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Abstract

The effects of two neurotoxins, veratridine and «-scorpion toxin II, on the resting potential
(RMP) of identified astrocytes in primary cell culture were studied using standard electophysiol-
ogical techniques. Veratridine caused either a series of transient depolarizations or a single sustained
depolarization. a-Scorpion toxin (II), which alone had no effect on the RMP, increased the duration
of the veratridine-induced transient depolarizations. The depolarization caused by veratridine, or
veratridine plus a-scorpion toxin II, was reversibly inhibited by tetrodotoxin and was reversibly
reduced in magnitude by reductions of the external sodium concentration. Cells that were depolarized
by veratridine were shown to contain glial fibrillary acidic protein, a marker considered specific for
astrocytes. The effect of long-term (10 sec) hyperpolarizing and depolarizing current pulses on the
RMP were also studied using two microelectrodes, i.e., dual impalement. In the absence of
veratridine, the RMP returned to its original value after termination of the hyperpolarizing current,
and the current-voltage relationship was found to be linear over a wide range of membrane potentials.
In the presence of veratridine, termination of the hyperpolarizing current produced a transient
depolarization that was sensitive to tetrodotoxin. Depolarizing current pulses were without effect.
These results show that astrocytes in primary culture have a chemically inducible Na* channel that

appears to be voltage-dependent.

Astroglial cells in primary cultures from rodent brain
have negative membrane potentials of around —70 mV
and show a linear current-voltage relationship {Kimel-
berg et al., 1979, 1982b; Moonen et al., 1980), i.e., they
lack the voltage-dependent conductances usually present
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in nerve and muscle. These properties correspond to the
electrophysiological characteristics of these cells in situ
(Somjen, 1975; Orkand, 1977). Such cultures also show
other characteristics similar to those shown by astrocytes
in situ (Schousboe, 1980; Hertz, 1982; Kimelberg, 1983).
However, veratridine and «-scorpion toxin (ScTx(II))
have been reported to increase the uptake of **Na in
astroglial cells in secondary or tertiary cultures derived
from mouse brain (Berwald-Netter et al., 1983) and the
uptake of radiolabeled guanidinium by glial cells from
rat brain (Reiser et al., 1983). This uptake is sensitive to
tetrodotoxin (TTX), a specific inhibitor of voltage-de-
pendent sodium channels (see Narahashi, 1974). In nerve
and muscle, veratridine facilitates the activation of the
voltage-dependent sodium conductance and delays its
inactivation (Ulbricht, 1969), while ScTx(II) delays the
inactivation of the sodium conductance (Koppenhoffer
and Schmidt, 1968). Therefore, it seemed appropriate to
study the effects of veratridine and ScTx(II) on the
resting membrane potential of astrocytes in primary
culture.?

3 During the preparation of this manuscript, Reiser and Hamprecht
(1983) reported an electrophysiological and tracer study of a polyploid
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Materials and Methods

Cell culture. Astrocytes were grown in primary culture
as described previously (Kimelberg et al., 1979, 1982a;
Kimelberg, 1983). Briefly, the cerebral hemispheres of
new born rats were removed, the meninges were carefully
dissected off, and the tissue was dissociated with Dispase
(Boehringer-Mannheim, New York, NY) following the
method of Frangakis et al. (1981). Occasionally, trypsin
was used to dissociate the tissue. The dissociated cells
were seeded at 1.3 X 10* viable cells/cm?® on glass cover-
slips placed in plastic culture dishes and grown for 2 to
5 weeks in Eagle’s basal medium + 10% fetal calf serum
(GIBCO, Grand Island, New York) at 37°C in a 5% CO,/
95% air atmosphere. For electrophysiological experi-
ments, the growth medium was replaced with a HEPES-
buffered Ringer’s solution containing 122 mMm NaCl, 3.8
mM KCl, 1.2 mM KH;PO,, 1.3 mm CaCl,, 0.4 mMm MgSO,,
10 mM glucose, and 25 mM HEPES, pH 7.4, adjusted
with NaOH (total Na* concentration was 140 mM). After
a minimum of 1 hr of exposure to HEPES-Ringer solu-
tion, 10 to 30% of the cells rounded up, making these
suitable for impalement. Approximately 80 to 95% of
these rounded-up cells stain for glial fibrillary acidic
protein (GFAP) (Stieg et al., 1980; C. Bowman and H.
K. Kimelberg, unpublished observations), a marker con-
sidered specific for astrocytes (Schachner et al., 1977;
Bignami et al., 1980; Eng, 1980).

