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In primary cultures of mesencephalon small-conductance calcium-activated potassium channels (SK) are
expressed in dopaminergic neurons. We characterized SK-mediated currents (Isg) in this system and
evaluated their role on homeostasis against excitotoxicity. Isx amplitude was reduced by the gluta-
matergic agonist AMPA through a reduction in SK channel number in the membrane. Blockade of Isk for
12 h with apamin or NS8593 reduced the number of dopaminergic neurons in a concentration-depen-
dent manner. The effect of apamin was not additive to AMPA toxicity. On the other hand, two Isk agonists,
1-EBIO and CyPPA, caused a significant reduction of spontaneous loss of dopaminergic neurons. 1-EBIO
reversed the effects of both AMPA and apamin as well. Thus, Isk influences survival and differentiation of
dopaminergic neurons in vitro, and is part of protective homeostatic responses, participating in a rapidly
acting negative feedback loop coupling calcium levels, neuron excitability and cellular defenses.

This article is part of a Special Issue entitled ‘Trends in Neuropharmacology: In Memory of Erminio Costa’.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A stereotypical pattern of differential neuronal dysfunction or
death of specific subgroups of dopaminergic neurons (DN) has
been implicated in a broad array of neurologic and psychiatric
disorders, especially in Parkinson’s disease (Moore et al., 2005)
and schizophrenia (de Erausquin and Hanbauer, 1995; Yang et al.,
1999). Intricate spatiotemporal patterns of dopaminergic
dysfunction are reproducible among multiple in vitro (Dauer and
Przedborski, 2003) and in vivo (Damier et al., 1999) experimental

Abbreviations: SK, small-conductance calcium-activated potassium channels;
Isx, SK channel-mediated current; Iayp, afterhyperpolarization; VDCC, voltage-
dependent calcium channels; STN, subthalamic nucleus; TH, tyrosine hydroxylase;
DN, dopaminergic neurons; PD, Parkinson disease; AMPA, alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic-Acid; 1-EBIO, 1-ethyl-2-benzimidazolinone;
NS8593, (R)-N-(benzimidazol-2-yl)-1,2,3,4-tetrahydro-1-naphtylamine; CyPPA,
N-cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-4-pyrimidinamine; 4-AP,
4-aminopyridine; TEA, tetraethylammonium; TTX, tetrodotoxin; NMDA, N-methyl-
d-aspartate; SNpc, substantia nigra pars compacta; CREB, c-AMP responsive
element binding protein.
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models. However, the involved molecular mechanisms remain an
unsolved puzzle (Harrison and Weinberger, 2005; Licker et al.,
2009).

DN show a singular, stereotyped and well-defined electro-
physiological phenotype, which confers them a functional identity
in tissue slices (Grace and Bunney, 2000) as well as in primary
cultures (Chiodo and Kapatos, 1992). Intrinsic electrical properties
of DN are functionally correlated with differential expression and
assembly of ion channels and their subcellular distribution (Liss
and Roeper, 2008); in fact, intrinsic excitability and the patterns
of activity of DN are tightly regulated by A-type K*-channels
(Kv4.3/Kchip3.1 K) (Liss et al., 2001), G-protein coupled potassium
(GIRK2) channels (Beckstead et al., 2004), voltage-gated L-type
calcium channels (Cav1.3) (Puopolo et al., 2007), hyperpolarization-
activated cyclic nucleotide-gated cation (HCN) channels (Neuhoff
et al, 2002; Seutin et al.,, 2001) SK channels (Ji and Shepard,
2006), and ATP-sensitive potassium (K-ATP) channels (Kir6.2 and
SUR1 subunits) (Liss et al., 2005). More to the point of this
communication, cell-to-cell variability of kinetic properties, spatial
distribution, or abundance of sets of ion channels underlies
substantial differences in determination of cell fate (Michel et al.,
2007). Thus, in the case of DN, Cav1.3 channels (Chan et al., 2007)
and K-ATP channels (Liss et al., 2005) have been shown to
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determine distinct subsets of neurons with differential suscepti-
bility to degeneration (Liss and Roeper, 2008).

SK channels are activated by small increases in intracellular
calcium concentration and are responsible for the apamin-sensitive
afterhyperpolarization current, Iagp (Bond et al., 2004); these
channels are an ideally suited feedback system to regulate the
spatiotemporal occurrence of calcium transients in microdomains
near the cellular membrane (Fakler and Adelman, 2008). Activation
of SK channels suppresses hyperexcitability induced by a range of
depolarizing agents (Lappin et al., 2005; Garduno et al., 2005;
Kobayashi et al., 2008). Likewise, over-expression of the domi-
nant-inhibitory construct SK3-1B results in hyperexcitability
without neurodegeneration (Shakkottai et al., 2004). On the other
hand, over-expression of SK channels prevents kainate and gluta-
mate-induced excitotoxicity, enhancing survival of cortical neurons
in vitro and in vivo (Lee et al., 2003). Lastly, and closest to the results
analyzed in this report, pharmacological activation of SK channels
in vivo increases survival of DN subjected to a selective neuro-
degeneration challenge (Aumann et al., 2008). Taken together, the
data suggest that SK channels may be part of first line protective
homeostatic responses in neurons, participating in a rapidly acting
negative feedback loop coupling calcium levels, neuron excitability
and cellular defenses against excitotoxic insults (Tanabe et al., 1999;
Sapolsky, 2001).

