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ABSTRACT Neurons were acutely dissociated from the CAl region of hip-
pocampal slices from guinea pigs. Whole-cell recording techniques were used
to record and control membrane potential. When the electrode contained
KF, the average resting potential was about —40 mV and action potentials in
cells at —80 mV (current-clamped) had an amplitude >100 mV. Cells were
voltage-clamped at 22-24°C with electrodes containing CsF. Inward currents
generated with depolarizing voltage pulses reversed close to the sodium equi-
librium potential and could be completely blocked with tetrodotoxin (1 uM).
The amplitude of these sodium currents was maximal at about —20 mV and
the amplitude of the tail currents was linear with potential, which indicates
that the channels were ohmic. The sodium conductance increased with depo-
larization in a range from —60 to 0 mV with an average half-maximum at
about —40 mV. The decay of the currents was not exponential at potentials
more positive than —20 mV. The time to peak and half-decay time of the
currents varied with potential and temperature. Half of the channels were
inactivated at a potential of —75 mV and inactivation was essentially com-
plete at —40 to —30 mV. Recovery from inactivation was not exponential
and the rate varied with potential. At lower temperatures, the amplitude of
sodium currents decreased, their time course became longer, and half-maxi-
mal inactivation shifted to more negative potentials. In a small fraction of
cells studied, sodium currents were much more rapid but the voltage depen-
dence of activation and inactivation was very similar.

INTRODUCTION

Signal transmission in nervous systems depends on action potentials that are
generated by voltage-dependent conductances. In squid axon and other periph-
eral nerves, membrane depolarization activates a voltage-dependent sodium con-
ductance and it is generally thought that a sodium conductance with similar
properties underlies action potentials in neurons in the mammalian central ner-
vous system. This assumption has been difficult to test experimentally, both
because it is difficult to insert two electrodes into mammalian central neurons
in order to voltage-clamp the membrane and because it is not possible to control
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the membrane potential in axonic and dendritic processes of neurons with elec-
trodes in the soma. A voltage-dependent sodium conductance has been charac-
terized in cat motoneurons (Barrett and Crill, 1980), in rat nodose ganglion cells
(Ikeda et al., 1986), and in cultured sympathetic ganglion neurons (Belluzzi and
Sacchi, 1986), but not in cerebral neurons. We have used a single-electrode,
switching voltage clamp (Brenneke and Lindermann, 1974; Finkel and Redman,
1985) to control membrane potential in CAl neurons acutely dissociated
(Numann and Wong, 1984) from guinea pig hippocampal slices. The dissocia-
tion procedure produced many cells consisting of a soma with few processes that
generated large sodium currents in response to membrane depolarization. Pre-
liminary accounts of some of these results have been published elsewhere (Sah
et al., 1986).

METHODS

Hippocampal Slices

All experiments were performed with cells dissociated from the hippocampus of 300-
500-g male or female adult guinea pigs. Animals were killed by cervical dislocation and
the brain was quickly exposed. The brain was hemisected and dissected in cold (4-8°C)
Krebs solution of the following composition (millimolar): 125 NaCl, 5.0 KCIl, 25
NaHCOs, 2 MgSO,, 2.5 CaCly, 1.2 NaH2POy, 11 glucose, pH 7.3 when bubbled with
95% O2/5% CO.. The hemisected brain was then glued to the stage of a Vibraslice
(model 752, Campden Instruments) with cyanoacrylic glue. Sections 600 um thick were
then taken through the cerebral cortex and hippocampus to produce transverse hippo-
campal slices, which were transferred to a dish of cold, oxygenated Krebs. The CAl
region in each slice was isolated using fine iridectomy scissors. This piece of tissue was
then cut into two or three smaller pieces, each ~1.5 mm square. Dissociation was per-
formed with a protocol very similar to that described by Numann and Wong (1984).

Dissociated Cells

Papain (24 U/ml) and cysteine (5 mM) (Sigma Chemical Co., St. Louis, MO) were dis-
solved in 15 ml of oxygenated Krebs, Pieces of hippocampus were placed in this solution
at room temperature and rapidly stirred. After ~90 min, the pieces were taken out of
the papain solution with a Pasteur pipette and transferred to a holding beaker containing
Krebs solution. Individual pieces of tissue were removed and mechanically dissociated as
needed by trituration with a fire-polished Pasteur pipette in 3-4 ml of solution. The
dispersed cells and debris were decanted into 5-cm plastic petri dishes where, after 5-
10 min, the cells settled to the bottom. The petri dishes were mounted on the stage of
an inverted phase-contrast microscope (Olympus IM) and viewed at a magnification of
400. Cell viability was aided by blowing a stream of moistened 95% Oz/5% CO; over the
surface of the dish. Although the yield of cells was extremely variable, 10-20 healthy
cells could be obtained, on average, from each piece of tissue.

Electrodes

Patch recording electrodes were made from hematocrit tubes (borosilicate glass) on a
modified electrode puller (David Kopf Instruments, Inc., Tujunga, CA) and coated with
Sylgard (Dow Corning Corp., Midland, MI) to within 100 um of the tip to reduce elec-
trode capacitance. Electrodes were held in an electrode holder with a side arm allowing
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suction to be applied to the electrode interior. The electrode holder was plugged directly
into the X1 headstage of an Axon 2A (Axon Instruments, Inc., Burlingame, CA) single-
electrode voltage-clamp device.

