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Abstract

The PC12 clone is a line of rat pheochromocytoma cells which undergoes neuronal differentiation
in the presence of nerve growth factor (NGF) protein. In the absence of NGF, PC12 cells are
electrically inexcitable, while after several weeks of NGF treatment, they develop sodium action
potentials. The number and density of sodium channels on PC12 cells before and after treatment
with NGF were estimated by measuring the binding of [*H]saxitoxin ([?’H]STX). The data indicate
that [P’H]STX binding increases in the NGF-treated cells by 15- to 20-fold per cell, 3- to 10-fold per
mg of protein, and an estimated 7-fold per unit area of membrane. The kinetic properties for [°H]
STX binding are unchanged, however, by NGF treatment. A Hodgkin-Huxley analysis (Hodgkin, A.
L., and A. F. Huxley (1952) J. Physiol. (Lond.) 117: 500-544) suggests that the estimated density of
sodium channels in NGF-untreated PC12 cells is sufficient to explain their lack of excitability. On
the other hand, the estimated channel density on the NGF-treated cells (30 to 50/um?®) is comparable
to that in other excitable systems. Thus, the development of excitability in PC12 cells in response to

NGF could be due to the induction of sodium channel synthesis.

The PC12 clonal cell line of rat pheochromocytoma
cells undergoes a neuron-like morphological and physio-
logical differentiation in the presence of nerve growth
factor (NGF) protein (Greene and Tischler, 1976; Dichter
et al., 1977). This system may serve as a model for the
events that occur during the development and matura-
tion of the normal nervous system. When grown in the
presence of NGF, PC12 cells cease to divide, extend long
neurite-like processes, and become excitable (i.e., they
develop a tetrodotoxin (TTX)-sensitive Na* action po-
tential). PC12 cells grown in the absence of NGF are not
excitable (Dichter et al.; 1977) and show only a tetraeth-
ylammonium (TEA)-sensitive delayed rectification in in-
tracellular electrical recordings (O’Lague and Huttner,
1980). However, in spite of being nonexcitable, PC12 cells
grown in the absence of NGF seem to contain at least
some sodium channels since veratridine, an alkaloid
which activates sodium channels (Ulbricht, 1969; Catter-
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all, 1975), stimulates the release of endogenous catechol-
amine stores (Greene and Rein, 1977). The lack of sodium
action potentials in NGF-untreated PC12 cells thus could
result from particular passive properties of their cell
membranes, from too low a density of sodium channels,
from the presence of modified sodium channels capable
of responding to veratridine but incapable of responding
to the membrane potential appropriately, or from a com-
bination of the above.

A better understanding of the permeability properties
of PC12 cells and the development of excitability induced
by NGF could be obtained from a combination of elec-
trical and pharmacological studies. This, in turn, may
lead to insight as to the mechanism by which neurons
acquire excitable properties during normal development.
Here, we report on the binding to NGF-treated and
-untreated PC12 cells of saxitoxin (STX), a neurotoxin
which is known to bind specifically to the sodium channel
(Henderson et al., 1973) at the same site as T'TX.

Materials and Methods

Materials. Chemicals were obtained from the following
sources: tetrodotoxin and Triton X-100 from Sigma,
Aquasol from New England Nuclear, and choline chloride
from Eastman. All other chemicals were reagent grade.
Millipore Super Q purified water was used throughout.
[*H]STX was generously provided by Dr. G. Strichartz,
State University of New York at Stony Brook.
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Culture of cells. PC12 cells were grown as previously
described (Greene and Tischler, 1976; Dichter et al,,
1977) in either multiwell (for binding studies) or 35-mm
(for electrophysiology) dishes coated with rat tail colla-
gen or with polyornithine (Letourneau, 1975). 2.5 S NGF
(Bocchini and Angeletti, 1969) was added to some cul-
tures at a final concentration of 50 ng/ml. Exposure to
NGF was for at least 2 weeks in all experiments. In some
experiments, cells were grown in suspension by placing
them in plastic Petri dishes (Falcon). The cells do not
attach to this substrate and, in the presence of NGF,
cannot produce neurites.

