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Summary. The changes in Na current during development were
studied in the dorsal root ganglion (DRG) cells using the whole-
cell patch-clamp technique. Cells obtained from rats 1-3 and 5-8
days after birth were cultured and their Na currents were com-
pared. On top of the two types of Na currents reported in these
cells (fast-FA current and slow-S current) a new fast current was
found (FN). The main characteristics of the three currents are:
(i) The voltages of activation are —37, —36 and —23 mV for the
FN, FA and S currents, respectively. (ii) The activation and
inactivation kinetics of FN and FA currents are about five times
faster than those of the S current. (iii) The voltages at which
inactivation reaches 50% are —139, —75 and —23 mV for the FN,
FA and S currents, respectively.

The kinetics and voltage-dependent parameters of the three
currents and their density do not change during the first eight
days after birth. However, their relative frequency in the cells
changes. In the 1-3 day-old rats the percent of cells with S, FA,
and mixed S + FN currents is 22, 18, and 60% of the cells,
respectively. In the 5-8 day-old, the percent of cells with S, FA,
and FN + S is 10, 66 and 22%. The relative increase in the
frequency of cells with FA current during development can con-
tribute to the ease of action potential generation compared with
cells with FN currents, which are almost completely inactivated
under physiological conditions. The predominance of FA cells
also results in a significant decrease in the relative frequency of
cells with the high-threshold, slow current.

Antibodies directed against a part of the S;-region of inter-
nal repeat I of the sodium channel (C}, amino acids 210-223, eel
channel numbering) were found to shift the voltage dependence
of FA current inactivation (but not of FN or S currents) to more
negative potentials. The effect was found only when the antibod-
ies were applied externally. The results suggest that FN, FA and
S types of Na currents are generated by channels, which are
different in the topography of the C{ region in the membrane.
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Introduction

The peripheral sensory system transduces sensory
stimuli into electrical impulses and transmits them
to the CNS [16]. The information regarding stimulus
duration and intensity is encoded in a large reper-
toire of firing patterns [16, 22]. Usually neurons
cannot produce the entire spectrum of firing.
Rather, it seems that individual neurons specialize
in generating a relatively narrow range of firing pat-
terns [18, 19]. The specific firing patterns a neuron
is capable of generating are dictated by the charac-
teristics and relative abundance of its voltage-de-
pendent ion channels. These parameters determine
the firing threshold, rate of rise and duration of the
action potential as well as the refractory period,
accommodation, the ability to follow high fre-
quency stimulation, and the ability to respond re-
petitively to a sustained stimulus [16, 22, 35].

The acquisition of voltage-sensitive ion chan-
nels by the cell membrane during development pro-
vides it with its typical firing pattern. Developmen-
tal changes in the composition of the various ionic
channels and in their properties are reflected in
changes in the firing patterns of individual neurons
[44, 57] during development.

The sensory neurons of mammalian dorsal root
ganglia (DRG) were found to have at least two types
of voltage-dependent sodium channels: fast, TTX-
sensitive (F) and slow, TTX-resistant (S) [30, 35,
38, 46, 47, 65]. Action potential measurements im-
plied that the proportion of neurons with “‘pure’” F
channels (completely blocked by TTX) is increased
from newborn to adult. This observation indicates
the need to follow developmental changes in the ion
channels themselves.

In this study the properties of the individual
channels were examined, and the compositions of
Na channels among neurons during development
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were measured by the whole-cell patch-clamp tech-
nique [17]. The dorsal root ganglion cells were cul-
tured from 1-8 day-old rats for 2—6 hr.

The particular questions we asked were: What
Na currents are present during the first eight days
after birth? Have their properties changed during
this period? Have their relative frequency in the
neurons changed? And is there a structural basis for
the differences between Na channels responsible
for the three currents? To answer the last question,
an immunological approach was employed.

Materials and Methods

GENERATION AND CHARACTERIZATION
ofF ANTI-C{

A peptide corresponding to amino acids 210-223 (eel channel
numbering [43]), termed C{, was synthesized by the solid phase
method of Merrifield [39] and purified as previously described
[37, 38]. The peptide was conjugated to carrier proteins for im-
munizing rabbits {37, 38]. The immunoglobulin fractions from
whole anti-C{ serum or pre-immune serum were purified on a
Protein A column. Antibodies were further adsorbed to liver
membranes [37] to eliminate the nonspecific components.

ELISA was used to quantify immunoglobulin content in a
given preparation or to measure the binding of anti-peptide anti-
body to the peptide as well as to various membranes, and puri-
fied preparation [37, 38]. Further characterization of the immu-
nochemical interaction between anti-C; and Na channels was
described elsewhere [37].

