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Differential Modulation of TTX-sensitive and TTX-resistant Na+
Channels in Spinal Cord Astrocytes following Activation of Protein

Kinase C
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TTX-sensitive (TTX-S) and TTX-resistant (TTX-R) Na+ cur-
rents are expressed in high densities (2-8 channels/um?) in
astrocytes cultured from neonatal rat spinal cord. The two
Na+ current types differ up to 1000-fold in their TTX sensi-
tivity and additionally have different steady-state activation
(g-V) and inactivation (h,)) curves. Expression of TTX-S and
TTX-R Na+ currents is confined to morphologically distin-
guishable subtypes of astrocytes, allowing characterization
of the two types of Na+ currents in isolation: stellate cells
express TTX-S Na+ currents and flat pancake cells express
TTX-R Na+ currents. Activation of protein kinase C (PKC) by
phorbol 12-myristate 13-acetate (PMA) exhibited different
effects on TTX-S and TTX-R Na* currents. PMA reduced
peak TTX-S Na+* currents by 25-60%; in contrast, PMA po-
tentiated peak TTX-R Na* currents by 60-150%. These ef-
fects developed within minutes, and were typically not re-
versible. PMA effects were voltage dependent, and shifted
steady-state Na+ current activation of TTX-R and TTX-S cur-
rents by 6 and 18 mV, respectively, but without affecting
their steady-state current inactivation (h,). PMA treatment
also changed Na+ current kinetics. TTX-R current activation
(r,,) was faster and current inactivation (r,) changed from a
single- to a bi-exponential after PMA exposure, suggesting
that PKC phosphorylation may have activated formerly qui-
escent Na+ channels. In contrast, TTX-S current activation
() was unchanged, and current inactivation (r,), on aver-
age, decreased by 50% following PMA exposure. Since these
effects of PMA could be reduced or abolished by the PKC
inhibitor 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H7),
itis concluded that PMA effects were mediated by activation
of PKC.

[Key words: TTX, Na+ channel, phorbol ester, protein ki-
nase C, astrocyte, patch clamp]

Protein phosphorylation is a fundamental regulatory mecha-
nism in the control of membrane properties (Levitan, 1988) and
is believed to be of major importance in modulating neuronal
activity (Browning et al., 1985). Voltage-activated ion channels
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can be modulated by phosphorylation (Lemos et al., 1986; Lev-
itan, 1988; Levitan et al,, 1990) that can be mediated by a
number of protein kinases (Lemos et al., 1986; Levitan, 1988;
Levitan et al., 1990). Protein kinase C (PKC), in particular, has
been demonstrated to be an abundant modulator of voltage-
activated ion channels in neurons and other cells (Kaczmarek,
1987; Levitan, 1988; Levitan et al., 1990). For example, K+
(Farley and Auerbach, 1986; Higashida and Brown, 1986; Mal-
enka et al., 1986; Lotan et al., 1990), C1- (Madison et al., 1986),
and Ca?* (Rane and Dunlap, 1986) currents can be altered
through PKC activation following exposure to phorbol esters or
diacylglycerols (Nishizuka, 1984).

Two classes of Na+ currents have been distinguished in neu-
rons and muscle cells based on TTX pharmacology (Strichartz
etal., 1987). TTX-sensitive (TTX-S) Na+* currents are typically
blocked by nanomolar concentrations of TTX, whereas TTX-
resistant (TTX-R) Na+* currents require micromolar concentra-
tions of TTX for channel block (Kostyuk et al., 1981; Ikeda and
Schofield, 1987; McLean et al., 1988; Schwartz et al., 1990;
Caffrey et al., 1992; Roy and Narahashi, 1992). Molecular bi-
ology has further subclassified Na+ channels, and has identified
several members of a mammalian Na+ channel multigene fam-
ily. Those include several isoforms of TTX-S Na+ channels
expressed in neurons and muscle and at least two TTX-R Na+
channels expressed in heart and denervated muscle (Noda et
al., 1984; Barchi, 1987; Auld et al., 1988; Rogart et al., 1989;
Cribbs et al., 1990; Kallen et al., 1990; see Catterall, 1988, for
review). Using site-directed mutagenesis and subsequent ex-
pression of rat brain II Na* channel in Xenopus oocytes (Noda
et al., 1989; Yang et al., 1992), it was possible to identify the
amino acid residues that constitute the TTX-binding site of this
TTX-S Na+ channel. These studies strongly suggest that TTX-S
and TTX-R Na+* channels are distinct channel proteins.

Numerous phosphorylation sites have been identified on Na+
channels from excitable cells (Costa et al., 1982; Catterall, 1988;
Emerick and Agnew, 1989; Rossie and Catterall, 1989; West et
al,, 1991), and it has been suggested that they are of importance
in regulating posttranslational events (Schmidt et al., 1985).
Recently, one of the phosphorylation sites of the rat Na+* channel
a-subunits (a serine residue at position 1506 on the cytoplasmic
loop between domains III and IV) was identified as a functional
PKC modulation site for Na* channel activity (West et al.,
1991). In this study (West et al., 1991) and others (Lotan et al.,
1990; Dascal and Lotan, 1991; Numann et al., 1991), diacyl-
glyceride, within minutes, decreased Na+* currents in concert
with a slowing of current inactivation. A similar reduction of
Nat currents by the phorbol ester phorbol 12-myristate 13-
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acetate (PMA) has previously been demonstrated in Na* chan-
nels expressed in Xenopus oocytes after injection of chick fore-
brain mRNA (Sigel and Baur, 1988). In all these studies, phorbol
esters and diacylglycerides within minutes reduced Na+ current
amplitudes in concert with slowing Na* current inactivation.