Estimation of cell membrane area. The cell membrane
area was estimated as follows: cells were detached from
the substrate mechanically and replated into plastic
dishes. When the cells settled to the bottom of the dish
but before they attached, they exhibited round, approx-
imately spherical, shapes. The diameter of the cells was
determined by means of an eyepiece micrometer fitted
to an inverted phase microscope (X 400). At least 17
consecutive random cells were scored. The cell surface
area was calculated on the assumption that the unat-
tached rounded cells approximated spheres.

Characterization of [PHJSTX. Tritiated saxitoxin was
a kind gift of Dr. G. Strichartz and was prepared by the
specific "H-H,O exchange procedure of Ritchie et al.
(1976). Its specific activity was 10 Ci/mmol. The saxitoxin
was stored in small aliquots in 10 mmM MES (2-(N-mor-
pholino)ethanesulfonic acid), pH 6.5, at —70°C.

The radiochemical purity of [*H]saxitoxin was deter-
mined each experimental day by measuring the propor-
tion of radioactivity bound by a membrane fraction from
the electric organ of Electrophorus electricus (Agnew et
al., 1978). Increasing amounts of membranes were incu-
bated for 15 min at 4°C with a small aliquot of [PH]STX
(approximately 5 nm). The samples then were centrifuged
at 100,000 X g for 15 min and the radioactivity remaining
in the supernatant was measured by scintillation in Aqua-
sol. The radioactivity remaining in the supernatant de-
creased asymptotically as the amount of membranes
increased up to a maximum from which the purity of
STX was determined. This remaining fraction ranged
from 25 to 45% of the *H and represents impurities in the
[PH]STX (Ritchie et al., 1976; Krueger et al., 1979). All
data were corrected for the radiochemical purity. As
found previously (Krueger et al., 1979), the radioactivity
bound by the membranes could be competed off quanti-
tatively by incubating the membranes in presence of
unlabeled T'TX, thus verifying that the *H bound repre-
sents [PH]STX.

Saxitoxin binding assay. Saxitoxin binding was meas-
ured essentially by the method of Catterall and Morrow
(1978). The culture media were removed gently by suc-
tion and replaced with 1 ml of a solution containing 130
mM choline chloride, 5.4 mm KCl, 0.8 mm MgCl,, 5.5 mm
glucose, 50 mm Tris/HEPES, pH 7.4, various concentra-
tions of ["H]STX (ranging from 0 to 20 nm), and on
occasion, TTX (usually at a concentration of 1 um). The
cells were incubated in this solution under continuous
gentle shaking at 34°C for 30 min to assure that equilib-
rium was completed.
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At the end of the incubation, the unbound [*H]STX
was removed by quickly washing three times at 0°C with
3 ml of a solution containing 163 mmM choline chloride, 1.8
mm CaCl,, 0.8 mMm MgCl, and 5 mm Tris/HEPES (pH
7.4). The three washes required 8 to 10 sec except for
those in the experiments to determine washout rates (see
below).

After completion of the experiment, the cells were
dissolved in 1 ml of 0.5% Triton X-100 and the wells were
washed with an extra 1 ml of the Triton X-100 solution.
Aquasol was added to the pooled Triton X-100 extracts.
The vials were stored in the dark to allow for the decay
of phosphorescence and counted by scintillation count-
ing. Each experimental point is the average of six iden-
tical experiments. The number of cells and the amount
of cell protein in each well were determined in sister
dishes prepared simultaneously and treated as above.
Cells were quantified by counting the nuclei in a hema-
cytometer after release with 0.2% Triton X-100. Protein
was determined by the Lowry method (Lowry et al.,
1951).

