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Regulation of Voltage-gated lon Channels by NGF and Ciliary
Neurotrophic Factor in SK-N-SH Neuroblastoma Cells

Steven S. Lesser and Donald C. Lo

Department of Neurobiology, Duke University Medical Center, Durham, North Carolina 27710

Neurotrophic factors have powerful effects on neuronal dif-
ferentiation and the maintenance of neuronal phenotype, but
understanding of their regulation of one important aspect of
neuronal function, excitability, remains limited. We have ex-
amined the regulation of voltage-gated ion channels by two
unrelated neurotrophic factors, NGF and ciliary neurotrophic
factor (CNTF), in the SK-N-SH neuroblastoma cell line that
is responsive to both factors. NGF and CNTF have strikingly
different neuronal specificities and distributions in the ner-
vous system, and might be expected to have significantly
different effects on neuronal function. Using whole-cell, per-
forated-patch, and single-channel recording, we found that
treatment with NGF increased levels of voltage-gated so-
dium, calcium, and potassium currents. In contrast, CNTF
treatment increased levels of potassium currents only. NGF
and CNTF appeared to regulate the same delayed-rectifier
potassium current; in addition, NGF treatment resulted in
increased levels of a second potassium current component.
Such differential effects of neurotrophic factors on the ex-
pression of voltage-gated ion channels would have profound
effects on the excitability of target neurons in vivo.

[Key words: NGF, ciliary neurotrophic factor, sodium chan-
nels, calcium channels, potassium channels, neuroblasto-
ma, neurotrophic factors, patch clamping, ion channel reg-
ulation]

Patterns of expression of different neurotrophic factors in the
nervous system overlap significantly, yet these distributions are
unique for each factor (see, e.g., Maisonpierre et al., 1990). Since
neurotrophic factors, in turn, affect expression of genes impor-
tant for the function of differentiated neurons (for review, see
Heftietal., 1993), the differential regulation of particular aspects
of neuronal function by different neurotrophic factors may be
a means by which multiple cellular interactions control neuronal
phenotype. Properties such as excitability and synaptic trans-
mission, in particular, must be well regulated to match the func-
tion of a given neuron and its interactions with other neurons
in neural circuitry. In this context, we have studied how the two
unrelated neurotrophic factors, nerve growth factor (NGF) and
ciliary neurotrophic factor (CNTF), regulate voltage-gated ion
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channels in a neuronal cell line, SK-N-SH cells, that responds
to both factors.

NGF, the best-characterized neurotrophic factor, is now known
to be a member of a family of structurally and functionally
related neurotrophins, including brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and NT4/5 (for review,
see Chao, 1992b). In contrast, CNTF is a member of a struc-
turally related family of cytokines that have been termed “neu-
ropoietic” cytokines or “neurokines’ because of their effects on
neuronal cell differentiation and function (Saadat et al., 1989;
Bazan, 1991; Hall and Rao, 1992; Ip and Yancopoulos, 1992;
Manthorpe et al., 1993; Patterson and Nawa, 1993). The role
of CNTF in neuronal development and function is particularly
interesting as its a-receptor component is expressed in highly
localized regions throughout the CNS and PNS (Stockli et al.,
1989; Davis et al., 1991; Ip et al., 1993). Moreover, the receptor
complex for CNTF shares receptor components with the
interleukin-6 and leukemia inhibitory factor/cholinergic differ-
entiation factor (LIF/CDF) receptor complexes, suggesting over-
lapping action of these factors upon neurons expressing only a
limited number of receptor subunits. In fact, two of the subunits
in the trimeric CNTF receptor complex can form functional
receptors for LIF/CDF (Ip et al., 1992, 1993; Davis and Yan-
copoulos, 1993; Davis et al., 1993a,b). In contrast to high-af-
finity neurotrophin receptors, which include members of the trk
family of receptor tyrosine kinases, the receptor complex for
CNTF does not have any known catalytic activity and most
likely interacts with cytoplasmic signaling molecules including
the Jak-Tyk family of nonreceptor tyrosine kinases (Ip and Yan-
copoulos, 1992; Stahl and Yancopoulos, 1993; Stahl et al., 1994).
Thus, the initial steps of signal transduction for NGF and CNTF
are quite distinct. Together with their differing neuronal spec-
ificities (see, e.g., Chao, 1992a,b; Ip et al., 1993; Lindsay et al.,
1994), this suggests that these two classes of neurotrophic factors
may have very different effects on fundamental neuronal prop-
erties such as excitability.

