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ABSTRACT The neurotrophins are signaling factors that
are essential for survival and differentiation of distinct neu-
ronal populations during the development and regeneration of
the nervous system. The long-term effects of neurotrophins
have been studied in detail, but little is known about their
acute effects on neuronal activity. Here we use permeabilized
whole-cell patch clamp to demonstrate that neurotrophin-3
(NT-3) and nerve growth factor activate calcium-dependent,
paxilline-sensitive potassium channels (BK channels) in cor-
tical neurons. Application of NT-3 or nerve growth factor
produced a rapid and gradual rise in BK current that was
sustained for 30-50 min; brain-derived neurotrophic factor,
ciliary neurotrophic factor, and insulin-like growth factor-1
had no significant effect. The response to NT-3 was blocked by
inhibitors of protein kinases, phospholipase C, and serine/
threonine protein phosphatase 1 and 2a. Omission of Ca?*
from the extracellular medium prevented the NT-3 effect. Our
results indicate that NT-3 stimulates BK channel activity in
cortical neurons through a signaling pathway that involves
Trk tyrosine kinase, phospholipase C, and protein dephos-
phorylation and is calcium-dependent. Activation of BK chan-
nels may be a major mechanism by which neurotrophins
acutely regulate neuronal activity.

The neurotrophins are a family of neurotrophic factors, in-
cluding nerve growth factor (NGF), brain-derived neurotro-
phic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin
4/5, that play an important role in the development and
regeneration of the peripheral and central nervous system (1,
2). The functions of neurotrophins on distinct neuronal pop-
ulations in developing and adult brain are mediated by the
cellular expression of the Trk family of tyrosine kinase recep-
tors (3). The expression of NGF, BDNF, and NT-3 in neurons
is controlled by excitatory and inhibitory neurotransmitter
systems (4-6), which suggests that neurotrophins may also
participate in the regulation of neuronal activity in the nervous
system. Acute exposure to BDNF and NT-3 rapidly enhance
synaptic transmission at developing neuromuscular synapses
from Xenopus in culture, hippocampal slices from adult rat
brain, and fetal rat hippocampal cultures (7-10). Furthermore,
the application of NT-3 potentiates neuronal activity in em-
bryonic cortical neurons (11). Because Ca?*-activated K*
channels (BK channels) contribute to spike repolarization and
after-hyperpolarization of neurons (12-13) and may modulate
transmitter release in some neurons (14-15), we decided to
investigate whether neurotrophins regulate the activity of BK
channels in primary cultures of embryonic cortical neurons
using whole-cell patch clamp. Previous studies have shown that
agonists such as somatostatin, natriuretic peptide, prolactin,
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and secreted Alzheimer B-amyloid precursor protein (SAPP)
stimulate BK channels in a diversity of cell types (16-19).
These effects may involve protein phosphorylation or dephos-
phorylation as BK channels are modulated by protein kinases
and phosphatases (20, 21). We report here that NT-3 and NGF
produced a rapid rise in BK current that was sustained for
30-50 min after removal of the neurotrophin. The response
involves activation of Trk tyrosine kinase, phospholipase C
(PLC), protein phosphatase 1 or 2a, and the presence of Ca?™.
These results indicate a previously unreported role of neuro-
trophins in modulation of BK channels that may be involved in
regulating neuronal activity.

EXPERIMENTAL PROCEDURES

Cell Culture. Neuronal cell cultures were prepared from
brains of mouse embryo E17 as described by Drejer et al. (22).
Forebrain and cortex were removed, freed from meninges,
trituated, and trypsinized. Dissociated cells were cultured in
high potassium DMEM with N2 supplement (GIBCO) on
poly-D-lysine-coated coverslips and used for experiments after
5-8 days. Medium-sized bipolar or tripolar neurons were
selected for the patch-clamp recordings.

Chemicals. All neurotrophic factors were purchased from
Alomone Labs (Jerusalem). Tetraethylammonium (TEA) and
paxilline were from Sigma. K252a was from Calbiochem,
U73122 and U73343 were from Biomol (Plymouth Meeting,
PA), and okadaic acid was from Alexis (San Diego). All other
reagents were from commercial dealers and of the purest grade
available.