Electrodes were filled with a solution containing (millimolar): 140 CsF, 10 NaCl, 10
HEPES-CsOH, 11 EGTA, pH 7.2. In some experiments, the CsF was replaced with KF
and the pH was balanced with HEPES-KOH. These electrodes had resistances of 1-3
M. High intracellular fluoride, as noted elsewhere (Fernandez et al., 1984; Kay and
Wong, 1986), greatly aided recording stability.

Voltage Clamp

Under visual control, the electrode tip was pressed against the surface of the cell and
gentle suction was applied to the electrode interior to form an electrode—cell membrane
seal of several gigohms’ resistance (Hamill et al., 1981). Further suction and hyperpolar-
ization of the patch resulted in membrane breakdown, giving low-resistance access to the
interior of the cell.

With a switched current or voltage clamp, series resistance is not a source of error,
but it was found necessary to keep the electrode resistance low in order to achieve the
rapid switching rate and high clamp gain necessary to clamp the sodium currents ade-
quately. Typically, recordings were made with switching rates between 20 and 40 kHz
and a gain setting of 20-50 nA/mV. The headstage of the clamp was continuously mon-
itored to ensure that the voltage across the electrode had settled completely before the
membrane potential was sampled (Finkel and Redman, 1985). Under optimum condi-
tions, with the clamp switching at 50 kHz and a gain of 50 nA/mV, the membrane volt-
age in response to a small voltage step reached 95% of the command voltage within
500 us.

Data Analysis

Voltage-clamp commands and data sampling were performed on-line with a PDP 11/23
microcomputer (Digital Equipment Corp., Marlboro, MA). Voltage and current traces
were filtered at 4 kHz (four-pole Bessel, —3 dB) and sampled at 10 or 20 kHz. In some
experiments, data acquisition was performed with a digital oscilloscope (5211A, Tektro-
nix, Inc., Beaverton, OR) at rates of up to 200 kHz and then transferred to the
computer.

Currents were analyzed off-line on a PDP 11 /44 computer (Digital Equipment Corp.)
after subtraction of scaled leakage and capacitive currents obtained from hyperpolarizing
steps (<50 mV). For each trace, the peak amplitude was measured from the peak inward
current. The time to peak was measured from the onset of the voltage step.

Tetrodotoxin (TTX; Sankyo, Tokyo, Japan) and internal CsF were used to block
sodium and potassium currents, respectively. In some experiments, the bath temperature
was controlled with a Peltier element mounted on the microscope stage. The tempera-
ture of the dish was monitored by a small thermocouple placed in the bath solution. Most
experiments were done at 22—-24°C except where stated otherwise.

RESULTS

Cells obtained by dissociation displayed a wide variation in size and morphology.
Healthy cells, recognized by their *‘shiny” appearance under phase-contrast
optics (Numann and Wong, 1984; Gray and Johnston, 1985; Kay and Wong,
1986), normally retained some short (<100 um) cell processes. The soma of
most of the larger cells was bipolar, which suggests that they were probably pyr-
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amidal cells (Kay and Wong, 1986). In this study, we have not discriminated
between cells of different morphology but have tended to examine the larger
cells, which turned out to have similar electrophysiological properties, except
that a few (15 of 120) had faster sodium currents than the others. The type of
sodium current more commonly seen will be described in detail, followed by a
brief account of the “fast” sodium current.

Passive Electrical Properties

The average resting membrane potential, recorded from 28 cells with electrodes
containing 150 mM KF, was —40 * 2 mV (mean * 1 SEM). This is more depo-
larized than expected for a membrane much more permeable to potassium than
to other ions: with 5 mM K in the extracellular solution, the potassium equilib-
rium potential would have been —86 mV. The most likely explanation for the
large difference between the recorded resting potential and the potassium equi-
librium potential is that the stumps of fractured axons and dendrites formed a
nonselective shunt across the surface membrane (see Discussion).

The input resistance of cells was determined either from the change in mem-
brane potential produced by injection of rectangular-current pulses or from the
currents that flowed in response to steps in potential in voltage-clamped cells.
The relationship between the clamp potential and current recorded in six cells
(holding potential, —100 mV) can be seen in Fig. 1 A. The current-voltage curve
was linear at membrane potentials between —120 and —80 mV and calculations
of membrane resistance and capacity were therefore made from measurements
in this potential range. The change in potential (upper trace) recorded in
response to a hyperpolarizing current of 100 pA (lower trace) is shown in Fig.
1 B. A semilogarithmic plot of V(oo) — V() vs. time [V(c0) and V(t) were the
changes in potential at “infinite” time and time #, respectively] is shown in Fig.
1 C. It can be seen that the potential changed exponentially with a single time
constant, which indicates that the cell was isopotential (Rall, 1977). With larger
current pulses, the change in potential was no longer a single exponential, prob-
ably because of activation of the inward rectifier potassium channel (Adrian et
al., 1970). The membrane time constant of a cell (r,) was obtained by fitting the
potential change with a single exponential using a nonlinear least-squares algo-
rithm. Time constants had values of 1.2-10 ms, with a mean of 5.0 * 0.8 (n =
16). The input resistance (R,), measured from V(c0)/I (I was the amplitude of
the current pulse), ranged from 100 to 1,000 MQ, depending on the size of the
cell. Another method used to measure the passive electrical properties was to
record currents generated by small hyperpolarizing or depolarizing voltage steps
in a cell voltage-clamped at a holding potential of —100 mV. A typical current
generated by a 30-mV depolarizing step (Fig. 1 E) is shown in Fig. 1 D. Values
for R, calculated from the slope of current-voltage relationships around —100
mV were similar to those obtained with the current-clamp method.

