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Summary. Ionic currents in cultured dorsal root ganglion
(DRGQG) neurons from adult guinea pigs were analyzed by volt-
age-clamp techniques. The Na* inward current had a reversal
potential at +33 mV, and revealed activation and inactivation
kinetics similar to those of squid giant axons. A typical value
for the maximum Na™ conductance was 178 mS/cm? and the
peak current was 2.5 mA/cm?. The delayed K * outward current
showed a fast and a slow phase of inactivation and was sensitive
to tetraethylammonium (TEA; ~130 mM) and 4-aminopyri-
dine (~2mM). The maximum K* conductance was 2649
(mean +sp) mS/cm?. The slow Ca?* inward current was identi-
fied in Na*-free, TEA-containing solution. Its peak value was
increased by 1.7-fold when [Ca®*], was increased from 5 to
10 mM. The current was blocked by Co?™" but not by tetrodo-
toxin. Sr?* and Ba?* could substitute in carrying this current.
The maximum peak of the Ca®* current was 0.2240.14 mA/
cm?. At potentials positive to 0 mV, the Ca?* current was often
followed by a slowly developing outward current, which was
also sensitive to Co?”, suggesting a Ca®*-activated outward
current. It is concluded that the action potential of the adult
guinea pig DRG neuron is mediated by Ca®* as well as by
Na* and K * currents. The current densities of these ionic chan-
nels are considered to be different from embryonic neurons and
from nodes of Ranvier.
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Introduction

Our knowledge of the excitability mechanisms of
nerve cell bodies, especially concerning their ionic
basis, derives mostly from experiments on inverte-
brate neurons. The Ca?* current as well as the
Na™ and K" currents are involved in the forma-
tion of the action potentials (for review, see Hille,
1977). Until recently, however, little was known
about the ionic current mechanisms of the action
potentials of mammalian nerve cell bodies. Recent
studies on embryonic, neonatal and neoplasmatic
mammalian nerve cells have demonstrated that the
ionic mechanisms of the excitability in such cell
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bodies are basically identical to those in inverte-
brate neurons (Matsuda, Yoshida & Yonezawa,
1976, 1978; Moolenaar & Spector, 1977, 1978,
1979; Ransom & Holz, 1977; Kostyuk, Veselovsky
& Fedulova, 1981 ; Kostyuk, Veselovsky, Fedulova
& Tsyndrenko, 1981; Kostyuk, Veselovsky &
Tsyndrenko, 1981). Previous voltage-clamp experi-
ments on adult mammalian neurons have also re-
vealed a fast Na™ current and a fast and a slow
K™ current, but have provided few indications of
the existence of an additional slow inward current
carried by Ca** (Barrett, Barrett & Crill, 1980;
Barrett & Crill, 1980).

The results of the present study demonstrate
that adult mammalian nerve cells have a well-
defined Ca?* inward current in addition to the
Na™ and K* currents. The properties of these
current systems are essentially similar to those in
embryonic, neonatal and neoplasmatic mammalian
nerve cells. At the same time, some differences in
the ionic mechanisms of the excitability of the adult
nerve cell bodies from the embryonic (or neoplas-
matic) nerve cell bodies and from nerve fibers were
found.

Materials and Methods

Nerve Cell Culture

The procedure of cell culture was essentially the same as that
described previously (Fukuda & Kameyama, 1979, 19804, 5).
Dorsal root ganglion (DRG’s) from adult guinea pigs weighing
250 to 350 g, were dissected out and minced into blocks measur-
ing 0.5 mm. The nerve cells were dissociated with collagenase
(0.3 to 0.5%; Boehringer) in L-15 medium (Flow Lab., U.S.A.)
for 30 to 60 min at 37 °C. The cells so obtained were plated
in culture medium in collagen-coated plastic dishes (35 mm in
diameter; Lux, U.S.A.) at a density of approximately 3 x 10*
nerve cells per dish and were incubated at 37 °C in humidified
air containing 5% CO,. The culture medium contained 75%
Eagle’s minimum essential medium (Microbiol. Assoc. U.S.A.),
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15% horse serum (same origin) inactivated by heat (60 °C for
one hour), 9% chick embryo extract (homemade) and 1% peni-
cillin-streptomycin solution (GIBCO, U.S.A.). The culture me-
dium was changed 2 to 3 times a week.