DN respond to glutamate-induced depolarization with a short
latency hyperpolarization (Iagp) mediated in part by SK channel
activation, followed by a sustained depolarization when Isk
becomes inactive (Fiorillo and Williams, 1998). In midbrain DN in
slices, glutamate activates an SK-mediated Iagp through metabo-
tropic glutamate receptors triggered calcium release from intra-
cellular stores (Fiorillo and Williams, 1998). However, sustained
exposure to glutamate desensitizes this response and results in
depolarization (Fiorillo and Williams, 1998). Given that sustained
activation of AMPA ionotropic glutamate receptors leads to loss of
calcium homeostasis in embryonic DN also through a mechanism
requiring calcium-induced calcium release from intracellular stores
(de Erausquin et al., 1994a, 1994b), an intriguing possibility is that
glutamate-induced suppression of SK-mediated Iagp in DN may be
a required step to express the susceptibility of DN to glutamate
toxicity.

Primary cultures of embryonic mesencephalon are a widely
used and well-characterized tool to investigate molecular mecha-
nisms involved in the development, maintenance, differentiation
and death of DN (Branton and Clarke, 1999; Falkenburger and
Schulz, 2006). Most of the molecular processes involved in the
specification of neuronal identity, maturation and differentiation of
DN have been established in this system (Alavian et al., 2008). DN in
culture show a mature functional signature similar, but not iden-
tical, to that found in vivo or in slice preparations (Greco et al., 2009;
Chiodo and Kapatos, 1992; Liss et al., 2001; Neuhoff et al., 2002;
Seutin et al., 2001), and therefore represent an imperfect but well
established model of the adult phenotype. In this simplified system,
we established that protracted stimulation of AMPA receptors
results in phenotype-specific toxicity to a subpopulation of DN (de
Erausquin et al., 1994a, 2003; Isaacs et al., 1996; Dorsey et al., 2006).
Also, we have previously shown that direct application of NMDA is
not toxic to cultured DN (Isaacs et al., 1996), and fails to induce
significant changes in intracellular free calcium concentrations or
increase phosphorylation of c-AMP responsive element binding
protein (CREB) in the same system (de Erausquin et al., 1994a).
Thus, rather than an accurate model of excitotoxicity to DN in
neurodegenerative diseases, AMPA-induced death may resemble
ontogenetically regulated natural cell death of DN (Burke, 2004)
and the mechanism by which susceptible populations are affected
in psychiatric neurodevelopmental disorders (de Erausquin and

Hanbauer, 1995). Indeed, primary cultures are plated during a crit-
ical period of the ontogeny of excitatory glutamatergic circuitry
between STN and SNpc in which AMPA receptors reach the peak of
expression at the midbrain (Lilliu et al., 2001) and glutamatergic
projections from STN reach the SNpc (Marani et al., 2008).

We now tested the hypothesis that differential susceptibility of
DN to stimulation of AMPA receptors depends upon effects on its
electrophysiological signature; in particular, we tested if Isg plays
a neuroprotective role against AMPA-receptor-mediated excito-
toxicity to DN.

2. Materials and methods
2.1. Animals and dissections

Animals were treated in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Brigham and Women'’s animal experi-
mentation committee approved all procedures. Primary cultures were established
from ventral mesencephalon of rat embryos as described previously (de Erausquin
et al.,, 1994a, 2003; Isaacs et al., 1996). Briefly, timed-pregnant Sprague—Dawley
rats (Charles River Laboratories, MA, USA) were exposed to CO, on day 14 of
gestation and following laparotomy embryos were quickly removed and placed in
cold Hanks’ Balanced Salt Solution (Sigma—Aldrich, MO, USA). Under a stereoscope
(Nikon SMZ-1B, 100 x magnification), brains were dissected, brainstems isolated and
meninges carefully removed. Approximately 1.0-mm? blocks of tissue were isolated
from the ventral mesencephalon.

2.2. Cell cultures

Dissected tissue blocks were triturated with ~ 15 strokes of a flame-constricted
Pasteur pipette in 3 ml of Dulbecco Modified Eagle’s Medium/HAM F12 (DMEM/F12)
(Sigma—Aldrich, MO, USA). Cells were then suspended at a density of 10 x 10°/ml in
plating medium (50/50 DMEM/F12) (Sigma—Aldrich, MO, USA) with 15 mM
N-2-Hydroxyethylpiperazine-N'-2'-ethanesulfonic Acid (HEPES), glucose (25 mM),
glutamine (2 mM), 10% horse serum, basic Fibroblast Growth Factor (bFGF)
(10 ng/ml) and penicillin and streptomycin (10 U/ml and 10 mg/ml, respectively). An
aliquot of 150 puL was plated onto on glass coverslip-bottom 35 mm dishes (MatTek
Corporation) pre-coated with poly-p-lysine (15 pg/ml) (Sigma—Aldrich, MO, USA)
and laminin (10 pg/ml) (Invitrogen, USA); dishes were incubated at 37 °C in 5% CO;
at 100% humidity for 1 h to allow the cells to attach to the coated surface. Toxicity
experiments were done on 24-well plastic plates pre-coated with poly-p-lysine
(15 pg/ml) (Sigma—Aldrich, MO, USA) and laminin (10 pg/ml) (Invitrogen, USA) at
a density of 2.0 x 10 cells. Differentiation was induced after 3 days in vitro (DIV)
replacing the culture medium by a serum-free medium containing Neurobasal
medium (Invitrogen, USA) supplemented with 2% B27 (Invitrogen, USA) and Glu-
tamax 0.5 mM (Invitrogen, USA). Culture medium was renewed every 48 h. Exper-
iments were done after 7—11 DIV (de Erausquin et al., 1994a, 2003; Isaacs et al.,
1996). Cultures were grown at 37 °C in an atmosphere of 5% C0,/95% air and
100% relative humidity.

