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Apamin-Sensitive Small Conductance Calcium-Activated
Potassium Channels, through their Selective Coupling to
Voltage-Gated Calcium Channels, Are Critical Determinants
of the Precision, Pace, and Pattern of Action Potential
Generation in Rat Subthalamic Nucleus Neurons In Vitro
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Distinct activity patterns in subthalamic nucleus (STN) neurons are observed during normal voluntary movement and abnormal move-
ment in Parkinson’s disease (PD). To determine how such patterns of activity are regulated by small conductance (SK) calcium-activated
potassium channels (K, ) and voltage-gated calcium (Ca, ) channels, STN neurons were recorded in the perforated patch configuration
in slices, [which were prepared from postnatal day 16 (P16)-P30 rats and held at 37°C] and then treated with the SK K, channel
antagonist apamin or the SK K, agonist 1-ethyl-2-benzimidazolinone or the Ca, channel antagonists w-conotoxin GVIA (Ca,2.2-
selective) or nifedipine (Ca,1.2-1.3-selective). In other experiments, fura-2 was introduced as an indicator of intracellular calcium
dynamics.

A component of the current underlying single-spike afterhyperpolarization was sensitive to apamin, phase-locked to calcium entry via
Ca,2.2 channels, and necessary for precise, autonomous, single-spike oscillation. SK K,/Ca,2.2 channel coupling did not underlie
spike-frequency adaptation but limited activity in response to current injection by encoding the accumulation of intracellular calcium,
maintained the characteristic sigmoidal frequency-intensity relationship and generated a post-train afterhyperpolarization. In addition,
SK K, channels terminated rebound burst activity more effectively in neurons with short-duration bursts (<100 msec) than neurons
with long-duration bursts (>100 msec), presumably through their activation by Ca,3 channels. Ca,1.2-1.3 channels were not strongly
coupled to SK K, channels and therefore supported secondary range and long-duration rebound burst firing. In summary, SK K¢,
channels play a fundamental role in autonomous, driven, and rebound activity and oppose the transition from autonomous, rhythmic,

single-spike activity to burst firing in STN neurons.
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Introduction

The glutamatergic subthalamic nucleus (STN) is a key compo-
nent of the basal ganglia, a collection of subcortical brain nuclei
involved in motor, sensory, associative, and limbic functions (for
review, see Wise et al., 1996). Under resting conditions, the tonic
activity of the STN drives, in part, the tonic activity of its target
nuclei. During movement, sporadic high-frequency activity of
the STN plays a pivotal role in the response of the basal ganglia to
cortical and thalamic activation (Kitai and Deniau, 1981; Mat-
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sumara et al., 1992; Fujimoto and Kita, 1993; Wichmann et al.,
1994; Mouroux et al., 1995). In Parkinson’s disease (PD), abnor-
mal, thythmic, bursting activity of the STN plays a key role in the
expression of symptoms (Bergman et al., 1994; Levy et al., 2000,
2002). Indeed, therapies like high-frequency electrical stimula-
tion of the STN have been successful in ameliorating the symp-
toms of PD (for review, see Benabid et al., 2001).

In recent years, several groups have defined intrinsic mem-
brane properties of STN neurons in vitro that are likely to con-
tribute to their pattern of activity and integration of synaptic
input in vivo (Nakanishi et al., 1987; Beurrier et al., 1999, 2000;
Bevan and Wilson, 1999; Song et al., 2000; Wigmore and Lacey,
2000; Otsuka et al., 2001; Bevan et al., 2002; Zhu et al., 2002;
Baufreton et al., 2003; Do and Bean, 2003). These properties
include: (1) autonomous, rhythmic single-spike activity, (2) the
ability to fire at high frequencies (100—500 Hz), (3) a primary
range of activity (<40 Hz) that is approximately half as sensitive
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to input as a secondary range of activity (>40 Hz), and (4) het-
erogeneous rebound burst activity. Further analyses of the ion
channels underlying these properties will be critical for our un-
derstanding of the function and dysfunction of the STN and for
the development and refinement of treatments for PD that are
based on the modulation of STN activity.

In recent whole-cell patch clamp recording studies of STN
neurons, calcium entry via voltage-gated calcium (Ca,) channels
predominantly activated small conductance (SK) calcium-
activated potassium channels (K,) channels, which played a piv-
otal, largely suppressive role in shaping activity or activated non-
specific cation channels, which augmented activity (Bevan and
Wilson, 1999; Beurrier et al., 1999, 2000; Otsuka et al., 2001).
Because the whole-cell configuration of the patch-clamp tech-
nique can introduce alien calcium buffers and anions that disrupt
intracellular calcium dynamics (Neher and Augustine, 1992;
Zhang et al., 1995; Helmchen and Tank, 1999; Velumian and
Carlen, 1999) and block intrinsic ion channels (Zhang et al.,
1994; Velumian et al., 1997), we applied the perforated patch-
clamp technique, with gramicidin as the pore-forming substance
(Myers and Haydon, 1972; Abe et al., 1994; Kyrozis and Reich-
ling, 1995) to study in a more definitive manner the role of
apamin-sensitive SK K, channels and their coupling to Ca,
channels in STN neurons. In other cases, we deliberately intro-
duced the calcium indicator fura-2 to track the dynamic changes
in intracellular calcium (Grynkiewicz et al., 1985; Lev-Ram et al.,
1992) that are presumably related to the activation of SK K,
channels.

Materials and Methods

Electrophysiology

Slice preparation. Electrophysiological studies were performed on brain
slices prepared from 43 16- to 30-d-old Sprague Dawley rats. Animals
were deeply anesthetized with a mixture of ketamine and xylazine and
perfused transcardially with 10—40 ml of ice-cold modified artificial CSF
(ACSF), which had been bubbled with 95% O, and 5% CO, and con-
tained (in mm): 230 sucrose, 2.5 KCl, 1.25 Na,HPO,, 0.5 CaCl,, 10
MgSO,, and 10 glucose. The brain was then rapidly removed, blocked in
the sagittal plane, glued to the stage of a vibratome (VT 1000S; Leica,
Nussloch, Germany), and immersed in ice-cold modified ACSF. Slices
containing the STN were cut at a thickness of 300 um and subsequently
transferred to a holding chamber, where they were submerged in ACSF,
which was bubbled continuously with 95% O, and 5% CO,, maintained
at room temperature, and contained (in mm): 126 NaCl, 2.5 KCl, 1.25
Na,HPO,, 2 CaCl,, 2 MgSO,, and 10 glucose.