CULTURES OF DoRSAL RoOT GANGLION
(DRG) CELLS

Ganglia were isolated from 1-8 day-old rats, and transferred into
CMF solution (136.8 mm NaCl, 2.6 mm KCl, 0.28 mm Na,HPO,,
2.6 mM NaHCO;, 33.3 mM glucose, pH 7.4 supplemented with
100 U/ml penicillin, 0.1 mg/ml streptomycin and 12.5 U/ml nys-
tatin). Ganglia were incubated for 20 min at 37°C with trypsin
(0.05% Difco, 1:250). The enzyme was washed-out with culture
medium. The medium was Eagle’s basal medium supplemented
with 5% fetal calf serum, 2 mM glutamine, 0.3% glucose, and
antibiotics (as above) (all supplied by Beit Haemek, Israel). In
several cases, the trypsin step was omitted. Single cell suspen-
sion was produced by trituration with flame-polished Pasteur
pipette.

Cells (10°-10%) were seeded on poly-L-lysine-coated petri
dishes with 1.5-ml culture medium. Cultures were incubated for
2-6 hr at 37°C.

Neurons (10-15 um in diameter) were distinguished from
Schwann cells by their round shape, bright halo and short, thin
neurites. All studies described here relate only to the subpopula-
tion of cells of the said size and shape.
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E1LECTROPHYSIOLOGICAL METHODS

Solutions

Extracellular solution consisted of 110 mm NaCl, 2.5 mm MgCl,,
5 mMm KCl, 40 mM tetraethylammonium (TEA) chloride, 5 mM
HEPES, 2 mMm Na,HPO,, 100 um CaCl,, 10 mM glucose, pH 7.4,
adjusted with NaOH and osmolarity adjusted to 300 mosm. The
perfusion system enabled changes in the composition of the ex-
ternal solution within 3 min.

Fire-polished borosilicate electrodes (2-3 M{}, 1-2 um in
external diameter) were filled with the internal solution consist-
ing of 120 mMm CsCl, 2.5 mM MgCl,, 10 mM NaCl, 5 mMm KCI, 5
mM HEPES, 5 mm EGTA, pH 7.4 adjusted with CsOH. Osmo-
larity was adjusted to 280-~290.

Potassium currents were blocked by TEA from the outside
and Cesium ions from the inside. Blocking of calcium currents
was achieved here by a combination of three components: (i)
magnesium (2.5 mm) on both sides of the membrane (1, 9, 20,
26}; (ii) calcium (10 um) in the external solution [9, 20, 26, 29];
and (i) EGTA (5 mM) in the internal solution [1, 9]. Other phar-
macological methods of blocking of calcium channels were not
effective in this preparation [1, 9, 26, 29, 47].

Electrophysiological Setup

The experiments were carried out using a List pre-amplifier,
EPC-7, with 1-G() head-stage set for the whole-cell patch-clamp
configuration {17]. Capacitive transients were minimized using
the List control on-line {17] and were further reduced by a pro-
portional subtraction of transients elicited at the termination of a
pulse from —150 to —70 mV. To ensure adequate space clamp,
cells without processes or with thin (1-2 pwm) processes, no
longer than twice the cell diameter, were selected. All recordings
were performed at room temperature (24 + 1°C).

The cells were held at V,, of —70 mV. A Data General
“Desk Top-30"" computer with analog-to-digital and digital-to-
analog converters were used to generate command voltages at 3-
sec intervals, and to digitize the currents at sampling rates of 2—
24 kHz at 10-bit resolution. All currents were low-pass filtered at
10 kHz.

The leakage conductance (g;) was determined from a hy-
perpolarizing pulse, and the leakage current (I;), for any pulse
potential, was calculated assuming that g, does not vary with
membrane potential and that I, is reversed at —70 mV. Experi-
ments in which the leakage conductance exceeds 5% of maximal
Na conductance were rejected.

Attenuation of Iy, by TTX did not result in a shift of the
current-voltage (I — V) relationship along the voltage axis, indi-
cating that the series resistance error was negligible [49, 58].
Indeed, any attempt to correct for series resistance initiated os-
cillations.

Separation of Sodium Currents

Protocols designed to separate between fast and slow Na cur-
rents were adopted from Zeitoun et al. [65] and are described
here briefly. Na currents of DRG cells can be separated into low-
threshold fast currents and high-threshold slow currents. These
currents also differ in the voltage dependency of their inactiva-
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tion function. At the termination of a 40-msec conditioning po-
tential of —50 mV, the fast currents are completely inactivated,
and the slow current is practically fully activated. In contrast,
when depolarization is given at the termination of a conditioning
prepulse to —150 mV, both fast and slow currents are activated.
On the basis of these differences two pulse protocols were given
to obtain the I — V curve. In MF protocol the conditioning poten-
tial was —150 mV, and in MS protocol it was —50 mV. The 40-
msec conditioning prepulse was given from the holding potential
(=70 mV) and was followed by 40-msec test pulses to various V,,
values between —70 and +80 mV, in 5 to 10-mV increments. The
series of command pulses were identical in both protocols.