Voltage Clamp

Nerve cells after 2 to 4 days in culture, having diameters of
30 to 70 pm with short or no neurite(s), were used for the
electrophysiological experiments. A culture dish was mounted
on the stage of an inverted phase-contrast microscope
(Olympus, Japan). Cells were impaled with two glass microelec-
trodes (30 to 60 MQ) filled with 3 M KCl or 2 M K-citrate solu-
tion. To minimize the coupling capacitance, the two microelec-
trodes were shielded with aluminium foil and a grounded shield
was placed between them.

The voltage-clamp techniques used were essentially similar
to those described elsewhere (Fukuda, Fischbach & Smith,
1976). The time resolution of the voltage clamp was significant-
ly improved by modifying the clamp amplifier according to
the procedure of Smith et al. (1980). The amplifier has complex
gain-frequency characteristics: from 0 Hz to about 1 Hz the gain
is high (~10°), and decreases by 20 dB/decade up to a relatively
low gain (~10%) region from about 100 Hz to 700 kHz. In
the optimal condition, the potential change in response to a
10-mV hyperpolarizing step was 90% complete within 200 to
300 ps in cells without neurites (e.g. Fig. 24 below). In experi-
ments on the slow inward current, elecirodes with relatively
high resistance were necessary for stable recording of the
current due to its labile nature. Under such conditions, al-
though the capacitative current usually lasted 1 to 2 msec, this
time was sufficiently short to analyze the activation time course
of the slow inward current. The membrane current was mea-
sured with a current-to-voltage converter through a 3 m KCI-
agar bridge. The first derivative of the membrane potential
was obtained with an analog differentiator (time constant,
0.1 ms). All signals were displayed on a CRT and were photo-
graphed for later analysis.

The surface area of the nerve cell body (S) was calculated
by assuming a hemi-ellipsoid shape (see Fig. 7 in Ransom et al.,
1977) as S=3z % (long axis) x (short axis)/4 for estimation of
the membrane current density.

Space Clamp

In the voltage-clamp experiments, the soma membranes of the
cells were adequately space clamped since the configuration
of action potentials recorded from the two electrodes was ident-
ical. Furthermore, analysis of the cable parameters (Rall, 1969)
of neurites of the cells after 2 to 3 days in culture revealed
that the electrotonic length (the length of the neurite in terms
of the length constant) was less than 0.5, and that the conduc-
tance ratio of the neurite to the soma was too small to be
determined. However, in the experiments on the fast inward
current, “abominable notches” in the inward current, an indi-
cation of an incomplete space clamp (Cole, 1968), were often
seen. It was necessary therefore to select cells without neurites,
so that the experiments on the fast inward current were carried
out only in cells after 2 days in culture.

Series Resistance

A small resistance of 20 kQ in series with the membrane resis-
tance (15 to 50 MQ) was measured under constant-current con-
ditions. The error associated with measurement of the mem-
brane potential in voltage-clamp experiments due to the series
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resistance was less than 4 mV, since the ionic currents measured
in the experiments were less than 200 nA. Thus, the error of
the measured potential could be safely neglected and no com-
pensation was considered.

Bathing Solutions

The cells were bathed either in L-15 medium or in salt solutions.
The normal salt solution consisted (in mm) of NaCl 153, KCl
5.5, CaCl, 2.0, glucose 5.5 and Na-Hepes 2.0, and the pH was
adjusted to 7.4. In Na ™ -free solutions, Tris-HCl was isosmoti-
cally substituted for NaCl and Na-Hepes. Further modifica-
tions of the ionic composition were carried out keeping the
tonicity equal, except that tetrodotoxin (TTX, 3x107%M;
Sankyo, Japan) was simply added to the solutions. Co** (1
to 10 mm) was employed as a Ca?™ current blocker. The out-
ward currents were blocked by both tetraethylammonium
(TEA; 10 to 140 mm) and 4-aminopyridine (4-AP; 0.5 to 2 mm).