Visualized recording. Single slices were transferred to the recording
chamber and perfused continuously (2-3 ml/min) with oxygenated
ACSF at 37°C. Somatic recordings were made using patch pipettes pulled
from standard-wall borosilicate glass (Warner Instruments, Hamden,
CT) on a P-97 Flaming-Brown micropipette puller (Sutter Instruments,
Novato, CA). Pipettes were filled with a solution containing (in mm):
134.1 K-MeSO,, 0.9 KCl, 3.6 NaCl, 1 MgCl,-6 H,0, 10 HEPES, 0.1
Na,EGTA, 0.4 Na;GTP, and 2 Mg, ;ATP. The pH and osmolarity of the
pipette solution were 7.3 and 290-300 mOsm, respectively. Gramicidin
was added to the pipette solution at an approximate concentration of 20
png/ml <1 hr before seal formation was attempted. The resistance of filled
pipettes was between 2.5 and 5 M(). Gramicidin was applied because it
forms pores that are permeable only to monovalent cations and small
neutral molecules like water and thus leaves intact natural calcium dy-
namics and ion channel properties (Myers and Haydon, 1972; Abe et al.,
1994; Kyrozis and Reichling, 1995). A 40X water-immersion objective
(Axioskop; Zeiss, Oberkochen, Germany) was used to examine each slice
using infragradient contrast video microscopy (Dodt et al., 1999) (Infra-
patch Workstation; Luigs and Neumann, Ratingen, Germany). Perfo-
rated recordings were made in current-clamp and voltage-clamp mode
using an EPC 9/2.C amplifier (Heka, Lambrecht, Germany), which was
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operated using Pulse 8.5 software (Heka). Signals were low-pass filtered
at a frequency (1.7-33.3 kHz) that was one-third the frequency of digiti-
zation (5-100 kHz). Junction potentials were not corrected in the perfo-
rated configuration because, in contrast to the whole-cell configuration,
the composition of ions in the recorded neuron cannot be assumed to be
the same as electrode solution (Marty and Neher, 1983; Neher, 1992;
Bevan et al., 2000, 2002). Deliberate or accidental establishment of the
whole-cell configuration was recognized as a sudden drop in series resis-
tance, an increase in the amplitude of recorded action potentials, and an
~6 mV offset in membrane potential. The latter was measured as an
increase in the threshold for the generation of action potentials that
accompanied break-in. The value of the offset was similar to the empir-
ically calculated junction potential between the electrode solution and
the external media of 8.7 mV (Neher, 1992; Barry, 1994; Bevan et al.,
2000, 2002). The voltages reported in this paper are therefore likely to be
<3 mV more depolarized than the actual voltages.

While fast capacitive transients of the pipette were nulled on-line,
there was no compensation of series resistance or whole-cell capacitance,
thus voltage errors attributable to series resistance were subtracted oft-
line as described previously (Bevan et al., 2000).

Drugs. Drugs were diluted in ACSF and bath-applied. Fast synaptic trans-
mission was blocked by the continuous application of 50 um D-(—)-2-
amino-5-phosphonopentanoic acid (APV), 20 uMm 6,7-dinitroquinoxaline-
2,3-dione (DNQX), and 20 pum SR 95531 hydrobromide (GABAzine) so that
the action of SK and Ca, channel drugs on intrinsic properties could be
studied in isolation from effects on synaptic transmission. Synaptic trans-
mission receptor blockers, 1-ethyl-2-benzimidazolinone (EBIO) and nifed-
ipine were obtained from Tocris (Ellisville, MO). Apamin (1 pm-100 nm) and
w-conotoxin GVIA (1 um) were obtained from Sigma (St. Louis, MO).

Data analysis. Data were analyzed using Pulsefit (Heka) and Origin 5.0
(Microcal, Northampton, MA). Descriptive statistics refer to the mean *
SEM. Frequency distributions of the experimental data were compared
with normal distributions of similar means and SDs, which were con-
structed using random numbers generated by Statview 5.0 (SAS, Cary,
NC), using the Kolmogorov—Smirnov (K-S) test. Although datasets were
typically not significantly different from a normal distribution, our sam-
ple sizes were small. We therefore applied nonparametric statistics,
which are subject to fewer assumptions concerning the distribution of
data. The means of paired and unpaired experimental datasets were thus
compared using the Wilcoxon signed rank (WSR) test and the Mann—
Whitney U'test (M-W U) respectively, and probability values <0.05 were
considered significant.

The dose—response relationship for apamin was characterized in Ori-
gin (Microcal) by fitting a single Langmuir isotherm to the plot of mean
peak apamin-sensitive current at each concentration of drug. The best fit
was assessed over iterative trials in which the variables representing the
Hill coefficient and the half-maximal response were permitted to vary.

The frequency and statistical significance of any periodic discharge
features induced by apamin were determined using the Lomb algorithm
(Kaneoke and Vitek, 1996). Lomb periodograms represent power spectra
of the autocorrelograms constructed using 121 spikes of recorded data.

Calcium imaging

Slices were prepared with, stored in, and perfused with ACSF as described
above. Slices were viewed under infrared illumination (780 = 30 nm)
using the same CCD camera used for calcium imaging and an Olympus
(Melville, NY) BX50WTI upright microscope, equipped with DIC optics
and a 40X (0.8 NA) water immersion objective. Micropipettes had resis-
tances of 4—6 M() and were filled with a solution containing (in mm):
128.7 K-MeSO,,, 2.3 KCl, 10 HEPES, 0.4 Na,GTP, 1 MgATP, 1 Na,ATP,
and 0.05-0.2 fura-2 (Na-salt). The pH and osmolarity of the pipette
solution were 7.3 and 290—300 mOsm, respectively. Current-clamp re-
cordings were made using an active bridge amplifier (Neurodata IR283;
Cygnus Technology, Delaware Water Gap, PA). Electrical and optical
data were collected synchronously using a single computer. Electrical
records were digitized at 16 bit resolution at 10 kHz and corrected for a 5
mV liquid junction potential (see above). Optical recordings were ob-
tained using a cooled CCD camera (EEV37; Photometrics, Tucson, AZ)
in frame transfer mode. Frame rates of 20—50 Hz were used, depending
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on the size of the field of view. Fluorescence measurements were made
using an excitation wavelength of 380 nm and were corrected for bleach-
ing and autofluorescence. To correct for bleaching, fluorescence mea-
surements were collected while the recorded neuron was held hyperpo-
larized. These measurements were then filtered at 3 Hz and subtracted
from the fluorescence measurements, which were made when the cell was
generating action potentials. Autofluorescence was corrected by sub-
tracting the fluorescence of a nearby region of the slice, which was devoid
of fura-containing elements, from the value of F at the beginning of each
trial. Changes in the fluorescence of fura-2 are presented as %06F/F, which
for changes of <50% are related in an almost linear manner to calcium
concentration (Lev-Ram et al., 1992). All measurements made in this
study were within this range. At an excitation wavelength of 380 nm, the
fluorescence of fura-2 decreases with increasing calcium concentration.
Therefore, for the sake of clarity, the measurements are plotted as
—%3F/F so that decreases in fluorescence have the same polarity as in-
creases in calcium concentration.