Electrophysiology. All currents were recorded in whole-cell
voltage-clamp mode with amphotericin B perforated patches
using an EPC-9 patch-clamp amplifier (HEKA Electronics,
Lambrecht, Germany). Pipettes were fabricated from boro-
silicate glasses pulled with a steep tapering and a final resis-
tance of 3.5 M) (DMZ-Universal Puller; Zeitz Instrumente,
Augsburg, Germany). The coverslips (diameter = 3.5 mm)
with cultured neurons were placed in a costum-made perfusion
chamber (vol = 15 ul) and continuously superfused at a rate
of 1 ml/min with buffer composed of 140 mM NaCl, 4 mM
KCl, 2 mM CaCl,, and 10 mM Hepes (pH 7.4). The pipette
solution contained 140 mM KCI, 1 mM CaCl,, 1 mM MgCl,,
2 mM EGTA, 10 mM Hepes (pH 7.2), and 1.2 mg/ml
amphotericin B. After gigaseal formation, only neurons that
developed a constant series resistance (Rs) below 50 M) (in
most experiments below 20 M) within less than 15 min were
selected for recording. A 30-80% compensation of Ry could
be obtained. Current traces were corrected for leak and
residual capacitative artifacts (P/10 subtraction procedure).

Abbreviations: NGF, nerve growth factor; NT-3, neurotrophin-3;
BDNF, brain-derived neurotrophic factor; CNTF, ciliary neurotrophic
factor; IGF-I, insulin-like growth factor 1; BK channel, calcium-
dependent potassium channel; PLC, phospholipase C; TEA, tetraeth-

ylammonium; sAPP, secreted Alzheimer B-amyloid precursor protein.
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The holding potential was kept at 0 mV to permanently
inactivate K,, Na*, and Ca2" currents. BK-channel currents
were elicited by 100-msec voltage steps to 100 mV at a
frequency of 0.2 Hz. The inclusion criteria for the experiments
were constant R values throughout the experiment, recording
of voltage activated currents lasting at least 15 min, and
sensitivity to 3 mM TEA (or 1 uM paxilline). Neurotrophic
factors were applied for 3 min followed by a wash-out period.
All experiments were performed at room temperature.

Data Analysis. Data acquisition was controlled by PULSE
software (HEKA Electronics). Analyses and illustrations were
performed with IGOR software (WaveMetrics, Lake Oswego,
OR) or SIGMAPLOT. Data are expressed as mean * SEM.

RESULTS

Activation of BK Currents by NT-3. To investigate whether
neurotrophins can modulate the activity of BK channels, we
examined the effects of NT-3 on K* currents in primary
cultures of neurons from fetal mouse forebrain and cortex
using permeabilized whole-cell voltage-clamp recordings. The
outward current elicited by voltage steps from 0 to 100 mV
increased by 4-fold following exposure to NT-3 (50 ng/ml)
(Fig. 14). Subsequent administration of the selective BK
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FiG. 1. Enhancement of BK current by NT-3 in cortical neuron.
(A) Effect of NT-3 on the voltage-activated whole-cell current. The
pulse protocol used in all experiments was a holding potential of 0 mV,
voltage steps to 100 mV for 100 msec, and then a return to 0 mV for
5 sec. The current traces were obtained in buffer solution (Control) 20
min after exposure to NT-3 (50 ng/ml) and 2 min after administration
of the BK channel blocker paxilline (1 uM). The leak current was small
and constant during the experiment and has been subtracted. (B)
Current vs. voltage relationship (-} curve) under control conditions
as well as 6 and 18 min after exposure to 50 ng/ml NT-3.
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channel blocker paxilline (1 uM) (23) decreased the activated
current below the level of the control current. The blocker
TEA (3 mM) was often used to verify the potassium channel
component of the whole-cell current in the beginning of the
experiments, because paxilline washed out slowly and only
partly. The enhancement of the voltage-activated BK current
by NT-3 was recorded by steps to potentials ranging from 0 to
130 mV, and the current-voltage curve shifted leftward with
time by the neurotrophin (Fig. 1B). After application of 50
ng/ml NT-3 for 3 min the BK current increased gradually and
reached a maximum after 20 min that was sustained for the
following 30 min until the BK channel was blocked with 1 uM
paxilline (Fig. 24). The effect of 50 ng/ml NT-3 was observed
in five out of six cells examined. At a NT-3 concentration of 10
ng/ml the BK current was activated in three out of seven cells
examined, with a time lag of about 30 min (Fig. 2B). The time
lag is defined as the time period from the start of the NT-3
application to the onset of the increase in BK current. Control
recordings showed that the BK current in cells bathed in saline
was constant for up to 2 hr or decreased slightly in five out of
five cells examined, indicating that no spontaneous activation
of the BK channel occurred (Fig. 2C). The time lag of BK
channel activation by NT-3 was dose-dependent, and the mean
value decreased from 34 to 18 to 2.7 min when NT-3 concen-
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FiG. 2. Time course of NT-3 effect on BK current. (4) The BK
current was increased by 50 ng/ml NT-3 (N) (five out of six cells). The
effect was completely blocked by 1 uM paxilline (P). (B) BK current
was increased by 10 ng/ml NT-3 (three out of seven cells). (C) In
buffer alone (Control), the BK current was constant for 2 hr in five out
of five cells examined. (T = 3 mM TEA.)
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F1G.3. Dose-response relationships of NT-3-activated BK current.
(A) The time lag (i.e., the time from the addition of NT-3 to the onset
of the increase in BK current) was determined at different NT-3
concentrations. (B) The maximal NT-3 effect was measured at dif-
ferent NT-3 concentrations and expressed as a percentage of the
control current. In the control experiments the BK current was
measured 60 min after start of the recording, at which time it had
decreased to 75% of the initial value. Data are expressed as mean =
SEM (n = 3-5).