The temperature of the bathing solution was controlied
at between 17 and 27 °C using a thermoelectric module.

Results

General Properties

The cultured cells employed in this study had
resting potentials of between —35 and —60 mV,
membrane input resistances of around 25 MQ and
input capacitances of around 80 pF. Figure 14 il-
lustrates the regenerative action potential in a
Na*-solution containing 1 mm Co?**. The thresh-
old, overshoot and maximum rate of rise (V)
of the action potential were —35 mV, 31 mV and
136 V/sec, respectively. The potential response to
the hyperpolarizing current revealed the membrane
time constant of 2.4 msec and an additional slow
component (time constant, 18.3 ms), with no indi-
cation of inward rectification. The action potential
was abolished in Na*-free solutions, but a slow
active response could be elicited when TEA
(50 mM) was substituted for equimolar Tris
(Fig. 1 B). The threshold (—32 mV) and overshoot
(27 mV) of such an action potential were close to
the corresponding values for the Na*-dependent
spike in Fig. 1, but the duration of the action po-
tential (160 ms) was 80 times longer, and V.,
(29 V/sec) was about 5 times smaller than for the
Na*-spike. This slow response was abolished by
the application of 5 mm Co?* to the bathing solu-
tion. These results confirmed our previous studies
suggesting that Na*®, K* and Ca** channels are
involved in the formation of the action potential
in cultured DRG cells (Fukuda & Kameyama,
1979, 19805).

The Fast Inward Current

An inward current, activated at potentials positive
to —28 mV, could be consistently recorded in the
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Fig. 1. Electrical responses of cultured DRG neurons under
constant current conditions. (4) Evoked responses of a cell
after 3 days in culture in a solution containing (in mMm)
NaCl 143, TEA-CI 10, KCl1 5.5, CaCl, 1.0, CoCl, 1.0, glucose
5.5 and Na-Hepes 2.0. Upper traces, evoked membrane re-
sponses; middle traces, first derivative of the action potential;
lower trace, intracellularly applied currents. Short bars with
0 mndicate the reference potential. Arrows indicate the threshold
of the action potential. (B) Responses of a cell after 4 days
in culture in Na*-free solution with 10 mm Ca?*, 50 mm TEA
and 2 mM 4-AP. Traces are as in A. Calibrations: 4, 20 mV,
60 V/s, 1 nA, 5ms; B, 20 mV, 30 V/s, 1 nA, 20 ms

Na " -containing solutions. This current became in-
activated rapidly and was followed by a delayed
outward current (Fig. 2.4). Figure 2B shows the
current-to-voltage (/I-7) relation of both the
inward and outward currents. The maximum value
of the inward current was 1.25 mA/cm? at 0 mV
when the membrane potential was held at
—60 mV. The I-V curve intersects the linear leak
current line at 33 mV, close to the Nernstian equi-
librium potential for Na* (Ey,=40mV at 20 °C,
assuming [Na™];=30 mM). At potentials positive
to 34 mV, the fast inward current clearly reversed
as is evident in the current trace in Fig. 2A4. The
fast inward current was abolished in Na*-free so-
lutions (see inset of Fig. 34). TTX reduced this
current to about 20% of its control value. The
results suggest therefore that the fast inward
current is carried mainly by Na™ (Zy,).

