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Glial cell line-derived neurotrophic factor (GDNF) prevents lesion-induced death of midbrain
dopaminergic neurons, but its function in normal brain remains uncertain. Here we show that GDNF
acutely and reversibly potentiated the excitability of cultured midbrain neurons by inhibiting
transient A-type K* channels. The effects of GDNF were limited to large, tyrosine hydroxylase (TH)-
positive dopaminergic neurons, and were mediated by mitogen associated protein (MAP) kinase.
Application of GDNF also elicited a MAP kinase-dependent enhancement of the excitability in
dopaminergic neurons in midbrain slice. These results demonstrate an acute regulation of GDNF on
ion channels and its underlying signaling mechanism, and reveal an unexpected role of GDNF in nor-

mal midbrain dopaminergic neurons.

GDNF belongs to a family of neurotrophic factors that regulate
not only the development and function of the nervous system
but also that of the kidney and the gastrointestinal system!2.
Binding of GDNF to the GPI-linked receptor GFR-01 leads to
activation of c-RET tyrosine kinase®=°. Subsequently, a number of
downstream signaling pathways are activated, including MAP
kinase and PI3 kinase”®,

The most extensively studied effect of GDNF is the regulation
of survival of dopaminergic neurons in the midbrain substantia
nigra. GDNF was originally identified as a potent trophic factor
for cultured midbrain dopaminergic neurons®. Subsequent stud-
ies demonstrate that GDNF is capable of attenuating the death
of the nigra neurons in a variety of lesion models in vivo. For
example, GDNF prevents and reverses the degeneration of nigra
dopaminergic neurons induced by many chemical insults, such as
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)!011, 6-
hydroxy-dopamine!?!* and methamphetamine!“. It also protects
nigra neurons from death induced by mechanical lesion of medi-
al forebrain bundle!®. Therefore, GDNF is considered as a poten-
tial therapeutic agent for Parkinson’s disease!®17. Although
substantial evidence suggests that GDNF enhances the survival
of injured neurons, its function on normal dopaminergic neu-
rons in the intact animals remains unclear.

Studies of the neurotrophin family of proteins have revealed
two modes of action: acute modulation of ion channels and
synaptic transmission, and long-term regulation of cell survival
and differentiation!®1°. GDNF exerts a wide range of long-term
effects on diverse populations of peripheral and central neurons
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ranging from cerebellum Purkinje cells to sympathetic neu-
rons!22%21, Spinal cord motoneurons seem to be another major
target of GDNF regulation; the number of motoneurons is selec-
tively reduced in mice lacking GDNF?2, GDNF also promotes the
long-term development of the neuromuscular syna pses?>24,
However, unlike neurotrophins, little is known about the acute
effect of GDNE.

Here we investigated the acute effects of GDNF on the func-
tion of midbrain dopaminergic neurons. Surprisingly, we found
a rapid and reversible modulation of A-type potassium channels
by GDNF, leading to a potentiation of the excitability of these
neurons. Furthermore, we showed that the acute effects of GDNF
are mediated through a mechanism that involves activation of
MAP kinase. Thus, we revealed an acute modulation of ion chan-
nels by GDNE Moreover, our results suggest that the major func-
tion of GDNF in normal, undamaged midbrain dopaminergic
neurons may be to regulate neuronal excitability, and conse-
quently, dopamine release.

REesuLTS

To determine the acute effect of GDNF, we perfused GDNF
(25 ng/ml) directly to isolated midbrain neurons in culture and
measured the changes in their physiological properties using
whole-cell, current- or voltage-clamped recordings. To reduce
the complexity of GDNF effects, we included Cd** (0.4 mM) in
the perfusion Ringer’s solution to block all Ca?* channels and
Ca?*-activated K* channels. Application of GDNF elicited a
small but reproducible depolarization (Fig. 1a, Table 1), possibly
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Fig. 1. GDNF modulation of membrane
potential and firing behavior of cultured
midbrain neurons. A supra threshold
depolarizing current was injected into a
midbrain neuron, and changes in mem-
brane potentials were recorded under
the current-clamp mode. GDNF
(25 ng/ml) was perfused in and washed
out of the cultures through a bath perfu-
sion system. (a) Acute application of
GDNF elicited membrane depolariza-
tion. (b, ¢) Membrane potential during
GDNF application was corrected to the
original resting membrane potential with
current injection to better reveal the
effects of GDNF. (b) GDNF increased
the spike frequency, and reduced the
first spike latency. (c) Application of
GDNF eliminated the notch-like repo-
larization during depolarization in some
neurons. (d) GDNF had no effect on
small neurons that fire at high frequency.
(e) GDNF increased the spike frequency
and reduced the first spike latency in the
absence of Cd?*. Number of recordings
are indicated in the columns.
*Significantly ~different from control
(paired t-test, p < 0.05).
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by modulating leakage current (I} ) or hyperpolarization-acti-
vated cation current (Ij;). To examine other effects of GDNF
besides depolarization, the resting membrane potentials during
GDNF application were corrected to the originals by current
injection in all remaining experiments. A depolarizing current
step injected into a current-clamped neuron usually induces a
train of action potentials, or repetitive spikes (Fig. 1). Application
of GDNE, but not vehicle (Ringer’s solution containing the same
blockers), consistently elicited an increase in spike frequency,
defined as the inverse of the interval between the first two spikes
(Fig. 1b). Quantitative analysis of all neurons recorded indicat-
ed that spike frequency increased by 36.5% (Table 1), revealing
an excitatory effect of GDNF in the absence of depolarization.
GDNF also reduced the first spike latency, the time needed from
current injection to first spike appearance (Fig. 1b, Table 1).
Some neurons exhibited a notch-like repolarization before the