trations were increased from 10 to 25 to 50 ng/ml, respectively
(Fig. 34). In contrast, the maximal effect of NT-3 was con-
centration-independent within the same concentration range
(Fig. 3B).

Effect of Other Neurotrophic Factors. NGF (3 ng/ml)
activated the BK current in two out of six cells examined as
shown in Fig. 44. The time course was comparable to that of
the NT-3-induced response. The increase in BK current ob-
tained with a maximal concentration of NGF was only 0.5-fold
of the initial current compared with 4-fold with NT-3. The
proportion of NGF-responsive neurons was ~30% compared
with 85% that responded to NT-3. In accordance, the NGF-
receptor TrkA is limited to neurons in the basal forebrain,
whereas the NT-3-receptor TrkC is widespread in the cortex of
developing rat brain (3). The NT-3 and NGF concentrations
used are similar to those observed to elicit developmentally
significant effects (24). The neurotrophic factors BDNF (50
ng/ml), ciliary neurotrophic factor (CNTF) (10 ng/ml), and
insulin-like growth factor (IGF-I) (10 nM) did not elicit any
significant effect on the BK channel activity for periods of
40-70 min (Fig. 4 B-D). Receptors for these three neurotro-
phic factors have all been demonstrated on cortical neurons (3,
25, 26).
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FiG. 4. Specificity of modulation of BK current by neurotrophic
factors. (4) The BK current was augmented by 3 ng/ml NGF (N) (two
out of six cells). The BK channel was blocked by 1 uM paxilline (P).
(B-D) Neither 10 ng/ml CNTF (C), 50 ng/ml BDNF (B), nor 10 nM
IGF-I (1) elicited any significant effect on the BK current in 3-5
experiments. (T = 3 mM TEA.)

Signaling Pathway. To identify potential downstream effec-
tors of the neurotrophins, we examined whether the NT-3-
induced activation of BK channels could be modulated by the
application of inhibitors or activators of the Trk signaling
pathway (27). Application of K252a (200 nM), a potent but
nonspecific kinase inhibitor (28), during the introduction of
NT-3 (50 ng/ml) blocked the enhancement of BK current in
four out of four cells (Fig. 54). Next, we examined the effect
of a specific PLC inhibitor, U73122 (29), on the NT-3 activa-
tion of BK channels. Neurons exposed to U73122 (1 uM)
showed no response to NT-3 (50 ng/ml) in five out of five cells
examined (Fig. 5B). In contrast, NT-3 still produced a signif-
icant increase in BK current in the presence of an inactive
analogue of the PLC inhibitor, U73343, as observed in two out
of two cells (Fig. 5C). The role of Ca?* in the NT-3-induced
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Fic. 5. BK channel activation by NT-3 was mediated by protein
kinases, involved PLC, and was Ca?*-dependent. (4) Addition of 200
nM K252a (K) inhibited the stimulation of BK current by 50 ng/ml
NT-3 (N) (four out of four cells). (B) Pretreatment with 1 uM U73122
(U) blocked the effect of NT-3 on BK current. (C) Addition of 1 uM
U73343 (V) was devoid of effect (two out of two cells). (D) In the
absence of extracellular Ca?* (No Ca) the BK current decreased and
NT-3 had no stimulatory effect (12 out of 12 cells). (T = 3 mM TEA.)

BK current was studied by the omission of Ca?* from the
extracellular medium. The BK current was partly reduced after
the removal of extracellular Ca?*, an effect that could be
restored by the addition of Ca?*. In the absence of Ca?", the
application of NT-3 had no effect on the BK current in 12 out
of 12 cells examined, suggesting that external Ca?* is necessary
for the NT-3 effect (Fig. 5D). However, treatment with NT-3
(50 ng/ml) did not induce Ca?* transients in cortical cells as
studied by FURA2/fluorescent imaging of Ca?* in single cells
(N.R.H. and S. Dissing, unpublished observations). This seems
to be consistent with our observation that NT-3 did not induce
transient BK currents.