The steady-state inactivation (4,) of Iy, was
examined by applying a prepulse (—95 to
—33 mV) about one second prior to a test pulse
of —10 mV (Fig. 2C). The continuous curve in
Fig. 2C is drawn according to the equation, 4, =
1/(1 +exp(V,,—V)/K,), where V,=60mV and
K,=7.0mV. The decay phase of I, fits well with
single exponential lines in the potential range of
from —25 to —6 mV, where the activation of the
delayed outward current is slow and small com-
pared to the inactivation of the fast inward current.
The inactivation time constant (z,), as determined
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Fig. 2. Na* current under voltage clamp in a DRG cell after
2 days in culture. (4) Family of current traces and superim-
posed potential traces in L-15 medium. Numbers indicate the
test potentials in mV. Calibration: 20 nA, 20 mV, 1 ms. (B)
-V relations of the peak current (e), current at 1 ms (4) and
at 9.5 ms (o) after onset of the test pulses as shown in 4. Dotted
line, linear leak current line. Cell size: 59 x 43 ym. Temp.:
20 °C. Arrow indicates the holding potential in Figs. 2 to 9.
(C) Steady-state inactivation {k,) of Iy,. (D) Inactivation rate
constant (t,~') of Iy, against membrane potential (V). 7, !
was obtained from the slope of the straight line in semi-logarith-
mic plots of current against time

from the slope of the fitted lines, is shown in its
reciprocal form (inactivation rate) in Fig. 2D. It
should be noted that the inactivation rate was acce-
lerated with depolarization of the membrane po-
tential, between —25 and 15 mV.

In the case of the cell illustrated in Fig. 2, the
activation kinetics of Iy, were analyzed at mem-
brane potentials of between —25 and —8 mV,
using the Hodgkin-Huxley formulation by assum-
ing the activation parameter as m°>. In this poten-
tial range the time to peak was more than 0.6 msec.
The time constant of the activation was between
0.81 (—25mV) and 0.16 msec (—8 mV), decreas-
ing monotonically with depolarization. The maxi-
mum conductance (gy,) and the maximum value
of the peak I, were calculated as 178 mS/cm? and
2.5 mA/cm?, respectively.
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Fig. 3. Delayed outward current and its kinetics. (4) J-V relation of a cell after 3 days in culture in Na™-free solution with
10 mM Co?*. o, peak outward current; 4, current at 80 ms after onset of the test pulse. The linear leak current was subtracted.
Cell size: 44 x 39 pm. Temp.: 20 °C. Inset shows superimposed current and voltage traces. Calibration: 10 nA, 50 mV, 10 ms.
(B) n.,? (open symbols) and n,, (filled symbols) in 5 cells. Z«n.,? (steady state gy corrected for inactivation) was obtained by
extrapolation of the current to time zero. g was determined from the asymptote of the log G, vs. V,, plot. Temp.: 20
to 26 °C. (C) 1, ' in 5 cells. 7,”! was obtained from the slope of the semi-logarithmic plot of 1/ Zxho, h—1/ gk against time,

eye

The Delayed Outward Current

The outward current was analyzed in Na*-free so-
lutions with 10 mM Co?* in which the inward
current components were entirely eliminated. The
I-V relation of the outward current rectified at
potentials positive to —40 mV (Fig. 3 4). The inset
in Fig. 3 4 illustrates a superimposed current trace
of the outward current with various test pulses,
in which the outward current induced by depolar-
ization decayed with a slow time course. The peak
current value of the outward current ranged from
0.34 to 1.11 (average 0.57) mA/cm? at 0 mV in
8 cells, with holding potentials of between —51
and —64 mV.

The K* dependency of the outward current
was examined by measuring the reversal potential
of the tail current which was induced by the cessa-
tion of 20 ms depolarizing pulses at various [K ],.
The reversal potentials at [K*], of 5.5, 18 and
55mM were —77 (Scells), —48 (5cells) and
—18 mV (2 cells), respectively, which corresponds
to a 58-mV change of reversal potential with a
10-fold increase in [K*],. The delayed outward
current is thus carried predominantly by K™ (Z¢).