Results

SK K, channels underlie a major component of single-spike
afterhyperpolarization in STN neurons

To evoke and study in a quantitative manner the currents under-
lying single-spike afterhyperpolarization, a protocol based on
principles outlined by Lancaster and Adams (1986) was applied.
This technique has been used successfully to elucidate currents
underlying afterhyperpolarization in other systems (Storm, 1989;
Wolfart et al., 2001; Wolfart and Roeper, 2002; Faber and Sah,
2002). To induce a single unclamped action potential, the mem-
brane was depolarized from a holding potential of —65 to 20 mV
for 10 msec. The membrane potential was then returned to —65
mV, and the resulting currents were recorded. This protocol
evoked an outward current that apparently peaked 38.9 = 5.9
msec after the termination of the voltage step and decayed within
100-200 msec (n = 16) (Fig. 1A). Because the slow decay of this
current was similar to those observed for currents carried by SK
K, channels, the current was tested with varying concentrations
of the selective SK K, channel blocker apamin (for review, see
Sah, 1996; Vergara et al., 1998; Bond et al., 1999; Sah and Faber,
2002). As predicted, the current was inhibited by low concentra-
tions of apamin (Fig. 1A). To further analyze the apamin-
sensitivity of the single-spike afterhyperpolarization, the apamin-
sensitive current was calculated for each concentration of apamin
by subtracting the spike-evoked current obtained in apamin from
the spike-evoked current observed in control media. At all drug
concentrations, the peak amplitudes of subtracted currents were
not significantly different from normal distributions of similar
means and variance that were generated from random numbers
(K-S test; 10 pM: 16.7 = 4 pA, n = 8, p = 0.65; 100 pm: 21.3 = 6
PA, =7, p > 0.99;500 pM: 42.1 = 7 pA, n = 8, p > 0.99; 1 num:
78.7 +9pA,n=6,p>0.99; 10nM: 76.8 = 13 pA,n = 5, p > 0.99
100 nm: 79.0 = 12 pA, n = 14, p > 0.99). Population-subtracted
currents were used to construct a dose-response curve, which
was reasonably well described by a Hill coefficient of 1.04, was
half-maximal at ~246 pm, and was clearly saturated at 1 nm. The
sensitivity of single spike afterhyperpolarization is therefore
somewhat intermediate to the sensitivity of identified SK2 K,
channels in slice preparations of cerebellar Purkinje neurons (135
pM™; Cingolani et al., 2002) and identified SK3 K, channels in
isolated superior cervical ganglion neurons (2.3 nm; Hosseini et
al., 2001) and slice preparations of dorsal vagal neurons (2.2 nm;
Pedarzani et al., 2000) and dopaminergic substantia nigra neu-
rons (9.2 nM; Wolfart et al., 2001). Thus, these data suggest that a
major component of the single-spike afterhyperpolarization in
STN neurons was mediated by SK K, channels that were com-
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Figure 1. A major component of single-spike afterhyperpolarization is mediated by SK K,
channels. 4, B, In voltage-clamp, a single unclamped action potential was induced by stepping
from a holding potential of —65 to 20 mV for 10 msec. The membrane potential was then
returned to —65mV, and the current underlying afterhyperpolarization was studied. The single
spike-evoked current was sensitive to apamin. B, Under current-clamp, the reduction in
apamin-sensitive current manifested itself as a reduction in single-spike afterhyperpolarization
and as a general depolarization (same cell as in A). Note also the steepening of the voltage
trajectory in the interspike interval and the rise in the threshold for action potential generation.
(, Application of the selective SK channel agonist EBIO markedly increased the magnitude of
current that was evoked by the protocol described in A. D, Current-clamp recording of the same
neuron in C. EBIO increased the magnitude and duration of single-spike afterhyperpolarization,
which led a reduction in the frequency of autonomous oscillation.

posed of relatively apamin-sensitive subunits (Ishii et al., 1997)
and is consistent with the presence of mRNA encoding SK2 K,
and SK3 K, channels in STN neurons (Stocker and Pedarzani,
2000).
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In some cells, apamin application also
further revealed a spike-evoked slowly de-
activating inward tail current (Fig. 1 A). In
the absence of the slowly deactivating in-
ward tail current, the apamin-sensitive
outward current peaked at 6.0 £ 1.3 msec
(n = 8) and deactivated with a time con-
stant of 60.2 * 6.4 msec (n = 8), which
were similar to the kinetics of previously
reported spike-evoked apamin-sensitive
currents (for review, see Sah, 1996; Sah
and Faber, 2002).

In current-clamp mode, the blockade
of SK K, channels reduced single-spike
afterhyperpolarization and led to a general
depolarization (Fig. 1 B). Furthermore, the
voltage trajectory associated with the inter-
spike interval was steeper, and the threshold
for action potential generation was higher in
the presence of apamin (Fig. 1 B).

Although apamin is a widely used selec-
tive SK K, channel antagonist, it does not
wash out easily from brain slices, and its
effects are typically irreversible. Therefore, 0.5
to provide further evidence that the effects 04
of apamin were attributable to SK K,
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channel blockade and not run-down in 2 03
treated neurons, we used EBIO, which se- 02
lectively enhances the calcium sensitivity 0.1
of SK K, channels (Xia et al., 1998; Syme 0.0
et al., 2000; Pedarzani et al., 2001; Wolfart 0

et al., 2001; Cingolani et al., 2002; Faber
and Sah, 2002). We predicted that the ef-
fects of SK K, channel activation would
be mostly opposite to the effects of SK K,
channel blockade. Under conditions of
fast synaptic transmission blockade, bath
application of 200 uM EBIO increased the
mean peak current underlying single-
spike afterhyperpolarization by a factor of
1.72 (WSR test; control: 28.2 = 4.0 pA;
EBIO: 48.5 = 5.6 pA, n = 7, p = 0.018)
(Fig. 1C). In current-clamp mode, activation of SK K, channels
with 200 uwm EBIO markedly increased the afterhyperpolariza-
tion that followed autonomously generated action potentials
(Fig. 1D).

Figure2.

SK K, channels influence the precision of autonomous
rhythmic single-spike activity in STN neurons

Under perforated recording conditions and in the presence of
synaptic transmission blockers, blockade of SK K, channel cur-
rent with apamin reduced single-spike afterhyperpolarization
and the rhythmicity of autonomous single-spike activity (Fig. 2).
The precision of firing was assessed using the coefficient of vari-
ation (CV) of 100 interspike intervals of spontaneous activity
recorded in current-clamp mode. In accordance with previous
studies, STN neurons discharged in a rhythmic single-spike man-
ner in control media (Fig. 2A) (Overton and Greenfield, 1995;
Beurrier et al., 1999, 2000; Bevan and Wilson, 1999; Wigmore
and Lacey, 2000; Baufreton et al., 2001, 2003; Bevan et al., 2002;
Zhu et al., 2002; Do and Bean, 2003) but never exhibited the
spontaneous rhythmic burst activity that has been observed by
some groups (Beurrier et al., 1999, 2000, 2001; Baufreton et al.,
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SKK¢, channels are critical for the rhythmicity of autonomous activity. A-C, Activity of a representative neuron under
control conditions and after treatment with apamin. Interspike interval histograms generated from 100 interspike intervals of the
activity associated with these conditions are shown to the right. 4, Precise single-spike firing was observed before drug application
(CV = 0.05; frequency = 21.8 Hz). B, C, Partial inhibition (8) and complete inhibition ( () of the current with 500 pm apamin and
100 nm apamin, respectively, reduced the precision and increased the frequency of activity (500 pm apamin: CV = 0.1, fre-
quency = 28.1Hz; 100 nmapamin: CV = 0.18, frequency = 27.5 Hz). D, Population CV data. Nonparametric paired comparisons
revealed that the mean CV in control was not significantly different from the mean CV'in 10 pm apamin or the mean CV in 100 pm
apamin. The mean CV in control was however significantly different from the mean CV in concentrations of apamin =500 pwm.
Calibration in Calso applies to A and B.