Table 1. Effect of GDNF on membrane properties of
cultured midbrain neurons.

Control GDNF n
Resting potential (mV) 68.0 £ 6.5 60.9 + 7.2*% 6l
Input resistance (GQ) 1.34+044 1.57£0.48* 52

Action potential threshold (mV) -35.3£10.2 -325%13.2 6l

Action potential amplitude (mV) 89.8+ 128 926+ (2.2 6l
First spike latency (ms) 1329 £86.1  71.2+654* 6l
Spike frequency (Hz) 12.6 £3.7 172+ 5.1* 6l
Maximal conductance (nS) 12.7 £ 1.1 63+0.8 14

Action potential threshold, the first point on the rising phase of the spike
where the rate of rise exceeded 50 mV/ms (ref. 50). First spike latency, the
time needed from current injection to first spike appearance. Spike fre-
quency, the inverse of the interval between the first two spikes. Maximal con-
ductance, a channel conductance calculated at +80 mV depolarization.
8max = P€aK Ia/(Viest = Vrey)» Where V. = 80 mV and V., = =96 mV. Values
given are mean # s.d. Paired Student’s t-test was used. *p < 0.01.
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first spike (Fig. 1c). Application of GDNF eliminated such repo-
larization. On average, the increase in firing began about 3 min-
utes after application of GDNF, and reached the plateau in about
10 minutes (data not shown).

Control experiments were done to determine the specificity
of the GDNF effects. Application of heat-inactivated GDNF
(25 ng/ml) did not elicit any of these effects (data not shown).
GDNEF did not affect the action potential threshold or amplitude
(Table 1). Perfusion of the Ringer’s solution after GDNF appli-
cation restored spike frequency, increased the first spike latency
and recovered notch-like repolarization, suggesting that these
GDNEF effects are reversible (Fig. 1). Although most of our cur-
rent clamp recordings were done in the presence of Cd?*, GDNF
still potentiated neuronal firings in the absence of Cd>" (Fig. 1e).
In these midbrain cultures, there are several different types of
neurons?0. Not all neurons were responsive to GDNF applica-
tion. Among 208 neurons tested, 61 neurons showed significant
responses to GDNF (29.3%). In general, the GDNF-responsive
neurons were large, multipolar neurons. These cells fired at lower
frequency (<15 Hz) during 20-40 pA step depolarization and
showed obvious spike frequency adaptation®” (Fig. 1a—c). In con-
trast, small midbrain neurons that fire high-frequency spikes
(>25 Hz)?’ did not respond to GDNF (Fig. 1d).

The identities of the GDNF-responsive neurons were further
characterized by double-labeling experiments. Neurons were
loaded with fluorescence dye Alexa Fluor 594 through the patch
pipette (5 mM) while being tested for their ability to respond to
GDNE. Fixatives (2% paraformaldehyde in Ringer’s solution)
were then perfused into the culture dish for 20 minutes before
the patch pipette was gently pulled out. The cultures were washed
and processed for immunofluorescence staining using an anti-
body against tyrosine hydroxylase (TH). Thirteen of fifteen
GDNEF responsive cells labeled with Alexa Fluor 594 were TH-
positive dopaminergic neurons (example, Fig. 2a). In contrast,
cells that did not respond to GDNF were never stained positive-
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ly with the TH antibody. Statistical analysis indicated that the
correlation between GDNF-responsive cells and TH-positive cells
is highly significant (chi-square test). Thus, the effects of GDNF
are restricted to large, TH-positive dopaminergic neurons.