Electrophysiology. These studies were carried out es-
sentially as described previously (Kimelberg et al., 1979).
Cells were impaled with conventional microelectrodes
made with a Brown-Flaming micropipette puller (Sutter
Instruments, San Francisco, CA) using borosilicate glass
tubing from W-P Instruments (New Haven, CT, Cata-
logue no. 1B100F) and were filled with 1 M KCI, 0.5 M
K280y, or 0.05 M Ky;SO, in 5 mM HEPES, pH 7.25. The
K;SO,-filled microelectrodes were used for the immu-
nocytochemistry experiments (see “Localization and im-
munocytochemistry of impaled cells”). The electrode re-
sistances ranged from 30 to 100 megohms when measured
in Ringer’s solution using a 1-sec pulse of positive current
(1 X 10™° A). Potentials were measured using a W-P
Instruments KS-700 electrometer connected to a Grass
(model 79D) or a Gould Brush 220 chart recorder for one
series of experiments (see Fig. 5). The input impedance
of the KS-700 was 5 X 10! ohms as measured by another
electrometer (model 610C, Keithley Instruments, Cleve-
land, OH). The cells, growing on glass coverslips, were
inserted in a plastic perfusion chamber and viewed using
a Nikon “MS” or “Diaphot” inverted microscope
equipped with Hoffman modulation contrast optics (final
magnification was X 600). The tempeurature in all ex-
periments was maintained at 35 to 37°C by heating the
room.

To impale the cells, the tip of the microelectrode was
positioned a few microns away from the rounded-up
astrocyte using Brinkmann micropositioners (Brink-
mann Instruments, Westbury, NY, catalogue no. 06-20-
14) attached to a large column C stand (Brinkmann

clone derived from a virus-induced fusion of Cg glioma cells. They
found that veratridine depolarized the cells in a manner similar to the
effects reported here for primary astrocyte cultures.
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Instruments), and it was gradually advanced into the cell
membrane by using a piezoelectric device (Burleigh
Pusher, F. Haer and Co., Brunswick, ME). This usually
resulted in the formation of a visible pocket in the
membrane with a few millivolts positive or negative
deflection in the apparent tip potential. After the pocket
was formed, the negative capacitance device on the KS
700 electrometer was momentarily activated (about 1
sec), usually resulting in the appearance of a large neg-
ative potential (—60 + 13 mV; n = 103 cells) which
stabilized within a few minutes. We could routinely
record from a single cell for several hours.

Immunocytochemistry. Cells growing on glass cover-
slips were stained for GFAP using a modification of our
previously reported procedure (Stieg et al., 1980; Kimel-
berg et al., 1982a). Cells were first left for 2 hr in the
HEPES-buffered medium in 95% air/5% CO, at 37°C
and then were fixed in ice-cold 4% paraformaldehyde in
0.1 M cacodylate buffer (pH 7.4). The cells were then
immersed for 3 min in acetone at —10°C and were then
rinsed three times in ice-cold phosphate-buffered saline
(PBS) which contained 140 mM NaCl, 3.5 mM NaH,PO,,
12 mM Na,HPO,, pH 7.25. A 1:50 dilution of rabbit
antiserum directed against human GFAP (Eng and Ru-
binstein, 1978) in PBS was applied to the cell monolayer
for 5 min, and the cells were again washed three times
in ice-cold PBS. Next, swine anti-rabbit immunoglobulin
conjugated with rhodamine (Accurate Chemical and Sci-
entific Corp., Westbury, NY) (diluted 1:100 in PBS) was
applied to the cells and left for 5 min. Finally, the
coverslips were rinsed three times in PBS at room tem-
perature and were mounted with 50% glycerol in PBS.
Controls were established by (1) substituting nonim-
mune rabbit serum in the place of anti-GFAP, (2) preab-
sorbing the anti-GFAP with bovine GFAP or, (3) leaving
out the primary antibody.

