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Summary. Whole-cell patch-clamp experiments were performed
with neurons cultured from rat dorsal root ganglia (DRG). Two
types of Na* currents were identified on the basis of sensitivity
to tetrodotoxin. One type was blocked by 0.1 nMm tetrodotoxin,
while the other type was insensitive to 10 uM tetrodotoxin. The
peak amplitude of the tetrodotoxin-insensitive Na* current gradu-
ally decreased after depolarization of the membrane. The steady-
state value of the peak amplitude was attained several minutes
after the change of holding potential. Such a slow inactivation
was not observed in tetrodotoxin-sensitive Na* current. The
slow inactivation of the tetrodotoxin-insensitive Na* current was
kinetically distinct from the ordinary short-time ‘‘steady-state’
inactivation. The voltage dependence of the slow inactivation
could be described by a sigmoidal function, and its time course
had a double-exponential process. A decrease of external pH
partially antagonized the slow inactivation, probably through an
increased diffusion potential across the membrane. However,
the slow inactivation was not due to change in surface negative
charges, since a shift of the kinetic parameters along the voltage
axis was not observed during the slow inactivation. Due to the
slow inactivation, the inactivation curves for the tetrodotoxin-
insensitive Na* current were shifted in the negative direction as
the prepulse duration was increased. Consequently, the window
current activated at potentials close to the resting membrane
potential was markedly reduced. Thus, the slow inactivation may
be involved in the long-term regulation of the excitability of sen-
SOry neurons.
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Introduction

The peak amplitude of the voltage-dependent Na™
current (Iy,) depends on the membrane potential.
This voltage dependence was described by the
steady-state Na™ inactivation, 4. (Hodgkin & Hux-
ley, 1952). The h,, reaches different steady-state lev-
els within an order of milliseconds. Narahashi (1964)
described the slow inactivation of Iy, in the lobster
giant axon. The time constant of inactivation was
close to 1 sec.

Adelman and Palti (1969) detected an additional
type of slow inactivation in the squid giant axon.
This type of inactivation had a double-sigmoidal
voltage dependence, and its time constant was in the
range of 30-200 sec. This mechanism, named g,
was shown to be independent of the external K+
concentration, but further properties were not mea-
sured and no explanation for this inactivation was
proposed. This slow inactivation has been further
investigated by Rudy (1978). Similar slow Na™ inac-
tivation was also reported in frog myelinated nerves
(Fox, 1976; Neumcke et al., 1976).

Recently, in addition to Na* channels in axons
of the nonmammals, the slow inactivation has been
demonstrated also in Na* channels in rabbit cardiac
Purkinje fibers (Carmeliet, 1987) and Ca?* channels
in frog cardiac myocytes (Kass & Scheuer, 1982;
Schouten & Morad, 1989) and in rabbit portal vein
(Nilius, Kitamura & Kuriyama, 1992). Thus, the
slow inactivation may be general properties of volt-
age-gated ion channels in excitable membrane and
play an important role in the regulation of ion-chan-
nel activity. However, the mechanism underlying
the slow inactivation is entirely obscure, and further
experimentation in this field is required to establish
the precise nature of the slow inactivation. We found
that one type of Na* channel in rat DRG exhibits a
prominent slow-inactivation process. The aim of this
paper is, therefore, to examine properties of the
slow inactivation of Na* channels in mammalian
neuronal membrane.

Materials and Methods

D1sSoCIATION AND CULTURE PROCEDURES

Procedures for dissociation and culture of the dorsal root ganglion
(DRG) neurons were described previously (Tatebayashi & Ogata,
1992). Rats were killed by decapitation under ethylether anesthe-
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sia. The preparations were obtained from newborn (1-2 days
postnatal) rats. The DRG were dissected out and incubated at
36°C for 30—40 min in Ca?*- and Mg?*-free saline, containing
0.25% trypsin (Type XI, Sigma). The ganglia were then mechani-
cally dissociated with a fire-polished Pasteur pipette. Dissociated
cells were kept in Krebs solution at room temperature. The cells
were plated on glass coverslips coated with poly-L-lysine (Sigma)
and maintained in a humidified incubator containing 5% CO, in
air at 35°C in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum (GIBCO), penicillin (40 IU/ml), and
streptomycin (40 ng/ml). After one to two days in culture, cytosine
B-p-arabinofuranoside (Sigma) was added to cultures to suppress
the growth of nonneuronal cells. Subsequent medium changes
were done at three- to four-day intervals. Cells between three to
four weeks in culture were used.