2.2.1. Pharmacological treatments

Cells were exposed to alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic-
Acid (AMPA) (3—1000 uM), apamin (3—1000 nM), 1-ethyl-2-benzimidazolinone (1-
EBIO) (3—1000 uM), (R)-N-(benzimidazol-2-yl)-1,2,3,4-tetrahydro-1-naphtylamine
(NS8593) (0.03—10 uM), N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-
4-pyrimidinamine (CyPPA) (0.03—10 uM) for 12 h (DIV 10—11). Treatments were
stopped by rinsing briefly with PBS, then fixing for TH immunocytochemistry. For
experiments, alls drugs were dissolved in the extracellular solution in concentra-
tions as indicated. Apamin, NS8593, 4-Aminopyridine (4-AP), and tetraethy-
lammonium (TEA) were obtained from Sigma—Aldrich, MO, USA. AMPA, 1-EBIO,
Tetrodotoxin (TTX), and CyPPA were from (Tocris Bioscience, MO, USA).

2.2.2. Immunohistochemical procedure

Cultures were fixed at ice-cold 4% paraformaldehyde in PBS fresh prepared,
permeabilized in 0.25% Triton-X 100 (Sigma—Aldrich, MO, USA) for 10 min, and
blocked by incubation in 10% goat serum. Cultures were incubated in the primary
antibody tyrosine hydroxylase (TH) 1:500 diluted (Peel freeze, AR, USA) or SK3
channels 1:150 (Alomone labs, Jerusalem, Israel) for 16 h at 4 °C, followed by
secondary antibodies conjugated to Alexa-488 (1:200) or Alexa-568 (1:200)
(Molecular Probes, Eugene, Oregon) for 2 h, room temperature, or peroxidase
conjugated (Sigma—Aldrich, MO, USA). Controls were stained omitting the primary
or secondary antibody. Specimens were examined and photographed on an inverted
microscope fitted with a (Nikon Diaphot, with a Nikon Apo 20x dry objective, 75 W
xenon lamp, rhodamine and fluorescene filters, cooled CCD camera — SPOT 32,
Diagnostic Instruments Inc.), and analyzed (Image], NIH, USA).



1178 B.A. Benitez et al. | Neuropharmacology 60 (2011) 1176—1186

2.2.3. Cell counting and assessment of neuronal survival

The number of surviving neurons was determined by immunostaining as
described previously (de Erausquin et al., 1994a, 2003; Isaacs et al., 1996). Neurons
stained with anti-TH antibody were counted as positive when the cytosol and
proximal dendrites were clearly filled with the fluorophore. The number of surviving
TH-positive neurons was counted and normalized to the number of TH cells in
untreated cultures. The number of TH-positive neurons was determined by counting
20 successive, contiguous microscopic fields, along diameters across each well. The
total number of cells counted in each experiment, typically in the range of 150—300
cells per treatment, was counted in a blind-treated manner using an inverted
microscope (Nikon Diaphot, Nikon Apo 20x dry objective; Nikon, Tokyo, Japan).

2.2.4. Morphology and quantization of neurites

Digital images of 10—15 microscopic fields containing at least one DN were
captured (Nikon Diaphot, Nikon Apo 20x dry objective, 75 W xenon lamp, rhoda-
mine and fluoresceine filters, cooled CCD camera — SPOT 32, Diagnostic Instruments
Inc.), and analyzed (Image], NIH, USA). Cell process number, length and branch
frequency were counted semi automatically; lengths were measured in pixels using
a freehand mouse, transformed to um using standard rulers, and averaged for each
cell (Neuron], NIH, USA).

2.3. Electrophysiology

Patch-clamp measurements were performed in the whole-cell mode of the
patch-clamp technique using standard methods. Iayp was studied using the protocol
introduced by Wolfart et al. (2001). Membrane voltage was stepped from a holding
potential of —60 mV to a depolarized potential (+60 mV) for 100 ms to elicit a robust
calcium influx corresponding to the generation of one or more all-or-none calcium
spikes.

Pipette series resistance was 5 + 2 MQ when filled with intracellular solution
containing (in mM): KCl, 150; EGTA, 0.1; and HEPES, 2 and Alexa Fluor 488 (80 uM,
Molecular Probes, Eugene, OR). For experiments culture medium was replaced by an
extracellular solution containing (in mM): NaCl, 138; KCl, 4; CaCl,, 2; MgCly, 1;
HEPES, 10; and glucose, 10. All recordings were made containing a noncompetitive
antagonist at gamma amino butyric acid (GABA) A receptors (100 pM picrotoxin)
and a noncompetitive antagonist at the glycine site of NMDA receptor (50 uM
kynurenic acid) added. The pH of both solutions was adjusted to 7.25. Intracellular
pipette solutions with low calcium-buffering capacity (0.1 mM EGTA) were used to
minimize non-physiological calcium buffering (Wolfart et al., 2001). TTX (0.5 uM)
and TEA (1 mM) (Pedarzani et al., 2005) were added to the extracellular medium to
block sodium channels and large conductance calcium-sensitive (BK), M, and
delayed rectifier potassium channels to make recordings for fluctuations analysis.
Test solutions were freshly prepared before each experiment and were filtered
through a 2-pm filter (Millipore, USA) prior to use. Access and input resistances were
monitored throughout the recordings and cells were discarded if either value
changed by more than 25% during the recording period (typically 15—30 min). Data
are reported without corrections for liquid junction potentials. Patch pipettes were
pulled from borosilicate glass (World Precision Instruments) with a Flaming/Brown
micropipette puller (P-87 Model, Sutter Instrument, CA, USA). Open-tip pipette
resistance in the bath was typically between 4 and 7 MQ. All experiments were
performed at room temperature (20—22 °C). After 7—11 days in culture, cells were
pretreated 2 h with AMPA (100 mM) or apamin (20—100 nM) where stated, 1-EBIO
(100 uM) was added to the bath. After patch-clamp experiments, mesencephalic cell
cultures were fixed for 20 min in ice-cold 4% paraformaldehyde in PBS. Patch
pipettes were filled with Alexa Fluor 488; counterstaining of a limited number of
cells confirmed DN identity with anti-TH antibody. Except when noted, drugs were
obtained from Sigma (St. Louis, MO). All Alexa Fluor reagents were from Invitrogen/
Molecular Probes (Carlsbad, CA).