In contrast to PKC effects on TTX-S Na* channels, little is
known about the modulation of TTX-R Na+* channels by pro-
tein kinase-mediated phosphorylation. We show here that PKC
activation has different and opposite effects on TTX-S and
TTX-R Na+* currents expressed in spinal cord astrocytes: PKC
activation by the phorbol ester PMA enhances currents medi-
ated by TTX-R Na~ channels, whereas it reduces currents me-
diated by TTX-S Na* channels. Furthermore, PKC effects on
TTX-R Na+* current kinetics are clearly distinct from those on
neuronal and glial TTX-S Na+ channels.

Materials and Methods

Cell culture. Cultures were obtained from neonatal Sprague-Dawley
rats. Rat pups were deeply anesthetized by CO, narcosis and decapitated.
Spinal cords between mid-cervical and lower lumbar levels were dis-
sected free and the meninges removed. The cords were minced and
incubated in an enzyme solution containing Earle’s salts, 30 U/ml pa-
pain (Worthington), 0.5 mm EDTA, and 1.65 mwm L-cysteine for 30 min
at 37°C. The tissue was triturated in complete medium [Earle’s minimal
essential medium containing 10% fetal bovine serum (Hyclone), peni-
cillin/streptomycin (500 U/ml each), and 20 mm glucose containing
trypsin inhibitor and bovine serum albumin (BSA) (each 1.5 mg/ml)],
and the cell suspension was plated onto polyornithine/laminin-coated
12 mm circular glass coverslips at a density of 2.5 x 105/ml. The cells
were maintained at 37°C in a 5% CO,, 95% air atmosphere and were
fed every second day with complete medium. Recordings were obtained
after 6~10 d. Glial fibrillary acidic protein staining shows that at this
time cultures were >98% pure astrocytes. Cells from which recordings
were obtained were identified morphologically: (1) pancake cells were
round, non-process-bearing cells with large somata; (2) stellate cells had
round, generally small somata and extensive processes that were often
arborized. Their unique morphology made them easy to identify. Ex-
amples of the two cell types are displayed in Figure 1.

Electrophysiology. Methods for whole-cell current recordings were
standard (Hamill et al., 1981) and used borosilicate glass pipettes (TW-
150F-4, World Precision Instruments) containing (mmM) N-methyl-p-
glucamine, 120; tetraethylammonium chloride, 20; MgCl,, 1; CaCl,,
0.2; EGTA, 10; and HEPES (sodium salt), 10; pH was titrated to 7.4
with HCI (resistance was 3-5 MQ); osmolarity of the pipette solution
was 305 mOsm. Cells were continuously superfused with bath solution
containing (mm) NaCl, 125; KCl, 5.0; MgSO,, 1.2; CaCl,, 1.0; Na,HPO,,
1.6; NaH,PO,, 0.4; glucose, 10.5; and HEPES (acid), 32.5; pH 7.4, 310
mOsm, adjusted with NaOH; which could be completely changed in
less than 20 sec. PKC was activated using 1 um phorbol 12-myristate
13-acetate (PMA; Sigma) added to the bath solution. PMA was diluted
in a stock solution with dimethyl sulfoxide (DMSO; final DMSO con-
centration, 8§ nM) and stored in aliquots at —20°C until use. To verify
that effects of PMA were mediated by PKC, the PKC inhibitor H7 [1-
(5-1soquinolinylsulfonyl)-2-methylpiperazine; 2 uM; RBI] was used add-
ed to the bath medium. H7 was dissolved in DMSO (final DMSO
concentration, 8 nM) and stored in aliquots at —20°C. The concentration
of H7 used was below the previously determined K; of PKC inhibition
(6 um; Hidaka et al., 1984).

An Axopatch-1D amplifier (Axon Instruments), was used for record-
ings. Recordings were low-pass filtered at 3 kHz using an 8-pole Bessel
filter (Frequency Devices), and were digitized on line at 100 kHz using
a Labmaster TL-125 digitizing board (Axon Instruments). Data acqui-
sition, storage, and analysis were performed using pcLamp (Axon In-
struments). For all measurements, capacity compensation (C,) and series
resistance compensation (R,) were used to their full extent to minimize
voltage errors; optimal settings for C, and R, were obtained by mini-
mizing the capacity transient in response to a hyperpolarizing voltage
step. R, compensation was set to values of >80% in all recordings, and
recordings were only used in which R, was <10 MQ before activating
R, compensation. Residual errors were calculated to be less than 5% of
the command voltage, and traces were not corrected for these residual

errors. Only recordings that met the following criteria were included in
our analysis: (1) series resistance before compensation of errors was < 10
MQ; (2) Na+ currents reached their peak within <800 msec; (3) Na*
currents reversed within 5-10 mV of the mean current reversal potential,
which was close to the theoretical equilibrium potential for Na*, On-
line leak subtraction was performed during recordings using a P/4 pro-
tocol (Bezanilla and Armstrong, 1977). All recordings were obtained at
room temperature, typically 22°C. In all recordings that involved sub-
sequent drug application, whole-cell capacitance and series resistance
were continuously monitored. Only such recordings in which both pa-
rameters did not change by more than 10% were evaluated.