ELECTRICAL RECORDING

The methods for electrical recording used in the present study
were similar to those previously described (Ogata, Yoshii & Nara-
hashi, 1990). Membrane currents were recorded with the whole-
cell patch-clamp technique (Hamill et al., 1981). The DC resis-
tance of suction electrodes was 0.5-0.8 M. The pipette solution
contained (in mMm): 135 CsF, 10 NaF, and 5 HEPES. The pH of
the pipette solution was adjusted to 7.0 with CsOH. The external
solution contained (in mm): 100 NaCl, 5 CsCl, 1.8 CaCl,, 1 MgCl,,
5 HEPES, 20 tetracthylammonium-Cl, and 25 gitucose. The pH
of the external solution was adjusted to 7.4 with NaOH.

All the experiments were performed with an on-line system
which has been developed by M. Yoshii and N. Ogata, using a
personal computer (PC-286V, EPSON, Tokyo, Japan). Mem-
brane currents passing through the pipette were recorded by a
current-to-voltage converter designed by M. Yoshii (Narahashi,
Tsunoo & Yoshii, 1987) and stored on hard disk. Compensation
for the series resistance was performed by adding a part of the
output voltage of the current recording to the command pulse.
Capacitive and leakage currents were subtracted digitally by the
P-P/4 procedure {Ogata et al., 1990). The liquid junction potential
between internal and external solutions was compensated for by
adjusting the zero-current potential to the liquid junction poten-
tial. Only cells showing an adequate voltage and space clamp
(Ogata & Tatebayashi, 1990) were used. The baseline of current
at holding potential was continuously recorded with an ink writer.
Experiments were started after an initial stabilization period of
about 15 min. Programmed sequences of voltage pulses were
applied to the preparation from the computer using a digital-to-
analog converter.

Experiments were performed at room temperature
(21-23°C). Results are expressed as means * SEM, and n repre-
sents the number of cells. Exponential fits were determined by
computer using a nonlinear sum of the least-squares fitting
routine.

Results

Neurons in rat DRG could be divided into three
groups depending on their responsiveness to tetro-
dotoxin (TTX) (Kostyuk, Veselovsky & Tsyn-
drenko, 1981; Ogata & Tatebayashi, 1992a,56,c). The
first group was characterized by Iy, which was to-
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Fig, 1. Typical examples of the two types of Na® channels in
neurons of the rat dorsal root ganglia (DRG). (A) Na* currents
(Ina) in the control solution and in the presence of 0.1 uM (I) or
10 uM (2) tetrodotoxin (TTX) were superimposed. (B) A family
of Iy, were evoked by 30-msec voltage steps to indicated poten-
tials from a holding potential (V,) of —80 mV. B; was recorded
from the cell whose Iy, was totally blocked by 1 um TTX. B; was
recorded in the presence of 1 uM TTX. (C) Current-voltage curves
obtained from cells shown in B. Peak amplitude of I, was plotted
against test potential. In this and subsequent figures, downward
and upward deflections represent inward and outward currents,
respectively.