We report here that voltage-gated ion channels are differen-
tially regulated by NGF and CNTF in the neuronal cell line SK-
N-SH. These cells were originally derived from a human neu-
roblastoma of presumed sympathetic origin (Biedler et al., 1973,
1978). SK-N-SH cells and subcloned derivatives such as SH-
SYS5Y cells have been studied extensively as models for neuronal
differentiation, which can be induced by phorbol esters and
retinoic acid (RA; Pahlman et al., 1990; Morton et al., 1992);
the actions of these differentiative agents are, in fact, reminiscent
of those of neurotrophic factors (for review, see Pahlman et al.,
1990). Using whole-cell and perforated-patch recording, we found
that NGF regulates levels of voltage-gated sodium, calcium, and
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Figure 1. NGF treatment increases sodium and calcium currents in SK-N-SH cells. A, Representative whole-cell sodium currents showing increased
expression of sodium currents (bottom) compared to control currents (top) induced by treatment with NGF. Cells were held at —70 mV and whole-
cell currents elicited by depolarizing voltage steps to —50 to +20 mV in 10 mV increments following a 3.2 msec prepulse to — 120 mV. Recordings
were made with Cs* in the patch pipette to block potassium currents; data were sampled at 10 kHz. B, Peak current—voltage relations for the traces
in 4, showing that NGF-induced sodium currents exhibited similar voltage dependence of activation to those expressed in control cells. C,
Representative whole-cell calcium currents showing increased expression of calcium currents (bottom) compared to control currents (top) induced
by treatment with NGF. At this time scale, calcium currents appear as sustained currents that do not inactivate appreciably during the. depolarizing
pulse, while sodium currents inactivate within 5 msec and are truncated in this figure for clarity. Cells were held at — 70 mV and whole-cell currents
were elicited by depolarizing voltage steps to —50 to +40 mV in 10 mV increments following a 16 msec prepulse to — 120 mV; data were sampled
at 2 kHz. D, Steady-state current—voltage relations for the traces shown in C measured 60 msec after the beginning of the voltage step.

potassium currents, but that CNTF regulates potassium current
levels only. A common delayed-rectifier type potassium current
appears to be regulated by both NGF and CNTF, representing
the first description, to our knowledge, of the regulation of po-
tassium currents by individual trophic factors. Finally, using
single-channel recording techniques, we identified a potassium
channel species that may underlie this delayed-rectifier current.

Materials and Methods

Cell culture. SK-N-SH human neuroblastoma cells (ATCC) were grown
at 37°C under 5% CO, in RPMI medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin-streptomycin, and 2 mm L-gluta-
mine in plastic culture flasks (Corning); all media components were
purchased from GIBCO-Bethesda Research Labs. Cells to be used in
electrophysiological studies were plated onto 35 mm petri dishes (Corn-
ing) and factors were added to a final concentration of 100 ng/ml for
NGF (Collaborative Biochemical), brain-derived neurotrophic factor
(BDNF), and CNTF (generously provided by Regeneron Pharmaceu-
ticals, Inc.); RA was added to 30 um and TPA to 20 nm (Sigma). Cells
were plated at least 3 d prior to electrophysiological recording; cultures
were fed with fresh medium and factors on day 4 after plating. Since
there were no significant differences in whole-cell sodium, calcium, and
potassium currents after day 3, all recordings made after this time were
included in our final analysis.

Electrophysiology. Data included in this study were recorded from
over 300 cells. Patch electrodes were pulled from borosilicate micro-
capillary tubes (Drummond), coated with Sylgard elastomer (Dow Corn-
ing), and fire-polished. The final resistance of patch electrodes was reg-
ularly between 1.5-2.5 MQ. Whole-cell and outside-out single-channel
recordings were made using standard techniques (Hamill et al., 1981),
using an Axopatch 1-D patch-clamp amplifier (Axon Instruments). Soft-
ware written in-house in Visual Basic (Microsoft; with hardware drivers
written by INDEC Corp.) was used to acquire data via an optically
isolated A/D converter (INDEC). Data were subsequently analyzed us-
ing software written in-house and oriGIN (MicroCal Software). Series
resistance and whole-cell capacitance were compensated manually on
the patch clamp with subsequent digital leak subtraction. Series resis-

tance was typically <10 MQ and whole-cell capacitance was between 8
and 14 pF. Since the addition of NGF and CNTF did not significantly
change cell capacitance, and cell capacitance did not appear to correlate
with the magnitude of ionic currents, data are presented here as absolute
currents (see Results). Single delayed-rectifier channel currents were
recorded from outside-out patches; single-channel conductances were
estimated by linear least-squares fits to current—voltage relations con-
structed from unitary current amplitudes measured between —30 and
+50 mV. Data were recorded at sample intervals of 100 or 500 usec,
and filtered at 5 kHz for whole-cell recordings and 2 kHz for single-
channel recordings.