Step protocols. Two step protocols were used to activate Na* currents
and to determine the voltage dependence of steady-state activation and
steady-state inactivation 4., respectively.

(1) The protocol to study current activation stepped the membrane
from a prepulse potential of —110 mV for 10 msec to potentials ranging
from —70 to 80 mV in 10 mV increments. Time between steps was 2
sec, during which cells were held at —80 mV, and prepulses were applied
for 200 msec. Conductance~voltage (g—V) curves were constructed from
the resulting currents by determining the peak current for each potential,
and converting current to conductance by dividing it by V,, — E,,.,
whereby current reversal potential was considered E,,.. The resulting
conductance values were plotted as a function of step potential to yield
g-V curves.

(2) Steady-state inactivation was determined by varying the prepulse
potential, at which cells were held for 200 msec, from —160 mV to
—30 mV in 10 mV increments, and currents were then activated by a
10 msec step to 0 mV. Time between steps was 2 sec. Peak currents
were determined for each prepulse potential, and these were normalized
to the largest current recorded (typically at <—130 mV). This yielded
normalized currents I/1,,,,, which were plotted as a function of prepulse
potential to yield 4, curves.

Data analysis and curve fitting. Data analysis was performed on leak-
subtracted current traces, after P/4 leak subtraction had been obtained
(Bezanilla and Armstrong, 1977). Analysis of digitized data traces and
curve fitting to those traces as well as fitting to cumulative data were
done using the script interpreter of a scientific plotting program (ORIGIN,
MicroCal Inc.). All these fits were obtained using a Marquard-Levenberg
nonlinear-squares algorithm. The models and equations to which sets
of data were fit are given below. Cumulative data analysis was performed
by exporting measures obtained with cLaAMPAN (Axon Instr. Inc.) to a
spreadsheet (ExCEL) and computing statistical values (mean, SD, SEM)
for spreadsheet data. These values were exported for graphing and curve
fitting to the same plotting program (oriGIN, MicroCal) used for analysis
of digitized data. Time constants for current activation and inactivation
were obtained by fitting data to the empirically derived Hodgkin-Huxley
model (Hodgkin and Huxley, 1952). Current kinetics were described by
an m”h model. Na* currents were converted to conductances by dividing
digitized traces point by point by V,, — E,,.. Current reversal potential
was considered to be Ey,.. The derived Na* conductances were fit by
the following equation representing the Hodgkin-Huxley model:

RO = Ao + A= (1 = exp(—(t = 1)/7,)y = (exp(—(t — t,)/7,)),

where 4, and A4, were amplitude factors, ¢, was a time (offset) factor,
and 7, and 7, were the time constants for activation and inactivation,
respectively. p was the power factor for the activation (m) term and was
set to 3 for pancake cells and 4 for stellate cells (see Sontheimer and
Waxman, 1992b, for details).

In those instances where superimposed and scaled conductance traces
were compared (e.g., Fig. 7), 7, values were obtained from fitting the
decay phase of Na* currents. In these instances the data was fit to
exponentials of the form

Si0) = A, = exp(—(x — Xo)/7,) + Ay » exp(—(x — x)/7)).
Steady-state inactivation curves (4.; see Fig. 6) and conductance-volt-

age (g-V) curves (see Fig. 5) were fit to a modified Boltzmann equation
of the form

h(Vy = U/[1 + exp((V — V,,)a)},

with V,, representing the midpoint and a representing the slope factor
of the sigmoidal curve.

Statistics. All cumulative data were given as mean + standard error
(SD) and were graphed as mean + standard error of mean (SEM), with
error bars representing SEM. Significance testing was done using either
1 test or Mann-Whitney (Wilcoxon) test depending on distribution of



data. Student’s f test for independent, unpaired variables was used when-
ever the data followed a Gaussian distribution. A two-sided Mann-
Whitney (Wilcoxon) test was employed for data sets with non-Gaussian
distribution.

In studying modulatory effects of PKC activation on Na* cur-
rents, we took advantage of our recent observation that cultured
spinal cord astrocytes express voltage-activated Na+ channels
in relatively high densities (2-8 channels/um? Sontheimer et
al., 1992), comparable to Na* channel densities of cultured
neurons (Catterall, 1984; MacDermott and Westbrook, 1986).
As previously described for astrocytes cultured from hippocam-
pus (Sontheimer et al., 1991), cerebellum (Dave et al., 1991;
Wyllie et al., 1991), or optic nerve (Raff, 1989), spinal cord
cultures contain two easily distinguishable types of astrocytes:
flat, non-process-bearing pancake cells and process-bearing stel-
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Figure 1. Cultures of postnatal day 0
rat spinal cord contain up to five dif-
ferent morphological subtypes, of which
two are easily distinguishable morpho-
logically, and three others are highly
variable. Representative examples of the
two unequivocal cell morphologies are
demonstrated: stellate, process-bearing
astrocyte cell and non-process-bear-
ing pancake cell. Recordings were
obtained from cells that were identified
morphologically as either stellate or
pancake cells. These two cell types were
chosen for study because they selec-
tively express different forms of Na*
currents: stellate cells express TTX-S
Na* currents; pancake cells express
TTX-R Na* currents.