Localization and immunocytochemistry of impaled cells.
In some experiments the cells were photographed (Tri-
X film, Kodak, Rochester, NY) before, during, and after
impalement. The location of the cell was marked using
a diamond object marker (Leitz Inc., Rockleigh, NJ) to
scratch a circle on the underside of the coverslip around
the cell. The scratch mark was also photographed. The
film was developed in Microdol-X (15 min, 70°F). The
coverslips were then stained for GFAP (see “Immuno-
cytochemistry”) and were viewed with a Nikon Labophot
microscope equipped with phase optics and the appro-
priate filters for rhodamine fluorescence. The scratch
marks were easily found, and the cells were identified
with the aid of the photographs taken during the electro-
physiological recordings.

In the initial experiments, we did not observe the
filamentous pattern characteristic of GFAP when we
used microelectrodes filled with 1 M KCI. The use of the
KCl-filled microelectrodes resulted in staining that had
an amorphous quality similar to, but usually more in-
tense than, the controls. Since the majority of the non-
impaled cells showed a filamentous pattern, and since
the state of the filaments is very sensitive to ionic
strength as well as pH (Bignami et al., 1980), it seemed
possible that leakage of KCl from the 1 M KCl-filled
microelectrodes was disrupting the glial filaments.
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Therefore, we decided to use another electrolyte and
arbitrarily chose K;S0,. Cells impaled with electrodes
filled with 0.05 M K;SO, and buffered with 5 mm HEPES
(pH 7.25) showed filamentous staining characteristic of
GFAP. However, these electrodes were generally more
noisy and prone to changes in tip potential. Occasionally,
we used 0.5 M K,SO, (buffered with 5 mm HEPES, pH
7.25)-filled microelectrodes.

Neurotoxins. Veratridine was obtained from Sigma
Chemical Co. (St. Louis, MO) or Aldrich Chemical Co.
(Milwaukee, W1.) or was purified from veratrine (Aldrich
Chemical Co.) using the method of Kupchan et al. (1953)
as modified by McKinney (1982). Veratridine was dis-
solved in 100% ethanol to make a stock solution of 10
mM. In control experiments, the equivalent final concen-
tration (0.5%) of ethanol had no effect on the resting
membrane potential of astrocytes. A stock solution of
ScTX(II) purified from the North African scorpion An-
droctonus australis Hector, was made in glass-distilled
water. The stock solutions of veratridine and ScTx(II)
were stored in a refrigerator. A stock soultion of 3.33 mM
TTX in a citrate buffer (Sigma Chemical Co.) was made
up in glass-distilled water and kept refrigerated. In con-
trol experiments, Na citrate (107° M) had no effect on
the veratridine-induced depolarizations. Dilutions of the
neurotoxons were made into 1 ml of the HEPES-buffered
Ringer’s solution and were then added to the perfusion
chamber using a syringe.