Sodium and calcium currents were recorded using a saline containing
(in mm) 130 NaCl, 2 MgCl,, 10 CaCl,, and 10 HEPES (pH 7.4). An
internal cesium solution was used to block potassium currents, con-
taining (in mm) 128 CsCl, 2 MgCl,, 1 CaCl,, 11 EGTA, and 5 HEPES
(pH 7.2 with CsOH). Sodium and calcium currents could be distin-
guished unambiguously by their kinetics: sodium channels peaked and
then rapidly inactivated within 5 msec of the start of stimulation, while
calcium currents increased over 15-20 msec and did not inactivate
substantially over 100 msec; moreover, sodium current magnitudes
were generally several times those of calcium currents. Thus, close es-
timates for peak sodium and calcium currents could be made from the
same sets of traces. We verified the accuracy of calcium current mea-
surements by using prepulse voltage-inactivation paradigms and 4 um
TTX to block sodium currents. A portion of the cells included in the
sodium and calcium channel study were examined by a perforated-patch
recording (Horn and Marty, 1988); for these recordings amphotericin
B (Sigma) was added to the internal solution to a final concentration of
0.24 mg/ml. Series resistance for these cells was consistently between
10 and 30 MQ, and recordings typically reflected good voltage clamping.
In most cases, perforated-patch recordings were subsequently “blown
out” into the whole-cell recording configuration to confirm the accuracy
of recordings. Since we did not observe significant differences between
peak sodium and calcium currents measured with the perforated-patch
technique compared to whole-cell recording, measurements made using
perforated-patch recording were included in our analysis.

Potassium currents were examined using a sodium-free N- methyl-
glucamine (NMG) external solution containing (in mm) 145 NMG, 2.8
KCl, 2 MgCl,, 2 CaCl,, and 10 HEPES (pH 7.4). For these recordings,
the internal solution contained (in mm) 140 KCl, 2 MgCl,, 1 CaCl,, 11



EGTA, and 5 HEPES (pH 7.2). Different stimulation paradigms and
the pharmacological blockers tetraethylammonium chloride (TEA) and
4-aminopyridine (4-AP; Sigma) were used to separate potassium current
components (see Results).

Results

Induction of sodium currents

Treatment with NGF (100 ng/ml) led to significant increases in
the magnitude of sodium currents expressed in SK-N-SH cells
(2.2-fold on average, p < 5 x 10-8 by ANOVA, n = 40; Figs.
14, 24). In contrast, CNTF treatment did not increase sodium
current levels (p > 0.15; Fig. 24). The induction of sodium
currents by NGF appeared to be specific among neurotrophins,
as treatment with the related neurotrophin brain-derived neu-
rotrophic factor (BDNF) did not result in significant changes in
sodium current levels (p > 0.8; Fig. 24). NGF addition in-
creased sodium current levels after 2 d, but its effects became
most pronounced after 3—4 d of treatment. Treatment with both
CNTF and NGF (100 ng/ml of each factor) increased sodium
currents to levels indistinguishable from those induced by NGF
alone (p > 0.55). Sodium currents expressed in SK-N-SH cells
exhibited fast activation and fast inactivation typical of mam-
malian neurons, rising to peak and inactivating completely with-
in 5 msec (Fig. 14). Activation of sodium currents for both
control cells and cells treated with NGF first appeared after
voltage steps to —20 mV from a — 120 mV prepulse, with peak
currents activated by steps to between + 10 and +20 mV. Over-
all, both control and NGF-treated cells exhibited similar cur-
rent—voltage relationships (Fig. 14, B). Increased sodium current
in NGF-treated cells was not associated with changes in cell
capacitance (C,), as we did not observe significant differences
among cells in control, NGF-treated, and CNTF-treated groups:
C,=14.0 = 3.9 (mean + SD) for NGF-treated cells, n = 11;
C,, = 11.0 £ 4.0 for control cells, n = 16; and C,, = 9.1 = 2.5
for CNTF-treated cells, n = 7. Since no significant changes in
cell capacitance were observed in any experimental group, the
changes in ionic current levels reported here reflect changes in
current density; thus, for simplicity, we have presented the data
in terms of absolute current levels.

Treatments with the phorbol ester 12-O-tetradecanoylphor-
bol-13-acetate (TPA) and retinoic acid (RA) were also examined
for effects on ionic current levels in SK-N-SH cells. Although
both TPA and RA regulate the expression of proteins important
for neuronal function (e.g., neurotransmitter synthesis; see Pahl-
man et al., 1990), only TPA had a significant effect on current
expression in the SK-N-SH cells, leading to increases in sodium
currents that were smaller than those induced by NGF (1.5-
fold, p < 0.05; Fig. 24). The kinetic properties and voltage-
dependence of sodium currents in TPA-treated cells were in-
distinguishable from currents in control and NGF-treated cells.
Treatment with RA did not lead to significant changes in peak
sodium current (p > 0.55; Fig. 2).