The time course of the decay of I consisted
of two exponential components, a fast and a slow
phase. The time constant varied from cell to cell,
being 10 to 50 ms for the fast and 150 to 1500 ms

assuming n, =0 at potentials negative to —50 mV. Temp.: 26 °C for o; 20 °C for others. The lines in 4-C were fitted by

for the slow phase, at 0 mV in 5 cells. In a typical
example with a holding potential of —78 mV, the
two time constant values were 11 and 480 ms, at
0 mV and 26 °C. The activation phase of the out-
ward current was analyzed according to the
Hodgkin-Huxley model. From the slope of double
logarithmic plots of Iy versus time, the best fit for
the exponent of the n variable resulted at 2. The
maximum K * conductance (gx) was 26.1 +8.9 mS/
cm? in 5 cells (see legend to Fig. 3 B). The steady-
state value of n (n,) was 0.5 at about —10mV
and the time constant of n (z,) was 2.5 ms at 0 mV
(Fig. 3B, O).

Both TEA and 4-AP produced a marked reduc-
tion of the outward current (Fig. 4). In TEA solu-
tion, both the activation and inactivation kinetics
appeared to be unaffected, whereas in 4-AP solu-
tion both were significantly slowed.

The Slow Inward Current

An inward current underlying the slow action po-
tential in Na ™ -free solutions containing TEA and
4-AP was activated by depolarizing pulses positive
to —30 mV (holding potential of —80 mV) as il-
lustrated in Fig. 54. The maximum peak for this
current appeared at a potential of about —2 mV
(Fig. 5B). The time course of this inward current
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Fig. 4. Effect of TEA and 4-AP

on Iy. (A-C) Superimposed

current traces in 130 mM TEA

(4), 0.5 mM 4-AP (B) and 130 mM

TEA +2 mM 4-AP (C) solutions in
! different cells. Numbers indicate
test potentials in mV. (D) -V
relation for A (0), B (e} and C
(4). Note the marked reduction of
Iy compared to I in Fig. 4C.
Temp.: 20 to 26 °C

Fig. 5. Slow inward current and
its Ca** dependency. (4) Current
traces in Na*-free solution with
10 mm Ca?*, 50 mm TEA and

2 mM 4-AP in a cell after 3 days

02 in culture. 100 ms test pulses were
B mA ;cmé applied at an interval of 30 sec to

-30
-100

-49

-100 s

40msec

was much slower than that of Iy,. For example,
at —2mV, the slow inward current reached its
peak value at 5 ms, whereas I, attained its peak
at 0.5 ms. The slow inward current also became
inactivated, but with a slower time course than
that for Iy,. The slow inward current was found
to depend on [Ca®*],. Its peak value increased
from 0.18 mA/cm? in 5 mm Ca®”* to 0.28 mA/cm?
in 10 mm Ca** solution in the cell illustrated in
Fig. 5C (average 1.7-fold increase in 3 cells).
After application of Co?* (approximately
5 mm), this Ca?*-dependent current (I,) was abol-
ished, leaving a residual outward current (Fig. 6 4,
B) which was essentially the same current as in
Fig. 4. Figure 6 illustrates several other features of
the membrane current in a Na™-free solution, as

mA/cm?

~-20 avoid cumulative inactivation.
Numbers indicate test potentials
i mV. (B) I-V relation for the
cell in A. e, peak current; 4,
current at end of test pulse. Cell
size: 62 x 58 pm. Temp.: 25 °C.
(C) -V relation in another cell

0.2
10na

after 3 days in culture. a, peak
inward current in S mm Ca?* +
5mm Mg?* solution; e, that in
10 mm Ca®* solution. The linear
leak current was subtracted. Note
the 1.6-fold increase in I,. Cell
size: 66 x 54 pym. Temp.: 17 °C

-03
=30

follows. (1) In Co?*-containing solution, the out-
ward current elicited at potentials positive to 0 mV
was reduced, indicating that there was a Co?"-
sensitive outward current as well as the Co? *-resis-
tant K" outward current. However, the magnitude
of the Co? " -sensitive outward current varied wide-
ly from cell to cell. (2) Reversal of I, could not
be observed although the I-V relation for I, inter-
sected the voltage axis at 10 mV. (3) I, was not
completely inactivated at the end of test pulses of
between —40 and —10 mV (see also Figs. 54, 7A
and 8), lasting for as long as one second in some
other cells. The long-lasting inward current may
be responsible for the long-lasting plateau phase
of the Ca?*-dependent spike in Fig. 1 B.