Protein Dephosphorylation. Okadaic acid is a potent and
highly specific inhibitor of serine/threonine protein phospha-
tases 1 and 2a (30). Application of okadaic acid (30 nM)
inhibited the effect of NT-3 when it was applied after the
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F1G. 6. Regulation of BK channel activity by protein dephosphor-
ylation. (4) Addition of 30 nM okadaic acid (O) specifically blocked
the stimulation of BK current by 50 ng/ml NT-3 (N) (six out of six
cells). (B) Okadaic acid (30 nM) had no effect on the basal current (six
out of six cells). (T = 3 mM TEA.)

neurotrophin in 6 out 6 cells examined (Fig. 64); the inhibition
was reversible as the NT-3-induced rise in BK current contin-
ued after removal of okadaic acid. Okadaic acid by itself did
not reduce the steady-state BK current in 6 out 6 cells
examined (Fig. 6B). These findings suggest that NT-3 stimu-
lates BK channels through dephosphorylation of a channel
protein or a regulatory protein.

DISCUSSION

The present findings demonstrate that the neurotrophins NT-3
and NGF strongly increase the activity of BK channels, a K*
channel subtype expressed in most neuronal cells. The neu-
rotrophic factors BDNF, CNTF, and IGF-I do not share this
ability to acutely modulate the BK channel activity. The time
course of the channel activation is concentration-dependent,
and at the highest concentrations a maximal effect is obtained
within less than 20 min following exposure. This rapid effect
suggests a direct modulation of channel activity, which is
independent of gene expression.

The signal transduction pathway activated by NT-3 in these
cells involves activation of protein kinases as well as stimula-
tion of PLC, because K252a and U73122 fully blocked the
change in BK current. In accordance, rapid phosphorylation
and activation of PLC-yl by NT-3 has been reported in
cultures of embryonal rat cortical neurons (31), suggesting that
activation of PLC is involved in the NT-3 effect on BK
channels. At the level of the BK channel protein, the modu-
lation in activity could be accomplished by, for example, an
increase in the internal Ca®* concentration or by a change in
the phosphorylation state of the channel. Although the pres-
ence of external Ca?* is important for the response and NT-3
may induce a small influx of Ca?*, we have not been able to
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demonstrate an increase in the intracellular Ca?* level to
sufficiently explain the increased channel activity.

The inhibition by okadaic acid of the NT-3 response in these
cells indicates that dephosphorylation of the channel or of
another key protein in the signaling pathway is a necessary
component of the NT-3-induced BK channel activation. In
contrast, activation of protein kinase C with phorbol ester
resulted in a significant decrease in the steady-state and
NT-3-activated BK currents, indicating that phosphorylation
deactivates the BK channel (unpublished observations). Pre-
vious studies have shown that BK channels are regulated by
protein kinases and phosphatases (20, 21). Stimulation of BK
channels by agonists that induce protein dephosphorylation
such as somatostatin, natriuretic peptide, and sAPP have been
reported in a diversity of cell types (16-18). BK channel
activity may also be stimulated via tyrosine phosphorylation by
prolactin-activated JAK?2 tyrosine kinase (19).

The activation of BK channels by neurotrophins resulting in
an increased outward K* current may lead to membrane
hyperpolarization and decreased neuronal excitability in spe-
cific neurons. Our functional study indicating that neurotro-
phins can modulate neuronal activity should be seen on the
background of reports showing that NT-3 and NGF are
expressed in the fetal and adult brain (1), that these neuro-
trophins are released in response to activity (4-6), and that
TrkA and TrkC receptors are found in various regions of the
brain (3). Recently it was demonstrated that another regula-
tory polypeptide, SAPP can suppress action potentials and
hyperpolarize neurons by activating high-conductance,
charybdotoxin-sensitive K* channels (18). sAPP activated
both K, and BK channels via signaling pathways that may
include ¢cGMP, nitric oxide, Ca?", and protein dephosphory-
lation. Others have shown that neurotrophins may enhance
spontaneous and excitatory synaptic transmission in neuronal
cultures and slices. NT-3 and BDNF increased the neuronal
firing rate and the amplitude of excitatory postsynaptic cur-
rents in cortical and hippocampal neurons within 2-3 min after
the application of neurotrophins (9, 11). In the adult hip-
pocampus, NT-3 and NGF induced a sustained enhancement
of synaptic strength for 2-3 hr (10). In addition, BDNF and
NT-3 rapidly potentiated the frequency of miniature synaptic
events at developing neuromuscular junctions in amphibia (7,
8). Taken together, our data and previous studies suggest that
neurotrophins are capable of altering neuronal excitability and
synaptic strength acutely preceding the long-term actions on
neuronal survival and differentiation.
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grateful to Dr. Steen Dissing for helping out with the Ca?* imaging
study. The study was supported by the Danish Health Research
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