Relative Conductance {gna/gnaman}

The sodium conductance at the time of the peak current { gy}, at
each V,, was calculated from gna = lpea/(V,, — E,) where E, is
the current reversal potential. The gy, at each V,, was then nor-
malized to the largest gna (@Nnamax), and the normalized values
(i.e., the relative conductances) were plotted against V,,.

Steady-State Inactivation Curve {Ina/Inamax}

Based on the 30-40 mV shift between the relative conductance
curves of the fast currents and the slow current, two inactivation
protocols were designed. In the HF protocol, cells were given
40-msec prepulses to various V,, values (V,,)) between —160 and
=30 mV, in 10-mV increments. The prepulses were followed by
a 40-msec test depolarization to —25 mV, i.e., to a membrane
potential where the slow currents are barely activated. In the HS
protocol, prepulses were given to V,, between —100 and 0 mV.
The prepulses were followed by a 40-msec pulseto V,, = +5mV,
i.e., a potential where all currents are significantly activated. In
both protocols the inactivation is measured as the ratio between
I'eax obtained following any prepulse potential, and the maximal
Ipeak~

Criteria for Defining Fast and Slow Cells

Pure S cells generated only S currents, regardless of the prepulse
(=150 mV) used. Their current amplitude at a given depolariza-
tion was either unchanged by both —150 and —~50 mV prepulses
or at most increased by 10% by the —150 mV prepulse. The
typical inactivation curve of a pure S cell was obtained only with
the HS protocol, and no currents were initiated by the HS proto-
col.

A pure fast cell generated currents only when the prepulse
was —150 mV. With a prepulse to —50 mV the fast current was
90-100% inactivated. The kinetics of the attenuated current were
similar to those of the larger current obtained with the prepulse
to —150 mV. The inactivation curve of a pure fast cell could be
studied only with the HF protocol since fast currents were not
elicited using the HS protocol.

Calculation of Time Constants

The time constant of inactivation (tau,) was calculated at various
V., from the slopes of log(l; — I,p) us. time relationships over the
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linear range, where I is the current at the end of the 40-msec
depolarizing pulse, I, are the current values at any time ¢, follow-
ing the peak current, where the log relationship is linear.

Time constant of activation (tau,,) was calculated at various
V., from the slopes of the log(Z;,x — I} vs. time relationships in the
region of linearity, where [ is the peak sodium current value
and [, are the current values at any time 7, prior to the peak
current, but not too close to the peak (where the log relationship
deviates from linearity). Tau,, values incompatible with the up-
per frequency limit of the filter (10 kHz) were rejected.

Antibody Application

Extracellular application was achieved by adding the antibody to
the externally perfusing solution at a concentration of 100 pg/mi.
When an effect was established, it reached saturation within 15
min. Intracellular application was achieved by adding the anti-
bodies (100 pg/mi) to the internal solution in the patch pipette.
Measurements were taken immediately after the patch was
formed and 25-30 min later. Our calculation indicated that the
time required for a 150-kD protein (IgG) to approach equilibrium
by diffusion into the neuron is about 20 min [27].

Results

CHARACTERIZATION OF THREE TYPES OF
Na CURRENTS

Three types of Na currents can be identified in DRG
cells of 1-8 day-old rats, as demonstrated in Figs. 1
and 2 and in Table 1. Two currents are fast, denoted
FN and FA (for reasons explained below) and one
current is a slow, S current. Both fast currents have
rapid kinetics of activation and inactivation, about
five times faster than Tau, of the slow current (Ta-
ble 1). This kinetic difference is the first criterion
used to separate the slow from the fast currents.

The two fast currents are activated at signifi-
cantly (P < 0.001) more negative membrane poten-
tials: —37.7 = 3.1 mV (FN) and —36.3 = 7.9 mV
(FA) in comparison to —23 £ 6.5 mV for the slow
current (Table 1 and Fig. 24). The I — V curves of
the two fast currents reach a peak at more negative
membrane potentials —17.5 = 4.8 mV (FN current)
and —12.6 = 5.9 mV (FA current, P < 0.05, for the
comparison between the two fast currents using a
two-tailed, ¢ test). In comparison, the peak of the
slow current is reached at —6.1 = 4.6 mV (Table 1
and Fig. 24).