Changes in first-spike latency, spike frequency and notch-like
repolarization all suggest alteration in A-type potassium chan-
nels?>28-30, We therefore performed whole-cell voltage-clamped
recording to determine whether GDNF indeed modulates A-cur-
rent (I,). Ringer’s solution was supplemented with tetrodotox-
in (TTX, 1 pM) and CdCl, (0.4 mM) to block Na™ and Ca?*
channels, respectively. Tetraethylammonium (TEA, 5 mM) was
also included to block delayed rectified K* channels. A two-step
voltage protocol was used to measure I, (Fig. 2b, top). A step
depolarization from —30 mV to +50 mV activates most of the
residual K* channels but not I, whereas depolarization from
—120 mV to +50 mV activates all potassium currents including
I,. The difference between the two traces represents A-current
(Fig. 2b). The identity of I, was further confirmed by applica-
tion of the A channel blocker 4-aminopyridine (4-AP, 10 mM),
which virtually eliminated this current (data not shown). Perfu-
sion of GDNF, but not vehicle, rapidly and markedly reduced I,
(Fig. 2b). Of 126 cells studied, 40 showed a significant reduction
after GDNF application, and again virtually all of them were large,
multipolar neurons.

We next tested whether changes in Nat and Ca?* currents
could also contribute to the increase in excitability induced by
GDNE For Na™ current recording, cells were perfused
with Ringer’s solution containing TEA, 4-AP and Cd?",
but not TTX. A series of step depolarizations (=70 to
approximately +20 mV) elicited Na* currents of dif-
ferent sizes. Despite the potent effect on I, applica-
tion of GDNF did not elicit any change in Na* currents
(Fig. 2c). Ca" currents were recorded using a differ-
ent extracellular solution, containing TEA, 4-AP and
TTX, but not Cd?*. Ba?* was used as the charge carri-
er to avoid Ca**-induced inactivation. By subtracting
currents elicited by two-depolarization protocols (one
—80 to +40 mV, the other —60 to +40 mV, both with

Fig. 2. GDNF suppresses A-type potassium currents (l).
(a) Effect of GDNF is restricted to large, TH-positive
dopaminergic neurons. Midbrain neurons were filled with
Alexa Fluor 594 (top) using a whole-cell recording electrode
while the effect of GDNF was tested. Cells were then fixed
and processed for immunocytochemistry using an anti-TH
antibody (bottom). (b) Examples showing that GDNF
reversibly reduces [,. Na+ currents were blocked by TTX;
Ca?* currents and Ca?* activated K* currents, by CdCly;
delayed rectified K* current (I,), by TEA. I, was obtained by
subtracting the currents induced by the two voltage proto-
cols shown at top. (c) Effect of GDNF on Na* currents.
Cells were perfused with Ringer’s solution containing TEA,
4-AP and CdCl,. Top, examples of Na+ currents, induced by
a series of depolarizing steps shown on top, recorded before
and after GDNF application. Bottom, I-V curve showing that
the peak Na* currents were not changed after GDNF appli-
cation (n = 8). (d) Effect of GDNF on Ca2* currents. Cells
were recorded in an extracellular solution containing TEA,
4-AP and TTX. Ba2* was used as the charge carrier. Top and
middle, examples of LVA and HVA Ca?* currents before and
after GDNF application. Voltage protocols are shown on top
of current traces. Bottom, I-V curves for both LVA and HVA
currents. Peak HVA Ca?* currents were increased after
GDNF application (n = 12).
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10-mV increments), we observed low-voltage activated (LVA)
Ca’* currents. High-voltage activated (HVA) Ca" currents were
recorded using the second protocol. Application of GDNF had
no effect on LVA Ca?* currents but elicited a small increase in
HVA Ca?* currents when membrane potential was depolarized
to around 0 mV (Fig. 2d). However, this increase could not be
involved in GDNF modulation of excitability because most of
our studies on excitability were done in the presence of Cd**,
which blocks all Ca?* channels. Thus, the effect of GDNF on neu-
ronal excitability is mediated primarily by the inhibition of
A-type K* channels.

We then performed detailed pharmacological analyses of the
GDNF effect on I,. Dose—response experiments indicated that
I, was inhibited as much as 40% when the highest concentra-
tion of GDNF was used in the perfusion pipette (Fig. 3a). The
median effective concentration (ECs;)) was 0.177 ng/ml. To deter-
mine whether the GDNF effect was reversible, we perfused the
midbrain neurons with GDNF (25 ng/ml) for one minute, fol-
lowed by a two-minute wait and then perfusion of the Ringer’s
solution. The effect of GDNF was almost completely abolished
after washout with Ringer’s solution (Fig. 3b). We next con-
structed current—voltage (I-V) curves in which the test voltage
was plotted against peak I,. Application of GDNF clearly shift-
ed the curve to the right (Fig. 3c). Heat-inactivated GDNF had
no effect. Single exponential fit of the rising phase of I, revealed
that the activation time constants were 3.3 ms when perfused
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with vehicle and 5.6 ms when perfused with GDNE, sug-
gesting an increase in the latency of single channel open-

Table 2. Effect of 4-AP on the excitabilities of cultured midbrain

ing. To further understand how GDNF modulates A-type
K* channels, we plotted steady-state activation curves®!.
The reversal potential (V,,,) of I, obtained by analyzing

the tail currents elicited by a series of hyperpolarizing

neurons.