2.3.1. Data acquisition, storage, and analysis

Whole-cell recordings were made using a patch-clamp amplifier (Axo-patch
200B, Axon Instruments, CA, USA), filtered at 5 kHz, digitized using a 16-bit analog/
digital converter (Digidata 1322, Axon Instruments), and stored on a PC running
acquisition software (pClamp 8.2, Axon Instruments). Holding potential was clam-
ped to —60 mV. Rise time was measured as the time needed for the current rise from
10 to 90% of amplitude maximum. Decay Time constants were measured by fitting
curves with a first-order exponential function using Marquardt—Levenberg
nonlinear least-squares algorithm (Clampfit 9.01, Axon Instruments, CA, USA). The
charge transfer was measured using Clampfit 9.01 (Axon Instruments, CA, USA) by
integrating the area under the current response trace, starting at the beginning of
the response and finishing at the time when the current decayed by 90%.

2.3.1.1. Mean current—variance analysis. Mean current—variance analysis was
carried out based in standard protocol (Sah and Isaacson, 1995; Valiante et al., 1997;
Vogalis et al., 2001). In brief, to construct mean current—variance curves from the
same cell, 10—15 individual Ipyp currents of stable amplitude were filtered at 10 Hz
to obtain the current time course. Thus, 100 ms were sufficient to allow the decay of
most of Iayp to baseline. The traces selected were fitted using a least-square curve-
fitting program (Clampfit in pCLAMP 9.0 or Graphpad Prism). This entailed fitting

the raw current trace with a polynomial curve (or mean current) that was subtracted
from each raw Iagp current to obtain the difference current. These residuals were
binned into several nonoverlapping intervals of 2 ms, and the variance was calcu-
lated for each bin. The variance (¢%) was then calculated in each interval and the
baseline variance subtracted. Binned variance was then averaged for all the 10—15
traces and plotted against the mean current in each interval. By partitioning the Ianp
decay into many subintervals, where the change in mean current is small, we could
obtain a plot of 62 as a function of mean current to which we could fit the following
equation (Sigworth, 1980; Heinemann and Conti, 1992):

62 = i*Imean — (Imean)2/N (1)

to obtain estimates for i, which is equal to the single-channel current, and N, which
represents the maximum number of channels in the cell. Iyean is the mean whole-
cell current.

2.4. Statistical analysis

Each experiment was performed with at least three different batches of neurons,
and toxicity assays were repeated at least three times for each batch. Results are
represented as mean + SEM. Data were analyzed using GraphPad Prism (version
5.00 for Windows, GraphPad Software, CA, USA). Statistical analysis was performed
by Kolmogorov—Smirnov normality test. Paired and unpaired statistical compari-
sons were made using the two-tailed student’s T test with a 95% confidence interval.
For statistical comparison involving multiple groups, one-way ANOVA followed by
post-hoc Tukey multiples comparison test was performed. p Values of <0.05 were
used as the criterion for determining statistically significant differences.

3. Results
3.1. SK3 channels are expressed in a subpopulation of cultured DN

SK channels exist on several isoforms of which, at least in vivo,
DN express preferentially the SK3 variant (Stocker and Pedarzani,
2000). No published information is currently available on the
expression of SK3 channels in embryonic primary cultures of
mesencephalon. We carried out double labeling for TH and SK3 in
7—10 DIV cultures. SK3-positive neurons showed two majors
morphologies; most frequently observed were fusiform to spindle-
shaped bipolar neurons with small somas and 2-3, rarely
branched, primary dendrites (Fig. 1A). Multipolar neurons with
large somas and 3—6 tapering primary dendrites with multiple
terminal branches were also found (Fig. 1G). At 10 DIV, SK3-positive
neurons showed strong co-immunoreactivity for TH (Fig. 1C), but
we virtually never found SK3 immunoreactivity in TH-negative (i.e.,
non-dopaminergic) neurons. On the other hand, only a subpopula-
tion of TH-positive cells showed SK3 colocalization (Fig. 1F). That is
to say, SK3 expression is found almost exclusively in DN in this
preparation, even though SK3-expressing neurons represent only
a fraction of the total complement of DN.

Most SK3 staining was found on the soma and proximal neurites
(Fig. 1G). TH-positive axons generally started as a typical dendrite
with gradually decreasing diameter, continued as a thin process of
an almost constant diameter. Rarely, the axon departed directly
from the soma or from the proximal part of a primary dendrite.
When identified, the thin, untapering axons were clearly longer
than dendrites (Fig. S1). These findings are in agreement with
published data showing SK3 mRNA and protein levels highly
expressed in adult DA midbrain neurons, with highest levels in
SNpc (Stocker and Pedarzani, 2000; Tacconi et al., 2001; Sarpal
et al., 2004), where they have a somatodendritic distribution
(Wolfart et al., 2001).

3.2. Properties of Iapp in cultured DN

The presence of Iayp identifies DN in primary cultures of
embryonic (Chiodo and Kapatos, 1992) or postnatal mesencephalon
(Silvaetal., 1990), but virtually nothing is known about the role of SK
channels in its production in these systems. We performed whole-
cell somatic voltage-clamp recordings from e14 primary cultures
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TH-(+)

Fig. 1. Double immunofluorescence labeling of cultured embryonic rat ventral mesencephalon neurons with antibodies against SK3 and TH. Anti-SK3 antibody labeled two
populations of SK3-positive neurons: fusiform to spindle-shaped bipolar neurons with small somas and rarely branched (A) and multipolar neurons with large somas (G). In both
groups of neurons the cellular distribution of SK3 closely corresponded to that of the dopaminergic marker TH (B, H) and was found along the somata and dendrites (G displays
examples of this distribution of staining). Merged color images show a high degree of colocalization (yellow) of SK3 (A, G, red) and TH (B, H, green). Many TH-positive neurons (E)

show no expression of SK3 channel (D, F). Scale bar = 20 um (See also Fig. S1).