Input capacity (C,) was calculated either from 7, = R,C, or from the ratio of
the integral of the capacity current to the amplitude of the voltage step. Values
for C, obtained in this way ranged from 5 to 50 pF, again depending on the
size of the cell. The average value was 30.7 £ 5.8 pF (n = 28).
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The specific membrane resistance and capacity were calculated by estimating
the area of surface membrane: direct measurements were made of the cell
length and diameter, and the surface area was calculated by assuming that the
cell had a circular cross section along its long axis. The values for specific mem-

O.Zr
I $
0.1}
/‘/
-160 -14 -120 -80 -60 ~40
[ vV (mV)
4
’1’ -0.1
g l
%/ 1 (nA)
-0.2
-0.34-
B

T

10 ms

c E
30

10 ,‘ \
vV (mv) [ |13_°"_':v

0.5 ____} 1 ms
10 T

r

5
time (ms)

FIGURE 1. Passive membrane properties of dissociated hippocampal cells. (A} Current-
voltage relationship. Currents were generated by voltage steps from —100 mV to the
voltages shown on the abscissa. Data points are average values from six cells of a similar
size. The broken line is the linear regression line of best fit for the points between
—120 and —80 mV, which gave an input resistance of 200 MQ. (B) Voltage response to
a rectangular current of 100 pA. (C) Semilogarithmic plot of the decay of the voltage
transient in B. (D) Current (filtered at 1 kHz) generated in a voltage-clamped neuron by
a 30-mV depolarizing pulse (E) from a holding potential of —100 mV.
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brane capacity ranged from 0.5 to 1.5 pF-cm™?, with a mean value of 1.0 + 0.2

pF-cm™? (n = 16). The specific membrane resistance ranged from 3.6 to 10.8
kQ-cm?, with a mean value of 5.8 + 1.4 kQ-cm? (n = 7).

Action Potentials

After establishment of recording conditions, spontaneous action potentials (Fig.
2 A), which could be blocked with TTX, were often seen. Long depolarizing cur-
rents produced trains of action potentials. In order to record action potentials
at more negative potentials, cells were hyperpolarized to —80 mV by injecting

FIGURE 2. Action potentials
recorded in cells perfused
with KF. (A) Spontaneous
action potentials recorded on
a chart recorder. A depolar-

B i c izing current (100 pA) was
‘ injected at the times marked
: 10 s by arrows. In the top trace,
/' the time base has been
expanded during the second

i [

segment: the horizontal scale
bars represent 1 s. (B-G)

Action potentials and trains
of action potentials recorded
from different cells in

response to depolarizing cur-
[_ T T 1 rents shown in the lower

trace of each record. Note

u that the time calibration for
60 ms L\\ B is 10 ms, whereas the time

calibration for C-G is 60 ms.

a maintained inward current. Action potentials were then elicited with brief (Fig.
2, F and G) or long (Fig. 2, B-E) depolarizing currents. Action potentials re-
corded in this way had an amplitude of ~100 mV (the average value from mea-
surements in 15 cells was 103 * 3 mV) and a rate of rise that ranged from 600
to 1,000 V-s~'. As can be seen in Fig. 2, B-G, the decay of action potentials
was quite variable from cell to cell, ranging from 6 ms to hundreds of millisec-
onds. The longer action potentials were seen when the electrode contained CsF,
presumably because potassium channels were blocked. In some cells, the mem-
brane potential repeatedly “flipped” between two levels of potential. This phe-
nomenon was not investigated further in this study.

60 mv |
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Sodium Currents

Current-voltage relationship. In cells clamped with electrodes containing KF,
currents evoked by depolarizing pulses from a holding potential of —100 mV
consisted of a transient inward current followed by a sustained outward current
(Fig. 3, A and B). The inward current disappeared in the presence of TTX (Fig.
3 A) and its amplitude was dependent upon the internal and external sodium
concentrations (not shown). In many cases, a small inward current, assumed to
be a calcium current, remained in the presence of TTX at concentrations as high

control TTX
A é
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10 ms

5nAL

20 ms

FIGURE 3. TTX blocks inward currents. The currents shown were generated by positive
voltage pulses from a holding potential of —100 mV, before and after exposure to TTX
(1 uM). (A) The perfusing solution was KF. Currents were generated by 50-ms voltage
steps to —10, 0, 10, and 20 mV. TTX abolished the inward current, leaving only outward
currents (right-hand panel). (B) When the perfusing solution was CsF, there was no out-
ward current. Currents shown were generated by 100-ms voltage steps to —30, —20,
—10, and 0 mV. In the presence of TTX, the inward currents disappeared (right-hand
panel).

as 107 M (Fig. 5 D). It was concluded that the large, TTX-sensitive inward cur-
rent was 2 sodium current and that it could be accurately described in the pres-
ence of the TTX-insensitive inward current because the latter was so much
smaller (maximum amplitude, <0.5 nA; see also Kay et al., 1986). The outward
current was not seen when the patch electrode contained CsF (Fig. 3 B) and its
properties will be described elsewhere.