2001, 2003). The subsequent application of 500 pM apamin re-
duced single-spike afterhyperpolarization, which increased the
rate of activity and decreased the precision of firing (Fig. 2B).
Saturating concentrations of apamin led to a profound reduction
of the single-spike afterhyperpolarization, which was accompa-
nied by a further decrease in rhythmicity (Fig. 2C). The apamin-
sensitivity of periodicity (CV) suggested that the precision of
firing was regulated in part by relatively apamin-sensitive SK K,
channels (Fig. 2D). Thus, the mean CV measured in control
media (0.074 = 0.005; n = 27) was not significantly different
(WSR test) from the mean CV in 10 pM apamin (0.074 = 0.007;
n = 8; p = 0.8886) or the mean CV in 100 pM apamin (0.08 =+
0.02; n = 7; p = 0.2367). However, the application of 500 pm
apamin resulted in a mean CV that was significantly different
from control (WSR test; 0.20 = 0.10,n = 8, p = 0.0173). Further
blockade of SK K, channels produced similar disruptions: the
mean CV in 1 nM apamin (WSR test; 0.19 = 0.07, n = 7, p =
0.018), the mean CV in 10 nm apamin (WSR test; 0.20 = 0.06, n =
5, p = 0.0431), and the mean CV in 100 nM apamin (WSR test;
0.36 = 0.09, n = 19, p = 0.002) were all significantly different
from that obtained in control ACSF. Although the mean CV
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Figure3.  Calcium dynamics faithfully track the autonomous generation of action potentials. 4, B, Simultaneous electrical (A) & urmg sp Y iy w

and fluorescent (B) recordings from the soma of a spontaneously active STN neuron. Oscillations in membrane potential are
phase-locked to oscillations in intracellular calcium levels. C, Using the superimposition of multiple cycles of autonomous activity
and related calcium dynamics, more precise temporal resolution of calcium dynamics was achieved (see Results). Calcium levels
fell to baseline levels immediately before the generation of an action potential, rose during and after the generation of an action
potential, and reached their maximum during the single-spike afterhyperpolarization. Calibration in B also applies to A.

appeared to increase at concentrations beyond 1 nm, these differ-
ences were not significant. The CV in 1 nM apamin was not sig-
nificantly different from that in 10 nMm (M-W U'test; n = 12, p =
0.6847) or in 100 nM (M-W U test; n = 12, p = 0.0686). Thus, the
disruption in CV displayed sensitivity to apamin that was similar
to the apamin sensitivity of single-spike afterhyperpolarization
that was assessed with the hybrid clamp protocol.

In general, within a cell, the firing rate did not change signif-
icantly with apamin application until partial blockade (500 pm)
was achieved (Fig. 2 B). Firing rate was consistently higher at this
concentration (WSR test; control: 12.4 = 1.09 Hz, n = 27; 500
pm: 15.1 = 2.6 Hz, n = 8, p = 0.0357). Further application of
higher concentrations of apamin often led to such profound dis-
ruptions in firing pattern and elevation of spike threshold (Figs.
1, 2) that the mean firing rate was not significantly different from
control.

Application of 200 uM EBIO did not significantly alter the
precision of spontaneous firing in STN cells as measured by the
coefficient of variance (WSR test; control: 0.066 %+ 0.007; EBIO:
0.05 £ 0.007,n =5, p = 0.138), but it did lead to a decrease in the
mean firing rate of these cells (WSR test; control: 13.5 + 3.0 Hz;
EBIO: 8.2 = 2.1 Hz, n = 5, p = 0.0422) (Fig. 1 D).

An earlier study suggested that Ca, channels contributed to
rhythmicity in STN neurons by passing calcium, which in turn
activated SK K, channels (Bevan and Wilson, 1999). These Ca,
channels appear to be predominantly activated at suprathreshold
voltages (Bevan and Wilson, 1999; Song et al., 2000). Indeed, the
time course of single spike-evoked SK K, current, the trajectory
of the interspike interval associated with autonomous activity
and the effects of apamin on autonomous activity suggest that
calcium entry via Ca, channels mainly occurs during and subse-

extracted and aligned on the action poten-
tial. Because sampling of the calcium sig-
nal occurred asynchronously with the ac-
tion potential, the calcium samples were
out of register with each other in the super-
imposition. Thus, each cycle of the spon-
taneous activity provided a set of calcium
measurements at different times. Assuming that the calcium
transient is the same for each action potential (Helmchen et al.,
1996), then superimposing the data from different action poten-
tials gives a time series with resolution increased approximately
by a factor of the number of superimposed spikes. In the example
in Figure 3 and in three other neurons that were studied with this
technique, it was apparent that calcium levels in STN neurons did
not begin to rise before the action potential and reached their
peak during the early phase of the spike afterhyperpolarization.
This is consistent with calcium entry via Ca, channels with acti-
vation and deactivation kinetics slower than those of the action
potential currents. The calcium current was activated by the de-
polarization of the action potential but outlasted the action po-
tential, that is, the calcium current was mostly a tail current of the
action potential. If the calcium entering Ca, channels is solely
responsible for the calcium transient, then the time required for
deactivation of the calcium current can be approximated as the
time required for the calcium influx to plateau (~20 msec). The
time course of calcium decay after the action potential was ap-
proximately exponential (441.2 = 217.2 msec; n = 4), and cal-
cium levels returned to approximately baseline levels (~0%) be-
fore the occurrence of the next action potential in the series.
Arresting the spontaneous activity in four of four neurons tested
by hyperpolarizing current injection did not produce detectable
decreases below background levels of calcium (data not shown).
Taken together, our observations suggest that action potential
generated calcium dynamics rather than background calcium
levels are important for the activation of SK K, channels in STN
neurons.

The decay of intracellular calcium that was measured with
imaging was much slower than the decay of SK K, current mea-
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sured using the hybrid clamp protocol. Similar observations have
been made in other neurons and are thought to arise from the fact
that the average level of intracellular calcium is not a precise
reflection of the calcium concentration that is present in the vi-
cinity of SK K, channels (Wilson and Callaway, 2000).