All currents are reversed between 52 and 53 mV
(Fig. 2A) i.e., approximately at the calculated Ey,
(58 mV). The increase in channel conductance vs.
membrane potential reaches 50% at —29.7 = 3 mV
(FN) and —26.5 = 7.8 mV (FA) in comparison to
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Fig. 1. Three types of Na currents: (A) fast newborn (FN); (B)
fast adult (FA); and (C) slow (S) currents. The fast currents (A
and B) were initiated by the MF protocol and the slow currents
{C) by the MS protocol. Depolarization was to: —40, —35, —30,
—20, —15, 0, +10, and +30 mV (A); —70, —40, —35, =30, -25,
—15, —10, +15, and +40 mV (B); and —40, —20, —-15, —10, -5,
0, +10, and +30 mV (C). Traces are shown after subtraction of
leakage and capacity currents. Open circles: peak Iy,. The cells
of A, B and C were taken from 1-3 day-old rats after being in
culture 2 hr

the higher value of —17.6 = 4.6 mV for the S cur-
rent (P < 0.001) (Table 1). Thus, in general, the two
fast currents have a lower threshold and more rapid
kinetics in comparison to the S current.

The main difference between the two fast cur-
rents is in their voltage-dependent inactivation. FN
current is 50% inactivated at V,, = —139.1 = 5.6
mV whereas FA current is 50% inactivated at V,, =
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Fig. 2. (A) The I — V curves of the three current types shown:
FN current, open circles; FA current, filled circles; and S cur-
rents, filled triangles. (B) The inactivation [In,/Inamax)] curves of
the three current types: FN, open circles, FA, filled circles; and
S, filled triangles. The S curve was obtained using a test pulse to
+5 mV (HS protocol). The FN and FA curves were obtained
using a test pulse to —25 mV (HF protocol)

—75.3 + 8.1 mV (P <0.001). The S current reached
50% inactivation at much higher depolarization,
—23.5 = 5.3 mV. The difference in inactivation is
also expressed in the shape of the entire inactiva-
tion curve. The curve of S current inactivation has
the typical steep, inverse S-shape (Fig. 2B). The FA
inactivation curve is far less steep (Fig. 2B). The
inactivation of FN current has an unusual shape: in
the range of —(60-120) mV it has low dependence
on V,,, whereas in the range of —(120-160) mV, the
curve increases steeply with V,. Prepulses to V,,
more negative than —160 mV resulted in membrane
breakdown. Therefore, the inactivation curve was
arbitrarily normalized to the current value at —160
mV, although the curve did not tend towards satu-
ration at this conditioning prepulse (Fig. 2B).

DEVELOPMENTAL CHANGES OF Na CURRENTS

All three types of Na currents were found among
DRG cells obtained from newborns during the first
eight days after birth. The current amplitude (Table
2), the voltage dependence and kinetics of each cur-
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Table 1. Three types of Na currents in DRG cells
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Parameter Current type
Fast newborn Fast adult Slow

Peak IV (mV) —-17.5 =438 —12.6 = 5.9%* —6.1 = 4.6
(n=10) (n = 15) (n = 13)

V activation {mV) =377 =3.1 -36.3 7.9 -23 6.5
(n = 15) (n=19) (n=21)

En, (mV) 524 =171 524 =78 53158
(n = 15) (n = 19) (n =21

Viso (mV) —-139.1 = 5.60 -75.3 £ 8.]¥** —-23.5+53
n=17 (n=19) (n = 20)

Veso (mV) —-29.7 +3.0 —-26.5 =78 —17.6 = 4.6
(n=4) (n = 18) (n =20)

7, (msec) 1.11 £ 0.2 0.98 = 0.35 6.7 £ 4.8

(at =10 mV) (n=25) n=29) (n=29)

7,, (Msec) NT NT 1.5 0.1

(at —15 mV) n=4)

Values are mean *+ sp. All values of slow current (except Ex,) are statistically different from those of
fast adult and fast newborn currents (P < 0.001, two-tailed unpaired ¢ test). Asterisks indicate differ-
ences between the two fast currents (¥** P < 0.001, ** P < 0.05, two-tailed unpaired ¢ test). NT, value
not tested; M, Vs of FN current calculated from curves which were arbitrarily normalized to the
current elicited by a prepulse to —160 mV, although the curve did not reach saturation there.

rent (not shown) do not change during this period.
However, developmental changes are expressed in
the relative frequency of these three currents
among the DRG cells. It is important to emphasize
that this relative frequency does not relate to all
DRG cells but only to the 10—15 um cells, before
they sprout. Smaller cells were already reported to
be pure S cells [5]. Larger cells could not be studied
due to lack of space clamp.

In terms of currents’ distribution, several types
of cells were identified: pure S cells (generating only
S current), pure FA cells (generating only FA cur-
rent), and mixed cells, generating both FN + S cur-
rents, or FA + S currents. No pure FN cells were
found under any set of conditions and test poten-
tials.