tally suppressed by alow concentration of TTX (Fig.
1A;). The second group had Iy, which is insensitive
to TTX (Fig. 14,). The third group of neurons had
both types of Iy, (not shown). As has been reported
(Ogata & Tatebayashi, 1992a), the TTX-insensitive
I, is distinct from Ca’* channel currents. The TTX-
sensitive and TTX-insensitive Iy, have different
voltage dependence for activation (Fig. 1B and C).
The activation levels were about —60 mV for the
TTX-sensitive Iy, and about —~40 mV for the TTX-
insensitive current. Peak amplitudes were obtained
at —30 and —10 mV, respectively, for the TTX-
sensitive and TTX-insensitive Iy,. Detailed kinetic
properties of the two types of I, in rat DRG have
been described elsewhere (Ogata & Tatebayashi,
19925).
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Fig. 2. Slow inactivation of TTX-insensitive Iy, in rat DRG. (4)
Iy, was evoked by voltage step to —10 mV from a V, of —90 mV
(left traces) and — 60 mV (right traces). Between two groups with
different V,, 10 sec was interposed. (B) Current traces labeled a
and b in A are shown superimposed in an expanded time scale.
The amplitude of trace b was scaled 3.6-fold to match the peak
current of trace a. (C) The peak amplitude of I, in A was plotted
against time. V, was changed to — 60 from —90 mV 10 sec before
time 0. The bar indicates the period during which the traces in A
were recorded. Open squares indicate the amplitude of Iy, evoked
at intervals longer than 200 sec. (D) TTX-sensitive I, was acti-
vated intermittently as in A and plotted against time. A—C were
recorded in the presence of 1 uM TTX. D was recorded in the
absence of TTX from the cell whose Iy, was totally blocked by
1 uMm TTX.

SLow INACTIVATION OF TTX-INSENSITIVE Iy,

Peak amplitude of Iy, evoked by a voltage step to
—10 mV became progressively smaller after the
transition of V, from —90 to —60 mV in all of the
56 TTX-insensitive cells examined (Fig. 24). The
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long periods of time (on the order of minutes) were
necessary for a transition from one steady-state level
to another following a change in V,. This slowly
developing inactivation at the depolarized V,, is dis-
tinct from the fast inactivation which reaches differ-
ent steady-state levels within an order of millisec-
onds. The activation and inactivation time courses
of I, were not affected during the slow inactivation
(see the superimposed traces in Fig. 2B).

The steady-state value of the peak amplitude of
I, was obtained about 800 sec after the shift of V),
(Fig. 2C). Since the peak amplitude of I, evoked at
intervals of 300 sec (open squares in Fig. 2C) was
similarly affected by the V), shift, the reduction of
the peak amplitude was not due to the use-dependent
effect of the repetitive I, activation. In contrast to
the marked slow inactivation in the TTX-insensitive
Iy,, the typical slow inactivation was not observed in
any of the 10 TTX-sensitive I, examined. Although
three of the TTX-sensitive I, showed a slowly de-
veloping decrease of the peak amplitude after transi-
tion of V,, the decrease was irreversible in all three
cases. Thus, only the TTX-insensitive cells were
used for subsequent experiments.

Figure 3 compares the ordinary fast inactivation
(hy.ss) with the slow inactivation. The duration of 0.5
sec is generally thought to be sufficient for neuronal
Na® channels to attain steady-state inactivation
(Ogataet al., 1990; Ogata & Tatebayashi, 1990). The
hy 5, was retained constant before, during and after
the shifts of V,, indicating that the ordinary short-
period inactivation kinetics in the sense of Hodgkin
and Huxley (1952) is retained in channels which es-
caped the slow inactivation. The slow inactivation
was bidirectional, i.e., the identical time courses of
the change in the peak amplitude of Iy, were ob-
served in both cases of V), shifts from —90 to —60
mV and from —60 to —90 mV.