SK K, channels influence the sensitivity of STN neurons to
depolarizing input

STN neurons are capable of maintaining high firing rates in re-
sponse to synaptic input or current injection (Kitai and Deniau,
1981; Rouzaire-Dubois and Scarnati, 1985, 1987; Nakanishi et al.,
1987; Fujimoto and Kita, 1993; Mouroux et al., 1995; Bevan and
Wilson, 1999). The putative role of SK K, channels in high-
frequency firing was investigated by comparing driven firing in
control media and in the presence of apamin (Fig. 4A-D). Neu-
rons were driven for 500 msec from rest with ascending steps of
20 pA of injected current. When the relationship between fre-
quency and current ( f~I relationship) was plotted, STN neurons
exhibited a sigmoidal function that was similar to an earlier re-
port that used the whole-cell recording technique (Fig. 4B)
(Bevan and Wilson, 1999). The f~I curve was composed of a
low-sensitivity primary range up to ~40 Hz, a more sensitive
secondary range, and a tertiary range at which the frequency of
discharge began to saturate. In control conditions, STN cells fired
up to 500 Hz and displayed, on average, a secondary range to
primary range slope ratio of 1.93 = 0.14 (n = 21). Partial and
saturating blockade of apamin-sensitive current increased the
firing rate of STN neurons during periods of applied positive
current (Fig. 4A,B). This manifested itself as both a leftward shift
in the secondary range (Fig. 4 Bi) and as an increase in the gradi-
ent of the primary range (Fig. 4 Bii). The first effect was quantified
within each cell as the normalized amount of current needed to
achieve the half-maximal firing rate (Fig. 4C). As illustrated in
Figure 4, A and Bi, and shown for the population in Figure 4C,
concentrations of 1 nM apamin or greater significantly reduced
thisamount (WSR test; 10 pM: 1.07 * 0.04, n = 8, p = 0.0747; 100
pm: 1.02 * 0.06, n = 7, p = 0.8658; 500 pMm: 0.97 = 0.03,n = 8§,
p =0.3980; 1 nm: 0.74 = 0.05,n = 7, p = 0.018; 10 nm: 0.70 £
0.06,n =6,p 0.0277; 100 nm: 0.77 £ 0.04, n = 14, p = 0.0019). In
the primary range, partial and saturating blockade of the apamin-
sensitive current led to an increase in the responsiveness of STN
cells to current injection (Fig. 4A,B,D). Although the normalized
slope of the primary range was not significantly changed by the
application of 100 pM apamin or less (WSR test; 10 pm: 1.04 =
0.05, 1= 8, p = 0.5754; 100 pm: 1.00 = 0.04,n = 6, p = 0.9165),
the application of 500 pM apamin or more led to a significant
increase in this gradient (WSR test; 500 pm: 1.22 *+ 0.08, n = 6,
p =0.0277; 1 nm: 1.58 £ 0.14,n = 7, p = 0.018; 10 nm: 1.86 =
0.15,7n=6,p = 0.0277; 100 nm: 1.68 £ 0.11, n =13, p = 0.0015).
As complete inhibition of the apamin-sensitive current had no
significant effect on the normalized slope of the secondary range
in STN neurons (100 nM: 0.98 * 0.07, n = 13, p = 0.4802), the
difference between the slopes of the primary and secondary
ranges decreased, and a linearization transpired, such that the
ratio of the slope of the primary range over the slope of the sec-
ondary range was significantly higher as it approached 1 (100 nm:
0.95 = 0.07, n = 13, p = 0.0015). Thus, current mediated
through apamin-sensitive channels normally acts to limit the ex-
citability of STN neurons and plays a critical role in maintaining
the characteristic shape of the f~I relationship. The dose-
sensitivity of these effects (Fig. 4 A—D) is suggestive that they were
mediated in large part by channels containing relatively apamin-
sensitive subunits.
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Enhancement of SK K, channel activity with EBIO produced
effects on high-frequency discharge that were opposite to treat-
ment with apamin. Mean firing rates were decreased as compared
with control rates in response to equivalent amounts of injected
current (Fig. 4 E,F). This manifested itself as a rightward shift in
the f~I relationship for these cells (Fig. 4E,F). The normalized
amount of current required to achieve the half-maximal firing
rate was increased after application of EBIO (WSR test; 1.31 *
0.04,n =5,p =0.0431). Activation of SK K, channels also led to
a decrease in the responsiveness of STN cells to current injection
in both the primary and secondary ranges of the f~I relationship
(Fig. 4E,F). The normalized slopes of the primary (0.65 = 0.05;
n = 5) and secondary ranges (0.77 * 0.07; n = 5) were signifi-
cantly reduced by EBIO (WSR test; p = 0.0431) (Fig. 4E,F). In
contrast to the linearization observed in the presence of apamin,
the relative changes in both slopes were similar in EBIO, such that
the ratio of the slope of the primary range to the slope of the
secondary range in control media was not altered by application
of the drug (WSR test; control: 0.50 = 0.06; EBIO: 0.43 * 0.05,
n=5,p = 0.3452) (Fig. 4EF).

SK K, channels do not determine intratrain spike-frequency

dynamics in STN neurons

Although SK K, channels dictated the overall sensitivity of STN
neurons to depolarizing input, they did not control firing dynam-
ics within periods of driven firing (Fig. 5). At firing rates in the
secondary and tertiary range of the f~I curve, STN neurons dis-
played an initial increase in firing rate when driven (Fig. 5B-D).
At all levels of driven firing, STN neurons also displayed a subse-
quent minor but consistent spike-frequency adaptation (Fig. 5).
Both of these properties were unchanged by the application of
saturating concentrations of apamin in seven of seven neurons
tested. Furthermore, comparison of interval and instantaneous
frequency plots from driven firing of similar frequencies under
control conditions and in the presence of apamin revealed that
intratrain spike-frequency dynamics were virtually identical (n =
7). Similarly, spike-frequency dynamics during periods of driven
firing were relatively unchanged after activation of these channels
with 200 um EBIO (Fig. 4E,F). When traces of similar mean
frequency were compared, EBIO did not increase spike-
frequency adaptation. Taken together these data suggest that in-
tratrain spike-frequency dynamics are primarily controlled by
channels other than SK K, channels.

SK K, channels, in part, underlie post-train
afterhyperpolarization in STN neurons

High-frequency firing also led to an accumulation in the depth
and duration of post-train apamin-sensitive afterhyperpolariza-
tion in STN neurons (Fig. 6). Thus, the interval between a period
of high-frequency firing and the resumption of spontaneous fir-
ing increased as a function of both the current used to drive the
cell and the mean frequency realized during the driven period
(Fig. 6A,C,D,F,G,I). Under control conditions, the time to the
first spike after driven firing was approximately linearly related to
the mean frequency of driven activity (Fig. 6 A,C,D,F,G,I). Across
14 cells examined, the mean slope of this relationship was 3.28 =
0.67 msec/Hz. Saturating concentrations of apamin widely abol-
ished the post-train afterhyperpolarization but had one of two
opposite effects on the resumption of spontaneous activity. Com-
plete blockade of SK K, channels with saturating concentrations
of the drug prolonged the time to the first spike after driven firing
in 6 of 15 neurons examined (Fig. 6 A—C). In five neurons, block-
ade of the SK K, channels led to a shortening of the interval
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SKK¢, channels influence the sensitivity of firing to depolarizing input. A-D, Driven firing was augmented in a dose-dependent manner by the application of apamin. Apamin increased

the frequency of firing in response to current injection in both the primary and secondary firing ranges. The f~/ relationship was shifted leftwards (8, () and the gradient of the primary range (B, D)
resembled that of the secondary range. Thus, apamin at concentrations =500 and 100 pu significantly decreased the current required for half-maximal firing ( () and increased the gradient of the
primary range (D), respectively. £, F, Driven firing was markedly reduced by the application of EBIO. Fi, The // relationship of the neuron in £ was shifted right by EBIO. Fil, The gradients of primary
and secondary range firing were reduced by SK K, channel activation, but the ratio of the sensitivities of primary to secondary range firing were unaltered.