Intracellular recordings. For intracellular recordings,
PC12 cells were grown in 35-mm collagen-coated Falcon
plastic tissue culture dishes as described by Greene and
Tischler (1976). Recordings were performed at 30°C.
Immediately before the experiment, the culture medium
was removed gently and replaced by a solution containing
6 mM glucose, 140 mm NaCl, 3 mm KCl, 1.8 mm CaCl,,
and 1.0 mM MgCl; and buffered to pH 7.4 by 2.5 mm
phosphate or Tris buffer. The cultures were placed on
the stage of an inverted phase contrast microscope on an
air table. The cells were impaled under direct vision with
microelectrodes backfilled with 3.5 M potassium acetate
(R = 40 to 70 megohms). Current was injected through
the recording electrode using a Neuro Data Instruments
Corp. bridge amplifier with X 10 amplification on the
voltage recording. Signals were recorded on a Tektronix
5115 oscilloscope and photographed.

Results

Electrical properties of PC12 cells. The resting poten-
tials of PC12 cells grown in the presence or absence of
NGF ranged from —35 to —60 mV. No significant differ-
ences were found whether the cells were grown in the
presence or absence of NGF.

The response of PC12 cells to electrical stimulation did
depend on whether the cells were grown with NGF.
Figure 1 illustrates the recordings of the membrane po-
tential in response to square current pulses injected
through the microelectrodes. Regardless of the growth
conditions, membrane resistance decreased with depolar-
ization. However, only cells grown with NGF (NGF*)
gave action potentials above threshold. The action po-
tentials could be blocked by 300 nm T'TX. Cells grown in
the absence of NGF (NGF~) showed only a delayed
rectification, most of which was blocked by 20 mm TEA.
Action potentials in NGF~ cells could not be shown in
the presence of 20 mm TEA or even if the depolarizing
current was preceded by hyperpolarization to —80 or
=100 mV for periods of up to 5 min. These results confirm
those obtained by Dichter et al. (1977) and those of
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O’'Lague and Huttner (1980) with larger PC12 cell het-
erokaryons obtained by fusion.

NGF* cells were excitable even in the absence of
neurites. The action potentials shown on Figure 1B were
obtained from PC12 cells grown in the presence of NGF
in collagen-coated dishes for 3 weeks and then resus-
pended and replated on polyornithine-coated dishes in
the presence of NGF for 24 hr. Upon detachment under
these conditions, the cells lose their neurites due to
mechanical shearing (Greene, 1977). While such cells
rapidly regenerate their neurites when plated on a col-
lagen-coated substrate, when the cells are replated on
polyornithine-coated dishes, neurite regrowth is consid-
erably slowed down. After 24 hr on polyornithine, only
very few of the cells show neurites.

Also, action potentials were present in PC12 cells
which were exposed to NGF for 2 weeks in suspension
culture and then assayed for excitability after being
allowed to attach to a polyornithine substrate for 4 to 5
hr. In this case, neurites were absent both in suspension
and after attachment. As will be discussed below, the
absence of neurites on such cells enables calculation of
the membrane area.

From records such as those in Figure 1, current-voltage
curves were drawn and the membrane resistance was
calculated from the linear hyperpolarizing part of the
curve. Input resistance ranged from 20 to 100 megohms
in NGF™ cells. For cells grown on polyornithine, the
membrane area can be estimated even after NGF treat-
ment because neurite outgrowth is slowed down. The
membrane resistance thus was estimated to range be-
tween 180 and 900 ohm cm®. Cells grown in the absence
of NGF on polyornithine show similar input resistances
in spite of having about half of the megnbrane area as
NGF* cells. Although more damage is expected to result
from microelectrode penetration of NGF~ cells due to
their smaller size, these results suggest that the mem-
brane resistance is, at best, the same as in NGF* cells.