Induction of calcium currents

Single sets of current recordings afforded measurements of both
sodium and calcium channel currents in the same cells because
these currents have very different kinetics. Sodium channels
activate and inactivate rapidly and completely within 5 msec
(Fig. 14), while the predominant calcium currents in SK-N-SH
cells activate more slowly and inactivate only minimally over
tens of milliseconds; consequently, little calcium current is ac-
tivated by the time of peak for sodium currents (Fig. 1C). More-
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Figure2. Induction of sodium and calcium currents by NGF and TPA.
A, NGF and TPA treatment significantly increased sodium currents,
while treatment with CNTF, BDNF, and RA had no significant effect;
bars represent mean peak sodium currents + SEM (Control, n = 38;
NGF, n= 47, CNTF, n = 23, NGF and CNTF, n = 22; BDNF, n = 16;
RA, n = 12; TPA, n = 14). Sodium currents in cells treated with both
NGF and CNTF were not significantly different from those treated with
NGF alone. B, NGF and TPA treatment also significantly increased
calcium currents, while CNTF, BDNF, and RA treatments had no sig-
nificant effect; bars represent mean calcium current measured 60 msec
after depolarization + SEM. (Control, n = 36; NGF, n = 47, CNTF, n
= 24; NGF and CNTF, n = 22, BDNF, n= 15 R4, n=12; TPA, n =
14). Calcium currents in cells that were treated with both NGF and
CNTF were not significantly different from those treated with NGF
alone.

over, peak sodium current levels were generally much larger
than peak calcium current levels. Thus, we could measure peak
amplitudes for both sodium and calcium currents with sufficient
accuracy for this study by measuring current levels at different
times after depolarization (at <2 msec for sodium currents and
60 msec after the beginning of the voltage step for the data
presented below). We confirmed the accuracy of our calcium
current measurements by comparing them to those taken after
pharmacological block of sodium currents by TTX (data not
shown).

Calcium current levels increased by 7.2-fold in SK-N-SH cells
after treatment with NGF (p < 5 x 103 by ANOVA, n = 47).
Increases in calcium current could be observed as early as 2 d
after addition of NGF, but became more pronounced after day
4 of treatment (Figs. 1C,D; 2B). Induced calcium currents were
predominately high threshold and noninactivating [high-volt-
age-activated (HVA) type; Fig. 1C, D], with only modest increases
in low-threshold, transient calcium currents [low-voltage-acti-
vated (LVA) type]. Although the calcium currents reported here
contained both of these classes of calcium currents, the majority
of the calcium current measured was carried by an HVA-type
current; we have therefore focused this study on the HVA cal-
cium current component. While all control cells had measurable
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Figure 3. Both NGF and CNTF increase potassium currents. 4, Representative whole-cell potassium currents recorded from control, NGF-, and
CNTF-treated cells as indicated, before (top) and after block by 5 mm TEA (bottom). Currents in NGF-treated cells contained a small component
that was TEA insensitive, while currents in control and CNTF-treated cells were blocked completely by TEA. Potassium currents were elicited by
depolarizing voltage steps to —50 to +20 mV in 10 mV increments following a 16 msec prepulse to —120 mV; holding potential was —70 mV.
Sodium and calcium currents were minimized by using a sodium-free, low-calcium external solution. B, Current—voltage relations from the traces
shown in 4. An additional potassium current component induced by NGF appears as a “bump” in the current-voltage curve between —20 and 0

mV that is more apparent after TEA block.

sodium currents, most control cells had negligible calcium cur-
rents (58% with less than 5 pA of peak calcium current; e.g.,
see Fig. 1C); peak calcium currents in control cells never ex-
ceeded 50 pA. In contrast, only a small proportion of NGF-
treated cells did not have measurable calcium currents (< 15%),
with the majority exhibiting currents exceeding 50 pA (57%;
e.g., see Fig. 1C). Neither BDNF nor CNTF affected calcium
current levels (p > 0.1 and p > 0.6, respectively; Fig. 2B).
Addition of CNTF and NGF in combination resulted in calcium
current levels indistinguishable from those induced by treatment
with NGF alone (p > 0.6; Fig. 2B). As in the case for sodium
channels, TPA-treated cells showed modest increases in calcium
current levels that were smaller than those induced by NGF (p
< 0.001), while RA treatment had no significant effect (p >
0.05; Fig. 2B).