between the termination of driven firing and the first subsequent
action potential (Fig. 6 D—F). In the remaining four cells, apamin
treatment produced such great variability in the resumption of
spontaneous activity that a clear pattern was not observed. These
mixed responses indicate that SK K, channels are important for

the smooth and uniform resumption of spontaneous activity af-
ter high-frequency activity in STN neurons. In the absence of SK
K, channels, the resumption of activity is less uniform, across
the population and within individual neurons. The involvement
of SK K, channels in post-train afterhyperpolarization was con-
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ble mechanism that might underlie the & V g
therapeutic value of high-frequency stim- -60-/ = -60-
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(Bevan and Wilson, 1999; Dostrovskyand ¢, 0
Lozano, 2002). To test this proposition
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activity in STN neurons with repeated in- 5 4. %401
jections of current in control conditions £ 2
and in the presence of apamin (Fig. 7). In = -601 — 7607 —
agreement with the data described above, 80 200 pA, 203.0 Hz 80 180 pA, 196.3 Hz
apamin treatment produced faster firing D
on each cycle of current injection, reduced
post-train afterhyperpolarization between 200
cycles of current injection, but had no ef-
fect on the decline in spiking during suc- 160
cessive cycles of activity (Fig. 7). These )
data suggest that during cycles of high- g
frequency activity there will be a build-up g § 1201 B
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tion and broadening of action potentials
during successive cycles of activity suggest  Figure 5. Intratrain spike-frequency dynamics are not controlled by SK K, channels. A~D, Comparison of firing of similar

that the slow inactivation of Na, channels
may be responsible (Do and Bean, 2003).

frequency in control conditions and in the presence of apamin revealed that the pattern of spiking within a driven train was not
altered by apamin. The speed-up in firing, which was followed by minor spike-frequency adaptation at high frequencies of activity

was present in control conditions and in the presence of apamin. Calibration in Calso applies to A and B.

Intracellular calcium accumulates

during and decays slowly after driven repetitive firing

The slow decay of intracellular calcium during autonomous ac-
tivity, the slow decay of single spike-evoked apamin-sensitive SK
K¢, channel current, and the accumulation of post-train apamin-
sensitive afterhyperpolarization suggested that during high-
frequency repetitive activity intracellular calcium accumulates
and leads to the persistent activation of SK K, channels. Com-
bined calcium imaging with fura-2 and electrical recording were
used to directly test this hypothesis (Fig. 8). Spontaneous activity
was arrested during these experiments by the constant injection
of hyperpolarizing current to maintain a baseline level of intra-
cellular calcium. These experiments confirmed that intracellular
calcium accumulated and did not return to baseline levels during
repetitive firing of frequencies greater than ~10 Hz. Further-
more, the accumulation of intracellular calcium was dependent
on the frequency of action potential generation during 1 sec pe-
riods of driven activity. After each period of driven firing, calcium
levels gradually fell to baseline levels over a period of several
seconds. A linear relationship was observed between the peak
calcium level and frequencies of driven activity >10 Hz (Fig. 8).
Similar relationships for action potential generation and calcium
fluorescence were observed in each of 10 neurons tested.

SK K, channels preferentially determine the duration and
intensity of rebound activity in STN neurons with short-
duration rebound bursts

Using previously published criteria (Bevan et al., 2000, 2002), the
majority of STN neurons generated a rebound burst of activity in
response to the removal of a 500-msec-long period of hyperpo-
larizing currentinjection (n = 23/30; 77%). Based on the findings
of Bevan et al. (2002), rebound burst responses were scrutinized
in neurons in which the membrane potential was driven to a peak
hyperpolarization of —79.0 = 3 mV because this represents a
potential of key physiological significance, the mean equilibrium
potential of GABA-A IPSPs in STN neurons. In this study, 52% of
neurons (n = 12/23) displayed burst rebound responses at peak
hyperpolarizations in this range. Using the classifications out-
lined in Bevan et al. (2002), 58% of these cells fired bursts of <100
msec in duration (n = 7/12; mean duration = 33.7 * 9.5 msec),
and 42% fired bursts with durations >100 msec (n = 5/12; mean
duration = 310.9 £ 130.1 msec). These mixed responses imply
heterogeneity in the intrinsic burst-generating mechanisms of
STN neurons. Thus, burst responses were compared after the
application of apamin to assess whether this heterogeneity could
be accounted for by differences in apamin-sensitive current (Fig.
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Figure 6.

SK K¢, channels in part underlie post-train afterhyperpolarization. A-/, High-frequency firing led to the accumulation of post-train apamin-sensitive afterhyperpolarization, which

delayed the resumption of spontaneous activity. A-F, Post-train afterhyperpolarization was reliably reduced in duration and magnitude by the application of apamin. The abolition of apamin-
sensitive post-train afterhyperpolarization eitherincreased ( A-() or reduced ( (—£) the time for the resumption of spontaneous activity. Thus, in the absence of SK K, channel activation, the manner
in which spontaneous activity resumes after high-frequency activity is more heterogeneous. G-/, EBIO consistently increased the magnitude and duration of post-train afterhyperpolarization and
the time for the resumption of spontaneous activity. Calibration in A also applies to B. Calibration in D also applies to £. Calibration in G also applies to H.

9). The mean duration of burst responses elicited from peak hy-
perpolarizations of —79.0 = 3 mV was increased 10-fold for the
entire population of short-duration burst response neurons
(mean duration = 304.1 * 119.2; n = 7; p = 0.018) (Fig. 9A).
Whereas the mean burst duration for all neurons with burst re-
sponses longer than 100 msec was also significantly higher in

saturating apamin (mean duration = 466.0 = 140.5;n = 5; p =
0.0431) (Fig. 9B), the relative increase in duration was much
smaller in these neurons. Indeed, the mean fold-increase in burst
duration after apamin application was significantly higher for
neurons with rebound durations <100 msec (M-W U test; dura-
tion <100 msec: mean fold-increase = 9.23 = 3.1, n = 7; dura-
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Figure7.  SKK, channels underlie the build-up of post-train afterhyperpolarization but do
not underlie the reduction in intratrain spike frequency during successive cycles of driven activ-
ity. A—E, An STN neuron was driven with repeated cycles of current injection: 150 pA for 100
msec, which was repeated five times with an interval of 100 msec. The post-train afterhyper-
polarization, which increased during successive cycles of activity (A) was apamin-sensitive ( B).
The successive decline inintratrain firing was, however, apamin-insensitive and was associated
with the marked accommodation and broadening of action potentials (A—£). Calibration in A
also applies to B. Calibration in Calso applies to D.

tion >100 msec: mean fold-increase = 1.71 = 0.2, n = 5; p =
0.028). SK K, channels therefore strongly curtailed burst dura-
tion in one subpopulation of STN neurons (short-duration re-
bounding cells) but were less influential in another subpopula-
tion (long-duration rebounding cells). It might be hypothesized
that long-duration rebounding cells simply express fewer SK K,
channels, which exert a minor influence on rebound responses.
However, the size of the apamin-sensitive single-spike afterhy-
perpolarization (as measured in voltage-clamp mode as per Fig.
1) was not significantly different in neurons with short-duration
or long-duration rebound bursts (M-W U test; short-duration =
55.6 = 6.9 pA; long-duration 99.0 = 31.3 pA; p = 0.5637). Sim-
ilarly, the effects of SK K, channel blockade on autonomous
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Figure8. Intracellular calcium levelsaccumulate during driven repetitive activity. Combined

electrical and fluorescent measurements indicated that intracellular calcium accumulated
when repetitive firing was driven at frequencies of >10 Hz. Intracellular calcium did not return
to baseline levels during repetitive firing but did return slowly to baseline levels after driven
firing over a period of several seconds. There was a linear relationship between the number of
action potentials generated by current injection and the peak level of intracellular calcium for
firing frequencies >10 Hz.

activity (M-W U test; short-duration: CV = 0.39 = 0.14, n = 7;
long duration: CV = 0.27 £ 0.12 n = 4; p = 0.3447) and driven
firing (M-W U test; short duration: normalized current for half
maximal firing = 0.75 = 0.069, n = 3;long duration: normalized
current for half maximal firing = 0.84 = 0.10, n = 7, p = 0.4759)
were similar in neurons with short- and long-duration rebound
bursts.