Binding of [°H]STX to PC12 cells. Figure 2 illustrates
the total binding of [’H]STX to PC12 cell cultures incu-
bated with increasing concentrations of ["H]STX. The
profile of binding suggests the presence of both saturable
and nonsaturable components (ll). When the cells are
incubated in the presence of 1 um T'TX, only a linear,
nonsaturable binding is observed (). It usually is as-
sumed that, at this concentration of T'TX, the receptor
sites for STX are fully saturated, and thus, the linear
binding is thought to represent nonspecific absorption of
[PH]STX. The difference between the total binding and
nonspecific binding thus represents specific binding (A).
The specific binding component is plotted as a Scatchard
plot in Figure 3. A straight line was obtained in the
Scatchard plots, indicating the presence of a single class
of saturable binding sites. For the experiment shown in
Figure 2, an apparent K, of 2.7 nM and a binding capacity
of 2,800 sites/cell were obtained from the Scatchard plot
(Fig. 3). The mean values + SEM from three experiments
were 3.0 + 0.3 nM for the apparent K, and 2,500 £ 760 for
the number of binding sites.

The Scatchard plot for an experiment with NGF™ cells
also is shown in Figure 3. In this experiment, an apparent
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K, of 2.5 nM was obtained. The number of binding sites
was 60,000/cell. The mean values from two experiments
were 3.0 + 0.5 nM and 61,300 sites/cell for the K; and
number of binding sites, respectively.

We also have compared the off rate for the interaction
of [PH]STX with its receptor. Cells were incubated with
10 nM [*H]STX as described under “Materials and
Methods” but washed at 0°C for different periods of
time. The specific binding estimated as above was plotted
on a semilogarithmic scale against time. A straight line
was obtained from which an average apparent off rate
constant of 0.0079 sec™' was obtained from three experi-
ments with NGF~ cells and 0.0062 sec™! from two exper-
iments with NGF* cells. The constants yield average
half-times of washout of 88 and 112 sec for NGF~ and
NGF™ celis, respectively. Since the washing time for our
binding experiments (8 to 10 sec) was much less than the
half-times for washout, the number of binding sites de-
termined from the Scatchard plots must be close to the
true number of binding sites.

Density of PH]STX receptors. The data shown above
demonstrate that incubation with NGF increases by 30-
fold the number of STX receptors on PC12 cells. How-
ever, NGF* cells are larger and possess long processes,
and thus, the number of binding sites per cell does not
reflect the density of the sites. The membrane area is
difficult to estimate in NGF™ cells since the cell body is
not rounded and the cells contain various numbers of
processes of various lengths and diameters. The density
of the sites in NGF~ cells can be more readily calculated
because the cells are round and lack processes. Estimates
of receptor density for NGF~ cells growing on a collagen
substrate are given in Table 1.

In order to estimate the density of receptors on NGF*
cells, two strategies were employed. First, cells were
grown in the presence of NGF in collagen-coated dishes
and then resuspended, replated on polyornithine-coated
dishes, and incubated in the presence of NGF for an
additional 24 hr. As described above, these cells lack
neurites, and hence, the membrane area can be readily
estimated. [°’H]STX binding was studied with these cells
as well as with NGF~ cells also replated from colla-
gen-coated dishes onto polyornithine. The results of
these studies are shown in Table I. The number of
receptors and the density of receptors on such NGF~
cells was similar to that for NGF~ cells plated on colla-
gen-coated dishes. Although the number of receptors per
cell in NGF* cultures was somewhat less (about 75%)
than that found for NGF* cells grown on collagen, it was
substantially greater than that found on NGF~ cells. The
densities of receptors were calculated and the results are
shown in Table 1. Comparison of the receptor density on
NGF™ cells and NGF~ cells shows that incubation in the
presence of NGF results in a 6.5-fold increase in the
average density of receptors on the cell surface. As men-
tioned above, cells grown in these conditions maintain
the same electrical properties as those grown on collagen;
that is, only cells grown in the presence of NGF were
excitable (Fig. 1).