When Ca’* was replaced with equimolar Sr?*
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or Ba?*, a similar slow inward current could be
observed (Fig. 7). In Ba®" solution, the amplitude
of the current was larger and the time course of
the current decay was slower than those of Ig,.
The maximum values of the peak current densities
in 10 mm Ca?*, Sr2" and Ba®* solutions were
0.2240.21 (mean+sp, 11cells), 0.25+0.03
(3 cells) and 0.40+0.21 mA/em? (5 cells), respec-
tively. These currents were not affected by the ap-
plication of 3 um TTX.

The kinetics of I, were analyzed by analogy
to Iy, in cells, which demonstrated a small, slowly
developing outward current as regarding its ampli-
tude, in solutions containing both TEA (30 to
130 mm) and 4-AP (2 mm). In such cells, /¢, could
be analyzed without significant error at least at
potentials negative to 10 mV, since in this potential
range the activation of the outward currents was
slower and smaller than at more positive poten-
tials. The steady-state inactivation curve (Fig. 8 4)
showed a sigmoidal relationship, with V,=—
38 mV (—43, —38 and —33mV in 3 cells) and
K,=8.7mV (8.5, 8.7 and 8.8 mV in 3 cells). The
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Fig. 6. Blocking effect of Co?* on
Ic,. (4) Current traces in 10 mMm
Ca?*, 50 mm TEA and 2 mum 4-
AP without Co?* (left column)
and with Co?* of approximately
5 mM (right column) in a cell after
2 days in culture. The pulse
potential is indicated. (B) -V
relation for the cell in 4. e, peak
current; current at end of test
pulse without Co?™* (o) and with
Co>* (A). The leak current was
subtracted. Cell size: 60 x 60 pm.
Temp.: 26 °C

40mv

0.4 mAIcm2

Fig. 7. Inward Ca?*, Sr>* and Ba®* currents.
(4) Superimposed current traces in 10 mm Ca®*
(upper), Sr** (middle) and Ba®* (lower)
solutions containing 50 mM TEA and 2 mm 4-
AP. The leak currents were subtracted. The
pulse potential is indicated. (B) I-V relation of
the Ca®* (o), Sr?* (4) and Ba?" (e) currents
shown in 4. Temp.: 26 to 27 °C

value of ¥, was 22 mV more positive and the value
of K, was 1.2-fold larger than the corresponding
values for Iy, The time constant of the current
decay (t,), shown in its reciprocal form in Fig. 84,
was 30 to 130 times larger than that for I, at
test potentials of between —30 and 10 mV. With
longer test pulses (up to one second), a slower inac-
tivation phase following the initial phase could be
observed in some cells. The time constant of the
slow phase ranged from 210 to 650 ms at 0 mV
in S cells.

The activation kinetics of [, were analyzed
well for its relatively slow time course. The time
to peak of the current usually exceeded 5 ms at
a potential negative to 0 mV. In the analysis of
the activation kinetics, it was assumed that Ca**
was the only permeant ion and that [Ca®*], was
10~ 7 M, giving a value of 150 mV for the equilibri-
um potential. The exponent of the activation vari-
able was taken as unity, since exponents one and
two fitted the experimental data equally well. The
steady-state activation curve of [, (Fig. 8B) re-
vealed half activation at about —20 mV. The acti-
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Fig. 8. Kinetic parameters for I,. (4) h, (open symbols, 3
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and inactivation curves between —40 to —10 mV. Temp.: 17
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fitted by eye
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Fig. 9. Effect of preceding pulse on I.,. A conditioning pulse
of variable amplitude and 100-ms duration was applied before
the test pulse of —7 mV at an interval of 125 ms (shown sche-
matically in the inset) in Na*-free solution with 10 mm Ca®",
130 mMm TEA, 2 mM 4-AP and 3 um TTX. The peak I, during
the test pulse (@) and the normalized amplitude of the current
during the test puise (D) are plotted against the potential of
the conditioning pulse. Temp.: 18 °C

vation time constant (z,) is plotted in Fig. 8 B as
7, . The activation rate for I, was about 16
times slower than that for I,,, at 0 mV.