To determine if calcium channel washout (Byerly and Hagi-
wara, 1982) was affecting our current measurements, we €x-
amined 45 cells using perforated-patch recording (Horn and
Marty, 1988). Perforated patches are permeable to monovalent
cations and chloride ions but not to divalent ions and cellular
macromolecules; perforated-patch recording can thus protect
against calcium channel washout by minimizing dialysis of mol-
ecules important for maintaining calcium channel activity. Most
of these cells were subsequently “blown out™ into the whole cell
recording configuration to allow comparisons between perfo-
rated-patch and whole-cell recordings in the same cells. These
measurements confirmed that the time course for calcium wash-
out was slow compared to the duration of our recordings, and
that washout did not result in significant underestimation of
calcium current levels. Additionally, we did not find any evi-

dence that calcium current washout occurred at different rates
in different experimental groups, arguing against the possibility
that the larger calcium currents in NGF- and TPA-treated cells
reflected slower, less-significant washout of calcium currents.

Porassium channel regulation

In contrast to sodium and calcium currents, potassium current
levels were increased by both NGF and CNTF in SK-N-SH cells
(Figs. 3, 4). Control cells exhibited potassium currents that were
first activated by voltage steps to between —10 and 0 mV and
exhibited linear current-voltage relationships at voltages above
+20 mV, suggesting maximal activation after this point (Fig.
3). These potassium currents activated with kinetics that were
well fitted by single exponential functions did not appear to
inactivate appreciably over 100 msec, and were blocked com-
pletely by 5 mm tetraethylammonium (TEA; Fig. 3) and by 1
mm 4-aminopyridine (4-AP; data not shown). Thus, potassium
currents in untreated cells appeared to be predominately of a
single, delayed-rectifier type.

The principal effect of CNTF appeared to be the enhancement
of this potassium current already expressed at basal levels by
control cells (by 2.1-fold at +20 mV, p < 0.005 by ANOVA,
n = 31; Figs. 3, 4). Potassium currents in CNTF-treated cells
exhibited similar current-voltage relations and activation ki-
netics well fitted by single exponentials, and were blocked com-
pletely by 5 mm TEA (Fig. 3) and 1 mm 4-AP (data not shown).
Potassium currents were also increased in NGF-treated cells (by
2.8-fold at +20 mV, p < § x 10-¢, n = 36) but contained an
extra current component not seen in CNTF-treated or control
cells. This current component was first activated by voltage steps
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Figure 4. Differential induction of potassium currents by NGF and
CNTF. Bars represent mean plateau potassium currents + SEM mea-
sured after depolarizing steps to —10, +20, and +65 mV (Control, n
= 35; NGF, n = 36, CNTF, n = 31, NGF and CNTF, n = 9). NGF
treatment significantly increased potassium currents at all voltages shown,
while CNTF treatment increased currents significantly only at -+20 and
+65 mV.

to between —30 and —20 mV, some 20 mV below threshold
for activation for potassium currents in CNTF-treated and con-
trol cells, and can be seen as a “bump” in current-voltage re-
lations between —20 and 0 mV (Fig. 3B). This extra component
is apparent in the population of NGF-treated cells as a selective
increase in current elicited by voltage steps to — 10 mV (Fig. 4).
Finally, this additional current component was blocked by 1
mM 4-AP (data not shown) but not by 5 mm TEA (Fig. 3).
Potassium currents in cells treated with both CNTF and NGF
did not appear to differ from those in cells treated by NGF alone
(p > 0.7).

The TEA-insensitive current exhibited faster activation ki-
netics, showed no signs of inactivation over 100 msec (Fig. 34),
and quantitatively accounted for the “bump” in current—voltage
relations for NGF-treated cells. When current—-voltage relation-
ships were normalized for control, CNTF-treated, and NGF-
treated cells (n > 30 for each group), normalized values super-
imposed at every voltage for control and CNTF-treated cells
(Fig. 5). However, normalized current-voltage curves were dif-
ferent for NGF-treated cells at membrane potentials between
—20 and 0 mV, confirming that the extra component in NGF-
treated cells did not arise simply from larger overall currents.
Furthermore, when the TEA-insensitive current component was
subtracted from traces recorded from NGF-treated cells (e.g.,
see Fig. 6 B) the normalized current—voltage relationships of the
remaining currents became indistinguishable from those for
CNTF-treated and control cells (Fig. 5).

