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ABSTRACT Currents generated by depolarizing voltage pulses were recorded in
neurons from the pyramidal cell layer of the CA1 region of rat or guinea pig hip-
pocampus with single electrode voltage-clamp or tight-seal whole-cell voltage-
clamp techniques. In neurons in situ in slices, and in dissociated neurons, subtrac-
tion of currents generated by identical depolarizing voltage pulses before and after
exposure to tetrodotoxin revealed a small, persistent current after the transient
current. These currents could also be recorded directly in dissociated neurons in
which other ionic currents were effectively suppressed. It was concluded that the
persistent current was carried by sodium ions because it was blocked by TTX,
decreased in amplitude when extracellular sodium concentration was reduced, and
was not blocked by cadmium. The amplitude of the persistent sodium current var-
ied with clamp potential, being detectable at potentials as negative as —70 mV and
reaching a maximum at ~—40 mV. The maximum amplitude at —40 mV in 21
cells in slices was —0.34 + 0.05 nA (mean + 1 SEM) and —0.21 £ 0.05 nA in 10
dissociated neurons. Persistent sodium conductance increased sigmoidally with a
potential between —70 and —30 mV and could be fitted with the Boltzmann equa-
tion, g = g/l + expl(V' — V)/k)]). The average g,,,, was 7.8 + 1.1 nS in the 21
neurons in slices and 4.4 = 1.6 nS in the 10 dissociated cells that had lost their
processes indicating that the channels responsible are probably most densely
aggregated on or close to the soma. The half-maximum conductance occurred
close to —50 mV, both in neurons in slices and in dissociated neurons, and the
slope factor (k) was 5-9 mV. The persistent sodium current was much more resis-
tant to inactivation by depolarization than the transient current and could be
recorded at >50% of its normal amplitude when the transient current was com-
pletely inactivated.

Because the persistent sodium current activates at potentials close to the resting
membrane potential and is very resistant to inactivation, it probably plays an
important role in the repetitive firing of action potentials caused by prolonged
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depolarizations such as those that occur during barrages of synaptic inputs into
these cells.

INTRODUCTION

In addition to the well-described transient sodium current that is activated by depo-
larization, inactivates rapidly, and is responsible for action potentials, there is evi-
dence that depolarization also activates a more persistent sodium current in many
central neurons. Such a current probably underlies the tetrodotoxin (TTX)-sensitive
component of the anomalous rectification that has been observed in hippocampal
neurons (Hotson et al., 1979; Benardo et al., 1982; Connors and Prince, 1982) and
it has been suggested that sustained voltage responses to small depolarizing currents
in mammalian cerebellar and inferior olive neurons are due to the presence of a
noninactivating, TTX-sensitive conductance (Llinas and Sugimori, 1980; Llinas and
Yarom, 1981). More direct evidence for a persistent, TTX-sensitive current acti-
vated by depolarization has been obtained in cat neocortical neurons (Stafstrom et
al., 1982, 1984, 1985).

A slowly inactivating or “persistent” sodium current has been reported in a vari-
ety of cells: squid axon (Hodgkin and Huxley, 1952; Chandler and Meves, 19704, b;
Shoukimas and French, 1980; Gilly and Armstrong, 1984), Aplysia and barnacle
neurons (Colmers et al., 1982; Davis and Stuart, 1988), frog node of Ranvier
(Dubois and Bergman, 1975), skeletal muscle (Almers et al., 1983; Patlak and Ortiz,
1986; Gage et al., 1989), and cardiac muscle (Patlak and Ortiz, 1985; Carmeliet,
1987; Kiyosue and Arita, 1989). In squid axon, the persistent sodium current acti-
vates at more negative potentials than the transient sodium current and hence has
been called a “threshold” sodium current (Gilly and Armstrong, 1984).

The aim in these experiments was to determine the characteristics of a persistent
sodium current in pyramidal hippocampal neurons, particularly its magnitude, volt-
age dependence, and susceptibility to inactivation. A preliminary report of some
early results in hippocampal slices has appeared elsewhere (French and Gage,
1985).

METHODS

Experiments were done on neurons in slices of rat hippocampus and on dissociated neurons
isolated from guinea pig hippocampal slices. In both cases, preparations were submerged in a
flowing solution and the changeover time of the bath was 2—-5 min. When solutions had been
changed for >10 min, the flow was sometimes stopped to improve recording stability. It was
occasionally possible to hold cells in slices for >1 h but more often, they were held for <30
min. Recording from dissociated cells could be maintained for up to 30-40 min (on a good
day) but the seal was often lost during solution changes.