TiME COURSE OF SLOW INACTIVATION

Three sets of overlapped current traces in Fig. 4A
illustrate the successive Iy, after transitions of V,
from an initial value of —90 to —60, —~50 and —40
mV. The time course of slow inactivation became
faster as the V, level was set to a more depolarized
level. To facilitate the comparison, peak amplitudes
of Iy, were normalized in Fig. 4B. The time course
of the slow inactivation was best described with a
double-exponential function in all the V, examined
(Fig. 4C). Both the fast and slow time constants (7¢
and 7,) became progressively shorter when the V,
was set to a more positive level, whereas the ratio
of the amplitudes of the two time constants (Arand
A, was relatively constant. Time constants and their
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Fig. 3. Time course of £ s, and slow
inactivation of TTX-insensitive Iy,. The value
hy 5, was measured from I)/I, where I, and I,
were peak amplitudes of currents evoked by
test pulses to —10 mV applied from prepulse
levels of —~60 mV (I)) and —90 mV ([,),
respectively. When V, was set to —90 mV,
the first test pulse was preceded by a 0.5-sec
depolarizing prepulse to —60 mV. Likewise,
when V, was set to —60 mV, the second test
pulse was preceded by a 0.5-sec
hyperpolarizing prepulse to —90 mV (see
inset diagram). Iy, was evoked by a step
depolarization to — 10 mV for 100 msec
delivered every 5 sec. V, was at first —90 mV
and shifted to —60 mV, and returned to —90
mV. V,, hy s and peak amplitude of Iy, were
plotted against time, respectively. In this and
in all subsequent figures, current traces were
recorded in the presence of 1 um TTX (i.e.,
Iy, were all TTX insensitive).

Fig. 4. Double-exponential fits to the time
course of slow inactivation. (A) Subsequent to
a 10-sec pause after the switching of V), from
—90 mV to potential levels of —60, —50 or
—40 mV, Iy, was intermittently evoked by
voltage step to — 10 mV delivered every 5
sec. Successive current traces are shown
overlapped at regular intervals. (B) Initial
peak amplitudes of traces in A were
normalized to facilitate the comparison. (C)
The value, (I, — L)/, — I.), was plotted as a
function of time. /; and I, are peak amplitudes
of Iy, at time 0 and ¢, respectively. I is the
steady-state level of Iy, at the new V.
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Table. The time course of the peak sodium current after a step change of the holding potential (V) as
evaluated by fitting the following Equation to the experimental points: I, = A; - exp(—t/1) + A, -

exp(—1t/7,)

Step change of V), As A, 7 (s€C) 7, (sec)
(mV)

—90 to —60 0.42 = 0.03 0.58 = 0.03 26.5 £ 3.6 217.0 = 28.4
—-60to —90 0.43 = 0.04 0.57 = 0.04 21.3 £2.8 207.5 = 15.9
-90 to —50 0.41 = 0.02 0.59 = 0.02 173+ 2.1 162.5 = 13.7
—90 to —40 0.43 = 0.03 0.57 = 0.03 8.3 + 0.6 80.5+ 5.9

Results are expressed as mean +SEM (n = 4).

amplitudes obtained at different V, are summarized
in the Table.

EFFECTS OF pH ON THE SLOW INACTIVATION

A long-term change in V), could produce changes in
the negative charge density of the internal surface of
the membrane by a phospholipid flip-flop mechanism
(McNammee & McConnell, 1973; McLaughlin &
Harari, 1974). The parameters which control the
Na® channel gating mechanism are affected by
changes in external surface charges (Chandler,
Hodgkin & Meves, 1965). Thus, it is conceivable
that the slow inactivation is due to the paraliel shift
of the voltage axis of the steady-state inactivation,
thus decreasing the availability of Na™ channels.
To examine this possibility, the pH of the external
solution was changed during transitions of V.

As shown in Fig. SA, a change of pH from 7.3
to 5.3 caused a parallel shift of the current-voltage
curves for the TTX-insensitive Iy, in the depolariz-
ing direction by 10 mV. Thus, the test potential to
+ 10 mV produced Iy, of similar peak amplitudes in
the two solutions with different pH. Although H™-
activated current has been reported in rat DRG
(Krishtal & Pidoplichko, 1980), this current did not
affect the measurement due to its instantaneous and
transient nature. The slow inactivations induced by
transitions of V,, to —60 and to —45 mV were par-
tially antagonized by a change of pH from 7.3 to 5.3
(Fig. 5B). The same results were obtained in all of
the five cells tested.

The slow inactivation thus could be due to a
change in membrane surface charges. However,
this possibility was excluded by the observation
that a shift of the kinetic parameters of Na*-
channel activation along the voltage axis was not
observed during the slow inactivation (compare
curve a with ¢ in Fig. 5A). The possibility of
current-dependent inactivation due to build-up of
free intracellular Na* ions in the immediate vicinity

of the channel can also be ruled out by the above
experiment, since the reversal potentials for the
two current-voltage curves were not affected by
the slow inactivation.