The capability of SK channels to control rebound activity in
STN neurons was confirmed by the application of 200 um EBIO,
which strongly truncated rebound burst responses (Fig. 9C).
When comparing population data for responses elicited with
peak hyperpolarizations in the —76 to —82 mV range, burst du-
ration was significantly shortened by EBIO (WSR test; control:
230.8 = 97.7 msec; EBIO: 61.7 * 33.4 msec, n = 5, p = 0.0431).
In summary, SK K, channels therefore play a critical role in
determining the nature of rebound activity, but factors that de-
termine their activation during rebound activity but not auton-
omous or driven activity are heterogeneous.

Rebound responses are associated with action potential-
independent calcium entry

The heterogeneous effects of SK K, channels blockade on re-
bound bursting, but not other forms of activity, suggest that cal-
cium dynamics during rebound activity are different from those
associated with autonomous or driven activity. During autono-
mous and driven activity, the majority of calcium entry was as-
sociated with action potentials. We hypothesized that during re-
bound activity there is likely to be an additional recruitment of
Ca, channels that activate below spike threshold. By adjusting the
holding potential or the degree of hyperpolarization produced
during 500—-1000 msec hyperpolarizing current injections, re-
bound responses that were below the threshold for action poten-
tial generation were generated. Under these conditions, we
clearly observed that calcium entry was associated with the early
and late phases of subthreshold rebound responses in each of
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response of <<100 msec extended greatly the duration and intensity of rebound activity at all levels of preceding hyperpolarization. B, In contrast, more modest effects on rebound activity were
observed when 100 nm apamin was applied to a neuron with a long-duration rebound burst response (> 500 msec) in control conditions. C, Application of EBIO consistently shortened the duration
of rebound bursts evoked after hyperpolarization to a range of membrane potentials. Calibration in Calso applies to A and B.

seven neurons that were examined (Fig. 10). These and previous
findings (Beurrier et al., 1999, 2000; Bevan and Wilson, 1999;
Song et al., 2000; Otsuka et al., 2001; Bevan et al., 2002; Baufreton
et al., 2003) point to the involvement of Ca, channels in the
underlying rebound depolarization. These channels recover from
inactivation when hyperpolarized below the potentials associated
with autonomous oscillation and driven firing and are strongly
activated at subthreshold voltages. The early component of the
rebound depolarization has been shown previously to be medi-
ated, in part, by Ca, channels that inactivate rapidly, are highly
nickel-sensitive, and are therefore presumably derived from the
Ca,3 class (Beurrier et al., 1999, 2000; Song et al., 2000; Otsuka et
al., 2001). The long-lasting component of the rebound depolar-
ization appears to be mediated in part by slowly inactivating/
noninactivating, nifedipine-sensitive Ca,1.2—1.3 channels (Beur-
rier et al,, 1999; Otsuka et al., 2001). The calcium imaging
presented here confirms that calcium entry is indeed associated
with the early and late phases of subthreshold rebound depolar-
ization (Fig. 10).

SK K, channels are critical determinants of the pattern of
rhythmic activities in STN neurons

Spontaneous bursting activity in STN neurons has been observed
occasionally (Beurrier et al., 1999, 2000, 2001; Baufreton et al.,
2001, 2003). When it has been observed, gluconate was used as
the intracellular anion, and/or GABA-A receptors were concur-

rently blocked with the methiodide salt of bicuculline. In recent
years it has been shown that both the intracellular application of
gluconate and the extracellular application of bicuculline me-
thiodide block SK K, channels and SK K, channel-mediated
functions (Zhang et al., 1994; Johnson and Seutin, 1997; Seutin et
al., 1997; Velumian et al., 1997; Debarbieux et al., 1998; Aizen-
man and Linden, 1999; Stocker et al., 1999). We therefore tested
whether rhythmic burst activity could be induced in neurons
recorded in the perforated configuration by the application of
apamin. In these and all other slice experiments in this study, we
used antagonists of fast synaptic transmission that are not known
to block SK K, channels. Rhythmic burst activity in STN neu-
rons has been most commonly generated by the injection of neg-
ative holding current and hyperpolarization to voltages not nor-
mally associated with spontaneous oscillation (Beurrier et al.,
1999, 2000, 2001; Baufreton et al., 2001, 2003). Thus, we applied
tonic hyperpolarizing current in an attempt to induce this form
of activity. In the perforated patch recordings reported here and
previously (Bevan et al., 2000, 2002), spontaneous burst activity
was never observed in control conditions either at rest or when
the membrane was hyperpolarized with negative current (Fig.
11A). In contrast, after the application of apamin, burst activity
was induced by equivalent levels of hyperpolarizing current in 5
of 8 (63%) STN neurons (Fig. 11 B). This activity was quantified
using the CV of the distribution of 120 interspike intervals and
the Lomb periodogram of the autocorrelation of 121 spikes. For
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Figure 10.  Action potential-independent calcium entry during rebound activity. A, 8, Com-
bined fluorescent and electrical recordings subthreshold and suprathreshold rebound re-
sponses in an STN neuron (inset). A, After the termination of a hyperpolarizing current step, a
low-threshold calcium spike was generated without accompanying action potentials. The cal-
cium spike was associated with a marked increase in intracellular calcium in both the soma
(black trace) and dendrites (gray trace). B, In the same neuron, the early phase of a supra-
threshold rebound response was followed by a later and longer lasting subthreshold response
that was also associated with an increase in calcium in the soma and dendrites of the STN
neuron. Calibration in B also applies to A.

the five neurons that developed burst activity, their mean CV
measures increased significantly (WSR test; control: 0.25 = 0.02;
10 nM apamin: 2.1 = 0.40, n = 5, p = 0.0431), and the interspike
interval histograms constructed from data in the presence of
apamin displayed counts at long interval times that were not
apparent in the interspike interval histograms constructed using
control data. In addition, the predominant frequencies of activity
identified by Lomb periodograms indicated a shift in control
conditions from a frequency (7.06 = 2.7 Hz) that was close to the
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Figure 11.  SKK_, channel blockade and hyperpolarization transform rhythmic single-spike

activity into rhythmic burst activity. 4, B, Tonic, slow, rhythmic single-spike activity (A) was
transformed into tonic, rhythmic burst activity when SK K, channels were blocked (B). , D,
Note also that after SK K, channel blockade, the predominant frequency in the Lomb perio-
dogram switched from a frequency that was similar to the mean frequency of single-spike
activity () to a frequency that was similar to the frequency at which bursts occurred (D). The
horizontal linein the Lomb periodograms denotes a level of significance of p = 0.05. Calibration
in A also applies to B.

mean frequency of single-spike activity (4.54 £ 0.91) to a fre-
quency (0.75 = 0.1 Hz) that was dissimilar to the mean frequency
of activity (6.4 Hz = 1.39) but matched the frequency of burst
activity in apamin (Fig. 11). These data indicate that rhythmic
low-frequency burst activity can be induced in STN neurons by
concurrent SK K, channel blockade and somatic hyperpolariz-
ing current injection.