Control 4-AP 4-AP +GDNF n
First spike latency (ms) 128.8 £ 57.6  39.3 + 17.8* 35.8 £ 20.2*% 6
Spike frequency (Hz)  11.9+3.9 3.1 £87% 29.0 + 8.4% 6

voltage steps following a strong depolarization, was
approximately —96 mV (Fig. 3d). GDNF also elicited a
strong inhibitory effect on maximal conductance (g,,,,)
calculated at +80 mV depolarization (Table 1). Mem-

First spike latency, the time needed from current injection to first spike appearance.
Spike frequency, the inverse of the interval between the first two spikes. Values given are
mean * s.d. Both ‘4-AP’ and ‘4-AP + GDNF groups are significantly different from the
control group, but there was no difference between ‘4-AP’ and ‘4-AP + GDNF’ groups
(ANOVA plus post hoc analysis, *p < 0.01).

brane conductances (g) at different test potentials were
derived by dividing the peak I, currents by the current
driving force (Vi — Viey), and were normalized to g,
(Fig. 3e). Treatment with GDNF produced an 11.4 mV right-
ward shift in the activation curve (V;;, was 7.3 + 1.3 mV for con-
trol and 18.7 = 2.1 mV for GDNF-treated cells, respectively,
p <0.01). Using long conditional voltage steps (from —100 mV to
+35 mV, increments, 800 ms long) followed by a testing step of
+50 mV, we obtained inactivation curves. GDNF did not have
significant effect on I, inactivation (Fig. 3e). To confirm that
the effect of GDNF on neuronal excitability is mediated by I,
we used 4-AP, the blocker for A channels. Application of 4-AP
(10 mM) mimicked the excitatory effect of GDNF; the spike fre-
quency was increased and the first spike latency was reduced
(Fig. 3f, Table 2). Furthermore, application of 4-AP occluded
the effect of GDNF on neuronal firing (Fig. 3f, Table 2). Taken
together, these results suggest that GDNF attenuates the activa-
tion of A-type K* channel, without affecting its inactivation.

1.0
Fig. 3. Pharmacological and kinetic analysis of 0.8 \'}\E\I\i\
GDNF modulation of I,. (a) Dose-response

ECs = 0.177 ngiml

curve (n = 16). The peak currents were nor- H
malized to the maximum [, in control condi-
tions. (b) Time course. The suppression of [
by GDNEF is reversed after GDNF is washed

To determine the intracellular signaling mechanisms that medi-
ate the acute effect of GDNF, we measured the activity of MAP
kinase in the midbrain neurons. Application of GDNF induced
rapid phosphorylation of Erkl and Erk2, two isoforms of MAP
kinase, as detected by western blot using an antibody that specifi-
cally recognizes the phosphorylated forms of MAP kinase
(Fig. 4a). Dose-response experiments indicated that GDNF acti-
vated MAP kinase at a concentration as low as 1 ng/ml, but high-
er concentrations were needed to fully activate the enzyme
(Fig. 4d). The effect of GDNF on MAP kinase phosphorylation
was completely blocked by U0126 (Fig. 4b) or PD098059 (PD,
Fig. 4c), which are specific inhibitors for MEK, an enzyme that
phosphorylates MAP kinase. Interestingly, treatment of the cul-
tures with U0126 (Fig. 4e) or PD (data not shown) alone also
inhibited the basal levels of phosphorylated MAP kinase in these
midbrain neurons. One of the potential targets for MAP kinase
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line, 0 current level. (e) Steady-state activation and inactivation curves before and after GDNF treatment. For activation curves, I, currents were gen-
erated by the two-voltage protocol similar to that described in Fig. 2b, but the test depolarization potentials (V) were a series of 15-mV increment
steps, from —100 mV to +80 mV. The reversal membrane potential (V,,) under our recording condition was <96 mV. Membrane conductances (g) at
different test potentials were obtained by dividing the peak [, currents by the current driving force (V. — V.,), and were normalized to that col-
lected at +80 mV depolarization (g,,,). The data were fitted with a Boltzmann function, g/g,., = /(I + exp(—(Y — V| 5)/k). Here, V is the membrane
potential, V,; is the membrane voltage at which the current amplitude is half-maximum, and k is the slope factor (n = 23). For inactivation curves, a
long conditional step of various voltages (from —100 mV to +35 mV, increments of |5 mV, 800 ms) was followed by a testing step of +50 mV. The peak
current amplitudes were normalized to that collected at —100 mV conditional step (/,,.,), and plotted as a function of the conditional step potentials.
The data were fitted with a Boltzmann function, I/l,,, = /(I + exp(—(Y,;; — V)/k)). Here, V is the membrane potential, V), is the half-inactivation
potential and k is the slope factor. n = 18. (f) Occlusion of GDNF effect by the A channel blocker 4-AP. n = 6. Acute application of 4-AP increased the