RECOVERY FROM INACTIVATION

To examine further whether the slow inactivation is
merely an extension of the ordinary fast voltage-
dependent inactivation or it represents the inactiva-
tion process which is totally distinct from it, the
recovery process from inactivation was studied. Fig-
ure 6A shows an experimental protocol and a typical
example of the recovery process from inactivation.
As shown in Fig. 6B, upper panel, the inactivation
induced by the prepulse (V) recovered exponen-
tially during recovery periods (AT) at various poten-
tial levels (AV). It should be noted that the recovery
from inactivation with AV of —40 or —35 mV was
again decreased after it attained its peak value at AT
of 160 msec. Such a reduction was observed also
with AV of —50, —55 and —60 mV when examined
with longer AT (Fig. 6B, lower panel). These poten-
tials correspond to the potential levels which cause
the slow inactivation.

Conditioning pulses (V) to various potential
levels (AV) were followed by a test pulse (V) at
varying intervals (AT) (see inset diagram of Fig. 7A4).
The amplitude of Iy, evoked by V., (I,.) was much
the same with various conditioning pulses ranging
from —60 to +70 mV at AT longer than 10 sec.
Namely, the large membrane depolarization does
not affect the overall time course of the slow inacti-
vation. The different time courses with AT less than
S sec were probably due to the different time courses
of the ordinary voltage-dependent inactivation pro-
cess, because the currents did not fully recover from
inactivation when the recovery voltage was set to
—80 mV, where no slow inactivation occurs. These
results might suggest that the slow inactivation does
not proceed directly from open or fast inactivated
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channels and the ordinary fast voltage-dependent
inactivation can recover independently of the slow
inactivation.

TIME AND VOLTAGE DEPENDENCE OF SLOW
INACTIVATION

The steady-state inactivation curve for the TTX-
insensitive Na* channels obtained with relatively
short prepulses does not represent the true steady-
state inactivation of the channel due to the presence
of slow inactivation. Thus, we measured the steady-
state inactivation using various prepulse durations
maximally extended to 5 min. Figure 84 shows the
typical example of the steady-state inactivation mea-
sured with 0.5-sec prepulse (%4 s,). In order to mini-
mize the error arising from a possible fluctuation of
Iy,, the control Iy, was measured 10 sec prior to
each V. The 10-sec interval was sufficient to re-
cover from the inactivation due to V.. Experi-
ments in which the amplitude of V., changed
more than 5% were discarded.

A plot of the normalized Iy, (Ziest/Icontro) @gainst

V_. gives a measure of the voltage dependence of

pre

was plotted as a function of time.

L ]
200s

inactivation at time AT (h,;) (Fig. 8B). The V|, the
conditioning potential level where I, is one-half
maximal, was progressively shifted in the negative
direction when AT was increased from 50 to 500
msec, 1 sec, 30 sec and 5 min. The slope factor
was also increased. All the A,y curves, including
the curve for AT of 5 min, could be described by
Boltzmann’s equation (see legend). The &, curves
were shown superimposed in Fig. 8C. Similar obser-
vations were reproducible in all of the five TTX-
insensitive Iy,. V,, and the slope factor were —40.1
+ 0.8 mV and 4.6 = 0.3 mV (n = 4) with AT of 0.5
sec and —65.2 = 1.2 mV and 6.5 £ 0.4 mV (n
4) with AT of 5 min, respectively. An additional
intriguing point was that the I /I . .o value was
rather decreased at hyperpolarized potential levels
in all the steady-state inactivation curves except for
the curve for AT of 5 min (Fig. 8B;). This decrease
was more prominent when AT was shorter.