late cells (Fig. 1) (Miller and Szigeti, 1991; Black et al., 1993).
Na+ currents in stellate cells express TTX-S Na* currents (K,
= 5.7 nM) with kinetic features similar to most cultured neurons.
Pancake astrocytes, in contrast, exclusively express TTX-R Na+
currents (K, = 1000 nM) with 25 mV more hyperpolarized h,,
and m,, curves (Sontheimer and Waxman, 1992b). Unlike dor-
sal root ganglion neurons, which can express both TTX-R and
TTX-S channels within the same cell (Kostyuk et al., 1981; Roy
and Narahashi, 1992), the two forms of Na+ currents are con-
fined to distinct subpopulations of spinal cord astrocytes, al-
lowing the study of each current in isolation. Thus, this prep-
aration was ideally suited to study and compare the modulatory
influences of PKC activation on TTX-S and TTX-R Na+* cur-
rents.

Examples of TTX-S and TTX-R Na+ whole-cell currents re-
corded in the presence (PMA, continuous lines, Fig. 2a,c) and
absence (control, dotted lines, Fig. 2a,c) of 1 mm PMA dem-
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TTX-S Na* currents. Representative —_ -4 ~
recordings from a pancake cell express- ‘é 1 :
ing TTX-R Na+ currents (a, b) and a = -6 7] 7
stellate cell expressing TTX-S Na+ cur- g . 4 e B
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within 5 min increased peak TTX-R -10 —PMA - —o—PMA
currents (a) and at potentials close to T T I T rrrr? L L
threshold (—40 mV) more than dou- 123456 1 23 4 1 2 3ms
bled currents as compared to control
(dotted lines). PMA effect on TTX-R C) TTX-S (stellate cells) d)
currents was voltage dependent and de-
creased with increasing voltage (b). 45 — -
Currents were almost unaffected at po- 0.4 -40 mV -20mv
tentials > 0 mV (q, b). The peak of the vm
I-V curve was shifted by about —10
mV. PMA affected TTX-S currents in [mV]
the opposite way, and led to a reduction
of peak currents at most potentials (c,
d). Only at potentials close to threshold
(c; —40 mV) were currents slightly in- -0.84 ... control”] -
creased by PMA. PMA effect was larg- - 4 ¥ - e T @ control
est at potentials close to the peak (d, 1.2 —— 'P"I’IAI e 'I — '-._u' —o0— PMA

—10,0 mV). The peak of the I-V curve
shifted by 10 mV in PMA (d).

onstrate that both current types are sensitive to PMA. Effects
on TTX-R (Fig. 2a,b) and TTX-S Na* currents (Fig. 2¢,d) differ
in both the direction of PMA-induced modulation (enhance-
ment vs reduction) and their voltage dependence. The latter is
most visible when comparing current-voltage curves construct-
ed from peak Na+ currents before (continuous lines, Fig. 2b,d)
and after (dotted lines, Fig. 2b,d) PMA application. PMA typ-
ically reduced peak current amplitude of TTX-S Na* currents
and shifted the peak of the I-V curve, whereas it potentiated
TTX-R Na+ currents and resulted in a positive shift of the -V
curve peak (voltage dependence was analyzed in more detail
below). TTX-R current potentiation was most notable at po-
tentials between —50 mV and —20 mV, which is close to the
Na+ current activation threshold, and at more positive poten-
tials PMA enhancement was barely visible or absent (Fig. 2a,b).
Similarly, at potentials close to threshold (—40 to —30 mV),
TTX-S Na* currents were enhanced by PMA, whereas in con-
trast to TTX-R Na+ currents, PMA reduced peak TTX-S cur-
rents at all other potentials. This effect was most pronounced
at potentials more positive than ~20 mV (Fig. 2¢,d).

These effects of PMA on Na* currents developed rapidly, and
were always detectable after 3-5 min of drug exposure (Fig. 3).
PMA-induced reduction of TTX-S Na+ currents reached steady-
state levels after 5 min and, on average, reduction of peak cur-
rents, determined in response to voltage steps to —10 mV, was
30% (SD, 18.9 %; N = 22; Fig. 3a,¢). Similarly, PMA potentia-
tion of TTX-R Na+ currents was detectable after 3-5 min (Fig.
3¢) and reached steady-state levels after 15 min, when the av-
erage potentiation, determined in response to voltage steps to
—30 mV, was 94% (SD, 65.6%; N = 22). PMA effects did not
increase further with longer exposures (not shown; N = 5 for
both current types). To assure that these changes were not related
to unspecific loss or gain of active Na+* channels, control values