Table I also shows data for a second strategy by which
the cells were exposed to NGF under conditions in which



1408

Rudy et al.

Vol. 2, No. 10, Oct. 1982

10 msec
o—

Figure 1. Electrical responses of PC12 cells. A, PC12 cells were grown on collagen-coated dishes in the absence of NGF and
then resuspended, replated on polyornithine-coated dishes, and incubated for 24 hr in the absence of NGF. Intracellular recording
was as described under “Materials and Methods.” The records shown are typical for such cultures as well as for cultures grown
on collagen for up to several weeks and not passaged. The cell from which the records were taken had a resting potential of —42
mV. The cell was hyperpolarized to —80 mV for 5 min and current pulses then were applied from this potential at 1-min intervals.
The membrane potential in response to the applied current pulses (upper traces) is shown in the lower traces. Six depolarizing
pulses and four hyperpolarizing pulses are superimposed. Delayed rectification is seen in the three larger depolarizing responses.
B, Records from a culture incubated in the presence of NGF for 3 weeks on collagen-coated dishes, resuspended to shear off
neurites, and then cultured for 24 hr on polyornithine dishes in the presence of NGF. Seven superimposed voltage responses
(lower traces) to depolarizing square current pulses (upper traces) are shown for a single cell. The resting potential was —50 mV.
The cell was hyperpolarized to —80 mV for 5 min and current pulses then were applied from this potential at 1-min intervals.
Depolarizing pulses evoke an action potential above threshold. Similar responses were obtained from other cells in such cultures
as well as from NGF-treated cultures that had not been passaged onto polyornithine.

the surface area and [PH]STX binding could be esti-
mated. The cells were grown in suspension in the pres-
ence or absence of NGF for 2 weeks. Under these condi-
tions, NGF* cells do not form neurites but undergo a
variety of responses to NGF (Greene and Tischler, 1981).
The cells then were plated on polyornithine dishes, al-

lowed sufficient time (4 to 5 hr) to attach, and subjected
to binding experiments as well as cell surface estimation.
The data shown are for two experiments with each type
of cell. For both NGF~ and NGF* cells, the number of
receptors per cell is less than that obtained on a collagen-
coated substrate. Nevertheless, NGF still induced a 6-
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Figure 2. Binding of [°"H]STX to PC12 cell cultures. Cells
were grown in collagen-coated multiwell dishes without NGF
as described in the text. Cultures were incubated for 30 min at
34°C with the indicated concentrations of ["H]STX alone (H)
or in the presence of 1 um TTX (#), and the amount of [°H]
STX bound was estimated as described undér “Materials and
Methods.” A, The points obtained after subtracting the non-
specific binding (#) from the total binding (l). The curves were
drawn by hand (experiment 4-N-80). Each well contained 1.4
X 10° cells.

fold increase in the density of receptors. As described
above, electrical studies revealed that NGF* cells in these
conditions were also excitable, while NGF~ cells were
not.

Discussion

PC1I2 cells have too few sodium channels to be excit-
able. Studies of TTX and STX binding to various excit-
able tissues have revealed a large variation in the density
of receptors. These range from several hundred per ym®
in the giant axons of Loligo to 25 to 30 per um® in small
nonmyelinated nerve fibers (Ritchie and Rogart, 1977).
In myelinated nerves, a high density of STX receptors is
found on the excitable nodes of Ranvier (12,000/um?),
while they are not detectable on the internodal axo-
lemma. Several lines of evidence suggest that there is
one receptor per sodium channel (Cuervo and Adelman,
1970; Narahashi, 1974; Keynes et al., 1975), and hence,
we can use the number of receptors as an estimate of the
number of sodium channels.