Results

Veratridine depolarized the resting membrane poten-
tial, and the magnitude of this effect was concentration-
dependent (Fig. 1). At 5 X 107° M, veratridine caused
large and long-lasting depolarizations of up to 40 mV,
while lower concentrations produced transient depolari-
zations (Fig. 1). When ScTx(II) was added in the pres-
ence of veratridine, the duration of the transient depo-
larizations was prolonged (compare parts A and B of Fig.
2). ScTx(II) by itself had no effect (Fig. 2C). Altogether,
we studied the behavior of 75 individual cells from 18
separate cell cultures whose ages ranged from 15 to 39
days. Only six cells failed to respond to the application
of veratridine. While there was some variability in the
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Figure 1. Effect of several different concentrations of vera-
tridine on the resting membrane potential of an impaled cell.
Several capacitive artifacts were omitted from the tracings of
original records. Addition of the different concentrations of
veratridine to the perfusion chamber is indicated at the top.
The concentration of veratridine was reduced in steps of one-
half from the original value of 50 uM by reducing the volume
of fluid in the chamber by one-half and then adding Ringer’s
solution to the remaining fluid such that the original fluid level
was restored.
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Figure 2. Effect of ScTx(II) on the veratridine-induced de-
polarizations. Tracings in A, B, and C are from the same cell.
A, Presence of veratridine (1 X 107™* M), represented by the
black bar, caused a series of transient depolarizations in this
cell that disappeared upon washout. B, Effect of inclusion of
ScTx(II). The combination of veratridine (1 X 10™* M) and
ScTx(IT) (2.5 X 1078 M), represented by the black bar, resulted
in a prolongation of the depolarizations (compare with A). The
depolarizations disappeared upon washout (not shown). C, Ef-
fect of ScTx on the resting membrane potential. The presence
of ScTx(II) alone (2.5 X 1078 M), represented by the black bar,
was without effect on the resting membrane potential.
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Figure 3. Bar graph of the magnitude (millivolts) of the
neurotoxin-induced depolarizations. Data were pooled from all
experiments and include veratridine (0.5 X 107 M to 2.0 X 10™*
M) or veratridine (0.5 X 10™* M to 2.0 X 107* M) plus «-ScTx
(1.3 X 107° M to 2.5 X 1077 M)-induced depolarizations. No
significant difference in the magnitude of the depolarizations
was seen for veratridine or veratridine plus a-ScTx(II).

size of the depolarization, the response generally ranged
between 10 and 30 mV (Fig. 3).

Since veratridine and ScTx(II) have been thought to
alter specifically the gating properties of voltage-sensi-
tive Na™ channels in excitable cells, we investigated the
possibility that the responsive cells in our primary cul-
tures were not astrocytes. Such cells would have to be a
minority since approximately 80 to 90% of the rounded-
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up cells in our cultures stain for GFAP (Stieg et al., 1980;
C. Bowman and H. K. Kimelberg, unpublished observa-
tions), and these cells are normally not electrically excit-
able (Kimelberg et al., 1982b). Nevertheless, we decided
to examine directly whether cells that showed a veratri-
dine-induced depolarization also stain for GFAP, a
marker considered specific for astrocytes (Schachner et
al., 1977; Bignami et al., 1980; Eng, 1980). A cell which
exhibited a veratridine-induced depolarization as well as
the filamentous pattern of staining for GFAP is shown
in Figure 4. Similar results were obtained in six addi-
tional cells. We conclude from these results that astro-
cytes are depolarized by veratridine.

Since the depolarizations were likely to be due to an
increase in sodium conductance, the effects of tetrodo-
toxin were investigated. Addition of TTX (1.6 X 107 m)
blocked transient electrical activity, while smaller con-
centrations of TTX (1.6 X 107 M or 1.6 X 107! M) were
without effect (Fig. 5). This effect of TT'X was reversible,
as the transient response returned after washout of TTX.
The effect of TTX in preventing veratridine plus
ScTx(IT)-induced depolarization was found in a total of
seven cells: at 1.3 X 1078 M (four cells) and at 1.5 X 107°
M (three cells). Depolarizations induced by veratridine
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alone were also T'TX-sensitive (four cells; 1.5 X 107% M
TTX).