2 4 6 812345 1

2 3ms

yielding baseline current amplitudes were obtained for at least
6 min (N = 12) but up to 15 min (N = 10) prior to PMA
application (Fig. 3c¢). Furthermore, 20 cells not treated with
PMA and recorded for at least 30 min did not show significant
changes in current amplitudes (range, 94-105% of control).
The modulation of Na+ currents by PMA was almost irre-
versible. The potentiation of TTX-R Na+* currents by PMA, on
average, recovered by less than 20% of control following a 10—
30 min wash (Fig. 4a). The recovery of TTX-S current sup-
pression by PMA was even slower and less complete, and re-
covery never exceeded 10% of control after a 10 min wash (Fig.
4p). The traces illustrated in Figure 4 are representative ex-
amples of 22 recordings each for both current types, and both
show little to no recovery from PMA (N = 22 each).
Although phorbol esters, such as PMA used in this study, are
well-established activators of PKC and are frequently used as
tools to induce PKC activation (Nairn et al., 19835; Sigel and
Baur, 1988), direct effects of phorbol esters on ion channel ac-
tivity not involving PKC activation cannot be excluded, par-
ticularly since such direct effects on ion channels were observed
with diacylglycerides (Hockberger et al., 1989). To demonstrate
that PMA effects on TTX-S and TTX-R Na* channels in spinal
cord astrocytes were mediated by PKC activation rather than
directly affecting their Na*+ channels, we studied PMA effects
in the presence of 1-(5-isoquinolinylsulfonyl)-2-methylpipera-
zine (H7), a widely used PKC inhibitor (Hidaka et al., 1984).
A 5 min pretreatment of cells with 2 um H7 significantly reduced,
and often abolished, PMA effects on both TTX-S and TTX-R
currents (Fig. 5a,c¢), suggesting that these effects of PMA on Na+*
currents were mediated by PKC. The inhibitory action of H7
was reversible, and after a 5 min wash, PMA in the absence of
H7 showed effects similar to those observed previously under
control conditions (Fig. 5a,c, last trace; compare to Fig. 3a,b).
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Figure 3. Time course of PMA effects. The time course of PMA effects
on TTX-S and TTX-R currents was assessed in 22 experiments each;
example traces are shown in g and b, and mean changes in peak currents
are plotted as a function of time in ¢ (error bars = SEM). PMA effect
was normalized to control amplitudes that were obtained for 6—15 min
(only up to 6 min shown) in standard solution (Control, dotted line)
representing 100% effect. Due to the voltage dependence of PMA effects
(Fig. 2) maximal effects were determined at —10 mV for TTX-S Na+
currents and at —30 mV for TTX-R currents. PMA, within 5 min,
decreased TTX-S current amplitudes by 25% (a, ¢, open circles) and
effects were largest at 15 min (30%). TTX-R currents increased by 94—
194% of control within 15 min (b, ¢).

Since we observed that PMA effects were voltage dependent,
apparent changes in peak currents at a given voltage could be
due to shifts in steady-state current kinetics. Thus, we studied
the voltage dependence of PMA effects in more detail, and con-
structed conductance-voltage (g—V) curves (Fig. 6) and steady-
state inactivation (A.,) curves (Fig. 7) for both current types in
the presence and absence of PMA (see Materials and Methods
for step protocols and fitting routines used). Conductance values
were obtained by dividing whole-cell currents point by point by
the driving force V,, = V,.,, — En.:, and these values were then
normalized to the peak conductance value. Conductance—volt-
age curves were constructed from mean conductances of five
cells expressing TTX-S and five cells expressing TTX-R Nat
currents. These g-V curves were plotted in two differing ways
in Figure 6. In Figure 6, a and b, conductances were normalized
to the largest conductance observed, and illustrate the relative
difference in conductances in the presence and absence of PMA.
Thus, PMA strongly reduced TTX-S Na+ conductances at all
potentials more positive than —20 mV (Fig. 6a), whereas it
enhanced TTX-R Na+ conductances at all potentials (Fig. 6b).
To determine PMA-induced changes in the voltage dependence,
additional g—V curves were plotted in which conductances were
each normalized to the largest conductance (Fig. 6¢,d), and these
normalized g-V curves demonstrate that PMA, within 5 min,
shifted the g—V curves of TTX-S and TTX-R Na* currents by
18 mV (TTX-S, N=5)and 6 mV (TTX-R, N = 5), respectively
(Fig. 6¢,d). These shifts both were statistically significant (p <
0.05). It is evident that, in both current types, this negative shift
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TTX-R (pancake cells)

Control 10’ wash

Figure 4. PMA effects are not reversible. Current recordings were ob-
tained in the absence (Control) and presence (PMA) of PMA, and voltage
steps displayed to activate Na+ currents were —30 mV for TTX-R Na~*
currents (@) and —10 mV for TTX-S Na+ currents (b). The reversibility
of PMA-induced changes was studied by following Na+* currents for up
to 30 min after PMA has been washed out of the bath. Complete bath
exchange was completed after 20 sec. PMA-induced changes in current
amplitude showed little reversibility for both TTX-R (a) and TTX-S
(b) currents (N = 22 each).

of the activation curve leads to increased peak currents at po-
tentials <—30 mV and shifts the threshold for current activation
toward more negative potentials. This negative shift was rather
small for TTX-R Na* currents and cannot fully account for the
large degree of current potentiation observed (mean increase,
94%) at potentials between —50 and —20 mV. The compara-
tively large shift by PMA in the g-¥ curves observed for TTX-S
currents, on the other hand, should, in the absence of any other
effects, lead to enhanced peak currents at potentials between 0
and —60 mV. This was, however, only observed at threshold
potentials, for example, close to —40 mV (see Fig. 2c¢, left trace)
where small inward currents were discernible only after PMA
exposure, whereas at more positive potentials current ampli-
tudes decreased.