The effect of Ca®* entry on the Ca?* conduc-
tance, as examined by the double-pulse method,
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is illustrated in Fig. 9. The peak I, produced by
the test pulse decreased as the current associated
with the conditioning pulse increased, and vice
versa. This suggests the existence of a Ca®*-depen-
dent inactivation process. However, the amount
of inactivation caused by the conditioning pulse
was much smaller than that observed in Aplysia
neurons (Tillotson, 1979).

Discussion

The major finding of the present study was that
a Ca?*-dependent inward current as well as Na™*
inward and K™ outward currents could be identi-
fied in adult mammalian DRG cells. These three
current systems could be separated according to
their ionic selectivities, kinetic properties and phar-
macological sensitivities. The peak current, the
maximum conductance and the kinetic parameters
of the ionic currents isolated in this study are sum-
marized in the Table. Although complete isolation
of the ionic currents was difficult, the kinetics of
these currents were convincingly analyzed at least
within a limited range of membrane potentials.
Since the cultured DRG cells revealed a quite simi-
lar configuration of action potentials to that de-
scribed for in situ and dissected mammalian DRG
cells (Sato & Austin, 1961; Czéh, Kudo & Kuno,
1977; Yoshida, Matsuda & Samejima, 1978), it
seems likely that similar ionic meachnisms also
mediate the generation of the action potentials in
these intact cells.

The Slow Calcium Current
in Adult Mammalian Neurons

The slow inward current observed in Na*-free so-
lutions containing TEA and/or 4-AP has been
identified as a Ca®* current, which has essentially
similar properties to those reported for many other
neurons or tissues (for review, see Reuter, 1973;
Hagiwara, 1975). The average value of 0.22 mA/
cm? for the peak Ca®* current density of the DRG
neuron in 10 mm Ca”*-containing solution was
one order of magnitude smaller than the peak Iy,.

1, 1s also smaller than I, at 0 mV. This fact
may be responsible for both the failure to elicit
an active response in part of mouse DRG neurons
in Na*-free solution (Matsuda et al., 1976) and
the appearance of a Ca®*-dependent response in
cat motoneurons following the addition of TEA
or 4-AP (Barrett & Crill, 1980). It should also be
mentioned that in the present study, /., could be
detected in almost all the adult cells in solutions
containing both TEA and 4-AP.
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Table. Summary of the properties of the ionic currents in DRG cells

Ton Maximum peak current Maximum conductance Activation parameters Inactivation parameters
(mA/cm?) (mS/cm?)
1 T V% T
(mV) (ms) (mV) (ms)
Na 25 178 0.16 at —8 mV —60 0.86
K 0.574+0.25 (8) 26.1 +8.9 (5) 13+4(5) 2.540.7(5) - 10~ 50(5)
at 0 mV 100~ 200(5)
Ca 0.2240.14(11) 1.611+0.46(5) —2042(6) 2.610.5(5) —38+5(5) 31+ 1U7)
210~ 650(5)

Vi is the potential for half activation or inactivation of each conductance. 7 is the time constant at 0 mV unless otherwise
stated. Values are given as means +sD, with number of cells in parentheses, but for Iy, values are from one cell. Inactivation

of I was not systematically analyzed. Temp.: 18~27 °C.