using a short depolarizing voltage steps to elicit depolarization-
activated outward tail currents displaying fast onset, small peak and
fast decay time constant (Fig. 2A) characteristic of DN (Wolfart et al.,
2001). [agp time-to-peak was 2—3 ms after the voltage step (Fig. 2A),
and peak amplitudes were normally distributed (mean =72 + 4 pA;
n = 31) (Fig. 2A inset). Iayp decay time constant was markedly
monoexponential (mean = 27 4 0.5 ms, n = 31) (Fig. 2A) indicating
that these neurons express a stereotypical set of ion channels
mediating this current. No significant changes were found in time to
peak, peak current or decay time constant at different holding
potentials from —40 mV to —60 mV (data not shown). The current
was blocked by external application of non-specific inhibitors of
potassium channels (2 mM 4-AP and 20 mM TEA) (5 + 3 pA, n = 5;
p < 0.01) (Fig. 2B), while it was relatively insensitive to TEA
1—10 mM alone (data not shown). Removal of extracellular calcium
almost completely abolished the Iagp (13 &+ 2 pA, n = 6; p < 0.01)
(Fig. 2B). The outward tail current diminished in amplitude as
holding potential was shifted to more negative values from —60 mV
to —90 mV. Iagp had a mean reversal potentials of —-69 5 mV; n=6,
(Fig. 2C), which is close to the theoretical potassium reversal
potential for the solutions used (see Section 2.3).

Taken together, the fast onset, apparent voltage-insensitivity,
calcium-dependence, differential sensitivities to broad-spectrum
potassium channel blockers and reversal potential of the current
elicited strongly suggest a calcium-dependent, potassium channel-
mediated current. However, its relatively small maximum ampli-
tude and fast decay time constant do not conclusively exclude
involvement of other channels. On the other hand, Iayp decays with

a time course dependent on the amount of calcium influx, which
depends upon the stimulation protocol (Sah, 1992), type of intra-
cellular anion used in the intracellular solution (Zhang et al., 1994)
and calcium-buffering capacity of the studied cell (Sah, 1992). Low
[Ca™™"]; accelerates the decay time constant (Sah, 1992; Zhang et al.,
1994). We used an intracellular pipette solution with low calcium-
buffering capacity to minimize non-physiological calcium buffering
in the AMPA experiments (see Section 2.3). The simplest explana-
tion for differences with published data in the peak current and
decay time is that they reflect variations in the solutions used.
Alternatively, these findings might suggest that SK channels have
different assemblies from the SK channel isoforms reported in
adult DN.

3.3. Channels underlying Iayp have small unitary conductances

We analyzed current fluctuations to estimate channel properties
taking advantage of the good signal-to-noise ratio obtained using
whole-cell recordings (Hille, 2001). Unitary conductances of Iayp
channels were determined using variance—mean analysis (Fig. 3,
see Section 2.3.1.1). Subtraction of the smoothed average (Imean)
(Fig. S2A) from 15 to 30 individual records (Fig. S2B) revealed
increased variance (¢%) during the outward tail current, which
closely followed the time course of Iayp (Fig. S2C). A plot of 62 to
Imean OVer the corresponding time segments yielded a relationship
that could be well fitted with Eq. (1) (Fig. 2D) (see Section 2.3.1.1).
From such plots we obtained estimates of single-channel current (i)
and of maximum number of Iagp channels (N) in DN. In 7 DN,
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Fig. 2. Electrophysiological profile and Iapps in cultured embryonic rat ventral mesencephalon neurons. A, Whole-cell somatic voltage-clamp recording of an Iayp. Distribution of
Ianp is well described by a single Gaussian function (inset; n = 31; p > 0.10, K—S normality test). The time constant of decay (in ms) was fitted between 90 and 10% of peak using
a monoexponential function. B, Removal of extracellular calcium (0 Ca) reversibly reduced Iayp amplitude (n = 6). Iayp was completely blocked by specific blockers of potassium
channels (2 mM 4-AP and 20 mM TEA) (lower). C, The ratio I (peak current amplitude)/l max (maximum current) is plotted against voltage (holding potential) (mean + SEM;
n = 10). D, Mean—variance analysis of the Iayp. 62 of each of 13 current bins of the difference current is plotted as a function of Iean of the corresponding bin (see Section 2.3.1.1).
Dashed lines represent 95% confidence intervals. Solid line represents the best-fit curve. (See also Fig. S2).

unitary currents at —60 mV averaged 0.22 + 0.3 pA, and N was
estimated at 2007 + 138 channels (Table 1). Using the estimated
reversal potential in Fig. 2D, these results yield a unitary conduc-
tance for Iayp channels of 20.6 + 5 pS. These findings are in
complete agreement with conductance values reported for SK
channels (Vergara et al., 1998).

3.4. mAHP currents in cultured DN are apamin
and 1-EBIO-sensitive

In most cell types SK channel-mediated Iayp are specifically
sensitive to apamin and 1-EBIO (Stocker, 2004; Pedarzani et al.,
2005). Apamin is a bee venom toxin, which is a highly specific SK
channel blocker with potencies in the low nanomolar range
(Stocker, 2004) and 1-EBIO is the prototype agonist of SK channel
(Pedarzani et al., 2005). Apamin (100 nM) reduced peak currents
(33 £2 pA; n=11; p < 0.05 vs. controls), time to rise (0.45 + 0.1 ms;
n = 11; p < 0.05), decay time (11.7 = 1 ms; n = 11; p < 0.05), and
charge transfer (207.7 & 3 pC; n = 11; p < 0.05) (Fig. 3A, B).
Conversely, 1-EBIO (100 puM) increased tail current amplitude by
a factor of 1.48 (113.5 £ 4 pA; n = 7; p < 0.01 vs. controls), time to
rise (1.01 0.3 ms; n=7; p < 0.05), decay time (55.5 +7 ms; n =7,
p < 0.05) and charge transfer (2240 + 10 pC; n=7; p < 0.001) of the
same current (Fig. 3A, B). This pharmacological profile strongly
supports a central role of SK3 channels on the Iayp current.