Mixed cells (Fig. 3) generated currents com-
posed of a mixture of FN + S or FA + S currents
within a single cell. The presence of such a compo-
sition is clearly visible under the properly chosen
set of conditions. For example, when a prepulse to
—150 mV is followed by a test pulse to —30 mV, the
resultant current has two peaks (inset of Fig. 3). If a
similar test pulse is given following a prepulse to
—50 mV, only the current corresponding to the late
(slow) peak is generated (inset of Fig. 3). Subtract-
ing the two traces one from another yields thé trace
corresponding to the early peak (inset of Fig. 3).
Using this subtraction protocol, the slow currents in
mixed cells can be separated from the fast currents.
In addition, the separate inactivation curves for

Table 2. Developmental changes of Na current
A: Distribution of cells with current types

Age S FN FA FN + S FA+S
1-3 days 23.8% 0 14.3% 52.4% 9.5%
(n=21)

5-8 days 10% 0 66% 22% 2%

(n = 45)

B: Peak current density (nA)

Age S FN FA FN+S8S FA+S
1-3days 2511 — 38=*15 33=x1.6 1.25+246
n=21) (n=25) (n =3) n=11) (n=2)
5-8days 2.1 04 — 27=x12 237,34 1.60,1.43
(n=26) (n=23) n=19 (=2 n=2)

A: Frequency of cells with different types of currents. S, pure
slow currents; FN, pure fast newborn current; FA, pure fast
adult current; FN + S and FA + S, cells with mixtures of the
above, '

B: Peak current amplitude of 10- to 15-um cells having different
types of currents. As all cells are of the same diameter and all
have no neurites, the similar current amplitude indicates similar
current density.

FN, FA and S could be obtained from mixed cells
by employment of the HF and HS protocols.

It was found that using DRG cells from 1-3
day-old rats, 22% of the cells are pure S cells, 18%
of the cells are pure FN cells, and 60% are mixed
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Fig. 3. (A) Mixed FN + S currents in a single

cell. Currents were initiated by the MF

INa( pA)

protocol. Traces are shown for
depolarizations to: —45, —35, —25, ~15, —3,
and +20 mV. At the depolarization to V,, =
=35 mV (arrow head) only the FN current is
visible. At the depolarization to V,, = =23
mV (arrow) two peaks are seen: the early
peak corresponds to the FN current, and the

-25001

late peak corresponds to the S current. (Inset)
Three currents initiated by a test
depolarization to V,, = —25 mV. Solid line:
combined current generated following a
prepulse to —150 mV. Dotted line: the slow
current generated following a prepulse to —50
mV. Dash-dotted line: the fast current

obtained by subtracting the slow from the
combined current

FN + S cells (Table 2). In DRG cells from 5-8 day-
old rats only 10% of the celis are pure S cells, and
66% of the cells are pure FA cells. The rest (22%)
are mixed cells having FN + S currents (Table 2).
There were only two cells with FA + S currents
(Table 2). Of the two fast currents, the one called
FN was predominately found in cells from new-
borns whereas the FA current predominates in cells
from 5-8 day-old (and adult rats [35]). The slow
current, which is present in 82% of the cells in 1-3
day-old rats (either in its pure form or in a mixture
with FN current), becomes less frequent in the 5-8
day population (all together: 34%). Note that in
adults, action potential corresponding to the pres-
ence of slow currents are found in less than 20% of
the cells [34, 64].

Another major difference between the two age
groups was in the decreased frequency of FN cur-
rent (60% of the cells in 1-3 day-old rats in compari-
son to 22% in 5-8 day-old rats), and the increased
frequency of the FA current (from 18% of the cells
in 1-3 day-old to 68% of the cells in 5-8 day-old
rats). The only parameter in which FN and FA cur-
rents are actually different is Na inactivation. Thus,
cells with FA current are more likely to fire action
potential than cells with the FN current, which are
inactivated under most physiological conditions.
The increased frequency of FA cells over cells with
FN currents, is predicted to be accompanied by an
increased contribution of the fast current to firing
patterns of DRG cells. The corresponding de-
creased frequency of S vs. FA currents suggests,
that during the period from 1-3 to 5-8 days after

birth there is a decrease in the proportion of cells
which require strong stimulus to initiate firing.

SEARCHING FOR A STRUCTURAL BASIS FOR THE
DIFFERENCES BETWEEN THE CHANNELS

To gain insight into the potential structural differ-
ences between the three current types, an immuno-
logical approach was taken. Since the three cur-
rents mainly differ in their voltage-dependent
inactivation, antibodies that were shown to shift the
inactivation function on the voltage axis {37, 38]
were chosen as molecular probes. These antibodies
were raised against a part of the S, segment of inter-
nal repeat 1 of Na channel designated C; (Fig. 4).
This segment is considered to participate in voltage-
dependent processes of Na channel gating [42, 59].