neuronal excitability, and occluded the effect of GDNF on neuronal firing.
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Fig. 4. Activation of MAP kinase by GDNF or other agents in cul-
tured midbrain neurons. GDNF or other agents were applied
directly to the culture medium. MAP kinase activation was
detected by an antibody that specifically recognizes phosphorylated
form of MAP kinase. (a) Time course of GDNF-induced MAP
kinase phosphorylation. Top, phosphorylated MAP kinase
(pErkl, 2) at different time points after GDNF application. Bottom,
total MAP kinase (Erkl, 2) in the same blot. (b) Dose—response
effect of the MEK inhibitor U0126 on GDNF-induced MAP kinase
phosphorylation. Cultures were pretreated with U0126 at O, I, 3
or 10 uM for 30 min before GDNF application. (c) Inhibitor for
MAP kinase pathway PD098059 (PD, 10 puM) prevents GDNF-
induced MAP kinase phosphorylation. (d) Dose-dependent activa-
tion of MAP kinase. 0, |, 10 or 30 ng/ml GDNF. (e) Inhibition of
endogenous MAP kinase activity by U0126. (f) Activation of MAP
kinase by bath application of 8-bromo-cAMP (I mM).

phosphorylation is the A channel®2. We therefore tested whether
inhibition of MAP kinase activity could prevent the GDNF mod-
ulation of A-current. Indeed, pretreatment of the midbrain neu-
rons with either PD or U0126 completely prevented the inhibitory
effect of GDNF on I, (Fig. 5a, top; Fig. 5b). Application of PD or
U0126 alone significantly increased the peak amplitude of I,
(Fig. 5a, middle; Fig. 5b), suggesting that endogenous, tonic lev-
els of MAP kinase activity in these neurons suppress A channels
from functioning fully. Moreover, activation of MAP kinase by
methods other than GDNF perfusion also suppressed I,. Appli-
cation of 8-bromo-cyclic AMP (8-Br-cAMP, 1 mM, Fig. 4f) or
brain-derived neurotrophic factor (BDNF, 2 nM, data not shown)
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rapidly activated MAP kinase. The peak amplitude of I, was sig-
nificantly reduced when the neurons were perfused with either 8-
Br-cAMP or BDNE, and the effect of 8-Br-cAMP was blocked by
PD (Fig. 5a, bottom; Fig. 5b). Finally, GDNF application also
increased the neuronal excitability under current clamp, whereas
pretreatment with PD prevented the GDNF effect (n = 7,
Fig. 5¢). Altogether, these findings strongly suggest that GDNF
modulation of A-current and neuronal excitability in the midbrain
dopaminergic neurons is mediated by MAP kinase activation.

To investigate whether GDNF modulates the excitability of
dopaminergic neurons in the intact adult substantia nigra, we per-
formed intracellular recording of neurons from freshly prepared
midbrain slices. Dopaminergic neurons were identified not only by
their location in the slices, but also by their characteristic time-
dependent inward rectification, or ‘sag’ potentials in response to a
hyperpolarization current injection (Fig. 6a)2”-33. The resting mem-
brane potentials were usually around —55 to —65 mV, and depolar-
izing current injection into neuronal soma elicited a few action
potential spikes (Fig. 6b). Because growth factors are usually diffi-
cult to penetrate into brain slices, we used twice as high concentra-
tion of GDNF (50 ng/ml) to ensure delivery of GDNF into the slices
within reasonable amount of time. Similar to that in cultured neu-
rons, application of GDNF rapidly induced approximately
8.0 + 1.9 mV membrane depolarization (Fig. 6b). When the mem-
brane potentials were corrected to the originals by current injec-
tion, however, GDNF still increased spike frequency and decreased
first spike latency (Fig. 6b and d). Pretreatment of slices with PD
completely prevented the GDNF effects (Fig. 6¢). Moreover, appli-
cation of PD alone also reduced spike frequency and first spike
latency (Fig. 6¢), and application of PD after GDNF reversed the
excitatory effects of GDNF (Fig. 6b). Interestingly, the effect of
GDNF on membrane depolarization was neither blocked (data not
shown) nor reversed (Fig. 6b) by PD. This result is consistent with
the effect of GDNF on other channels in addition to A-type K*