Discussion

The results presented here show that there is a very
slow component of the inactivation of Na* channels
in neurons of the rat DRG. This slow inactivation
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was induced by changes in V), in fully reversible and
voltage-dependent manners. The slow inactivation
had kinetics several orders of magnitude slower than
the kinetics of the ordinary short-term inactivation
(in the millisecond range) described by Hodgkin and
Huxley (1952). Since, in rat DRG neurons where
two types of Na™ channels coexist, only the TTX-
insensitive Na* channel revealed the slow inactiva-
tion; the slow inactivation appears to be a physiolog-
ical property of the membrane rather than some ex-
perimental artifact.

Slow inactivation of the Na™ channels has origi-
nally been demonstrated in squid axons (Adelman
& Palti, 1969; Chandler & Meves, 1970; Rudy, 1978).
These slow inactivations took a hundred millisec-
onds to seconds to develop. The slow inactivation
observed in this study had a time course on the order
of minutes. Such an extremely slow inactivation pro-
cess has been reported in frog myelinated fibers as
“‘ultra-slow inactivation’ (Fox, 1976) and also in
rabbit cardiac Purkinje fibers (Carmeliet, 1987). The

slow inactivation has also been observed in Ca’*
channels from Aplysia neurons (Adams & Gage,
1979), frog ventricular myocytes (Schouten &
Morad, 1989), calf or dog Purkinje fiber (Kass &
Scheuer, 1982) and rabbit portal vein (Nilius et al.,
1992).

Since the slow inactivation developed indepen-
dently of the ordinary fast inactivation (Figs. 6 and
7), it is suggested that the slow inactivation is a
process distinct from the fast inactivation and they
might be kinetically unlinked. This is consistent with
the observation by Rudy (1978) that although inter-
nal perfusion with pronase blocked the fast inactiva-
tion of Na* channels, the slow inactivation re-
mained. Since our experiments were performed
under the condition in which both external and inter-
nal K* were replaced with Cs*, the possible
involvement of external K* concentration in the
slowing of the Na *-channel inactivation (Narahashi,
1964; Adelman & Palti, 1969) can be ruled out.

Since [Ca’*];regulates voltage-gated Ca?* chan-
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nels (Brehm & Eckert, 1978) or even the receptor-
operated ion channels (Chen et al., 1990), it is possi-
ble that the slow inactivation is mediated by a change
in [Ca’'],. However, Schouten and Morad (1989)
suggested that a [Ca’"]-independent process is re-
sponsible for the slow inactivation of I, since inter-
ventions which reduce or increase the level of intra-
cellular Ca?* had no significant effect on the kinetics
of the slow inactivation. Similarly, the slow inactiva-
tion of Iy, in squid axons was not Ca’*-dependent
(Rudy, 1978).

The time course of the slow inactivation of TTX-
insensitive I, in rat DRG could be described by a
double-exponential function with two time constants
in the range of seconds and minutes, respectively

1
min

(Fig. 4). Such second-order kinetics of the slow inac-
tivation has been shown in Na*® channels of frog
myelinated nerve (Fox, 1976) and in Ca?* channels
of rabbit portal vein (Nilius et al., 1992). The voltage
dependence of the slow inactivation was fitted by
the following sigmoidal function of V),

h:x; = 1/[1 + eXp{(Vh - VI/Z)/K]