It can be seen in Fig. 5A and Table 3 that when
applied externally the only significant effect of the
antibodies was to shift the inactivation curve of FA
current towards more negative membrane poten-
tials, without shifting the relative conductance vs.
membrane potential curve. The effect, which devel-
oped within 10-15 min, was expressed in a mean
shift of 25.8 = 5.8 mV as compared to the 9.25 * 6.4
mV shift produced by IgG of pre-immunized rabbits
(Fig. 5A and B and Table 3). There was no parallel
effect of anti-C; on the FN and S currents (Table 3).
Anti-C; and the control IgG-modified FA current in
DRG cells, regardless of the postnatal day (not
shown). However, the FA current was rare on post-
natal days 1-3 (Table 2). Thus, with the limited
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Fig. 4. C] synthetic peptide sequence made according to eel electroplax Na channel [43] and its corresponding regions in three
sequenced Na channels of rat brain (R;, Ry; and Ryyy) [28, 42] and skeletal muscle Na channel [61]. Dashed line the nonconserved amino
acids

Table 3. Current modification by antibodies

INa Antlbody Side of Peak INa V},sg Vg50 ENa Tau,,
type membrane left (%) (mV) (mV) (mV) msec
FA Anti-C7 Outside 82.3 = 16.7 258 +5.8 3.1+ 1.1 0.125 = 0.09 5 =08
(n=6) (n = 5) (n =6) (n=4) (n=4)
NR-IgG Outside 88.2 £ 10.6 9.25 x 64 25+29 0.125 = 0.15 2625
(n=17 (n=28) (n=106) (n=4 (n=13)
Anti-C, Inside 89.39 33 =28 0 NT 33 *£4.1
(n=2) (n=13) (n=3) (n=3)
NR-IgG Inside 72.8 S 2 NT 3
(n=12) (n=1 (n=1 (n=1)
EG-100 — 85 =10 6 =4 I =05 0 2 *1
(n=73) (n=73) (n=35) (n=15) (n=3)
S Anti-Cf Outside 67 = 15.5 6.8 = 4.7 2.8+25 5.4+ 42
(n=11) (n=11) (n=29) n="7
NR-IgG Outside 70 +17.4 9.1 £34 1.2 =21 1, 0.8
(n=4) (n = 6) (n =5) (n =3)
Anti-C, Inside 64 =294 3.1 =28 3325 1.3 +4.2
(n = 8) (n=29) (n=38) (n=18)
NR-IgG Inside 74 7.3 3.2 0.0
n=12 (n=12) (n=2) (n=12)
EG-100 — 70 =10 2 +£1 1 =0.5 0 1 =04
(n=4) (n=4) n=4 (n=4) (n=4)
FN Anti-C{ Outside 60 =18 0.2 =04 3,0 NT 24 x13
(n=4) (n=5) (n=2) (n=175)
NR-IgG Outside 62 0 2 NT 2
(n=1) (n=1) (n=1) (n=1
Anti-C, Inside 100, 80 0.6 =0.9 3,0 NT i,3
(n=2) (n=3) (n=2) (n=2)
EG-100 — 65 =10 03 £0.2 2 =1 0 1.5 +0.5
(n=4) (n=3) (n=4) (n=4) (n=23)

FA, FN and S are fast adult, fast newborn and slow currents, respectively. Anti-C{ and NR-IgG are the IgG fractions of the anti-serum
to C{ and the nonimmunized rabbit serum. EG-100 is normal external physiological solution. All values are means = sp.
@ P < 0.01 in two-tailed t test (comparison between anti-C{ and NR-IgG when both were given externally).

number of cells available for examination, our con- The effect of control (pre-immune) IgG was
clusion is that the effect of the antibody on the FA  specific. Neutral proteins, such as casein and BSA,
current most probably does not change during post-  when employed at a similar concentration (100-200
natal development. pg/ml), had no effect on inactivation (data not
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Fig. 5. (A and B) The steady-state inactivation {Ia/Inamax) and
relative conductance [gna/gnamax] Us. membrane potential, of
three FA cells. Empty circles before and filled circles: 20 min
after exposure to 100 ug/ml of antibody. In A and B antibodies
were applied by external perfusion. A: exposure to anti-C,; and
B: normal rabbit IgG (NR-IgG). (C) The antibodies were added
to the internal solution and applied via the pipette. Empty cir-
cles: measurements made immediately after establishing the seal
(control). Filled circles: measurements made 25 min later

shown). One way to explain the effect of control
IgG is to attribute their effect to their electric
charges, which may electrostatically influence Na
channel inactivation [37].

The results indicate that the region correspond-
ing to the C;” domain of the Na channel is present in
the FA channel molecules and is accessible to anti-
bodies at the external surface of the membrane.
This domain is either missing, inaccessible, or not
associated with any function in the FN and S chan-
nels.

Discussion

THREE TYPES OF Na CURRENTS IN RAT
DRG CELLS

The diversity of Na currents in DRG cells of new-
born rats is expressed by the presence of three well-
characterized Na currents: the fast adult (FA), the
fast newborn (FN), and the slow (S) currents. The
FA and S currents were previously described in
DRG cells of 7- to 10-day-old rats [30, 38] and in
adult rats [35]. The FN current has been described
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in detail here for the first time. This current is al-
most completely inactivated without a conditioning
hyperpolarizing prepulse to membrane potentials
below —120 mV. This might be the reason why this
current was not detected in previous studies, which
did not utilize such strong hyperpolarizing pre-
pulses (30, 35, 46, 47].