Fig. 5. Role of MAP kinase in GDNF modulation of neuronal excitability
and A-currents. (a) Voltage-clamp recordings. |5 can be modulated by
alteration of MAP kinase activity. Top, PD pretreatment prevented
GDNF inhibition of I,. Middle, inhibition of basal MAP kinase activity by
PD increases I currents. Bottom, activation of MAP kinase by
8-bromo-cAMP inhibits I5 currents. (b) Effects of alteration of MAP
kinase activity on the peak amplitude of /5. Numbers associated with
each bar are the number of recordings obtained. *Significantly lower
than control. #Significantly higher than control. (ANOVA plus post hoc
analysis, p < 0.05). (c) Current-clamp recordings showing that PD
blocked the effect of GDNF on excitability.
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Fig. 6. Effect of GDNF on the excitability of dopaminergic
neurons in midbrain slices. (a) An example of hyperpolar-
ization-induced ‘sag’ potential characteristic of midbrain
dopaminergic neurons. (b) GDNF acutely potentiates neu-
ronal excitability. A depolarizing current (400 pA) was
injected into a midbrain neuron, and changes in membrane
potentials were recorded under the current-clamp mode. b
GDNF (50 ng/ml) was perfused into the slice chamber.

Application of GDNF resulted in a time-dependent Control
increase in spike frequency, and application of PD after -60 mV
GDNEF reversed the excitatory effects. (c) The MAP kinase

pathway inhibitor PD blocks the effect of GDNF

Application of PD reduced the spike frequency, and appli- GDNF
cation of GDNF after PD no longer elicited the excitatory 20 min
effect. (d) Summary of GDNF effects on spike frequency ~60 mV

and first spike latency (n = 7). *Significantly different from

control (paired t-test, p < 0.05).

GDNF
30 min

-55mV

channels (such as leakage current I} or hyperpolariza-
tion-activated cation current Iy;) through a MAP
kinase-independent mechanism. In conclusion, GDNF
potentiates neuronal excitability in developing as well as
adult dopaminergic neurons in the midbrain.
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DiscussioN

Our observations support three conclusions. First, GDNF rapid-
ly and reversibly inhibits A-type potassium channels in the mid-
brain dopaminergic neurons. Second, the acute modulation of
A-current by GDNF results in a potentiation of the excitability
of these neurons. Third, the acute effects of GDNF are mediat-
ed through a mechanism that involves activation of MAP kinase.
These findings reveal a previously unexpected role of GDNF in
the function of normal midbrain dopaminergic neurons.

Acute regulation of ion channels by neurotrophic factors has
been a subject of great interest in recent years. BDNE, for exam-
ple, has been shown to elicit a provocative, rapid effect on ion
channels in pontine and hippocampal neurons**3>. We show that
GDNEF also elicited a rapid and reversible inhibition of A-type
K* channels in the midbrain dopaminergic neurons. This effect
was achieved, at least in part, by attenuating the steady-state acti-
vation of the A channels. Interestingly, GDNF selectively modu-
lated the large, TH-positive dopaminergic neurons, without
affecting the small, non-dopaminergic neurons. Several types of
A-type K* channels, including Kv1.4, Kv4.2 and Kv4.3, are
expressed in these midbrain dopaminergic neurons*®?”. Inhibi-
tion of A-currents clearly contributed to the potentiating effects
of GDNF on neuronal excitability, as reflected by the changes in
depolarization-induced repetitive firing of action potentials.
GDNF modulation of A-type potassium channels led to a reduc-
tion in the first spike latency, an increase in spike frequency and
a removal of the notch-like repolarization?>28-30,

In addition to its effect on A-current, GDNF consistently elicit-
ed a small depolarization. In midbrain slices, GDNF elicited a 33%
decrease (measured by hyperpolarizing steps), rather than an
increase, in input resistance. We investigated whether GDNF reg-
ulation of other ion channels contributes to its effect on neuronal
excitability. GDNF had no effect on Na* channels. Most of our
recordings were done in the presence of Cd>* to block Ca** chan-
nels. The decrease in input resistance could not have been due to an
increase in I, as this would result in hyperpolarization, not depo-
larization. Thus, the decrease in input resistance was most likely
caused by GDNF modulation of Iy, resulting in a depolarization at
resting membrane potential. However, the contribution of I to