In contrast to these changes in current activation, steady-state
inactivation (%) curves for TTX-R and TTX-S Na* currents
showed little change in PMA (Fig. 7a,b). A small (3-6 mV)
negative shift was observed for both current types, and this shift
was not statistically significant (p = 0.22 for TTX-R; p = 0.81
for TTX-S). Similar shifts in A, curves are frequently observed
with progression in time of whole-cell recordings and have been
related to a loss of cytoplasmic constituents associated with cell
dialysis in whole-cell recordings (Marty and Neher, 1983).

Since effects of PKC on inactivation kinetics of neuronal Na+
channels have been reported, we investigated whether PMA
produced an effect on the time constant of current activation
(r,,) or inactivation (r,) of astrocytic Na* currents. Such differ-
ences are easily visualized when Na+* conductances obtained
before and after PMA exposure are normalized to the same
scale, and then superimposed. Representative examples of this
are displayed in Figure 8. For TTX-S Na+ currents (Fig. 8a),
the time to peak (indicated by arrows) was similar for control
and after PMA treatment, indicating that r,, probably did not
change. By contrast, TTX-R Na* currents are activated and
peak more rapidly after PMA treatment as compared to control
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Figure 5. PMA effect can be inhibited
by the PKC inhibitor H7. To show that
PMA effects on Na* currents are me-
diated by activation of PKC, PMA ef-
fects were recorded in the presence and
absence of the PKC inhibitor H7 [1-(5-
isoquinolinylsulfonyl)-2-methylpiper-
azine; 2 mm, RBI] added to the bath
medium. In both TTX-R (a) and TTX-S
(c) currents, effects of PMA were strongly
reduced in the presence of H7
(H7+PMA) as compared to PMA ef-
fects alone (PMA), and were compa-
rable to control recordings prior to drug
application. Exposure to PMA alone,
after 10 min wash following H7 treat-
ment, exerted normal PMA effects on C)
TTX-R and TTX-S currents (a, c,
PMA), thus demonstrating that PMA
effects are mediated by activation of
PKC. In b and d, mean effects of PMA
and of PMA plus H7 are graphed for
seven cells studied (error bars = SEM)
for TTX-R and TTX-S Na+ currents,
respectively. PMA effects in the pres-
ence of H7 were not significantly dif-
ferent from control, but PMA effects in
the absence of H7 were highly signifi-

cant. Control

(Fig. 8b, arrows), indicating that in PMA 7, may have decreased.
Despite limitations in fitting fast, transient events accurately,
we attempted to fit r,, before and after PMA treatment using
the empirically derived Hodgkin-Huxley equation (see Mate-
rials and Methods). These fits yielded values for 7, of 0.17 +
0.06 msec and 0.24 + 0.11 msec for control and after PMA
treatment, respectively (p=0.19, N=6 at —10 mV), in TTX-5
Na+ currents, and values of 0.36 + 0.14 msec and 0.24 + 0.05
msec (at —30 mV, N = 6, p < 0.05) for control and PMA data,
respectively, in TTX-R Na* currents. Thus, the values derived
from fitting data support the notion that PMA reduces r,, of
TTX-R Na* currents but does not affect r,, of TTX-S Na+
currents.

In addition, the superimposed traces allow qualitative as-
sessment of alteration in current inactivation, and demonstrate
that for both TTX-S and TTX-R Na* currents inactivation is
more rapid after PMA exposure than under control conditions.
The time constant for current inactivation 7, can be derived
more accurately than r,, by either fitting the current decay phase
only to an exponential function, or deriving 7, from fits to the
Hodgkin-Huxley equation used above. 7, values derived from
Hodgkin-Huxley fit for both Na+ current types showed a de-
crease in 7, after PMA treatment. Mean values for r, in the
presence and absence of PMA were 0.55 + 0.21 msec and 0.73
+ 0.24 msec (at —10 mV, N = 6, p = 0.19) for TTX-S Na*
currents, and 0.53 £+ 0.10 msec and 0.77 = 0.11 msec (at —30
mV, N =6, p=0.003) for TTX-R Na* currents. Surprisingly,
when we used the alternate approach to derive 7, values, namely,
fitting the current decay phase only to an exponential function,
we discovered that in TTX-R currents PMA altered the mode
of Na+ current inactivation from a single- to a bi-exponential
decay, a phenomenon never observed in TTX-S Na+ currents.
Thus, while control TTX-R data could be fit well by a single
exponential (Fig. 8b, control curve), the PMA data required an
additional exponential with a faster time constant (Fig. 85, PMA
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curve). Interestingly, both the amplitude and time constant of
the slower inactivation time constant (7, = 0.91 msec; mean,
0.89 = 0.44 msec, N = 8) were almost unchanged in PMA (p
=0.72; r = 0.90 msec; mean, 0.95 + 0.17 msec, N = 8), and
a second, faster time constant (r, = 0.26 msec; mean, 0.30 +
0.16 msec, N = 8) appeared. In contrast, TTX-S Na+ current
decay could always be fit to a single exponential function (Fig.
8a; N = 8).