The standard extracellular solution for experiments on slices contained (in millimolar): 124
NaCl, 5 KCl, 2 CaCl,, 2 MgSO,, 26 NaHCO;, 2 NaH,PO,, and 10 glucose, and had a pH of
7.3-7.4 when equilibrated with 5% CO, in O,. In some later experiments on isolated neu-
rons, solutions contained no added bicarbonate or phosphate, HEPES (10 mM) was added as
a pH buffer, and the NaCl concentration was increased to 150 mM. Cadmium (0.3-1 mM)
was added to the extracellular solution in most experiments in order to block calcium cur-
rents. TTX was obtained from Sigma Chemical Co. (St. Louis, MO). All experiments were
done at room temperature (22-24°C).
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Hippocampal Slices

Female Wistar rats, 6-10 wk old, were decapitated and the hippocampus was quickly dis-
sected out in chilled solution (4-8°C). Transverse slices, 400 um thick, were cut with a Macil-
wain tissue chopper and transferred to a holding chamber where they were left for at least 1 h
before any recording was attempted. After this time, one of the slices was mounted on a
nylon mesh in a superfused chamber.

Microelectrodes were usually filled with 3 M CsCl, occasionally with 3 M KCl, and had
resistances of 30-70 MQ. The membrane potential was voltage-clamped using a switching
voltage-clamp device that rapidly switched between voltage-monitoring and current-passing
modes (Axoclamp 1; Axon Instruments Inc., Burlingame, CA). The capacitance across the
wall of the microelectrode was minimized by keeping the level of the bath solution as low as
possible and it was then possible to use a switching frequency of 7-10 kHz. Signals were
filtered at 500 Hz (4-pole Bessel, —3 dB) and stored digitally. Four traces were usually aver-
aged to improve the signal-to-noise ratio. Only records from cells with an input resistance
>30 M® and resting membrane potentials more negative than —55 mV when recorded with
KCl electrodes or —30 mV when recorded with CsCl electrodes were analyzed. In some cells,
there was a clear discontinuity in the current-voltage curve for the transient sodium current
(see Sah et al., 1988a) but this was not seen with the much smaller persistent sodium current.
Cells in which loss of voltage control was detected in this way were not used in this study.

Dissociated Cells

Male or female, adult (300-500 g) guinea pigs were killed by cervical dislocation and the
brain was quickly exposed, hemisected, and dissected out into cold (4—8°C) extracellular solu-
tion with composition as above. The hemisected brain was then glued to the stage of a Vibra-
slice (model 752; Campden Instruments, London, UK) with cyanoacrylate glue. Sections 600
pm thick were cut through the cerebral cortex and hippocampus to produce transverse hip-
pocampal slices. The slices were dissected free of the cortex, transferred to a dish of cold
oxygenated solution and the CAl region was isolated using fine iridectomy scissors. This
piece of tissue was then further cut into two or three small pieces each ~1.5 mm square.
Dissociation of cells from these pieces of tissue was achieved by use of a protocol described
previously (Sah et al., 1988a), very similar to that described by Numann and Wong (1984),
and cells were used within an hour or two of dissociation. When it was necessary to block
calcium currents, NaHCO, in the bath solution was replaced with Tris chloride and cadmium
added at a concentration of 1 mM.

Electrodes were made from borosilicate glass tubing using a modified David Kopf electrode
puller and coated with Sylgard (Dow Corning Corp., Midland, MI) to within 100 um of the tip
to reduce the capacitance between the intracellular solution and grounded bath solution.
Electrodes were held in an electrode holder with a side arm that allowed suction to be applied
to the electrode interior. After formation of a cell-attached patch, access was gained to the
interior of the cell by increasing the suction to break through the patch of membrane (Hamill
et al., 1981). In early experiments in which it was of interest to measure both the transient
and persistent sodium currents, the electrode was connected to the 1x head stage of an Axon
2A (Axon Instruments Inc.) switching voltage-clamp device. This technique allowed the mea-
surement of the relatively large transient current free from the complications introduced by
series resistance, but had the disadvantage of introducing more noise than a patch-clamp
amplifier would. In later experiments focusing on the much smaller persistent sodium cur-
rent, cells were voltage-clamped and currents were recorded using a patch-clamp amplifier
(EPC-7; List Electronics, Darmstadt, FRG).

Electrodes were filled with a solution containing (in millimolar): 140 CsF, 10 NaCl, 10
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HEPES-CsOH, 11 EGTA, pH 7.2 and had resistances of 1-3 MQ. Use of fluoride instead of
chloride greatly aided recording stability (Fernandez et al., 1984; Kay and Wong, 1986).