If Na™ plays a role in the veratridine-induced depolar-
ization, then reduction of external Na' ([Na*],) should
affect the magnitude of the depolarization. Reduction of
[Na*]o from 140 mM to 10 mMm (Na* replaced by arginine)
reversibly reduced the size of the depolarization induced
by the combination of veratridine and ScTx(II) (Fig. 6).
Similar results were obtained when [Na*], was replaced
by either Tris (three cells) or choline (two cells). Clearly,
external sodium was responsible for most, if not all, of
the changes in membrane potential induced by the com-
bination of neurotoxins.

The preceding results show that astrocytes in primary
culture have a chemical inducible Na* channel. Since in
the absence of veratridine these Na* channels appear to
be closed, we explored the possibility that the channels
were strongly inactivated by a voltage-dependent mech-
anism and could thus be opened by changes in the
membrane potential. In excitable cells, hyperpolarization
relieves the voltage- and time-dependent inactivation of
Na* channels such that the cell membrane can become
excitable at the resting membrane potential. Such a long-
term Na' inactivation mechanism exists in denervated

16 mv

2 min

Figure 4. Indirect immunofluorescent detection of GFAP and electrical recording from the same cell. A, Cell impaled with a
microelectrode filled with 0.5 M K,SO,. The tip of the microelectrode is just above the plane of focus. Hoffman modulation
contrast optics. B, Indirect immunofluorescent detection of GFAP. This is the same cell as in A. See “Materials and Methods”
for experimental details. C, Control. Nonimpaled cells from the same culture but a different coverslip. Normal rabbit serum
(1:50 dilution in PBS). The exposure and magnification were the same as in B. D, Electrical recording of a 0.1 mM veratridine-
induced depolarization. Resting membrane potential was —52 mV. Veratridine was added at the first arrow. Washout of the drug

with Ringer’s solution was begun at the second arrow.
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Figure 5. Effect of TTX on the transient depolarizations induced by the combination of veratridine and ScTx(II). The cell
was impaled (in) and initially showed a membrane potential of approximately —52 mV, which gradually increased to —73 mV
over a period of 12 min. Veratridine (5 X 10™° M) and «-ScTx(II) (1.3 X 1077 M) were first added to the bath 5.7 min after the
beginning of the impalement as indicated by the black boxes above the tracing. The width of the black box indicates the period of
time over which the neurotoxins were added to the bath. The hatched box indicates the time during which the contents of the
perfusion chamber was mixed. Approximately 7 min after the addition of the neurotoxins, the first transient depolarization
appeared. Approximately 20 min after the impalement, 1.6 X 107 M TTX was added to the bath (together with veratridine and
a-ScTx(Il), such that the concentrations of these two neurotoxins were kept constant). The concentration of TTX was
progressively increased by factors of 10 at 35 min and at 51 min. The transient depolarizations disappeared after addition of 1.6
X 107® M TTX. Veratridine, a-ScTx(II), and TTX were washed out at 69 min. Veratridine (5 X 107® M) and «-ScTx(II) (1.3 X
107" M) were added to the bath at 80 min, resulting in the reappearance of the transient depolarizations. The microelectrode was

withdrawn from the cell at 117 min. There was a 6-mV change in tip potential.
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Figure 6. Effect of reducing external Na™ on the veratridine
plus Se¢Tx-induced depolarizations. Tracings in both panels are
from the same cell. Upper panel, Veratridine (5 X 10~ M) and
ScTx (1.8 X 1078 M) produced a sustained depolarization (30
mYV) after a 4-min lag period. The sustained depolarization
disappeared upon washout. The initial transient depolarization
was observed during the time of addition of the neurotoxins to
the bath. Lower panel, Effect of reducing external Na* by mole-
for-mole replacement by arginine. When external Na™ was
reduced from 140 mM to 10 mM, an apparent depolarization (7
mV) was initially observed, as seen at the extreme left-hand
side of this panel; this response may be due to an inhibition of
the Na*/K* ATPase present in these cells (Kimelberg et al.
1979). In this solution the addition of veratridine (5 X 107° M)
plus ScTx (1.3 X 1078 M) resulted in only a small depolarization
(7 mV) that again disappeared upon washout. Increasing the
concentration of Na* back to 140 mM first resulted in an
apparent hyperpolarization (—7 mV). Subsequent addition of
veratridine (5 X 107° M) and ScTx (1.3 X 1078 M) then produced
a large sustained depolarization (30 mV) that again disappeared
upon washout.