3.5. Stimulation of glutamatergic AMPA receptors in cultured DN
reduces AHP currents by reducing the number of functional SK
channels in the membrane

In light of evidence implicating the participation of outward
potassium currents in mediating several forms of DN death (Liss
et al., 2005; Chan et al., 2007), and particularly the role of SK
channels in glutamate-induced excitotoxicity (Lee et al., 2003), we
tested the hypothesis that protracted glutamatergic AMPA-receptor
stimulation would result in suppression of Isk, opening the door for
sustained excitation.

After 2 h exposure to AMPA (100 pM), [agp amplitude in DN was
reduced by 67 + 3% (44.5 + 3 pA; n = 9; p < 0.01 vs. controls)
(Fig. 3A). AMPA pretreatment reduced time to rise (0.51 + 0.2 ms;
n=9; p < 0.05), decay time constant (9.4 + 1 ms; n=9; p < 0.05)
and charge transfer (242.3 + 5 pC; n = 9; p < 0.05) of the current
(Fig. 3B). As shown by fluctuation analysis, AMPA reduced the
maximum amplitude of the Iagp without changing the initial slope
of the 62 to Imean relationship (Fig. 3C); therefore, single-channel
current (0.24 + 0.4 pA) was not changed (Table 1). Accurate esti-
mates of N require obtaining estimates of 62 at high probabilities of
channel opening where the current variance begins to decrease
with increasing current level (because of the parabolic 6°—Iean
relationship). Extrapolation of the fitted curve to high values of
Imean showed that AMPA treatment deviated from the linearity
found under control conditions. At high values, a bell-shaped
0°—Imean relationship was found (Fig. 3C). Taken together these
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results indicate a reduction in the number of functional channels in
the membrane (Table 1).

In order to confirm the effect of AMPA on N, we used current
density to test the relative change (Fig. 3D). DN had a membrane
capacitance of 15.5 + 0.8 pF (n = 31) and its relationship with peak
current was linear (Data not shown). Current density was calculated
dividing peak current by the capacitance. Current density in control
DN was 5.74 + 0.39 pA/pF (n = 14), and was significantly reduced by
AMPA (100 pM) to 4.57 + 0.32 pA/pF (n = 9; p < 0.05), but not
changed by either apamin or 1-EBIO (Fig. 3D). These results
strongly support a functional reduction in SK channel number in
the membrane of AMPA-treated DN.

3.6. Selective AMPA toxicity to cultured DN is not additive
to apamin toxicity

Experiments to test the neuroprotective potential of SK channel
activation have provided contradictory results (Mourre et al., 1997;

Table 1

Parameters estimated from variance—mean analysis. Mean—variance analysis of the
Ianp in cells treated with AMPA (100 uM) and apamin (100 nM). From Figs. 3 and 5
we obtained estimates of single-channel current (i) and of maximum number of Iayp
channels (N) in DN. Unitary conductance and maximum probability of opening were
calculated taking into account Fig. 2 and Eq. (1). (See Section 2.3.1.1).

Treatment Number of Unitary Unitary Maximum
SK channels current conductance probability

(pA) (pS) of opening

Control 2007 + 138 022 +0.3 206 £5 0.20—0.42
Apamin 1525 + 250 0.19 £ 04 226 £6 0.11-0.22
AMPA 669 + 232* 024+ 04 242 +2 0.22-0.32

*p < 0.05.

Salthun-Lassalle et al., 2004). Some have reported that inactivation
of SK channels resulted in neurodegeneration (Mourre et al., 1997),
while others reported increased neuronal excitability without
ensuing neuronal death (Shakkottai et al., 2004), or even neuro-
protection (Salthun-Lassalle et al., 2004). Conversely, administra-
tion of SK channel agonists in vivo increased the number of
TH-positive cells in the midbrain after 6-hydroxy-dopamine
injection (Aumann et al., 2008). We reported previously that
exposure to AMPA results in concentration-dependent selective
death of DN (de Erausquin et al., 2003, see also Fig. 4A), with
commitment to die occurring as early as 2 h after onset of treat-
ment (de Erausquin et al., 2003; Dorsey et al., 2006). To evaluate
directly the involvement of SK channels in cellular defenses against
excitotoxic insults in DN, we first analyzed the effects of blocking
(apamin and NS8593) SK-mediated currents on survival of DN
challenged with AMPA.

In cultures exposed for 12 h to 3—1000 nM apamin, the
number of TH-positive neurons was reduced in a concentration-
dependent manner relative to the number of TH-positive neurons
counted in control cultures (Fig. 4B). The concentrations of apa-
min tested are in the functional range of SK antagonism in DN
(Wolfart et al., 2001). Apamin 100 nM alone reduced survival to
76 + 4.2% of controls (p < 0.05) (Fig. 4A); this concentration also
significantly reduced Iayp peaks (45% of controls, Fig. 3A).
Examination of these cultures revealed a significant proportion of
TH-positive neurons showing clear signs of degeneration (Figs.
5B9—12 and 6A3), reduction in soma size (Fig. 6D) and neurite
pruning (Fig. 6A3, B). NS8593 is a new reversible inhibitor of SK3-
mediated currents, which does not inhibit apamin binding but
decreases calcium sensitivity of the channel by shifting the acti-
vation curve for Ca®* to the right (Strobaek et al., 2006). NS8593
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also reduced the DN survival in a concentration-dependent
manner (Fig. 4D).