6
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GDNEF effects on neuronal excitability should be quite small for
the following reasons. First, the 33% decrease in input resistance
could not account for the 80% decrease in the first spike latency.
Second, changes in Iy; should not affect the spike frequency of
repetitive firings evoked by step depolarization. Finally, the rever-
sal potential for Ij; is approximately —40 mV3%, and I;; has a very
characteristic anomalous rectification property®. A step depolar-
ization, therefore, should rapidly and dramatically decrease Ij.
Thus, even if there were changes in Iy, they should have minimal
influences on the modulation of spike frequency and first spike
latency induced by GDNF. Taken together, the increase in the
excitability of dopaminergic neurons in midbrain slice is most like-
ly due to the GDNF modulation of A-type K* channels.
Although BDNF is known to acutely regulate ion chan-
nels*»3>, mechanisms underlying such regulation remain largely
unknown. Here we provided several lines of evidence suggesting
that the acute effects of GDNF on A-current and neuronal
excitability are mediated by MAP kinase signaling pathway. First,
GDNF rapidly and dose-dependently activated MAP kinase in
cultured neurons derived from ventral midbrain. Second , GDNEF-
induced effects on A-current and neuronal excitability were
blocked by specific inhibitors for the MAP kinase pathway. Third,
inhibition of the endogenous MAP kinase in the absence of
GDNF increased A-current. Fourth, activation of MAP kinase by
8-Br-cAMP or BDNF also inhibited A-current. Thus, MAP kinase
seems to be a key converging point for the acute regulation of
A-type K* channels. MAP kinase phosphorylates the A-type K*
channel Kv4.2 on specific Ser/Thr residues in the C-terminal cyto-
plasmic domain?2, Moreover, activation of MAP kinase seems to
suppress A-type K* channel activity on the distal dendrites of
hippocampal pyramidal neurons (L.L. Yuan et al., Soc. Neurosci.
Abstr. 26, 520.6, 2000). We have now identified an endogenous
factor that inhibits A-type K* channels selectively in the mid-
brain dopaminergic neurons, through MAP kinase activation.
The present study reveals an unexpected unexpected func-
tion of GDNF in the midbrain dopaminergic neurons, which
project their axons to striatum and other brain areas. These neu-
rons are involved in the regulation of motor function as well as
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cognitive processes, and are the major population degenerated in
Parkinson’s disease. Substantial evidence supports the notion
that GDNF prevents and reverses the degeneration of the mid-
brain dopaminergic neurons induced by many chemical and
mechanical insults'®-1>. However, homozygous mice lacking
genes for GDNF or its receptor GFRa1 do not exhibit any loss
in the number of TH-positive dopaminergic neurons in the
nigra, or impairments in the dopaminergic projections to the
striatum*0—42 (but see ref. 43). Injection of GDNF into the nigra
or striatum of normal rats does not increase the number of nigra
dopaminergic neurons*%>, These results suggest that although
it is a potent neurotrophic factor for injured or dying dopamin-
ergic neurons, the major function of GDNF in normal midbrain
may not be (or is in addition to) the regulation of the long-term
survival of dopaminergic neurons. Interestingly, a single injection
of GDNF to nigra of normal rats elicits a dose-dependent
increase in dopamine release in the striatum, as well as an
enhancement of locomotor activity*®*’. We now show in both
cultured neurons and in slices that GDNF acutely potentiates
the excitability of midbrain dopaminergic neurons. It is con-
ceivable that the GDNF-induced potentiation of neuronal
excitability could result in an increase in dopamine release, lead-
ing to an enhancement in locomotor activity. Thus, our find-
ings suggest an acute role of GDNF in regulating the function
of midbrain dopaminergic neurons. These results may also have
implications in the treatment of Parkinson’s disease.

METHODS

Culture preparation. All experiments involving animals were conduct-
ed according to NIH animal use guidelines. Ventral part of midbrain
was dissected from embryonic day 14 (E14) Sprague—Dawley rats, dis-
sociated in Ca?" and Mg?*-free Hanks balanced salt solution contain-
ing 0.125% trypsin for 30 min, and plated at 0.3 million cells per 35 mm
dish. The cells were grown at 37°C, 5% CO, and 95% humidity, first in
10% FBS/DMEM, and switched one day later to serum-free Neurobasal
medium containing B27 supplement (Life Technologies, Rockville,
Maryland). The cultures were grown for more than 10 days and media
were changed every other day.

Electrophysiological recordings. Action potentials from cultured midbrain
neurons were recorded using standard, whole-cell current clamp tech-
niques*®. During experiments, culture dishes were rinsed twice and con-
tinuously perfused with extracellular (Ringer’s) solution containing
140 mM Na isethionate, 3 mM K gluconate, | mM Na pyruvate, 1 mM
MgCl,, 2 mM CaCl,, 10 mM dextrose, and 10 mM HEPES, pH 7.3,
320 mOsm. Cd?* (0.4 mM) was added to the Ringer’s solution to block
all Ca?* channels and Ca?*-activated K channels. Recordings of ion chan-
nels were performed under voltage clamp conditions!. For A-current, the
extracellular Ringer’s solution was supplemented with 1 pM TTX and
0.4 mM CdCl, to block Na* and Ca?* channels, respectively, and TEA
(5 mM) to block delayed rectified potassium channels. For Na™ currents,
the same Ringer’s solution was used, except TTX was replaced with 4-AP
(5 mM). The intracellular pipette solution used for action potential, A-
current and Na* current recordings contained 130 mM K-gluconate,
10 mM HEPES, 11 mM EGTA, 2 mM MgCl,, 10 mM phosphocreatine,
2 mM Mg-ATP and 0.5 mM Na,-GTP, pH 7.3. Ca?* currents were record-
ed essentially as described®’. The extracellular solution contained 50 mM
NaCl, 5 mM BaCl,, 90 mM TEA, 5 mM 4-AP, 0.001 mM TTX and 10 mM
HEPES, pH 7.3. The intracellular pipette solution contained 122 mM CsCl,
9 mM HEPES, 4.5 mM EGTA, 2.2 mM MgCl,, 14 mM phosphocreatine,
4 mM Mg-ATP and 1 mM Na,-GTP, pH 7.3. Whole-cell electrodes were
2-4 MQ in resistance. All recordings were done in room temperature. Data
were collected by a patch clamp amplifier (Axopatch 200A), stored in a
PC, and analyzed by p-Clamp software (Axon Instruments, Foster City,
California). After whole-cell configuration was achieved, series resistance
were compensated by 80-90% and monitored periodically. Most cells had