and organ-cultured mouse extensor digitorum longus
muscles (Henderson and Reynolds, 1978). To see if a
similar long-term voltage-dependent sodium inactivation
was present in astrocytes, cells were impaled with two
microelectrodes. In the absence of veratridine, there was
a linear current-voltage relationship (Fig. 7). Further-
more, no spontaneous depolarization was present after
cessation of a long-term (10 to 15 sec) hyperpolarizing
current pulse (Figs. 7, inset, and 84). By contrast, in the
presence of veratridine, cessation of a hyperpolarizing
current resulted in a spontaneous transient depolariza-
tion of up to 10 mV (Fig. 8B), as if a voltage-sensitive
element was present in the membrane. The depolariza-
tion produced by a relatively short-duration (1 sec) hy-
perpolarizing pulse was smaller and somewhat delayed
(Fig. 8B, fourth pulse) as compared to that initiated by
a longer 10-sec pulse. The anode break-induced depolar-
ization (Fig. 94) was largely sensitive to TTX (1 X 107®
M) (Fig. 9B). We have observed similar effects of TTX
(10 to 60 nM) in three additional cells and have observed
anode break-induced depolarizations (amplitude 2 to 20
mV; duration of 5 to 15 sec) in the presence of veratridine
(0.1 mM) in seven cells.

Discussion

The dependence of the magnitude of the veratridine-
induced depolarization on [Na*]o, its inhibition by TTX,
and its sensitivity to «-ScTx(II) show that astroglia
grown in primary culture have chemically inducible Na*
channels. These Na* channels appear to show some
aspects of voltage dependence since there was an anode
break-induced depolarization, but they differ from the
behavior of voltage-dependent Na* channels in excitable
cells principally in the long duration of the transient
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Figure 7. Current-voltage relationship. The cell was impaled with two
microelectrodes; one was used to pass current while the other recorded mem-
brane potential. Inset, upper trace, Four examples of the current-induced
change in membrane potential. Lower trace, Corresponding current pulses.
Deflections in the upward direction indicate depolarization or positive current.
The current traces are offset slightly to the left relative to the voltage traces.
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Figure 8. Apparent voltage dependence of the Na* channel.
The cell was impaled with two microelectrodes; one was used
to pass current pulses while the other monitored the changes
in membrane potential. The traces in A, B, and C are from the
same cell. A, Lack of apparent voltage sensitivity in the absence
of veratridine. A negative current pulse (9.1 X 10™° A) resulted
in a hyperpolarization of the membrane potential from —60
mV to —123 mV (off scale). The duration of the pulse is
represented by the dashed line (10 sec). Approximately 60 sec
after cessation of the hyperpolarizing pulse, the membrane
potential was depolarized from the resting potential to —10 mV
by a positive current pulse (4.9 X 107° A). Twenty seconds after
cessation of the positive pulse, the membrane potential was
again hyperpolarized to —123 mV. B, Anode break-induced
depolarization in the presence of veratridine (5 x 107 M)
suggesting voltage dependence. Addition of veratridine caused
the membrane potential to depolarize from the resting potential
to about ~38 mV, and several oscillations in the membrane
potential were sometimes present, but not during the period of
the recording shown here. The hyperpolarizing and depolarizing
current pulse regime was repeated. C, Reversibility of the
response. Veratridine was washed out with approximately 30
ml of Ringer’s solution over a period of 4 min. The current
pulse regime then failed to elicit anode break depolarization.