The properties of the TTX-sensitive sodium current were studied in cells
clamped with electrodes containing CsF. A frequently observed phenomenon,
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seen with small depolarizing steps from a holding potential of —100 mV, was

the appearance of an inward current following a delay of 2-3 ms (Fig. 4 A).
Often this phenomenon was associated with a voltage trace that revealed inad-
equate voltage control but, on occasion, the voltage did appear to be well con-
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FIGURE 4.

“Breakthrough” sodium currents (upper traces) generated by voltage steps
(lower traces) to between —60 and —30 mV from a holding potential of —100 mV. (B)
The peak current-voltage curve for the currents shown in A contains an obvious discon-
tinuity at —60 mV.
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trolled. These “‘breakthrough” currents produced a discontinuity in the current-
voltage relationship (Fig. 4 B), as has been noted elsewhere (T. H. Brown et al,,
1981; Barrett and Crill, 1980). Such currents were seen only in cells with long
(>>50 um) processes and it was concluded that they were generated in remote,
inadequately clamped patches of membrane, perhaps in the initial segment (Bar-
rett and Crill, 1980) or dendrites. Cells that had these ‘‘breakthrough’ currents
were not used.

A typical family of sodium currents can be seen in Fig. 5 A. The relationship
between peak current and membrane potential is plotted in Fig. 5 C. The ampli-
tude was maximal at about —20 mV. The null potential for the current obtained
by extrapolation was +58 mV. This is close to the calculated sodium equilibrium
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FIGURE 5. Inward currents recorded in voltage-clamped cells with an electrode con-
taining CsF. (A) Sodium currents generated by potential steps from a holding potential
of —100 mV to potentials between —50 and +10 mV (B: 10-mV increments). (C) Cur-
rent-voltage curve from the same cell as in A. The extrapolated null potential was +58
mV. (D) Currents recorded in the presence of 1 uM TTX in response to voltage steps to
—40 and —50 mV from a holding potential of —100 mV. These were the largest inward
currents seen in the presence of TTX.

potential of 468 mV. The largest inward currents recorded in any cell in the
presence of TTX (1 uM), presumed to be calcium currents (Kay et al., 1986),
are shown in Fig. 5D for comparison: they were relatively so small that no
attempt was made to remove them. In most cells, TTX abolished all detectable
inward current, as illustrated in Fig. 3.

It was possible to shift the null potential to less positive potentials by raising
the sodium concentration in the electrode or by lowering the sodium concen-
tration in the extracellular solution. Reversal of sodium current could then be
obtained at membrane potentials where the kinetics of the current allowed the
peak to be resolved. The peak current-voltage relationship obtained in a cell in
an extracellular solution containing 50 mM NaCl (sodium replaced by choline)
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can be seen in Fig. 6 (circles). The instantaneous current-voltage relationship
measured from tail currents (Fig. 6, squares) was linear in the voltage range
from —30 to 40 mV, which indicates that the sodium channel responsible for
the current was ohmic (Hodgkin and Huxley, 19524). At potentials more nega-
tive than —30 mV, the tail current decayed too rapidly for accurate measure-
ment of its amplitude. The linear regression line (broken line) in Fig. 6 gave a
null potential of +39 mV, close to the predicted equilibrium potential of +41
mV.
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FIGURE 6. Current-voltage curve for the peak inward current (circles) in a dissociated
neuron in an external solution containing 50 mM Na*. The squares show the amplitudes
of the instantaneous currents (holding potential, —100 mV). The null potential obtained
from the linear regression line was +39 mV.

Conductance-voltage relationship. Because the instantaneous sodium current
varied linearly with voltage (Fig. 6), the peak conductance was calculated from
the equation (Hodgkin and Huxley, 19524)

Ina = gNa'(V — Ena), (1)

where In. is the peak current, gna is the conductance, En, is the measured
sodium equilibrium potential, and V is the membrane potential. In cells in which
an adequate instantaneous current-voltage relation could not be obtained, the
equilibrium potential was obtained by extrapolation of the peak current-voltage
relation. The typical relationship between potential and conductance at the peak
of the current is shown in Fig. 7 A. The conductance increased sigmoidally with
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FIGURE 7. Peak sodium conductance (g) as a function of voltage (V). (A) The squares
show conductance calculated according to Eq. 1 (Ex, = +65 mV) from the peak ampli-
tude of currents recorded at 22°C. The solid line shows the best fit of Eq. 2 (see text).
V' and k were —31 and 7.1 mV, respectively. (B) Conductance was calculated as in A
from currents recorded at 18°C. V' and % values for the solid line were —29 and 13 mV,
respectively.
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FIGURE 8. Time to peak (4) and half-decay times (B) (measured from the peak) of
sodium currents recorded at different potentials in a cell at 22°C (filled squares) and at
18°C (open squares). Lines were drawn by eye.

potential at potentials more positive than —60 mV, reaching a maximum at
about 0 mV. The line through the points in Fig. 7A was obtained from the
Boltzmann expression:

gna = gra(max)/[1 + exp(V — V)/k], 2
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where gna(max) is the maximum conductance, V' is the potential at which gn. =
gna(max)/2, and £ is a slope constant: the values for V’ and % used in Fig. 7 A
were —31 and 7.1 mV. The average values for V' and k obtained in this way
from eight cells were —38.7 * 3.3 and 6.6 * 0.3 mV, respectively.