Discussion

Spinal cord astrocytes in culture, unlike other glial cell prepa-
rations (Sontheimer, 1992), express Na+ channels at high den-
sities (2-8 channels/um?), comparable to Na+ channel densities
in cultured neurons (Catterall, 1984; MacDermott and West-
brook, 1986; Sontheimer et al., 1991). They contain two mor-
phological subtypes of astrocytes, which are also encountered
in cultures from other brain areas, and these express biophys-
ically and pharmacologically distinct Na+ current types: stellate
cells express TTX-S Na* currents (K, = 5.7 nMm) with A curve
midpoints close to —60 mV; pancake cells express TTX-R Na+
currents (K, = 1000 nm) with 4. midpoints close to —85 mV
(Sontheimer and Waxman, 1992b). We demonstrate here that
these two Na+ current types differ additionally in their func-
tional modulation by PKC. TTX-S Na* conductances decrease
at potentials more positive than —20 mV, and this decrease is
associated with faster current inactivation. In contrast, TTX-R
Na* conductances increase at all potentials and currents activate
more rapidly following activation of PKC. PKC activation was
induced by the phorbol ester PMA and could be inhibited by
the PK.C inhibitor H7 (Hidaka et al., 1984). Both current types
displayed a voltage dependence in the effects of PMA. Thus, for
both current types steady-state activation (g—V) curves were
shifted toward more negative potentials following PMA treat-
ment, resulting in enhanced conductances at activation thresh-
old, whereas steady-state inactivation curves h,, were not sig-
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Figure 6. Voltage dependence of PMA-induced conductance changes.
For five cells each of TTX-R and TTX-S Na* currents we derived peak
conductances (gy,.) from peak currents recorded over a potential range
of —70 to 30 mV in the presence (open circles) and absence (solid circles)
of PMA. For each experiment, these values were normalized to the
largest conductance and mean values (=SEM) of the five cells were
plotted as a function of applied test potential. To illustrate the changes
in conductances induced by PMA, the data were plotted as normalized
g-V curves (in a and b) by normalizing conductances for each potential
to the largest conductance observed irrespective of drug treatment. TTX-S
conductances decreased for potentials more positive than —20 mV (a),
whereas TTX-R conductances increased at all potentials after PMA
exposure, and effects were largest between —50 and —30 mV (). To
illustrate the voltage dependence of PMA effects, normalized g-V curves
were plotted in which conductances were normalized to the largest con-
ductance observed for the particular recording condition (control or
PMA). Curves for TTX-S (¢) and TTX-R (d) currents were shifted by
18 and 6 mV, respectively, after PMA exposure. For all experiments
PMA was applied for 5 min. The continuous lines were obtained by
fitting the data to a Boltzmann function of the form h(V) = 1/f1 +
exp(—(V — Vi2)a)).

nificantly altered. The shifts in steady-state activation, however,
were insufficient to account for the observed changes in peak
Na+ currents, and particularly fail to explain the different effects
of PMA on TTX-S and TTX-R Na+ currents, respectively. In
addition to the effects on steady-state current parameters, PMA
had differential effects on the time constants of both current
activation (r,,) and inactivation (r,). PMA treatment increased
current activation of TTX-R Na+ currents but did not affect =,
in TTX-S Na+* currents. Current inactivation (r,) was faster in
both current types following PMA treatment, and in addition,
in TTX-R Na* currents the inactivation changed from single
to bi-exponential. We are at present unable to explain this ap-
parent change in the mode of inactivation of TTX-R Na* chan-
nels. It may suggest that PMA recruits a formerly quiescent Na+*
channel population with different kinetic features, which would
also explain the increase in peak currents observed. However,
single-channel analysis will be essential to understand the un-
derlying mechanism.

The effects of PMA on 7,, and 7, of TTX-S and TTX-R Na+
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Figure 7. Effects of PMA on steady-state Na* current inactivation

(h..). Steady-state inactivation curves were obtained from conditional
prepulse protocols by altering prepulse potentials between —160 and
—30 mV (200 msec) prior to an activating voltage step to 0 mV. Currents
were normalized to the largest amplitude and mean values of five cells
each for TTX-R and TTX-S were plotted as a function of prepulse
potential. The data was fit to a Boltzmann equation (continuous and
dotted lines) to yield h,, curves. These were shifted slightly but not
significantly (by —3 and —5 mV; dotted lines in c and d) after a 10 min
PMA exposure for both TTX-S and TTX-R. Changes in slopes were
small and also not significant.