Hodgkin (1975) has proposed that, as the number of
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Figure 3. Scatchard plots of the specific (total — nonspecific)

binding of [*H]STX to PC12 cells. @, Data from the experiment

shown in Figure 2. W, Data from a similar experiment with

NGF-treated cultures. Note that STX binding sites are ex-

pressed per 10 cells for the NGF~ cells and per cell for the
NGF™ cells.

sodium channels increases in the membrane, two oppo-
site factors contribute to determine the conduction ve-
locity of a nerve impulse. As the number of channels
increases, the net inward current available to depolarize
the nerve increases. However, as the number of channels
increases, the amount of capacitance to be charged also
increases since the gating mechanism of the channel
involves the movement of intramembrane charged par-
ticles. Thus, a maximum is predicted in the relation
between sodium channel density and conduction velocity.
This maximum has been estimated to be around several
hundred channels per pm* (Hodgkin, 1975; Adrian, 1975).

The average density of receptors in NGF~ PC12 cells
is lower than that found thus far in any excitable mem-
brane. Since the membrane resistance of these cells is
not larger than that of other excitable cells and it is
unlikely that their capacitance is smaller, it seems that
the low density of Na* channels is sufficient to explain
the failure of electrical stimulation to generate action
potentials in these cells. Assuming that the single channel
conductance is similar to that in Na* channels in other
excitable membranes (i.e., around 10 pS), inward sodium
current would hardly be larger than the “leak” outward
current which tends to repolarize the membrane. For
example, at —10 mV where sodium current usually
reaches a maximum (due to the opposing influences of
the increased number of sodium channels that are acti-
vated upon depolarization and the driving force which
decreases as the Na' equilibrium potential is ap-
proached), the value for inward sodium current can be
calculated from the relationship:
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TABLE I
[PH]STX binding to PC12 cells
Saturation values were obtained from experiments using 13 nm [°"H]STX.

Specific Calculated
o Na* Action s [PHISTX STX Receptors Average
Culture Conditions P . n . per Cell Receptor
otential Binding + SE Densi
+ SE + ensity
+ SE
fmol/mg protein sites/pm’
Cells grown on collagen
—NGF - 4 26 £ 6 2,680 = 1,080 773 £22
+NGF + 3 223 + 26 53,861 £+ 7,509
Cells grown on collagen and passaged for 24 hr
onto polyornithine
—NGF - 3 47 £ 22 2,360 + 841 745 £ 29
+NGF + 3 422 + 100 44,670 = 1,002 51 +4
Cells grown in suspension and plated on polyor-
nithine for 4 to 5 hr
—~NGF - 2 338 2,066 + 614 5.75 = 0.66
+NGF + 2 150 = 35 27,953 + 2,896 x4

“1In each case, NGF* cells were exposed to NGF for at least 2 weeks prior to experimentation.

® n, number of experiments.

INa = gch'N‘f(V_ VNa)

where In, i1s the maximum sodium current at voltage, V;
& 1s the conductance for a single open channel; N is the
density of sodium channels in the membrane; V — Vy, is
the driving force; and f is the maximum fraction of
sodium channels open at that potential. The latter value
is derived from the product of the fraction of open
activation gates (0.8) at that V and the fraction of “not
closed” inactivation gates (0.4) at the time that the
current reaches a maximum (Hodgkin and Huxley,
1952).2 If Vna (the Na* equilibrium potential) = 50 mV,
at V=-10mV:

Ina = 10-107"2 S/channel X 8-10° channels/cm? X 0.32 X —60 mV
Ine = 154 ,uA/cm2

At the same potential, the leak current, I;, will be equal
to

I, = (V- Vi)/R = 50 mV/400 ohm cm? = 125 pA/cm?