No attempt was made to construct conductance-voltage curves by correcting
for “inactivation” of channels, because the decay of the currents could not
always be fitted with a single exponential (see below).

Time course of activation. It can be seen in Fig. 5 A that the rate of activation
of the sodium current varied with membrane potential. A plot of the time to
peak (measured from the onset of the voltage step to the peak of the current)
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10 ms

-

[+ 2 4
-
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FIGURE 9. Decay of sodium currents generated by pulses to —40 mV (4) and to 0 mV
(B) from a holding potential of —100 mV. The upper traces show the currents recorded
and the graphs below contain semilogarithmic plots of their decays. The decay does not
follow a single exponential at 0 mV.

against potential for a cell at 22°C is shown in Fig. 8 A (filled squares). The mea-
surements at potentials more positive than —10 mV may contain some error
since the potential was not fully controlled during the rising phase. An effort
was made to overcome this problem by cooling the cell to 18°C. This slowed the
time to peak (Fig. 8 A, open squares) so that measurements could be made with
more confidence. It can be seen from Fig. 8 A that the rate of activation of
sodium channels became progressively more rapid as the potential became more
positive.

Time course of decay. The decay of currents could be reasonably described
by a single exponential at potentials from —50 to —20 mV. A current elicited
by a voltage step from a holding potential of —100 to —40 mV is shown in Fig.
9 A (upper trace). A semilog plot of the decay below could be well fitted with a
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straight line. However, at potentials more positive than —20 mV, the decay
could not be described by a single exponential, as illustrated in Fig. 9 B. The
current in the upper panel was generated by a step to 0 mV from the same
holding potential. A semilog plot of the decay of the current could no longer
be fitted with a straight line (Fig. 9 B, bottom).

Because the decay of the currents could not always be described by a single
exponential, the rate of decay of the current was characterized by the time to
decay to half the maximum amplitude. A plot of half-decay time against mem-
brane potential in a cell at 22°C is shown in Fig. 8 B (filled squares). The decay
was slowest at about —40 mV and became faster at more positive potentials.

0.8

0 1 " L 1 . i " 1 " )

-120 -100 -80 ~-80 -40 -20 0 20 40
vV (mv)

FIGURE 10. Steady state inactivation of sodium current. The amplitude of the sodium
current generated by a pulse to —20 mV after a 1-s conditioning step to different poten-
tials (abscissa) is expressed as a fraction (h) of the sodium current generated after a con-
ditioning step to —120 mV (holding potential, —100 mV). The solid line through the
data points is the line of best fit (Eq. 3) and gives a V' of —89.5 mV and a & of 9.9 mV.
Normalized conductances (g, circles), calculated from currents generated in the same cell
by voltage steps to potentials shown on the abscissa from a holding potential of ~100
mV, are shown for comparison.

Steady state inactivation. Steady state inactivation (k) was studied by clamp-
ing a cell at a conditioning potential for 1 s before eliciting a sodium current
with a 50-ms test pulse to —20 mV (holding potential, —100 mV). The ampli-
tude of the sodium current measured at different conditioning potentials,
expressed as a fraction (k) of the amplitude when the conditioning potential
was —120 mV, is plotted against the conditioning potential in Fig. 10 (squares).
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The line through the points was drawn according to (Hodgkin and Huxley,
1952b)

ho = 1/[1 + exp(V — V')/kl, 3)

with a half-inactivation voltage (V') of —89.5 mV and a slope factor (k) of 9.9
mV. The normalized peak conductance in the same cell is plotted against poten-
tial for comparison (circles). The average values for V' and k recorded in eight
cells were —74.9 * 2.0 and 7.7 * 1.0 mV, respectively.

FIGURE 11. Recovery from
inactivation. (A) Currents gen-
erated by a test pulse to
—20 mV at 10, 30, 50, and
70 ms after a 100-ms condi-
2 nA ‘tioning pu.lse to 0 mV (hold-
ing potential, —100 mV). (B)
Amplitude of sodium current
2 ms N

B . smge after a conditioning depolar-
0 ization, expressed as a frac-
0o * tion of the amplitude with no
conditioning pulse (1), plot-
. ted against time after a con-
0.6 F . ditioning pulse. The graph
- shows data obtained with
v = holding potentials of —80
0.4r °* (circles), —100 (squares), and

. —120 (diamonds) mV.