Analysis

In most experiments, records were stored digitally in the computer that was used to generate
the command voltages. In all experiments with dissociated cells, depolarizing voltage steps
were preceded by a small hyperpolarizing voltage step (typically 10 or 20 mV, from and back
to a holding potential of —90 or —100 mV) with the same duration as the test pulse. If the
leakage current was appreciable (often it was not) or if the capacity current interfered with
measurement of the transient current, the current generated by the hyperpolarizing step was
appropriately scaled and subtracted digitally from currents generated by depolarizing voltage
steps. In addition to removing linear leakage currents, this technique had the added advan-
tage of removing linear capacity currents. Subtraction of linear capacity and leakage currents
was not done for currents from cells in slices because it was possible to select cells in which
there were very small leakage currents and no attempt was made to record the amplitude of
the transient currents,

In general, it was considered that the most reliable method of recording the persistent
sodium current free from any contamination from other currents was to subtract records
obtained after exposure to TTX from those obtained before. However, it was not possible to
do this in many experiments. In slices, the effect of TTX often took >20 min to develop fully,
presumably because of the time for diffusion to cells not on the surface, and cells were often
not held this long. In dissociated cells, changes of solution often caused loss of cells. For these
reasons, we were not able to demonstrate reversal of the effect of TTX in the same cell,
although the persistent sodium current could be demonstrated in other cells after washout of
TTX.

RESULTS

Neurons in Slices

In voltage-clamped pyramidal neurons in hippocampal slices, depolarizing voltage
steps activate a variety of voltage- and time-dependent currents, including a tran-
sient sodium current (Sah et al., 19884) and longer lasting calcium and potassium
currents (Johnston et al.,, 1980; Brown and Griffith, 19834, &; Segal and Barker,
1984; Sah et al., 19885). It was usually not possible to control potential during the
transient sodium current in these cells in slices, presumably because of currents gen-
erated at a distance from the soma on the axon or dendrites, but potential appeared
to be adequately controlled 10 or 20 ms after the onset of the voltage pulse when
the inward current surge had largely subsided. Results from cells in which voltage
was not well controlled after this time because of “breakthrough spikes” were dis-
carded. The holding potential for cells in slices was typically set at the potential at
which the holding current was zero in order to minimize ion concentration changes
that might occur if a large and prolonged holding current were necessary.

Typical currents generated by a voltage step from —56 to —36 mVinacellina
hippocampal slice are shown in Fig. 1 A. It can be seen that at the end of the voltage
step lasting 400 ms, there was a net outward current. After exposure to TTX (1 uM),
the outward current became larger (Fig. 1 B), suggesting that there was a persistent
inward TTX-sensitive current contributing to the net current in Fig. 1 A. Subtrac-
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tion of the records obtained before and after exposure to TTX gave the amplitude
and time course of this persistent TTX-sensitive inward current (Fig. 1 C).
Although it seemed most likely that this current was carried by sodium ions, depo-
larization of hippocampal CAl neurons can generate a labile calcium current
(Brown and Griffith, 1983b). A decrease in calcium current between records A and
B could conceivably give the record in C. Alternatively, any increase in potassium
current during the change of solutions could produce the increase in outward cur-
rent in B. In order to avoid such uncertainties, cadmium was added to extracellular
solutions at a concentration of 0.3 or 0.4 mM, which effectively blocks calcium cur-
rents in these cells (Brown and Griffith, 1983b; French and Gage, unpublished
observations), and cells were loaded with cesium from the intracellular electrode to
minimize contributions from potassium currents. Under these conditions, a persis-
tent TTX-sensitive current was still seen. Currents recorded with a 3-M CsCl elec-
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trode in a solution containing 0.3 mM cadmium before exposure to TTX showed
very little outward current (Fig. 1 D). Adding TTX to the solution removed a tran-
sient inward current and revealed a small maintained outward current (Fig. 1 E).
Subtraction of trace E from trace D gave a transient inward current followed by a
persistent inward current (Fig, 1 F). This result indicates that there is in these cells a
genuine persistent TTX- sensitive current that does not depend on fortuitous varia-
tions in calcium or potassium currents. Nevertheless, in most of the experiments
with slices reported here, the extracellular solution contained cadmium to block cal-
cium currents and intracellular electrodes contained 3 M CsCl to block potassium
currents.

Because the persistent current was an inward current at —30 to —40 mV and was
blocked by TTX but not by cadmium, it was concluded that it was a sodium current.
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This conclusion was supported by the observation that the amplitude of the current
was reduced when the extracellular sodium concentration was lowered. For exam-
ple, when extracellular sodium concentration was lowered to 40 mM in three cells,
the persistent inward current was reduced on average by 0.25 nA. It was not possi-
ble to determine the change in reversal potential because of the unfavorable signal-
to-noise ratio with the small residual persistent current, but the large decrease in the
current with reduction in extracellular sodium concentration is a strong indication
that it is indeed a sodium current.