iﬁﬁﬁﬁé
:Tﬂ]“lj

Figure 9. TTX sensitivity of the anode break depolarization.
Electron recordings shown in this figure and in Figure 7 are
from the same cell. A, Anode break-induced depolarization in
the presence of veratridine (5 X 107° M). The cessation of long-
term hyperpolarizing pulses resulted in anode break-induced
depolarization. Membrane potential was hyperpolarized to
—120 mV with —8.2 X 107° A (first, third, and fourth pulses).
B, Sensitivity of anode break-induced depolarization to TTX
(1 X 107® M). The current pulse regime was repeated in the
presence of TTX and resulted in only a very small anode break-
induced depolarization.

depolarization which follows hyperpolarization. The an-
ode break-induced depolarization is also small in mag-
nitude, but this may be due to a still dominant K*
conductance.

Some other nonexcitable cells also seem to have so-
dium channels based on neurotoxin-induced and tetro-
dotoxin-sensitive uptake of ?*Na. Cultured fibroblasts
derived from human lung and dermal tissue, normal
human “glial-like” cells, and human malignant glioma
cells show a neurotoxin-induced uptake of *Na. How-
ever, such effects were not seen in Cq cells (a rat glio-
blastoma) and normal or transformed 3T3 cells (Munson
et al., 1979). C, cells, derived from a rat bladder metas-
tasis of a N-ethyl-N-nitrosurea-induced rat brain tumor,
show a neurotoxin-induced and tetrodotoxin-sensitive
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uptake of **Na as well as a slow wave activity (i.e.,
transient depolarizations) induced by sea anemone toxin
II, and the effect of the toxin was sensitive to TTX
(Romey et al., 1979). The authors suggested that the
channels were immature since they were insensitive to
electrical stimulation. Since some but not all cells in
culture show Na™ channels, it is unlikely that the pres-
ence of toxin-induced channels represents a general ab-
erration due to the conditions of cell culture.

The incomplete inhibition by TTX and the delayed
depolarization induced by relatively short-term hyper-
polarizing current pulses found in the primary astrocyte
cultures are characteristic of the long-term Na* inacti-
vation found in organ cultured muscles {Henderson and
Reynolds, 1978). We have not investigated systemati-
cally the effects of further increases in TTX concentra-
tion. Under the usual conditions of culture, astrocytes do
not have voltage-dependent Na* channels, but veratri-
dine seems to “uncover” or confer on the cell such Na*
channels which do show some degree of voltage sensitiv-
ity after hyperpolarization. One possible explanation of
the results is that veratridine itself could somehow form
a voltage-dependent channel. This seems unlikely be-
cause in experiments with bilayer lipid membranes the
addition of veratridine was without effect on the mem-
brane current-voltage relationship (B. Rudy and C. Ed-
wards, unpublished observations).

There have been a few reports on the effects of neu-
rotoxin on the electrophysiological properties of other
glial preparations. Electrically silent Schwann cells sur-
rounding the giant nerve fiber of the squid were found
to be depolarized by neurotoxins, and this depolarization
was blocked by tetrodotoxin (Villegas et al., 1976). In
contrast, glial cells in the denervated optic nerve of the
mudpuppy (Necturus maculosa) do not show TTX-sen-
sitive, neurotoxin-induced depolarizations (Tang et al.,
1979). These studies on glial cells in squid and Necturus
and the present work suggest that some but not all glial
cells have sodium channels which can be opened by the
action of the same neurotoxins. While the physiological
role of this Na* channel is unclear, these channels may
be responsible for the small Na* influx present in most
cells (Dean, 1941). These channels may be present in
many cells; they are possibly closed more often than they
are open, but they can be opened artificially by veratri-
dine or other chemical agents of the type used in these
experiments. Alternatively, such channels in some glial
cells, including mammalian astroglia, may be responsive
to endogenous effectors (i.e., a veratridine-like agent).
However, this suggestion is speculative at this time since
we are not aware of any evidence for the presence of
such in vivo effectors or, indeed, whether veratridine can
depolarize mammalian astroglial cells in vivo.
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