Next, we evaluated the effect of a fixed concentration of AMPA
known to cause selective degeneration of DN (30 uM) on the apa-
min concentration—response curve (30—300 nM) (Fig. 5A). The
maximum effect of AMPA was not additive to apamin alone
(p > 0.05), such that a ceiling effect was apparent for the combi-
nation. These results are consistent with a convergent pathway
between excitotoxicity by AMPA and toxicity caused by SK
blockade.

3.7. Activation of SK3 channels protects cultured DN against AMPA
excitotoxicity

We next assessed the potential neuroprotective effect of SK3
channel activation in DN using 1-EBIO (Lee et al., 2003; Dolga et al.,
2008). Exposure to 1-EBIO (30—1000 puM) alone for 12 h caused
a significant reduction in spontaneous loss of DN (Fig. 4C) (p < 0.01,
for 100 uM); at this concentration 1-EBIO significantly increased the
Iagp (134% of controls, Fig. 3A, B). 1-EBIO protected DN against
AMPA-induced selective excitotoxicity in a concentration-depen-
dent manner (Fig. 5C). Cell survival with 100 pM 1-EBIO plus AMPA
30 uM was 102.3 + 3.8% (p > 0.05 vs. controls), while AMPA 30 uM
alone resulted in 75.7 + 5% survival (p < 0.05 vs. controls).
TH-positive neurons rescued by 1-EBIO appeared healthier than
control cells, showing larger neuritic trees (p < 0.001 vs. controls)
and more branching points (p < 0.01 vs. controls) (Figs. 5D9—12 and
6A—D). CyPPA is a subtype-selective positive modulator of SK
channels, which induces a leftward shift in the activation curves for
calcium on SK3 and SK2 isoforms (Hougaard et al., 2007). CyPPA also
prevented the normal cellular attrition of DN in culture (Fig. 4D).

4. Discussion
4.1. Phenotype-specific excitotoxicity in cultured DN

Prolonged exposure of mesencephalic primary cultures to AMPA
resulted in a phenotype-specific toxicity to a subpopulation of DN
(Figs. 4A and 6A—D). We have previously shown that the same
treatment results in a trophic response in non-DN present in the
same cultures (de Erausquin et al., 1994a, 2003; Isaacs et al., 1996).
Since DN have a striking capacity for homeostatic regulation of
synaptic inputs, which allows them to accommodate rapidly to
maintained excitation and regain their baseline activity (Grace and
Bunney, 2000), it appears that AMPA stimulation would have to
overcome the intrinsic homeostatic system (e.g., via depolarization
block) before causing toxicity. Previously, we established that in the
same culture system sodium-based plasma membrane depolar-
ization due to activation of AMPA receptors increases calcium influx
through somatic L-type VDCC, which in turn produces a further rise
in [Ca™*]; through mobilization of dantrolene-sensitive pools,
leading to sustained loss of calcium homeostasis (de Erausquin
et al.,, 1994a, 2003). We now show that AMPA also reduces Iayp
by =70% in DN (Fig. 3A), and affects all of the kinetic properties of
SK currents (Fig. 3B). Our data strongly suggest that reduction of
Iayp precedes commitment to die because we have previously
shown that release of cytochrome C (Cyt-C), activation of the
transcription factor nuclear factor kappa B (NF-kf) and p53-medi-
ated neuronal death all require longer than 3 h of continuous
exposure to AMPA (de Erausquin et al., 2003).

We have also shown previously that brief (5 min) exposures to
AMPA induce sustained increases in the [Cat™]; levels in DN,
reaching approximately 300 nM (de Erausquin et al., 1994a), which
is in the functional range of activation of SK channels (Stocker,
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2004). We now found that after 120 min of AMPA exposure, sk is
significant reduced (Fig. 3A, B). This biphasic cellular response has
been previously reported in adult DN where mGIuR1 stimulation
induces short latency hyperpolarization followed by a significant
depolarization, which is mediated by changes in [Ca™"]; and acti-
vation and inactivation of SK channels, respectively (Fiorillo and
Williams, 1998). Different mechanisms could explain this
phenomenon, including (i) reduction in calcium intracellular stores
(Paladini et al., 2001), (ii) reduction in [Ca™]; in the vicinity of SK
channels (Augustine et al., 2003; Helmchen et al., 1996), (iii)
desensitization of SK channels to calcium (Taylor et al., 2003; Allen
et al., 2007). High [Ca™"]; levels also may block the channel in
a voltage-dependent fashion and induce an inwardly rectifying SK
current (Soh and Park, 2001). Similarly, sustained [Ca™"]; levels
induced by AMPA (de Erausquin et al., 1994a) could desensitize or
block SK channels. However, we found that unitary channel current
is not affected by AMPA (Fig. 3C, Table 1), and therefore its effect has
to be accounted for by either inactivation (Fig. 3C) or removal of
channels from the membrane (Fig. 3C, D, Table 1). Interestingly,
activation of dendritic AMPA receptors in DN decreases Iayp inde-
pendently of [Ca™]; pools, transiently overwhelming the SK
conductances (Blythe et al.,, 2007), which is in accordance with
a reduction in SK3 channel number in the membrane due to pro-
tracted activation of AMPA receptors (Fig. 3C, D, Table 1). SK
channels undergo recycling (Faber et al., 2008) and activation of
cyclic AMP-dependent protein kinase (PKA) increases their endo-
cytosis (Ren et al., 2006). However, in DN it has been shown that
PKA activation did not regulate SK channel function or surface
expression (Riegel and Williams, 2008), and fails to improve DN
survival in AMPA-induced excitotoxicity (data not shown). Thus, the
molecular mechanism of AMPA-induced reduction in the number
of available channels remains to be elucidated. Notably, the SK3
promoter has putative binding sites for CREB (Sun et al., 2001) and
NF-kf (Kye et al.,, 2007), both of which we have shown to be
regulated by AMPA in DN (de Erausquin et al., 1994a, 2003; Isaacs
et al., 1996).