Subtraction of currents recorded over a range of potentials before and after
exposure to TTX was used to obtain current-voltage curves for the persistent

A vV (mV)
-70 -80 -50 -40 -30 -20

FIGURE 2. (A) The current-
voltage relationship for persis-
tent sodium currents obtained
by subtraction of traces
recorded before and after
exposure to TTX in the neu-
ron with the largest persistent
sodium current amplitude in
B8 slices (holding potential, —65

20 mV). (B) The conductance-
voltage curve obtained by con-
verting the currents in A to
conductance (see text). The
line shows the best fit of Eq. 1
10 to the data points (g, = 17
nS, V' = —51 mV, k = 4 mV).

18
g (nS)

V (mv)

sodium current in 21 neurons in slices. (In 20 of the 21 neurons, contributions
from calcium currents were avoided by adding cadmium [0.3-0.4 mM] to extracel-
lular solutions.) The typical relationship between the amplitude of the persistent
sodium current and potential is illustrated in Fig. 2 A. These currents, generated
from a holding potential of —65 mV, were the largest seen in any of the 21 cells.
There was a significant persistent sodium current at —60 mV which increased in
amplitude with further depolarization to reach a maximum of —0.76 nA at —40
mV. Linear extrapolation of the falling limb of the curve at less negative potentials
(—35 to —20 mV) gave a null potential of +8 mV. (It was not found possible to
record currents at potentials more positive than —20 mV because of current-pass-
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ing limitations of the technique.) Because the holding potential for zero holding
current was —65 mV, it was not possible to explore potentials more negative than
this value in this cell. A similar voltage dependence of the current was seen in the 20
other cells that were studied. The maximum current amplitude in the 21 cells
occurred at ~40 mV and had an average value of —0.34 + 0.05 nA (mean = 1
SEM).

Currents were converted to conductance (g) for each neuron by dividing by the
clamped membrane potential minus the null potential obtained by linear extrapola-
tion. Conductances calculated from the currents in Fig. 2 A are plotted against
clamp potential in Fig. 2 B. The solid line through the data points is the best (least-
squares) fit to the data points of the Boltzmann equation:

g = Zua/11 + exp (V' = V)/B)]} a)

where g,.., is the maximum conductance, V' the potential at which the conductance
is half-maximal, and k is a constant. The g,,,,, V', and & values for the curve in Fig.
2 B were 17.0 nS, —51 mV, and 4 mV respectively. The maximum average conduc-
tance (measured at —10 mV) was 7.8 + 1.1 nS (mean + 1 SEM, n = 21). To deter-
mine the average voltage dependence of this conductance, results from each cell
were given equal weighting by expressing conductance as a fraction of the maxi-
mum conductance in that cell. The best fit of Eq. 1 to the average normalized con-
ductance-voltage curve was obtained with values for V' and % of —49 and 5 mV,
respectively.

Experiments on cells in slices were not entirely satisfactory for a variety of reasons
such as: (a) The existence of an extensive dendritic tree raises questions about the
possible contribution of currents from inadequately clamped dendritic membrane.
(b) It is never possible to be sure that solution changes in the vicinity of a cell not on
the surface are complete because of unknown diffusion delays in the tissue. (c) The
necessity to use high resistance electrodes to minimize cell damage limits their cur-
rent-carrying capacity so that the available well-clamped membrane potential range
is limited and it is often not possible to control potential during larger currents. (d)
Application of agents such as cesium to the inside of the cell to block unwanted
ionic currents is limited by the fine diameter of the electrode tip. We therefore did
similar experiments on dissociated cells to avoid the above problems.

Dissociated Cells

Activation of persistent sodium currents. Voltage-dependent currents were
recorded in acutely dissociated (Numann and Wong, 1984; Sah et al., 19884, b) hip-
pocampal neurons using whole-cell tight-seal voltage-clamp techniques (Hamill et
al.,, 1981). Inward currents were recorded over a range of potentials in 10 disso-
ciated cells. In all of them, depolarization activated both a transient and a persistent
inward current at negative clamp potentials. Typical records are shown in Fig. 3 at
low (A and C) and high (B and D) gain (capacity and leakage currents have been
subtracted as described in the Methods). The currents in Fig. 3, A and B were gen-
erated by a voltage step to —30 mV from a holding potential of —100 mV, and the
currents in C and D by a voltage step to —10 mV from the same holding potential.
With such voltage pulses, there was typically a relatively large, transient, inward cur-
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rent followed by a persistent inward current. This persistent inward current can be
seen more clearly in the amplified traces in B and D, in which the transient current
goes off scale. The persistent inward current was not a current through calcium
channels because the extracellular solution contained 1 mM cadmium.

Both the transient inward current and the persistent inward current could be
blocked with TTX. The transient and persistent inward currents shown in Fig. 3 £
(from a different cell than in A-D) were generated by a voltage step from a holding
potential of —100 to —40 mV. After exposure to TTX (1 uM), both currents were
essentially abolished (Fig. 3 F'). The sensitivity to TTX and persistence in the pres-
ence of high concentrations of cadmium indicate that the persistent inward current
is a sodium current corresponding to the persistent sodium current seen in the neu-
rons in slices.