0.8} o |

0 20 40 60 80 100
time (ms)

Recovery from inactivation. Measurements were also made of the time course
of recovery from inactivation. A depolarizing 100-ms pulse to 0 mV was used to
inactivate the sodium current. After such a conditioning depolarization, cur-
rents elicited by a 10-ms test pulse slowly increased in amplitude to their pre-
conditioning level. The currents in Fig. 11 A, generated by test pulses to —20
mV at 10, 30, 50, and 70 ms after the conditioning depolarization, increased in
amplitude with the interval. The rates of recovery of the amplitude of currents
generated by test pulses to —20 mV from holding potentials of —80 mV (cir-
cles), —100 mV (squares), and —120 mV (diamonds) are illustrated in Fig.
11 B. At all three potentials, recovery from inactivation could not be described
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by a single exponential. Recovery occurred more rapidly at more negative hold-
ing potentials.

Effects of temperature. Consistent effects of changing temperature on the
sodium currents were recorded in three cells, whether the temperature was low-
ered or raised. As the temperature was lowered, the currents became smaller
and slower, as illustrated in Fig. 12. The upper traces were recorded at 22°C;
the lower traces were recorded immediately after lowering the temperature to
18°C (note the difference in vertical calibrations). The current-voltage curves

22°C

18°C

FIGURE 12. Effect of temperature on sodium currents. Sodium currents were generated
by pulses from a holding potential of —100 mV to the potentials shown, recorded in
one cell at 22°C (A) and at 18°C (B). Note the difference in the vertical calibrations in A
and B.

recorded in one experiment in which the temperature was raised from 17.5 to
26.5°C (Fig. 13 A) show the dependence of current amplitude on temperature.
The conductance-voltage curves for two temperatures, 18 and 22°C, in one cell
are shown in Fig. 7: it can be seen that the peak conductance fell from 1.16 uS
at 22°C to 0.37 uS at 18°C. The k value changed from 7.1 to 13 mV but V' was
essentially unchanged. There was a larger fall in current amplitude for the 2.5°C
change in temperature between 20°C and 17.5°C than between 22.5°C and
20°C. The maximum current amplitude is plotted semilogarithmically against
temperature in Fig. 13 B. The line through the points at 20~26.5°C gave a Qo
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FIGURE 13. Effect of temperature on maximum sodium current. (4) Current-voltage
curves (peak current) recorded at different temperatures in the same cell. From top:
17.5°C (diamonds); 20°C (open squares); 22.5°C (filled squares); 26.5°C (circles). (B)
Semilogarithmic plot of maximum sodium current (nanoamperes) (measured at —20 to
—40 mV with a holding potential of —100 mV) against temperature (Kelvin). The solid
line, drawn by eye through the points from 20 to 27°C, gives a Qo of 1.5.

of 1.5. The current amplitude at 17.5°C is less than expected from the line fitted
to the points at the three other temperatures.
A similar phenomenon was seen with time to peak and half-decay times, as
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Ficure 14. Effect of temperature on time course of sodium currents: 17.5°C (squares);
20°C (circles); 22.5°C (diamonds); 26.5°C (triangles). (A) Time to peak of sodium currents
recorded at different temperatures in the same cell. (B) Half-decay times of the same
sodium currents at different temperatures.

illustrated in Fig. 14. There appeared to be a steep change in both measures
between 17.5 and 20°C. All three cells showed a clear break in the temperature
dependence of current amplitude and time course in this temperature range. As
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FIGURE 15. Fast sodium currents (A) compared with normal sodium currents recorded
in a different cell (B). The upper traces show sodium currents generated by voltage steps
(lower traces) to —35, —30, and —20 mV from a holding potential of —100 mV.

reported for rabbit (Chiu et al., 1979a) and rat (Schwarz, 1986) myelinated
nerve, it was found that the A, curve shifted to more positive potentials as the
temperature was raised.

Sodium Currents with a Faster Time Course

In 15 of the 120 cells studied, the sodium current had a faster time course. This
is illustrated in Fig. 15, in which a family of the “fast” sodium currents (A) can
be compared with sodium currents of the more common type (B). The half-
decay times measured in three cells with fast currents are given at two potentials
in Table I. It is clear that the decay of the fast sodium current is almost an order
of magnitude faster than the decay of the slower current. Furthermore, this dif-
ference in decay rates is maintained throughout the voltage range examined.

The peak current-voltage relationship for a fast sodium current is shown in
Fig. 16 A. The hy, curve is shown in Fig. 16 B (circles), the line through the
points being drawn according to Eq. 3 with V' and k values of —67.6 and 7.4
mV, respectively. These values are similar to those for the slower currents. Peak
conductance is plotted against potential in Fig. 16 B (squares) and the line
through the points is drawn according to Eq. 2, with V' and % values of —29
and 5.7 mV, respectively. These curves are very similar to those for the more
common sodium currents (see Fig. 10).