The kinetic parameters of I, in the DRG cells
could be determined at membrane potentials nega-
tive to 10 mV (Fig. 8). These values were in general
agreement with those reported for internally per-
fused DRG cells except the time course of inactiva-
tion. It has been reported recently that the inactiva-
tion of I, is governed by Ca®* entry or the resul-
tant elevation of [Ca®”]; rather than a voltage-
dependent process (Brehm & Ekert, 1978; Tillot-
son, 1979). In adult DRG cells, the slower time
course of the Ba®* current compared to /¢, (Fig. 7)
and the depressive effect of preceding pulses on
I, (Fig. 9) may provide support for Ca**-depen-
dent inactivation of I.,, as found in chick embry-
onic DRG cells (Dunlap & Fischbach, 1981). Thus,
the faster time course of inactivation of I, com-
pared to that in the internally perfused DRG cells
may result from Ca?*-dependent inactivation. It
seems less likely, however, that all the steady-state
inactivation of I, is mediated by Ca®*, since no
inward current could be detected in the potential
range of from —80 to —45 mV where part of the
Ca®* channels was apparently inactivated (%,
curve in Fig. 8). The results are more consistent
with the idea that at least part of the inactivation
of the Ca?* channels is voltage-dependent.

Comparison with Embryonic
and Neoplasmatic Neurons

The kinetic properties and pharmacological sensi-
tivities of the Na™t, K+ and Ca?* currents in adult
DRG cells are basically similar to those in chick
embryonic DRG cells (Dunlap & Fischbach, 1981)
and mouse neuroblastoma cells (Moolenaar &
Spector, 1978). Although gy, in the adult DRG
cells seems to be comparable to that of neuroblas-
toma cells, §¢ in the adult cells (26 mS/cm?) is
larger than that of neuroblastoma cells (12 mS/
cm?).

Furthermore, g, in the adult cells appears to
be smaller than that of embryonic DRG cells, since
the largest I, of 0.5 mA/cm? in embryonic cells
(Dunlap & Fischbach, 1981) was larger than the
corresponding value of 0.3 mA/cm? in the present
study. gc./gx in the adult membrane thus seems
to be smaller than in embryonic membranes, al-
though it is difficult to make a precise comparison
at this time. A change in gc,/gx may account in
part for the reduction of action potential duration
during maturation of nerve cells as observed in
mouse DRG cells (Matsuda et al., 1978; Yoshida
et al., 1978).

Comparison with Mammalian Nodes of Ranvier

One of the most important differences in the ionic
mechanisms between mammalian DRG somata
and the nodes of Ranvier is that gy, in the somata
is 20-fold smaller than that in the nodes, suggesting
a lower density of Na™ channel in the somatic
membranes. This idea may be supported by the
finding (Richie & Rogart, 1977) that radiolabeled
Saxitoxin binds to the rabbit node of Ranvier
22-fold more heavily than to the squid axon where
a similar Na™ current density to that of DRG cells
has been found (Hodgkin & Huxley, 1952).

Another difference is that I, has not been de-
tected in the nodes of Ranvier. Although the func-
tional significance of I, in cell bodies remains
unclear, it is of interest to speculate that /., in
the somatic membrane might play an important
role in functions specific to the cell bodies, such
as autorhythmic activity, metabolic control and
initiation of axonal transport.

One more difference between the soma and the
node is that gx has been reported to be small or
negligible in nodes of Ranvier (Nonner & Stampfli,
1969; Chiu et al., 1979). Brismar (1980) has re-
cently reported a maximum K™ permeability of
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2.1 x10™* cm/s (approximately 50 mS/cm?) and a
leak conductance of 130 mS/cm? in rat nodes.
Thus, a g value in this range, if it exists, may
not be very important for repolarization of action
potentials in the mammalian node. On the other
hand, g in the cell bodies is essential for repolar-
ization of the action potential due to relatively
small values of gy, and the leak conductance.
Indeed, application of TEA or 4-AP can signifi-
cantly prolong the duration of the action potentials
in DRG cell bodies (Funkuda & Kameyama,
19804a).
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