The activation of potassium currents in cells of every exper-
imental group was well fitted by a single exponential function,
suggesting that the majority of the potassium current in each
case could be carried by a single type of potassium channel.
Moreover, time constants for activation at +20 mV were in-
distinguishable among NGF-treated cells, CNTF-treated cells,
and cells treated with both NGF and CNTF; all were slightly
lower than time constants measured for control cells (p < 0.05;
Fig. 6A4). The voltage dependence of activation was also indis-
tinguishable among CNTF-treated, NGF-treated, and control
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Figure 5. NGF induces an additional potassium current component.
Current—voltage relations for potassium currents in control, NGF-, and
CNTF-treated cells were normalized to current levels at +20 mV; mean
current levels + SEM were then calculated and plotted (n > 33 for each
group; symbols without error bars reflect standard errors smaller than
symbol size). Normalized current-voltage relations for control and
CNTPF-treated cells superimpose, while that for total current in NGF-
treated cells diverges between —20 and 0 mV. After subtraction of the
TEA-insensitive component, the normalized current-voltage relation
for NGF-treated cells also superimposes (n = 8), indicating that the
TEA-Insensitive component can quantitatively account for the “bump”
in current—voltage relations for potassium currents in NGF-treated cells.

cells: activation rates increased by e-fold per 20.2, 20.0, and
19.1 mV, respectively (Fig. 7). Since we knew that currents in
NGF-treated cells contained a small, TEA-insensitive compo-
nent, we confirmed that our measurements of the time constants
of activation were not significantly contaminated by measuring
rise times before and after subtraction of the TEA-insensitive
component (Fig. 6B). Although the activation of the TEA-in-
sensitive current component was somewhat faster, it did not
appear to contribute significantly to exponential fitting of rise
times for the overall potassium current in NGF-treated cells.

Single potassium channel currents

Several potassium channel types were seen in outside-out patch
recordings taken from these cells, but one channel type predom-
inated in patches taken from cells in all experimental groups,
and was absent in only two patches out of 19 analyzed in this
study (Fig. 84). This channel had a single-channel conductance
of 18.6 pS, was sensitive to block by TEA, and exhibited acti-
vation rates, open durations, and a voltage dependence of ac-
tivation kinetics consistent with it being a delayed-rectifier po-
tassium channel (Hoshi and Aldrich, 1988; Paulmichl et al.,
1991). Summation of multiple single-channel records yielded
cumulative currents whose activation kinetics were fitted well
by single exponential functions. Such cumulative currents re-
corded from outside-out patches taken from cells in the different
experimental groups were indistinguishable in kinetics; for clar-
ity, activation time constants measured from these patches at
various potentials were pooled and plotted in Figure 8B. As a
group, the activation kinetics of these channels exhibited simple
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Figure 6. Potassium currents in NGF-
and CNTF-treated cells have similar
activation kinetics. 4, Potassium cur-
rents elicited by depolarizing steps to A
+20 mV in the four experimental groups
indicated were fitted by single expo-
nentials visually followed by minimiz-
ing x2 deviation. Bars represent average
time constants for best fits + SEM
(Control, n = 18; NGF, n = 24; CNTF,
n=25; NGF and CNTF, n = 9). Time
constants for activation were similar for
potassium currents in cells treated with
NGF, CNTF, and NGF + CNTF, but

somewhat slower for currents in control
cells. B: Top, Representative traces
showing total potassium current in an
NGF-treated cell (@), residual current 64
after block by 5 mm TEA (b), and sub-
tracted current (a — b) representing the
TEA-sensitive current component (¢).
Best single-exponential fits are super-
imposed over each trace. Bottom, Mea-
surements of activation kinetics were
not altered significantly after subtrac- 2
tion of the TEA-insensitive component
in NGF-treated cells. Bars represent av-
erage time constants for best fits + SEM
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exponential dependence on voltage that was identical to that
measured for whole-cell recordings (e-fold per 20.0 mV; Fig.
8B). However, activation time constants were faster than those
for whole-cell currents at every potential tested (see Discussion).
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Figure 7. Voltage dependence of potassium current activation. Acti-
vation time constants for best fits to whole-cell potassium currents in
control, NGF-, and CNTF-treated cells (see Fig. 6B) are plotted against
membrane potential. Voltage dependencies were determined by appar-
ent linear least-squares fits to points on the semilogarithmic plot, shown
superimposed; these were e-fold per 19.1 mV for control cells, e-fold
per 20.0 mV for NGF-treated cells, and e-fold per 20.2 mV for CNTF-
treated cells.
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Discussion