with a slope factor of k = 6.1 mV and a midpoint
potential of V,, = —64 mV (Fig. 8B;). Such a sig-
moidal dependence of the Na* channel availability
on V,, suggests that the distribution of charged com-
ponents (dipoles or particulated complexes) within
the membrane may be altered by changes of the
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AT 0.5s
i control
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-10mV Vv
pre | est
gomv— 1198 ] T A
30ms ] { -20mV _]
AT Vpre -120mV -40mV 10ms
B | 1 1 2
T T T IeE . S T T Je3 T
508 L 0e®’ - T?O.BJ_....... -
= «** e V1 /2 -39mV . N .
§06 ¢ Vo -37mV — 8 0.8 — Fig. 8. The inactivation curves measured with
Zo4l sf. 38 Z 04 [ sf 42 i different prepulse durations in the TTX-
% 'g:'; insensitive Iy,. Inset illustrates experimental
202 L AT 50ms 7 -~ 02 |- AT 500ms o protocol. Two identical step depolarizations
ol 1 ¢t vty oLt ¢ ) 1oy to —10 mV for 30 msec were applied 10 sec
-120 -100 -80 60 -40 -20 -120 -100 -80 -60 -40 -20 prior (Vcontrol) and immediately subsequent
Vpre (mV) Vpre {mV) (Vies) to the conditioning prepulse (V) from
3 V, of —80 mV. The potential level of V. was
1 T T ¢® ol T 1 changed from —120 to —20 mV in 5-mV
S084¢s°°°® ** _l steps. Duration of V,,. (AT) was changed from
E 6 50 msec to 5 min. (A) Currents evoked by
_0 *er V1 2 “4amy ] Vcomrol (Icomrol) and currents evoked by Viest
<04 L sf 5.2 - (Ies) are shown overlapped at regular
@ intervals. AT was 0.5 sec. (B) The peak
202 - . .
= AT 1s amplitude of I, was divided by the peak
ol ¢ v .
420 700 B0 60 40  -20 amplltl{de of the matched I, and plotted as
V) (mV) a function of V. The smooth curves were
pre drawn according to the following Equation
1 (see Table):
§08 - $o08 Heger = 1K1 Ve — Vi)l
& g ) Lewlconror = 1K1 + expl( pre 1) k])
§ 06 L 506 ¥
T o4 :° 04 where V,, is the V. where Iy, is one-half
@ % maximal, and « is the slope factor.
Loz Lo2 Inactivation curves in B were shown
0 0 superimposed in C.
-120 -120

electric field strength, assuming that the displace-
ment of charges directly controls the long-term
steady-state channel availability. The charged com-
ponents are equally distributed between the con-
ducting and the blocking configurations at V.
Neumeke et al. (1976) have proposed an electrodiffu-
sion model in which charged components diffuse
slowly within the membrane. Their transverse distri-
bution controls the availability of sodium channels
at a given potential.

The slow inactivation characteristic of the TTX-
insensitive Na™ channels appears to play an im-
portant role in the regulation of cellular long-term
excitability. The inactivation curve obtained under
steady-state conditions (5-min prepulse) showed a
shift by approximately 20 mV towards negative po-

tentials in comparison with the curve obtained using
I-sec prepulses. This shift greatly reduced the over-
lap between the activation (m.} and inactivation
curves (see Fig. 8C). These results indicate that after
approximately 5 min, no stationary inward current
(window current) at membrane potentials between
—40 and —20 mV can be expected. Such a window
current which is activated at potentials close to the
resting membrane potential could obviously have an
important role in modulating repetitive firing, acting
as a ‘pacemaker’ current which drives the membrane
potential back towards threshold after an action po-
tential (Hotson, Prince & Schwartzkroin, 1979).
Thus, a reduction of the window current would
cause a profound change in cellular excitability.
Since two types of Na* channels in rat DRG
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have different voltage- and time-dependent inactiva-
tion characteristics (Kostyuk et al., 1981; Ogata &
Tatebayashi, 19925), the number of functional Na*
channels could be modulated depending on the chan-
nel type and the membrane potential. The availabil-
ity of the TTX-insensitive Na* channels is regulated
by a long-term change of the membrane potential.
Therefore, it might be assumed that the TTX-insen-
sitive Na* channel is suitable for signals which need
to be modulated by a relatively slow excitability
change. The slow inactivation in TTX-insensitive
Na® channel may also be related to adaptation, a
phenomenon commonly observed in sensation.
Action potential generation and its propagation
along the neuronal processes inrat DRG appear to be
controlled in a complicated manner depending on the
availability of different types of Na* channels which
are modulated in a time- and voltage-dependent man-
ner by a history of membrane potential change. The
somatic sensory system comprises several different
perceptual submodalities, each related to different
exteroceptive or proprioceptive stimuli. Peripheral
sensory neurons process these different types of sen-
sations, and thus, they are themselves a heteroge-
neous group of cells divided into subpopulations. Ki-
netic modulation of different types of voltage-gated
Na™ channels may be relevant to the intricate trans-
duction and encoding of different types of sensations.
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