Ficure 3. (A-D) Current

traces recorded in neurons dis-

A B sociated from the CAl region
- /,,.AMM.M,.\,W‘” of hippocampal slices. Cur-
1 rents were generated by volt-

age steps from a holding

potential of —100 to —30 mV

t in A and B and to —10 mV in
N -10 CandD. Traces in Band D are

F the same as in A and C except
they are shown at higher gain
1nA l_ 0.2 n AL to make the sustained currents
more prominent. Vertical cali-

brations: 1 nA for 4 and C, 0.2
nA for B and D. Horizontal

calibrations: 100 ms. (E and F)
E F J?WMMMMR Current traces recorded in

W.,wwmw ‘ ~40 response to voltage pulses
/d 0.5 nA from —100 to —40 mV in
/ s | another neuron before (E) and

i 100 ms after (F) exposure to TTX.

' Vertical calibration, 0.5 nA.
Horizontal calibration, 100
ms.

A family of sodium currents recorded in another cell (in an extracellular solution
containing 1 mM cadmium) is shown in Fig. 4. It can be seen that there was an
appreciable persistent sodium current at —70 mV that increased to —0.11 nA at
—30 mV. The current-voltage relationship for the persistent sodium currents in Fig.
4 can be seen in Fig. 5 A. The current became obvious between —80 and —70 mV
and reached a peak at ~—30 mV. The null potential obtained by linear extrapola-
tion of the curve between —30 and +10 mV was +45 mV. In the 10 cells, the
maximum average inward current of —0.21 + 0.05 nA occurred at —40 mV.

Conductance, calculated from the currents in Fig. 5 A by dividing by the clamped
membrane potential minus the null potential, is plotted against potential in Fig. 5 B.
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The solid line through the data points, the best fit of Eq. 1 to the data, was gener-
ated with a g,,, of 1.3 nS, a V' of —50 mV, and k of 8 mV. In the 10 neurons, the
average value of the maximum conductance was 4.4 + 1.6 nS (measured at —10
mV). The best fit of Eq. 1 to the average conductance-voltage curve, obtained with
conductances normalized to the maximum conductance in each cell as before, gave
values for V' and k of —50.0 and 9 mV, respectively. In six of the cells, the surface
area was estimated from cell input capacity assuming a specific membrane capacity
of 1 pF.cm™2 The average specific g, calculated from these areas was 1.7 = 0.6
pS.um~2

Inactivation. The time course of the persistent sodium currents such as those
shown in Fig. 5 indicated that the current was not inactivating appreciably during
periods as long as 500 ms. The susceptibility of the persistent current to inactivation
was explored further by examining the effects of varying levels of conditioning
depolarization. Results obtained in one of these experiments are shown in Fig. 6.
The voltage protocol is illustrated in Fig. 6 B. A 200-ms test pulse to —30 mV was

FIGURE 6. Persistent sodium
currents are more resistant
to conditioning depolarization
than transient currents. So-
dium currents (A) were gener-
ated by 200-ms voltage steps to
—30 mV after conditioning
depolarizing pulses of 0, 20,
40, and 70 mV (B) from a
0.5 nA holding potential of —90 mV.

Records were obtained by sub-

traction of corresponding cur-

rents generated before and
\-30 mv  after exposure to 107'M

100 ms

TTX.

-80 mV

preceded by 200-ms conditioning pulses to —90, —70, —50, and ~20 mV. There
was substantial activation of both transient and persistent currents during the pre-
pulses to —50 and —20 mV. The transient inward current generated by the test
pulse was progressively depressed by the prepulses to —70, —50, and —20 mV so
that, after the prepulse to —20 mV, there was essentially no transient current. In
contrast, the conditioning pulses caused much less depression of the persistent
sodium current which was still of appreciable, though diminished, amplitude after
the —20-mV conditioning pulse. This can be seen even more clearly in Fig. 7 A in
which the currents are shown at higher gain. The amplitudes of the transient cur-
rent (filled circles) and the persistent current (filled triangles) are shown plotted
against conditioning potential in Fig. 7 C. The lines through the points are drawn
according to:

I =T, /11 + exp [(V - V')/B)]} @
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For the transient current, V' was —60 mV and k was 7 mV. With conditioning
potentials from —90 to —70 mV, there was very little decrease in amplitude of the
persistent current. After conditioning potentials of —30 to —20 mV, the persistent
current was ~60% of control whereas the transient current was essentially abol-
ished. The line fitted to the persistent current amplitudes was arbitrarily calculated
by assuming that 60% of the current did not inactivate and that 40% of the current
obeyed Eq. 2 with V' = —49 mV and £ = 9 mV.