TABLE 1
Comparison of Time Constants of Decay of Normal and Fast Sodium Currents

Vin Normal Fast
mV ms ms
—40 881t1.2*(n =9) 09 =1)
—20 74209 n=9) 09202 (n = 3)

* Mean * 1 SD.
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Dissociated hippocampal neurons were used because they provided the oppor-
tunity to characterize depolarization-activated sodium currents in well-clamped

A vV (mV)
-50 -10 30 70
Sy e
\ 7
\ /
[} s
\ 4
\ yd
\ e
Y /
\ 4 -1 /
\ ’
\\ y
\ ’,'
\‘ v
A /ﬁ
» 4
\ 4
\ /_2
x\ ‘/1l
‘oo
 (aA)
4 -3
8
1 ¢

0.8 }

0.6

0.4

0.2

5

-100

-20
V (mv)

20
FIGURE 16. Properties of the fast sodium current. (4) Current-voltage curve showing

the change in amplitude of the sodium current with voltage (holding potential, —100
mV). {B) Normalized conductance (g) (squares) and h (circles), recorded in the same cell,
plotted against potential. The solid lines through the data points are the Boltzmann
curves of best fit (see Egs. 2 and 3 in text).

membrane. This is normally not possible in these cells because of the difficulty
in controlling potential across areas of membrane in dendrites separated by a
significant resistance from a point source of current in the soma (Jack et al.,
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1975; Johnston and Brown, 1983). The task becomes even more difficult if there
are neurotransmitter-induced shunts across the membrane of the processes.
Although the whole-cell patch-clamp technique, combined with a fast, single-
electrode clamp, provided voltage control within 500 us in these cells, it was
necessary to work at low temperatures (20-24°C) in order to control potential
during the rising phase and peak of some sodium currents. At this temperature,
dissociated cells from guinea pig hippocampus, although somewhat depolarized,
retained the ability to generate action potentials and proved a suitable prepa-
ration for studying the underlying sodium current.

The passive electrical properties of the dissociated hippocampal cells are dif-
ferent in many respects from those measured in CAl pyramidal cells in situ in
brain slices. The depolarized resting potential is probably due, at least in part,
to a persistent, nonselective conductance shunt across stumps of broken-off cell
processes. If the original resting membrane potential of the cell were —60 mV,
a shunt resistance (null potential, 0 mV) equal to twice the input resistance of
the cell without such a shunt would reduce the membrane potential to about

TABLE II
Comparison of Passive Properties of Hippocampal CA1 Cells

1% T R, Rn Ca
mV ms 10002 k2-cm? uF-cm=2
Slice* —65 10-20 0.3-0.6 10 2-4
Dissociated* —60 20-36 2-12 — —
Dissociated —-40 1.2-10 2-10 5.8 1.0
(Corrected) — —_ (2-16) (3.6-16) (10.7)

* Brown et al., 1981; Turner, 1984.
* Huguenard and Alger, 1986.

—40 mV. It is also possible that the techniques of cell dissociation and whole-
cell clamp, involving internal perfusion of cells with KF or CsF, could have con-
tributed to the depolarization.

The measured input resistance of dissociated cells ranged from 100 to 1,000
M, an order of magnitude greater than in slices (see Table II). Several factors
probably contribute to this difference. The dissociation procedure removes the
extensive dendritic tree with its synaptic input (Turner and Schwartzkroin,
1980). Furthermore, the presence of fluoride and 10 mM EGTA in the record-
ing electrode would lower the intracellular calcium concentration so that any
resting calcium-activated potassium conductance would be reduced. Finally, the
leak resistance around an intracellular microelectrode, which can be as low as
20 MQ (Hodgkin and Nakajima, 1972), would have reduced the input resistance;
the whole-cell patch-clamp technique introduces a negligible shunt resistance.
On the other hand, the calculated specific membrane resistance of 5.8 * 1.4
k®-cm?, which takes the loss of membrane area into account, is much lower than
the value of 10 kQ-cm? reported for CAl neurons in slices (Table II). This sug-
gests that the increase in input resistance cannot be attributed to an increase in
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specific membrane resistance. Taking both the depolarization and low mem-
brane resistance into account, it seems very likely that there is an electrical leak
across the stumps of the fractured processes in these cells. A leak resistance
twice the input resistance, as assumed above, would reduce the measured mem-
brane resistance to two-thirds of the true membrane resistance: correcting for
such a leak would increase the membrane resistance to ~10 kQ-cm? (Table II).
Another possible explanation for the lower membrane resistance in dissociated
cells is that, as suggested for motoneurons (Fatt, 1957; Iansek and Redman,
1973), the specific membrane resistance in the soma may be less than in the
dendrites.

The time constants of 3-5 ms measured here are lower than the time con-
stants of 10—-20 ms reported for CAl cells in slices (Table II). This difference
can probably be attributed to the same factors that caused the low input resis-
tance. The average specific membrane capacity calculated from the input capac-
itance and membrane area was 1 puF-cm™?, close to that expected for cell mem-
branes, which suggests that the calculations of membrane area were reasonably
accurate.

It was found to be possible to voltage-clamp the membrane adequately and
record ionic currents in these cells. The inward current could be blocked with
TTX, it decreased in amplitude when the extracellular concentration of sodium
was decreased, and it had a null potential close to the sodium equilibrium poten-
tial, typical characteristics of a sodium current. A residual, small, slower, TTX-
insensitive inward current, probably a calcium current (Kay et al., 1986), was
sometimes seen (Fig. 5 D), but it was not examined further. If it had been pres-
ent, it would have made an insignificant contribution to the total inward current
and it was not apparent in many cells (e.g., see Fig. 3). In neurons in slice prep-
arations, calcium currents recorded with electrodes in the soma ( Johnston et al.,
1980; D. A. Brown and Griffith, 1983) are much larger (1-3 nA) than reported
here. Calcium currents have been shown to be very labile (Fenwick et al., 1982;
Kostyuk, 1984) and it is possible that the calcium currents in the dissociated cells
were ‘‘washed out” during the dissociation procedure. Another possibility is that
most of the calcium channels may be located on the dendrites (Llinas and Sug-
imori, 1980; Jahnsen, 1986) and are removed during dissociation. Alternatively,
it is possible that the TTX-insensitive inward current was a sodium current sim-
ilar to the TTX-insensitive sodium current seen in nodose ganglion cells (Tkeda
et al., 1986); further experiments will be needed to define its nature.