Selective excitotoxicity to DN by AMPA is characterized by
cytosolic vacuolation, swelling of the Golgi apparatus and mito-
chondria, pruning of neurites, loss of presynaptic contacts, chro-
matin condensation, and nuclear invagination (Dorsey et al., 2006).
These ultrastructural changes resemble those described in primary
cortical cultures treated with apamin (Spoerri et al., 1975; Spoerri,
1983). In DN, SK3 channels (Wolfart et al., 2001, see also Fig. 1G) as
well as AMPA receptors (de Erausquin et al., 1994a; Paquet et al.,
1997) are expressed throughout the entire somatodendritic axis.
The most immediate and profound morphological effects of AMPA
(Fig. 6A2) and apamin (Fig. 6A3) are observed on dendrites (Fig. 6B),
where both lead to selective retraction, beading and fragmentation
(Fig. 6), while axons are consistently spared (Fig. S1B, C). In theo-
retical models of DN function, oscillatory frequency is inversely
related to compartment diameter due to the clearance rate of
[Ca*™™]; (Kuznetsov et al., 2006). Thus, dendrite susceptibility may
be due to large oscillations in [Ca™™"]; generated by calcium-
dependent pacemaking (Wilson and Callaway, 2000). In addition,
loss of synaptic contacts and reduction in size and complexity of the
dendritic tree resulting from AMPA excitotoxicity (de Erausquin
et al, 2003) would further reduce synaptic input and restrict
oscillations to the soma, where SK channels play a larger role
(Kuznetsov et al., 2006; Wilson and Callaway, 2000). Thus, AMPA-
induced suppression of Isx would lead to high-frequency bursting
(Blythe et al., 2007) in a positive feedback loop.

We found that the inactivation of SK channels by apamin (Figs.
4B, 5A, B9—12 and 6A2) or NS8593 (Fig. 4D) promotes specific
death of DN sharing a convergent pathway with AMPA-induced
excitotoxicity (Fig. 5A, B5—8). DN in the midbrain show differential

binding affinity and electrophysiological response to apamin,
making it possible to distinguish subtypes of DN based on apamin
response (Gu et al., 1992), consistent with selective expression of SK
channels (Wolfart et al., 2001, see also Fig. 1). Apamin prevented
spontaneous attrition of cultured DN (Salthun-Lassalle et al., 2004),
but at concentrations (500 pM) several orders of magnitude higher
than the IC50 for blocking SK3-mediated Iagp (100 nM) (Wolfart
et al., 2001), suggesting that the molecular target of this effect
may be different. Apamin-induced neurodegeneration may involve
deregulation of [Ca™*]; (Mourre et al., 1997). Acute administration
of apamin both in vitro and in vivo increases firing rate and burst
firing in DN (Ji and Shepard, 2006; Wolfart et al., 2001), but when
chronically administered it causes a less electrically active state
associated with persistent depolarization (Aumann et al., 2008).
Thus, it appears that SK channel inhibition by apamin overcomes
the intrinsic homeostatic system before causing toxicity to DN.

1-EBIO promoted both survival (Figs. 4C and 5B, D9—12) and
differentiation (Fig. 6A4) of cultured DN. These results are in
agreement with activation of SK3 channels using 1-EBIO leads to an
increase of neuritogenesis (Fig. 6B, C) (Liebau et al., 2007) and the
overall expression level of SK3 channel increases with the synaptic
maturation (Obermair et al., 2003). These findings clearly show
that, in response to hyperexcitable conditions, DN may use Isg
homeostatically as a key but previously unrecognized protecting
mechanism (de Erausquin, 2004). Similarly, the neuroprotective
effects reported for riluzole in PD (LeWitt and Taylor, 2008) may be
due to a very significant, rapid, stable, reversible and concentra-
tion-dependent stimulation of SK3 channels (Grunnet et al., 2001).
The trophic effects of 1-EBIO (Fig. 6B, D) are likely explained by the
rescue of DN that degenerate as a result of culture-related neuronal
attrition (Fig. 5C). However, a recruitment of precursors not initially
committed to the dopaminergic phenotype cannot be excluded,
especially considering that it has been recently reported in an adult
rodent model of PD in vivo that chronic activation of SK channel
shifted the neurochemical phenotype of SNpc neurons from TH-
negative to TH-positive (Aumann et al., 2008).

SK channels are ideally suited to transduce calcium mobilization
central to excitotoxic injury into a protective, hyperpolarizing
signal. Indeed, SK channel-mediated Iagp contributes to the
refractory period (Stocker, 2004), and potentiation of the Iayp by
cytosolic calcium would certainly dampen excitability. Our results
suggest that persistent activation of SK channels caused by 1-EBIO
or CyPPA (Fig. 4D) might tonically hyperpolarize DN reducing their
spontaneous activity, regularizing their firing pattern and reducing
metabolic demands and oxidative stress. However, it has been
reported that a subgroup of DN are highly vulnerable to changes in
electrical activity, such that activation of ATP-sensitive potassium
channels results in neurodegeneration (Liss et al., 2005). Thus,
differences in the effect of SK regulation on survival of DN may be
accounted for by different molecular phenotypes. In the more
general case, 1-EBIO or CyPPA would cause a permissive environ-
ment to maintain and facilitate SK3-mediated DA survival
(Fig. 6D9—12). The activation of SK channels by 1-EBIO or CyPPA has
shown promising features as a classic neuroprotectant for DN
including antiexcitotoxic, antiapoptotic, antioxidant and pro-
metabolic actions.

Here we have demonstrated that SK channel inhibition is
a functionally defined candidate mechanism for differential
vulnerability of DA midbrain neurons to AMPA-induced neurotox-
icity prior to commitment to die.
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