concluded that A-current in hippocampal
neurons influenced repetitive firing without affecting the wave-
forms of individual action potentials. An influence of D-current
on action potential duration is suggested by the results presented
here, and those of other studies of the action potential in hip-
pocampal neurons (Storm, 1987, 1988), in which low concen-
trations of 4-AP were sufficient to delay action potential repo-
larization. Even a small delay in action potential repolarization
could cause an increase in Ca entry and neurotransmitter release,
as has been observed for A-current in Aplysia neurons (Shi-
mahara, 1983). This role of D-current is consistent with the
potentiating effects of D-current blockers such as DTx and MCD
peptide on repetitive firing and synaptic transmission (Cheru-
bini et al., 1987, 1988).

==
0 pA -1

Figure 10. 4-AP-sensitivity of the ac-
tion potential. 4, Voltage responses to
hyperpolarizing and depolarizing cur-
rent injections under control condi-
tions, and in the presence of 100 um
4-AP (day 3 cell). The peaks of the fast-
er control action potentials may have
been truncated due to sampling error.
B, Comparison of the action potential
waveforms. Shown are the first two ac-
tion potentials from the most depolar-
ized traces in A, with the trace recorded
in the presence of 4-AP shifted hori-
zontally to align the rising phases of the
first action potentials; there was no shift
along the vertical axis.
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Changes in A- and D-current expression in culture

Potassium currents were recorded as early as 2-3 hr after dis-
sociation at E15-E16 (day O recordings). At this time A-, D-,
and K-currents were already present in the membranes of all
morphologically identifiable pyramidal neurons. Transient po-
tassium currents must thus be expressed at the time of or soon
after neuronal birth, since in mice terminal differentiation of
hippocampal pyramidal neurons occurs during the period E14-
E17 (Rodier, 1980). A somewhat different observation was made
by Ficker and Heinemann (1989), who reported that transient
potassium current was present in only approximately 50% of
neurons cultured from E18 rat for 1-4 d. This variation may
represent a difference between mice and rats, as we did not
observe a developmental stage at which transient potassium
currents were not present.

Peak and steady state current amplitudes increased during the
3 d from E15 to E16 that hippocampal neurons were in culture.
Comparison with cell capacitance (as an index of membrane
area) indicated that peak and steady state current densities in-
creased during the period day 0-1, but then remained stable for
the next 2 d despite a large increase in cell capacitance between
days 1 and 2 (Fig. 7). During this same interval (days 1-3) during
which total outward current density remained stable, A-current
density declined as D-current density increased (Figs. 7, 8). We
suggest this is due to changes in current expression within a
population of neurons rather than selective survival of a small
(D-current-expressing) neuronal population because recordings
in which D-current was dominant were never obtained from
neurons studied on days O or 1 of culture.

This reciprocal change in A- and D-currents could be a re-
flection of development in culture that parallels that of neurons
in situ, or it could be a consequence of removal of neurons from
their glia- and trophic factor-rich environment. Arguments in
favor of the first alternative are that development of glutamate
receptors (NMDA- and kainate-preferring) and Ca channels
during this same period is similar under the two growth cir-
cumstances (Barish and Mansdorf, 1991), and that D-current
development trails that of A-current in rat neostriatal neurons
(Surmeier et al., 1991). On the other hand, during later periods
of culture (more than 5-7 d), the relative proportions of A- and
D-current in the neuronal membrane are linked to proximity
or contact with glial cells (R.-L. Wu and M. E. Barish, unpub-
lished observations), an observation suggesting that neuronal
isolation in culture may trigger changes in transient potassium
current expression. In either event, the mechanisms responsible
for changes in D-current during this 3 d period may also function
later in development. This reciprocal plasticity of A- and D-cur-
rents, which may affect action potential repolarization and thus
Ca entry, will be the subject of future investigations.
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