A slow, noninactivating, TTX-sensitive sodium current found in rat hippocam-
pal CAl neurons by French and Gage (1985) (see also Stafstrom et al., 1985)
could also be seen in dissociated neurons. This current, like the calcium current,
was relatively very small (the maximum amplitude was always <<0.6 nA) and had
little effect on the amplitude or time course of the larger sodium current.

The sodium currents in most of the cells were slower than reported for some
other mammalian cells at the same temperature (Chiu et al., 1979a, b; Kostyuk
et al., 1981; Neumcke and Stampfli, 1982; Fenwick et al., 1982; Matteson and
Armstrong, 1984; Dubinsky and Oxford, 1984; Vandenberg and Horn, 1984;
Belluzzi and Sacchi, 1986; Carbone and Lux, 1986). If single channels had a
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conductance of 18 pS (Sigworth and Neher, 1980; Stithmer et al., 1987), the
maximum sodium conductance of 7.2-14.7 mS-cm™? corresponds to 5-10
sodium channels per um?® This is similar to the sodium channel density on
bovine chromaffin cells (Fenwick et al., 1982) but about five times the density
in GHs cells (Matteson and Armstrong, 1984; Dubinsky and Oxford, 1984). By
comparison, there are 200-300 sodium channels per um? in neuroblastoma cells
(Moolenaar and Spector, 1979), in frog and rat node of Ranvier, and in squid
giant axon (see Hille, 1984, for review). Using a membrane capacitance of 1
pF-cm™2 a sodium channel density of 5-10 channels per um?®, a sodium equi-
librium potential of 70 mV, and a peak current of —20 mV, the rate of rise of
an action potential would be 600-1,200 V-s~!. This is close to the measured
rate of rise of action potentials of 600-1,000 V-s~! and indicates that the
sodium current described here is responsible for the rising phase of the action
potentials recorded in these cells.

Both activation and inactivation of sodium channels occurred at more nega-
tive potentials (Fig. 9) than found in other mammalian neurons (Barrett and
Crill, 1980; Fenwick et al., 1982; Matteson and Armstrong, 1984; Fernandez et
al., 1984; Vandenberg and Horn, 1984). However, activation of mammalian
brain sodium channels expressed in oocytes (Stithmer et al., 1987) occurred at
potentials similar to those seen here. Some of the differences in the voltage
dependence of activation and particularly inactivation may be associated with
differences in temperature (Schwarz, 1986; this article). A further difference
might be the introduction of fluoride ions into the cell interior. It has been
suggested (Fernandez et al., 1984) that sodium channel activation and inactiva-
tion curves slowly shift to more negative potentials when the intracellular solu-
tion contains fluoride ions, but this does not seem to happen in squid axon
(Adams and Oxford, 1983). The records from most cells in this study were taken
at least 10-15 min after obtaining access to the interior of the cell. Although
we did not systematically look for a change in voltage dependence with time, no
changes in voltage dependence of activation or inactivation were seen during an
experiment.

In many preparations, particularly at the node of Ranvier of both frog and
rat nerve (Chiu, 1977; Neumcke and Stampfli, 1982) and rat heart (A. M. Brown
et al., 1981), sodium current decay follows a biexponential time course. In hip-
pocampal cells, however, only one time constant was generally observed,
although in several cells and particularly at depolarized potentials, two time con-
stants were evident (Fig. 9). Thus, inactivation in hippocampal cells is more sim-
ilar to that seen in GHj cells (Vandenberg and Horn, 1984) than in rat node of
Ranvier (Neumcke and Stampfli, 1982; Schwarz, 1986).

Despite the variety of cell morphologies obtained after dissociation, the
sodium conductance of most cells had very similar properties. A few cells had
much more rapid sodium currents (Fig. 13). It has been suggested that injection
of mRNA isolated from rat brain into Xenopus oocytes yields two populations of
sodium channels with different open times (Gundersen et al., 1983). In addition,
there are at least two different kinds of sodium channel-specific mRNA in rat
brain (Noda et al., 1986). These observations may explain the two different types
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of channel kinetics observed in the dissociated cells. Action potentials in inter-
neurons in the hippocampus and cortex have a faster time course than normal
and do not accommodate (Schwartzkroin and Mathers, 1978; McCormick et al.,
1985). It is possible that the underlying sodium channels also have faster kinet-
ics. Fast sodium currents can also be recorded from glial cells (Bevan et al.,,
1985; Gibb, A. J., unpublished observations). The dissociated cells with faster
sodium currents may have been interneurons or glial cells.
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