It is clear from these results that the ratio of the amplitudes of the persistent and
transient currents was not constant: it increased greatly when the amplitude of the
transient current was decreased by a preceding depolarization.

Because pulses that completely inactivate the transient sodium current leave a sig-
nificant part of the persistent current intact, use was made of appropriate condi-
tioning pulses to record persistent currents separate from the transient current. The

A ¢ 12}
-90 mV
1.0
-70 mv r;?
-20 mV g os
-50 mV ‘_‘z,_.’, 06l
~
o 0.4}
100 pA| =
0.2}
oot
B

j%———[wmv -100 -80 -60 —-40 -20
- -80 mV

Conditioning Potential (mV)

FIGURE 7. (A) Currents in Fig. 6 shown at higher gain to illustrate the amount of inactiva-
tion of the persistent current. (B) The voltage protocol used. (C) The amplitudes of the tran-
sient (circles) and persistent (triangles) sodium currents generated by a voltage pulse from
—90 to —30 mV normalized to the amplitude obtained without a prepulse [y, /I,.(max)] are
plotted against prepulse potential. The lines were fitted to the data points as described in the
text.

records shown in Fig. 8 A were generated by voltage pulses to the levels shown after
a conditioning pulse to —40 mV from a holding potential of —100 mV. The voltage
protocol is shown in Fig. 8 B. The persistent currents recorded in this way had the
same voltage dependence as the persistent currents recorded without conditioning
prepulses. The change in persistent current with voltage is shown graphically in Fig.
9 A and the conductance-voltage curve is shown in Fig. 9 B. The line through the
points in Fig. 9 B was drawn according to Eq. 1 with V' of —54 mV and % of 9 mV,
close to the average values of —50 and 9 mV obtained when the transient current
was not inactivated with a conditioning depolarization.

Prolonged, small depolarizing currents generate trains of action potentials in CA1l
pyramidal cells, as illustrated in Fig. 10 A. It has been proposed that noninactivating
inward currents are responsible for this kind of repetitive firing in cortical (Staf-
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FIGURE 8. Persistent currents re-
corded after inactivation of the tran-
sient current with a conditioning pre-
pulse. (A) The traces show persistent
currents generated by test pulses to
—90 to —10 mV after a 200-ms con-
ditioning prepulse to —40 mV from
a holding potential of —100 mV that
effectively eliminated the transient
current. B illustrates the voltage
pulse protocol used. The records
were obtained by subtraction of
traces obtained before and after
exposure to TTX.

FiGURE 9. (A) The current-
voltage curve obtained from
the experiment illustrated in
Fig. 8. The line through the
points was calculated from the
conductances given by the
Boltzmann fit in B. (B) The
corresponding  conductance-
voltage curve. The line was the
best fit of Eq. 1 to the data
with a g, of 820 nS, V' of
—~54 mV, and k of 9 mV.
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strom et al., 1984, 1985) and hippocampal (Lanthorn et al., 1984) neurons. As the
repetitive firing in Fig. 10 A was recorded in a solution containing 1 mM cadmium,
a calcium current was clearly not essential for maintaining the phenomenon. How-
ever, reducing the extracellular sodium concentration did suppress the repetitive
firing as illustrated in Fig. 10 B in which the records were obtained after replacing
50% of the extracellular sodium chloride with Tris chloride. The sodium concentra-
tion was clearly still high enough to maintain an action potential and several action
potentials could be elicited by increasing current intensity.

FIGURE 10. Action potentials

A e 8 generated by 700-ms current
—_ & ——  pulses (upper traces) in a neu-
I : . ron in a slice perfused (A) with
FNAAAAAAA. [N\ conitrol solution (see Methods)
- — - __Jeomy - and (B) with a solution con-
200 ms taining half the normal sodium

concentration plus sucrose to maintain unchanged osmolarity. Solutions contained 1 mM
cadmium chloride and the resting membrane potential was —56 mV in both solutions. The
sampling rate was insufficient to accurately reproduce the time course of the action potentials
but the repetitive firing is nevertheless clear.

DISCUSSION

In the experiments described in this paper, a relatively small, TTX-sensitive sodium
current lasting several hundreds of milliseconds was recorded in pyramidal neurons
from the CA1 region of rat and guinea pig hippocampus, both in cells in slices and
in dissociated cells. Because of the less controlled situation in slices, the uncertain-
ties of perfect voltage control posed by the dendritic tree, and the presence of cur-
rents other than the persistent sodium current, we place less weight on the quanti-
tative results obtained in the slice than on results obtained in dissociated cells. How-
ever, the observations obtained in cells in slices are invaluable because they show
that the persistent sodium current is not an artefact introduced by the whole-cell
internal perfusion technique. The persistent sodium current, although small, is
undoubtedly very important and probably plays a crucial role in the generation of
bursts of action potentials caused by maintained synaptic depolarization of these
cells.