Our experimental approach was designed to
avoid modification of the ionic channels. The mea-
surements were made as soon as possible after re-
moval of the ganglia from the body. Controls, previ-
ously performed in our laboratory [46], showed that
trypsinization of the DRG cells does not elicit new
Na currents nor modify the existing Na currents.
We can therefore conclude that the three Na cur-
rents are the natural currents of DRG cells {32, 52].

The differences in current properties are most
probably responsible for the differences in firing
patterns. The action potentials of cells with FA cur-
rent rise rapidly, are of short duration, and have a
low firing threshold [21, 34, 35, 45, 55, 65]. These
cells can follow high-frequency stimulation, but re-
spond only once or twice to a sustained depolariza-
tion [35]. The action potentials of cells with S cur-
rent rise slowly, are of long duration, and have a
high threshold [34, 35, 35, 64]. These cells fire repet-
itively in response to a sustained depolarization
[35]. The higher thresholds for activation of S cur-
rent vs. the FA and FN currents may account for
the higher stimulus required to fire a slow action
potential. The slow inactivation kinetics of S vs. FA
and FN currents explains why a sustained depolar-
ization produces a train of action potentials in S
cells, whereas cells with FN and FA currents are
rapidly inactivated.

The difference in the inactivation voltage be-
tween FN and FA cells had an important effect on
their excitability: cells with FA currents may gener-
ate action potential under a variety of physiological
conditions under which cells with the FN currents
are expected to be completely inactivated. It has
been shown that the resting potentials of DRG cells
are similar, regardless of the current they express
[45, 47]. Thus, it is hard to imagine physiological
conditions under which cells with only FN current
can generate action potentials. In fact, it is antici-
pated that if an action potential is elicited by a cell
with FN current, it must have either a very low K
conductance or an n. curve strongly shifted to-
wards depolarization [22, 24]. It is interesting that,
in nature, the problem is usually bypassed, as the
FN current is found in celis together with the S
current, and the latter can lead to firing of action
potentials under a variety of physiological condi-
tions [35, 45, 64].
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DEVELOPMENTAL CHANGES IN Na CURRENTS OF
RAT DRG CELLS

In newborn rats the characteristics of each current
do not change during the first postnatal days. Fur-
thermore, we have not found an increase in Na cur-
rent density, as was found in developing frog neu-
rons [15, 44]. What does change, during the
development of rat DRG cells, is the percent of cells
expressing pure FA, S, and FN currents or their
combinations. Note that the said results could be
quantitative rather than qualitative, as the ampli-
tude of some currents may simply fall below resolu-
tion of our measurements. In postnatal develop-
ment, the proportion of neurons with FA current
decreases, whereas the proportion of neurons with
FA current increases. This process probably con-
tinues, since in adult rats the S current in the popu-
lation of cells 10-15 wm in diameter is very small
[34, 35, 64]. The impact of such developmental
changes on the proportion of neurons with different
firing patterns was discussed above and is consis-
tent with previous reports [34, 35, 64].

Several mechanisms may be responsible for the
developmental changes described in this study.

Age-Dependent Changes

The DRG cells are born on embryonic day 16, and
their number is greatly increased between days 16
and 18 [15, 51]. Thus, there are more mature cells
on postnatal days 5-8 than on postnatal days 1-3.
Matsuda et al. [34] and Yoshida et al. [64] have
already shown a reduction in the frequency of cells
with slow action potential during postnatal develop-
ment. On the basis of our results, one can predict
that young cells would have FN and S currents,
whereas maturation would be associated with an
increase in FA cells. This assumption nicely fits the
results of this study. However, other studies per-
formed in our laboratory [65] and elsewhere [21]
have shown that most freshly isolated DRG cells
from 16-day embryos have FA current, whereas S
current is rare and FN current is not found. Thus,
the age factor alone cannot provide a full explana-
tion for the developmental changes we found be-
tween postnatal days 1-3 and 5-8.

Target Influence

The target (whether peripheral or central) can.influ-
ence channel properties and number. This has been
shown by the effect of NGF (a factor released in
nature by the peripheral target tissue) on channel
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number and distribution [8, 10, 33, 36, 46, 51]. In-
nervation has also been found to influence the num-
ber of F vs. S channels in muscles [63]. In our case a
scenario which can fit the results involves the pres-
ence of a large density of FN wvs. S currents on
embryonic day 16 (before innervation), which is re-
versed upon innervation (newborn) but recovered
during synaptic elimination (postnatal days 7-10).
The validity of such a scenario remains to be tested.