currents in astrocytes differ qualitatively from those previously
reported for neuronal Na+* channels (Lotan et al., 1990; Dascal
and Lotan, 1991; Numann et al., 1991; Schreibmayer et al.,
1991; Lietal., 1992). In those studies using recombinant TTX-S
neuronal Na* channels, PKC activation always reduced peak
Na+ currents in concert with an increase in the time constant
of current inactivation 7, and a positive shift of steady-state
current activation (Dascal and Lotan, 1991). Two common fea-
tures were observed between astrocytic TTX-S and neuronal
Na* channels following PKC activation: (1) in both preparations
h. is unaffected, and (2) currents amplitudes are reduced. In
contrast to PMA effects on neuronal TTX-S channels is the
decrease in 7, and the large (— 18 mV) negative shift of steady-
state current activation observed in TTX-S Na* currents of
astrocytes. These differences of PMA effects on TTX-S Na+
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Figure 8. PMA effects on Na* current activation and inactivation. To
asses changes to Na* current activation (r,,) and inactivation (r,), re-
spectively, conductances derived from current recordings in the presence
and absence of PMA were plotted to scale and superimposed for both
Na+ current types. The example traces shown are representative of all
other recordings, and for clarity are shown for one potential only (—10
mV for TTX-S and —30 mV for TTX-R) only. The decay phase of the
currents was fit to an exponential of the form f{t) = 4, « exp(—(x — xp)/
7,) + A, « exp(—(x — x,)/1,) (dotted lines). a, TTX-S conductances
decayed with a single exponential and were altered by PMA in that 7,
decreased from 0.42 msec to 0.22 msec, while in contrast time to peak
changed little (arrows). b, PMA altered both activation and inactivation
kinetics of TTX-R Na+ currents. Time to peak was reduced (arrows)
and inactivation changed from a single exponential with a r, of 0.91 (at
—30 mV) to a bi-exponential with time constants of 7, = 0.26 and 7,
= 0.9 msec, respectively.
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currents in astrocytes and recombinant neuronal Na+ channels
indicate that astrocytes may express an isoform of Na+ channel
not expressed in brain neurons. Neuronal TTX-R Na~* currents
are less well characterized, and modulatory roles of PKC are
presently not known. However, TTX-insensitive Na+ currents
expressed in a cardiac cell line from transgenic mice have re-
cently been demonstrated to be modulated by cAMP-dependent
protein kinase (PKA) activation (Sculptoreanu et al., 1992), and
may thus also be substrate for PKC modulation.

The different degree of TTX sensitivity of astrocyte Na~* cur-
rents combined with the different steady-state activation and
inactivation properties and their differential modulation by PKC
strongly suggest that the two Na* current types, designated TTX-S
and TTX-R, respectively, are meditated by different channel
types, possibly differing also in their molecular structure. This
notion has gained recent support from the observation that TTX
sensitivity of Na* channels is determined by the primary amino
acid sequence (Noda et al., 1989; Yang et al., 1992), although
definitive proof has to await molecular cloning of the genes
encoding these astrocyte Na* channels. A partial clone of a
putative glial Na* channel gene (Na-G) has recently been char-
acterized, and the amino acid sequence deduced from this cDNA
indicates that Na-G represents a separate molecular class within
the mammalian Na* channel multigene family (Gautron et al.,
1992).

Since the functional role of glial Na+* channels is not under-
stood, the functional importance of PKC modulation of Na+*
channels in glia is likewise an enigma. The expression of Na+
channels in glial cells in vivo has been controversial, and it was
unclear whether glial cells in vivo express Na+* channels or wheth-
er these channels are an artifact of cell culture. However, recent
patch-clamp recordings from acutely isolated rat optic nerve
astrocytes (Barres et al., 1990) and identified glial cells in hip-
pocampal brain slices (Sontheimer and Waxman, 1992a) have
been able to demonstrate the expression of Na* channels in
astrocytes in situ, dismissing the notion that these channels are
an artifact of cell culture. Ritchie and colleagues (Bevan et al.,
1985) suggested that glial cells may synthesize Na* channel
destined to be donated to neurons and axons, thus reducing
their metabolic load, and immunohistochemical studies showed
that astrocyte end-feet in close proximity to nodes of Ranvier
express Na+ channel immunoreactivity (Black et al., 1989). Oth-
er, more recent studies (Sontheimer, 1992; Sontheimer et al.,
1993) suggest that astrocyte Na* channels, and in particular
TTX-R Na+* channels, may be involved in maintaining cyto-
plasmic Na+ concentrations high enough to maintain the Na+/
K+-ATPase operational.

While those roles of glial Na* channels are only speculative,
the expression of TTX-R Na+* channels has been demonstrated
in excitable cells (Rogart et al., 1989; Cribbs et al., 1990; Kallen
et al., 1990; Yang et al., 1991; Sculptoreanu et al., 1992), in-
cluding central (Ikeda and Schofield, 1987) and peripheral neu-
rons (Kostyuk et al., 1981; Caffrey et al., 1992; Roy and Nar-
ahashi, 1992) and TTX-R Na+ currents have been implicated
in the modulation of neuronal signals (French et al., 1990). If
neuronal TTX-R currents are modulated in a similar fashion
as described here for TTX-R Na* currents in astrocytes, alter-
ations in their activity would have profound effects on their
signaling behavior. Particularly, the negative shift in steady-
state activation would move the threshold for current activation
closer to the resting potential and would thus lower their thresh-
old for activation.
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