A possible explanation for the persistent sodium current is that it is a “window”
current arising from overlap of the steady-state inactivation and activation curves
for sodium conductance (Attwell et al., 1979; Colatsky, 1982). Indeed, there is some
overlap in these curves in dissociated neurons (Sah et al., 19884). However, the
existence of a window current depends on the assumption that the decay of tran-
sient currents is caused by the inactivation that can be measured with the steady-
state inactivation curve, rather than by some different process. Such an assumption
is now open to serious question (Aldrich et al., 1983; Aldrich and Stevens, 1987).
Nevertheless, we have calculated the amplitude and voltage dependence of the aver-
age hypothetical window current by using the V' and & values from the Boltzmann
fits to the inactivation and activation curves for the transient sodium current (Sah et
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al., 1988a) in order to see if our results could be accounted for by the overlap of the
activation and inactivation curves. The calculated window conductance, expressed
as a fraction of the maximum transient conductance, is plotted against membrane
potential in Fig. 11 A (broken line). The solid line shows the average persistent
sodium conductance expressed as a fraction of the maximum average transient
sodium conductance. It can be seen that the window current would disappear at
more positive potentials where the persistent conductance was at its maximum

FiGURE 11. All curves are
based on the best Boltzmann
fits to averaged experimental
data obtained in dissociated
neurons and show conduc-
tance plotted against mem-
brane potential (V). (A) Com-
parison of the hypothetical
“window” conductance (broken
line), calculated from inactiva-
tion and activation curves for
rm 30 the transient sodium current
in dissociated neurons (Sah et
al., 1988a), and the persistent
‘o e sodium conductance recorded
persiatent //__* - illl dissociated neurons (solid
s line). Conductance is express-
0.8 / . tranaient . .
S ed as a fraction of the maxi-
/ mum transient sodium con-
- ductance. (B) Comparison of
/) the amplitude and voltage
- dependence of the transient
/ . sodium conductance and per-
' sistent sodium conductance.
o = L persistent The solid line close to the
100 -80  -e0 -0 -20 o 20 abscissa shows persistent so-
Vv (mv) dium conductance expressed as
as a fraction of the maximum transient sodium conductance. The dotted line shows transient
sodium conductance, also expressed as a fraction of the maximum transient sodium conduc-
tance. The dashed line shows persistent sodium conductance, normalized to its own maxi-
mum value to illustrate the different voltage dependences of the persistent and transient
sodium conductances.
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-
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v
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0.004
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(although, at potentials more negative than ~—40 mV, a window current could
make a significant contribution to the persistent current). A persistent current
would be generated at more positive potentials, however, if the steady-state inactiva-
tion value does not become zero at these potentials, but this is the same as saying
that a small fraction of channels do not inactivate at any potential, i.e., they are
different from other sodium channels. Other properties of the persistent current
make it unlikely that it is a simple window current.
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The activation and inactivation characteristics of the persistent current are very
different from those of the transient current recorded in the same cells under the
same conditions.

Activation. The persistent current is activated at more negative potentials than
the transient sodium current. In dissociated cells, we report here that the voltage at
which the persistent sodium conductance is half-maximum is —50 mV whereas we
have reported previously that half-maximal transient sodium conductance occurs at
-39 mV (Sah et al., 1988aq). This difference in voltage dependence of activation of
the two sodium conductances is illustrated in Fig. 11 B in which normalized, average
conductance-voltage curves for the transient current (doited line: data from Sah et
al., 1988a) and the persistent current in dissociated cells (broken line) are plotted
together. The difference is also illustrated by the observation that at —70 mV, only a
small fraction, if any, of the transient current is activated whereas a significant frac-
tion of the maximum persistent current is turned on (Figs. 4, 6, and 7). A similar
difference in the voltage dependence of *“threshold” and transient sodium currents
has also been seen in squid axon (Gilly and Armstrong, 1984).

Inactivation. The persistent current is more resistant to inactivation than the
transient current. Whether the persistent current, or some part of it, is completely
resistant to inactivation if depolarization is maintained indefinitely has not been
determined, but it is clear that a substantial fraction of the inward current is still
flowing at the end of depolarizations lasting up to 400 ms (Figs. 1, 3, 4, 6, 7 and 8).
The current appeared more resistant to inactivation in the cells in slices than in
dissociated cells. It is possible that some persistent sodium current arrives after a
delay from regions of membrane electrically distant from the soma (e.g., on axon or
dendrites) and sums with a slowly inactivating current, thus obscuring some inactiva-
tion. Alternatively, the slow inactivation that is seen in dissociated cells may be asso-
ciated with the internal perfusion with cesium or fluoride ions.