Neuronal excitability is acquired progressively during devel-
opment and adjusted throughout maturity by processes that are
strongly regulated by extracellular signals such as NGF (for re-
view, see Spitzer, 1991). These signals may also include other
neurotrophic factors such as the other members of the NGF
family of neurotrophins and the unrelated factor ciliary neu-
rotrophic factor (CNTF). Moreover, because neurotrophic fac-
tors and their receptors continue to be expressed in the adult
and are regulated by neuronal activity (Gall and Isackson, 1989;
Zafra et al., 1990; Ernfors et al., 1991; Isackson et al., 1991;
Birren et al., 1992; Patterson et al., 1992), trophic interactions
may be important for neural functions beyond those established
during development including, perhaps, mediation of some forms
of long-term plasticity (Lo, 1992). Indeed, strong support for
the regulation of synaptic transmission by neurotrophic factors
has been recently provided by Lohof et al. (1993), who found
that spontaneous neuromuscular transmission in developing
synapses was potentiated by BDNF and NT-3, but not NGF.
One approach toward understanding the nature of these neu-
rotrophic interactions both in development and in maturity is
to determine how molecular elements of excitability and syn-
aptic transmission such as ion channels are regulated by different
neurotrophic factor systems. In particular, different neurotroph-
ic factor families such as those typified by NGF and CNTF
might be expected to have both parallel and opposing effects on
neuronal excitability. SK-N-SH cells, a human neuroblastoma
of presumed sympathetic origin that has been used as a model
for neuronal differentiation, provide an ideal experimental sys-
tem in which to study the effects of NGF and CNTF (Biedler
et al., 1973; Squinto et al., 1990). Although this cell line has
been shown to respond to both factors, the functional impor-
tance of neurotrophic action on SK-N-SH cells remains largely
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Figure 8. A delayed-rectifier type po-
tassium channel that shows voltage de-
pendence of activation kinetics identi-
cal to that for whole-cell potassium
currents in control, NGF-, and CNTF-
treated cells. A: Top, Representative
single-channel currents from an out-
side-out patch taken from an NGF-
treated cell. Channel activity was elic-
ited by a depolarizing step to +20 mV
from a holding potential of —70 mV;
data were recorded at a 500 usec sample
interval and filtered at 2 kHz. Bottom,
Such currents were summed, and the
resulting cumulative current fitted with
a single exponential, shown superim-
posed. B, Average time constants +
SEM for best exponential fits plotted
against voltage. Activation time con-
stants were pooled from best fits to cu-
mulative currents from six outside-out
patches taken from cells in different ex-
perimental groups (see Results); points
at +30, +40, and +50 mV were taken
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uncharacterized. PC12 cells, on the other hand, have been used
extensively as a model system in which to elucidate the biolog-
ical actions of NGF (Greene and Tischler, 1976; for review, see
Halegoua et al., 1991), including its induction of voltage-gated
sodium and calcium channel expression (see, e.g., Garber et al.,
1989; Pollack et al., 1990; Usowicz et al., 1990). However, PC12
cells are not responsive to other neurotrophic factors such as
CNTF.

We have shown in the present study that SK-N-SH cells have
markedly different responses to NGF and CNTF in terms of
the voltage-gated ion channels they regulate. While NGF in-
creased both sodium and calcium current levels in SK-N-SH
cells, CNTF did not. Both NGF and CNTF, however, increased
levels of a delayed-rectifier type potassium current; additionally,
NGF-treated cells also exhibited a second, smaller current com-
ponent that was TEA insensitive. The delayed-rectifier type cur-
rent may represent a common potassium current that is ex-
pressed basally in untreated SK-N-SH cells, induced by CNTF,
and the principal target of induction by NGF. This possibility
is supported by the following: (1) activation kinetics of whole-
cell potassium currents from all groups were fitted well by single
exponential functions and were indistinguishable both in rates
and voltage dependence, and (2) treatment with both NGF and
CNTF did not induce expression of potassium currents to levels
higher than those induced by NGF alone. Thus, our experiments
are consistent with the idea that CNTF and NGF signal trans-
duction pathways converge on the same target potassium cur-
rent, but further experiments using single-channel recording and
molecular approaches will be necessary to confirm this possi-
bility.

In this context, we studied the single potassium channels that
are expressed in SK-N-SH cells, both before and after treatment
with NGF and CNTF. Since macroscopic potassium currents
in all groups were dominated by an apparently common de-

10 20 30 40 50 from single patches. Voltage depen-

dence of activation was e-fold per 20.0
mV,

layed-rectifier current with indistinguishable voltage depen-
dence and kinetics, it would be expected that patches would
similarly be dominated by a single delayed-rectifier type potas-
sium channel. While we observed several distinct voltage-gated
potassium channels in outside-out patches taken from these
cells, a single type of potassium channel with the characteristics
of delayed-rectifier potassium channels was, in fact, observed
in nearly all patches from all experimental groups (Fig. 8). This
channel exhibited a voltage dependence of activation that was
identical to those for whole-cell currents, and is thus a candidate
for the potassium channel species regulated by NGF and CNTF
and provides further evidence that the same ion channel species
is being regulated by both factors. However, the kinetics of
activation of this channel were somewhat faster than those for
macroscopic currents at every voltage tested (compare Figs. 7,
8B). Further study will be required to determine whether this
discrepancy arises as a consequence of patch excision, or that
this channel is not the principal one underlying the regulated
macroscopic potassium currents.