? As first shown by Hodgkin and Huxley (1952), at a particular
depolarizing voltage, the sodium current is transient. The sodium
current first increases upon depolarization due to the opening of the
activation gates of the sodium channel and then declines due to the
closing of a second, slower process, the inactivation process. The
maximum fraction of sodium channels with open activation gates
increases with depolarization and is around 0 at —60 mV and about
100% at 10 mV. It is around 80% at —10 mV. Sodium currents were
plotted as a function of time from the numerical calculations of Hodgkin
and Huxley’s equations at —10 mV with and without inactivation. In
the presence of inactivation, the sodium current reaches a peak at 0.5
msec. In the absence of inactivation, the sodium current increases with
time and reaches a steady state value by 0.5 msec. The peak sodium
current observed in the presence of inactivation is about 40% of the
steady state current observed when inactivation is assumed to be
absent. Although some differences are to be expected between PC12
cells and squid axons, we believe that the value of the current will not
be significantly higher unless there were significant differences (i.e., the
single channel conductance in PC12 cells is much larger or the inacti-
vation is much slower).

if V7 (the “leak equilibrium potential”) = —60 mV and if
we assume an input resistance of 100 megohms and a
membrane area of 400 um? (as calculated for NGF~ cells).
The value for I, is even larger in most cells since input
resistance is usually lower than 100 megohms.

NGF and increased excitability. It has been shown
that the increased excitability of PC12 cells upon incu-
bation with NGF is not due to a difference in size
(O’Lague and Huttner, 1980), nor is it a simple conse-
quence of the presence of neurites (Dichter et al., 1977).
On the other hand, the results presented here demon-
strate an apparent 6- to 7-fold increase in the average
density of STX receptors on the membrane of PC12 cells
after incubation with NGF. This effect certainly could be
sufficient to explain the increased excitability of the PC12
cells. The average density of receptors after incubation
with NGF is similar to that observed by Catterall and
Morrow (1978) in excitable neuroblastoma cells (i.e., 78
sites/um?). It is also similar to that found in small non-
myelinated nerve fibers (i.e., 35/um” in garfish olfactory
nerves; Ritchie and Rogart, 1977). The calculations
shown above also support this possibility. While Iy, will
increase severalfold in NGF™ cells, due to the increase in
channel density, Iy, actually might be smaller after NGF
treatment due to the increase in membrane area and
similar input resistances.

We do not know yet how the presence of NGF results
in an increase in the number of STX receptors. The
increase could result from an increased synthesis of so-
dium channels or from the appropriate coupling of com-
ponents already present in the membrane. These are
open questions of great interest. Many effects of NGF
are suppressed by blocking RNA synthesis (Greene and
Tischler, 1981), and it will be of interest to determine if
the increased number of STX receptors also involves a
transcriptional step. It is important to note that the
increased excitability of PC12 cells in response to NGF
takes several days to develop (Dichter et al., 1977),
suggesting that slow metabolic processes are indeed in-
volved.
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Are the few receptors detected in these experiments
responsible for the effects of veratridine on PCI2 cells?
It has been demonstrated that veratridine stimulates the
release of endogenous catecholamine stores from PC12
cells (Greene and Rein, 1977). This led to the suggestion
that PC12 cells must contain at least some Na* channels.
Studies of veratridine-induced Na* fluxes in PC12 cells
(Stallcup, 1979) also demonstrated that the Na* flux in
these cells can be stimulated by veratridine and scorpion
venom and that these effects are blocked by TTX. An
obvious question is whether veratridine is acting on the
few channels detected by the STX binding experiments
or if, in addition to these, there are also channels which
are not excitable but are responsive to veratridine. If
these channels are much less sensitive to TTX and STX,
they would not be detected by our binding experiments.
Such channels have been described in a nonexcitable cell
line derived from a rat brain tumor (Romey et al., 1979)
and might be related to the “I'TX-insensitive” channels
observed in other tissues. Measurements of sodium fluxes
in PC12 cultures and of the TTX sensitivity of such
fluxes should help clarify if such channels exist in PC12
cells and should indicate what the effects of NGF on
these channels might be.

Distribution of STX receptors on the cell. As shown in
Table 1, cells from which neurites have been sheared
mechanically have fewer STX binding sites than those
with long processes. This suggests that sodium channels
are present both on the cell bodies and on the processes
of NGF-treated cells.
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