The nature of the channels contributing to the persistent current remains
unclear. “Late” opening sodium channels recorded during prolonged depolariza-
tion in cardiac and skeletal muscle (Patlak and Ortiz, 1985, 1986) appear to be of
two kinds, the first consisting of channels transiently reopening from the inactivated
state and the second of channels in which inactivation is markedly delayed. Because
the transient and late single-channel currents had a similar amplitude and reversal
potential and the frequency of occurrence of the late single-channel currents was
correlated with the amplitude of the transient current, it was concluded by Patlak
and Ortiz (1986) that the transient and late currents were generated by the same
channel. We find, however, that the relationship between the amplitudes of the per-
sistent and transient currents can vary over a wide range, i.e., there is no constant
relationship between them. Indeed, it was possible to elicit an appreciable persistent
current with little or no preceding transient current (Figs. 4, 6, 7, and 8), suggesting
that the persistent current did not arise from a set percentage of “‘transient’”” sodium
channels that did not inactivate after activation. Our observations are more counsis-
tent with the idea that the persistent current arises from channels that are very sim-
ilar to the transient sodium channels but differ in their voltage sensitivity and sus-
ceptibility to inactivation. It is interesting in this context that sodium currents
recorded in oocytes after injection of the high molecular weight fraction of mRNA
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from rat or rabbit brain that encodes the a subunit show much slower inactivation
and develop steady-state inactivation at more positive potentials (by at least 10 mV)
than channels expressed after injection of unfractionated mRNA that presumably
also encodes § subunits (Krafte et al., 1988). Single-channel recording revealed that
the delayed inactivation was due to late openings of channels during prolonged
depolarizations rather than to a change in open time. It may be that the channels
responsible for the persistent current described here may lack a subunit possessed
by transient channels.

The channels generating the persistent current would appear to be most densely
aggregated at the soma. The average maximum conductance in 21 cells in slices was
7.8 + 1.1 nS compared with 4.4 + 1.6 nS in 10 dissociated cells (+1 SEM). Consid-
ering the enormous loss of membrane area during dissociation when the dendritic
tree and axon are largely lost, it seems safe to conclude that at least half of the
channels generating the persistent current are on or near the soma. The fraction
may well be greater if intracellular perfusion depresses the persistent current. Even
so, their average density must be very low. In six of the dissociated cells, surface area
was estimated from the input capacity assuming a specific membrane capacity of 1
uF.cm™. The average specific g, of 1.7 + 0.6 pS.um~? for the persistent sodium
current is only a small fraction (1.5%) of the specific g,, of 113 + 11.6 pS.um™? for
the transient sodium current, as illustrated in Fig. 11 B. If the conductance of the
channels contributing to the persistent sodium conductance is assumed to be ~18
pS, the sodium channel conductance found in some other cells (Sigworth and
Neher, 1980; Stuhmer et al., 1987), and all of them contribute to the maximum
conductance, there must be on average about 1 persistent sodium channel per 10
um? of membrane in the dissociated cells.

The rate of increase in conductance with potential was less steep in the disso-
ciated neurons (¢ = 9 mV) than in neurons in situ in slices (¢ = 5 mV). There could
be several reasons for such a discrepancy. Firstly, the dissociation procedure or
internal perfusion may directly change the slope of the conductance-voltage curve.
Alternatively, if there is a2 window current, it may be relatively larger in the disso-
ciated cells than in the slices, either because of the more negative holding potential
or more overlap in the activation and inactivation curves in the dissociated cells. By
adding to the current at the more negative potentials, it would tend to decrease the
slope of the conductance-voltage curve. It is also possible that a dendritic compo-
nent of the persistent current might result in an artefactually steep activation. No
matter what the reason for the difference in the slope of the conductance-voltage
curves in neurons in slices and in dissociated neurons, a sustained current was
clearly activated at potentials close to the resting membrane potential under both
conditions.

In spite of the relative paucity of channels resistant to inactivation, the very high
input resistance of the neurons would probably allow the small persistent sodium
current to depolarize the membrane sufficiently to activate the much larger tran-
sient sodium conductance. The average current of 0.34 nA in cells in situ would
cause a depolarization of >15 mV in a cell with a 50 MQ or greater input resistance,
sufficient to initiate action potentials.

Whatever the nature of the underlying channels, it would seem that the current
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has all the attributes needed to generate the prepotentials seen during repetitive
firing in these cells (Lanthorn et al., 1984) and in other neurons (Llinas and Sugi-
mori, 1980; Llinas and Yarom, 1981). Small sustained subthreshold depolarizations
as may occur with a barrage of asynchronous synaptic inputs (Granit et al., 1963)
would activate the persistent sodium channels leading to a self-regenerative depolar-
ization towards the threshold potential.

It is tempting to speculate, in conclusion, that alterations in expression or incor-
poration of specific subunits in sodium channels in a neuron may modify the ampli-
tude of persistent sodium currents and hence influence the response of the neuron
to synaptic inputs.
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