nature neuroscience * advance online publication

articles

series resistance around 7-8 MQ (range, 4-13 MQ). A small percentage
of cells with a resting membrane potential less than =50 mV, or gradual
changes in membrane potential, input resistance or action potential ampli-
tudes, were considered as unhealthy and discarded. For current-clamp
recordings, a depolarizing current step was injected to induce multiple
action potentials. For voltage-clamp recordings, voltage protocols given
by p-clamp were delivered to the cells through the patch pipette. We rou-
tinely monitored the cell 5-10 min before application of drugs. GDNF was
applied through gravity perfusion using multi-barrel perfusion pipette
positioned approximately 100 pm to the cell under recording.

For intracellular recording from brain slices, horizontal slices of mid-
brain (300 pm thick) were prepared as previously described?”-33 using
150-200 g male Sprague—Dawley rats. Recordings were made from sub-
merged slices in a recording chamber (0.5 ml) perfused at a rate of
1.5-2.0 ml/min with oxygenated (95% O,/5% CO,) solution at 35°C
containing 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH,PO,, 1.2 mM
MgCl,, 2.4 mM CaCl,, 18 mM NaHCOj; and 11 mM glucose. Current-
clamp recordings with KCI (2M)-filled electrodes (tip resistance,
40-100 MQ) were made with the aid of a dissection microscope. Poten-
tials were amplified with an Axoclamp 2A amplifier and recorded using
Axotape. Dopaminergic neurons in midbrain were identified by their
characteristic electrophysiological and pharmacological properties®.
Before application of GDNF (50 ng/ml, diluted in 60 pg/ml BSA), CdCl,
was added to the perfusate at the final concentration of 0.4 mM to block
after hyperpolarization.

Labeling of GDNF responsive cells. The cells tested to be responsive to
GDNF were loaded with Alexa Fluor 594 (Molecular Probes, Eugene,
Oregon) as a marker, and the cultures were washed with phosphate buffer
saline (PBS, pH 7.4), fixed with 2% paraformaldehyde for 20 min, and
washed twice with PBS. Fixed neurons were permeabilized with PBS con-
taining 0.1% Triton X-100 for 1 h. After incubation in the blocking solu-
tion (3% normal goat serum and 3% bovine serum albumin in PBS) for
2 h, cells were incubated with anti-tyrosine hydroxylase (TH, 1: 500,
Chemicon, Temecula, California) antibody at 4°C for overnight. The TH-
positive cells were visualized using FITC-goat anti-rabbit IgG antibody
(1:200, green), while the GDNF responsive cells were labeled by Alexa
Fluor 594 (red). The fluorescence images were captured by a MicroMax
CCD camera (Roper Scientific, Trenton, New Jersey), and processed by
IPLab software (Scanalytics, Fairfax, Virginia).

Western blot analysis. MAP kinase activation was determined by western
blot as described®®. Midbrain cultures were stimulated with GDNF or other
agents for the indicated times. The stimulation was terminated by addi-
tion to the cultures of 0.1 ml of lysis buffer. Cells were harvested and insol-
uble materials were removed by centrifugation. Equal amounts of proteins
were separated in a 12% SDS-acrylamide gel and transferred to Immo-
bilon P membrane (Millipore, Bedford, Massachusetts). The membranes
were probed with an anti-active MAP kinase antibody (1: 1000, Promega,
Madison, Wisconsin), which recognizes phosphorylated MAP kinase
(Erk1-P and Erk2-P). MAP kinase activation was detected by a chemilu-
minescence method (Pierce, Rockford, Illinois). The antibody was then
stripped and reprobed with an anti- MAP kinase antibody (1:1000, Santa
Cruz Biotechnology, Santa Cruz, California) to ensure that equal amount
of MAP kinase (Erkl and Erk2) proteins were loaded in all lanes.
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