The possible convergence of NGF and CNTF signaling path-
ways on the regulation of a single, delayed-rectifier potassium
channel is of particular interest because the initial steps of signal
transduction for the two factors are distinct. Most notably, the
receptor complex for NGF contains a receptor tyrosine kinase
(the trk receptor; Chao, 1992a,b), while the receptor for CNTF
acts through cytoplasmic tyrosine kinases including JAK (Stahl
and Yancopoulos, 1993; Stahl et al., 1994). Overlap in these
signaling pathways could well occur at subsequent steps; for
example, both the NGF and CNTF transduction pathways in-
volve activation of p21 ras (Borasio et al., 1993).

The current-voltage relation for the additional potassium cur-
rent component induced by NGF and the insensitivity of this
current to TEA block were consistent with it being carried by
a small-conductance Ca?+-activated potassium channel (Hille,
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1992). Our experiments did not directly address whether this
current was specifically induced by NGF or that its expression
was latent and only activated in NGF-treated cells because of
their greatly increased calcium currents. Although not measur-
able by whole-cell recording, some residual calcium entry may
still have occurred in the solutions we used for potassium current
recording (low external calcium, EGTA in the pipette); this re-
sidual calcium current should be larger in NGF-treated cells. In
support of this, the TEA-insensitive current was blocked by
extracellular addition of 1 mM cobalt (which should block cal-
crum currents) and was inactivated by a holding potential of
—30 mV (which should inactivate LVA calcium channels).

In PC12 cells, the induction of sodium currents by NGF has
been directly tied to transcriptional regulation of the brain type
II sodium channel gene (Cooperman et al., 1987; Mandel et al.,
1988; Kraner et al., 1992), and occurs over the time course of
3-5 d (see, e.g., Garber et al., 1989; Pollack et al., 1990; Lesser
and Lo, unpublished observations). As the induction by NGF
and CNTF of sodium, calcium, and potassium currents in SK-
N-SH cells occurred with a similar time course, we surmise that
these events, by analogy, also arise from changes in gene ex-
pression. Consistent with this, acute application of NGF and
CNTF to SK-N-SH cells under perforated-patch recording had
no significant effect on voltage-gated ionic current levels over
the time course of ~1 hr (n = 15). However, our data do not
exclude the possibility that the changes we observe reflect long-
term posttranslational modifications of existing channel pro-
teins.

Regardless of their molecular basis, similar changes in neu-
ronal ionic currents in vivo would have profound effects on
neuronal activity. The differential regulation of sodium, calci-
um, and potassium currents by NGF and CNTF is particularly
interesting as such regulation in neurons would greatly affect
action potential shape, firing frequency, and synaptic transmis-
sion in both parallel and opposing ways (see, e.g., Thompson
and Aldrich, 1980; Chalazonitis et al., 1987; Augustine, 1990,
Hille, 1992; Lockery and Spitzer, 1992). Increased potassium
current densities have been observed during early development
of hippocampal granule cells (Beck et al., 1992), Xenopus spinal
neurons (Desarmenien et al., 1993), as well as in developing
sympathetic neurons (Nerbonne and Gurney, 1989; McFarlane
and Cooper, 1992). Interestingly, relatively high expression lev-
els of CNTF, NGF, and their receptors have been localized in
these areas (Maisonpierre et al., 1990; Squinto et al., 1990;
Dobrea et al., 1992). The somewhat faster activation kinetics
of the delayed-rectifier type potassium current in NGF- and
CNTF-treated cells (Fig. 6) is, in fact, strikingly similar to that
observed for delayed-rectifier currents during the maturation of
Xenopus spinal neurons, which depends on extracellular calcium
and protein kinase C (Desarmenien and Spitzer, 1991).

McFarlane and Cooper (1993) have investigated the impor-
tance of factors produced by non-neuronal cells that may be
involved in the regulation of potassium currents in developing
sympathetic neurons from superior cervical ganglia (SCG); they
have shown that CNTF and non-neuronal cell-conditioned me-
dium have effects on the regulation of potassium currents in
primary-cultured SCG neurons. However, because their culture
medium also contained NGF, their results appear to suggest
that the addition of NGF and CNTF in combination has qual-
itatively different effects on potassium current regulation com-
pared to the addition of NGF alone. In contrast, our experiments
show that the addition of both NGF and CNTF to SK-N-SH

cells led to increases in potassium currents that were indistin-
guishable from those resulting from addition of NGF alone.
This disparity underscores the importance of cellular context in
the nature of responses to inductive signals. For example, in
our hands NGF induces sodium and calcium currents but not
potassium currents in PC12 cells, while we have shown that all
three classes of voltage-gated ion channels are regulated by NGF
in SK-N-SH cells.
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