Switching, Shutting Down, or
Recruiting Channels

It is easy to imagine how FN can be switched with
FA current, and vice versa, as the only difference
between them is the voltage dependency of the in-
activation. Different levels of phosphorylation [6],
oxidation [25, 48, 56], or modification of arginine or
lysine residues [7, 41] can produce such a change.
In the same context, oligomerization of the beta
with the alpha subunits of the channel can acceler-
ate channel kinetics and increase TTX sensitivity—
a process which can account for a switch from S to
FA current [31, 40, 54]. However, the differences
between current proportions can be a reflection of
the replacement of one channel subunit with an-
other (as in the nicotonic cholinergic receptor chan-
nel [53]). Channel subtypes can also be recruited by
a second messenger [4, 6].

STRUCTURAL BASIS FOR THE DIFFERENCES
BETWEEN THE Na CHANNELS GENERATING THE
THREE TYPES OF CURRENTS

To elucidate the structural basis for the difference
between current types, an immunological approach
was employed. The antibodies denoted anti-C7, di-
rected against the most conserved element of the
Na channel-—the S, segment [28, 42, 43, 61]—were
found to shift the voltage-dependent inactivation of
the FA (but not the FN or S) current to more nega-
tive membrane potentials. The antibody works from
the external, but not from the internal, surface of
the membrane. These results suggest that in the
channel eliciting the FA current, the region corre-
sponding to C7 is associated with the voltage sensor
[3] of inactivation and is accessible from the exter-
nal medium.

The anti-C{ effect may be a specific steric hin-
drance, due to its binding with the channel [22, 23].
Effects of the IgG electric charges [3, 23, 37] can
also be involved.

The C{ domain is the most conserved (86-95%)
part of the Na channel molecule (Fig. 4) [42, 61]. In
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Na* channel

Fig. 6. Schematic model of Na channel domain associated with
inactivation. I-IV: the internal repeats {42, 43]. SP), region [59,
62] associated with kinetics of Na channel inactivation. P: The
internal phosporylation region between repeats I and 11, with five
phosphosylation sites [6, 11]. The site for alpha-scorpion toxins
(ScTx) between Ss and S; of repeat I [6]. CT: C terminal region
[13]; Rs: cytoplasmic region [14]. The C;i region is pointed.
Pluses on S, segments: the voltage sensor [59]. (Modified from
ref. 6]

fact, such a domain has been found in all voltage-
activated ionic channels [50, 60]. However,
whereas the principal structure of this region is pre-
served (namely, the arrangement of a positively
charged amino acid in each third position, with two
neutral residues intervening), the actual sequence in
the voltage-sensitive K channels [50] or the DHP
receptor of Ca channels [60] is different. Thus, it is
most unlikely that sequence differences [12, 37, 42,
43, 61] can account for the lack of anti-C; modifica-
tion of FN and S currents. A more probable expla-
nation would be tertiary structural differences.

Another explanation can be a difference in the
availability of the C{ domain to antibodies, due to
different orientation of this segment in the mem-
brane.

Finally, as mentioned above, chemical modifi-
cation (oxidation, lysine or arginine neutralization,
etc.) may account for the differences between the
channels [6, 7, 25, 41, 48] and affect the ability of
the antibodies to recognize their sites [37].

Stuhmer et al. [59] found that replacing a lysine
in the C{ region of rat II Na channel [42] with a
neutral amino acid (glutamine) shifted the voltage-
dependent Na channel activation along the voltage
axis. Furthermore, its replacement with a nega-
tively charged amino acid (glutamate) changed the
slope of activation vs. membrane potential curve.
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Two-point mutations were accompanied by larger
effects. In our study, Na channel activation was not
altered by the antibodies. This may be attributable
to the fact that the amino acids involved in activa-
tion are localized in a region inaccessible to antibod-
ies, whereas regions involved in inactivation are
closer to the external surface of the membrane [Fig.
6]. Aldrich et al. [2] suggested that inactivation is
the last step in the cascade of the channel gating.
Thus, a small effect of the antibodies on more than
one step may become significant only on the last
step in the cascade [22].

Four parts of the Na channels are now known
to be involved in inactivation (Fig. 6): (i) the intra-
cellular region between internal repeats 111 and VI
(sp19, Fig. 6) [59, 62]; (ii) the cytoplasmatic region
between internal repeats II and III, which in rat
brain carries four or five phosphorylation sites [6,
11]; (iii) the extracellular region between segments
5 and 6 of repeat I, which has been identified as the
site for Leiurus toxin binding and sea anemone
binding [6]; and (iv) the C; region (at least its exter-
nally facing side), which is not very far from the
ScTx site. The inactivation-related sites for batra-
chotoxin and local anesthetics have not been local-
ized to date [4, 6, 22]. Obviously, more sodium
channel-specific antibodies and mutants are re-
quired to provide the complete picture of the do-
mains involved in sodium channel activation and
inactivation.
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