Ca,2.2 channels but not Ca,1.2-1.3 channels are strongly
coupled to SK K, channels. Ca,1.2-1.3 channels underlie,

in part, secondary range firing and long-duration

rebound activity

On the basis of the previous data and the observation that the
major contributors of high voltage-activated calcium current in
STN neurons are Ca,2.2 channels (52%, Song et al., 2000), we
hypothesized that these channels are strongly coupled to SK K,
channels. Using similar analytical and current injection protocols
to those described above, we therefore compared autonomous,
driven, and rebound activity in neurons under control conditions
and in the presence of the selective Ca,2.2 channel antagonist
w-conotoxin GVIA (1 uM). The effects on autonomous activity
and driven activity were similar to the effects of apamin. Thus,
Ca,2.2 channel blockade reduced the magnitude of single-spike
afterhyperpolarization in all 21 neurons tested, reduced the
rhythmicity of autonomous activity (WSR test; CV in control
media = 0.074 = 0.007; CV in w-conotoxin GVIA = 0.165 =
0.035, n = 21, p < 0.0001) (Fig. 12 A,B), reduced the normalized
current to reach half maximal firing (WSR test, 0.88 = 0.5, n =
20, p = 0.0064) (Fig. 12 D), and increased the normalized gradi-
ent of the primary range (WSR test; 1.56 £ 0.11, n = 19, p =
0.0005) (Fig. 12C,D). In contrast to the effects of SK K, channel
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Figure 12.

SK K¢, channels are strongly coupled to Ca,2.2 channels. A, B, Rhythmic autonomous oscillation and single-spike afterhyperpolarization were disrupted by the application of

w-conotoxin GVIA in a manner that was similar to the effects of apamin. (, D, Ca,2.2 channel blockade also increased the frequency of firing in response to current injection, except for the highest
frequencies of activity. The gradient of the primary range of the /~/ relationship was increased (Dj, Dii). Although secondary range firing was generally enhanced by Ca, 2.2 channel blockade, the
gradient of the secondary range of the f—/relationship was decreased (D, Dii). £, F, In clear contrast to the effects of SK K, channel blockade, the duration of rebound activity was not altered by Ca, 2.2

channel blockade. Calibration in B also applies to A.

blockade, Ca,2.2 channel blockade also reduced the maximal fir-
ing frequency (Fig. 12C,D). These data indicate that Ca, 2.2 chan-
nels, in addition to activating SK K, channels, also contribute a
significant inward current that augments high-frequency activ-
ity. The effects of w-conotoxin GVIA on autonomous activity
(M-W U test; short-duration: CV = 0.107 * 0.007, n = 9; long-
duration: CV = 0.147 % 0.020, n = 6; p = 0.099), driven high-
frequency activity (M-W U test; short duration: normalized cur-
rent for half maximal firing = 0.96 * 0.065, n = 9; long-duration:
normalized current for half maximal firing = 0.83 * 0.12,n = 5;
p = 0.317), and primary range activity (M-W U test; short-
duration: normalized slope of the primary range = 1.41 * 0.13,
n = 9; long-duration: normalized slope of the primary range =
1.71 £ 0.33, n = 4; p = 0.2801) were similar in neurons with
short-or long-duration rebounds. Interestingly, the duration of
rebound activity was not increased by Ca, 2.2 channel blockade in
neurons with short-duration rebounds (WSR test; control =
36.1 £ 5.9 msec; w-conotoxin GVIA = 41.0 = 9.6 msec; n = 9;
p = 0.594) or long-duration rebounds (WSR test; control =
348.95 + 109.5 msec; w-conotoxin GVIA = 295.02 * 107.89
msec; n = 6; p = 0.4631), a clear difference to the effects of
apamin, which suggests another source of calcium must activate

SK K, channels during rebound activity (Fig. 12E). Taken to-
gether these data suggest that differential coupling of SK K,
channels to Ca,2.2 channels is unlikely to account for diversity of
rebound activity in STN neurons.

Ca,1.2-1.3 channels are the second largest contributors of
high-voltage activated calcium current in STN neurons (21%,
Song et al., 2000). Because blockade of Ca,1.2.-1.3 channels with
nifedipine has previously been shown to reduce the duration of
rebound activity in gluconate and KCl based whole-cell recording
studies of STN neurons, we hypothesized that Ca,1.2-1.3 chan-
nels might be more weakly coupled to SK K, channels than
Ca,2.2 channels in STN neurons. However, coupling of Ca,
channels to SK K, channels may have been disrupted in those
whole-cell recording studies for the reasons described above.
Comparison of autonomous, driven high-frequency, and re-
bound activity of STN neurons, in control media and in the pres-
ence of the selective Ca,1.2-1.3 channel antagonist nifedipine
(5 uM), confirmed coupling of these channels to SK K, channels
is weak (Fig. 13). Thus, the single-spike afterhyperpolarization
associated with autonomous activity was not appreciably altered
by nifedipine application in 15 neurons that were challenged,
although a slight but significant decrease in rhythmicity was ob-
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Figure13. (a,1.2-1.3 channelsare weakly coupled to SKK, channels and contribute to secondary range and long-duration rebound burst firing. 4, B, Blockade of Ca, 1.2—1.3 channels produced

aslight disruption in the precision of autonomous single-spike activity without a clear effect on single-spike afterhyperpolarization. G, D, Blockade of Ca, 1.2—1.3 channels had little effect on primary
range firing but clearly reduced the frequency of secondary range firing and the gradient of the secondary range of the // relationship. £-H, Blockade of Ca,1.2-1.3 channels had no effect on
short-duration rebound activity (£, F) but significantly reduced the duration of long-duration rebound activity (G, H). Calibration in B also applies to A.

served (WSR test; CV in control 0.069 = 0.006; CV in nifedi-
pine = 0.081 £ 0.009, n = 15, p = 0.0409) (Fig. 13A,B). This was
clearly less profound than that after treatment with apamin or
w-conotoxin GVIA and may be a reflection of weak coupling to
SK K, channels and/or a reduced contribution of Ca,1.2-1.3
channels to net inward current in the interspike interval (Bevan
and Wilson, 1999), although no effects on the frequency of au-
tonomous activity were observed (WSR test; control = 14.6 * 2.2
Hz; nifedipine = 14.1 * 2.3 Hz; n = 15; p = 0.6909). In contrast
to the effects of apamin or w-conotoxin GVIA, nifedipine had no
effect on the primary range but consistently shifted the secondary
range of the f~I relationship to the right, i.e., there was a reduction
in the sensitivity of high-frequency firing to current injection

(Fig. 13C,D). This manifested itself as a significant increase in the
normalized current to achieve half-maximal firing (WSR test:
1.1 £ 0.039; n = 11; p = 0.01) and a significant decrease in the
normalized slope of secondary range (WSR test: 0.76 = 0.049;
n = 11; p = 0.0044) (Fig. 13D). The effects on autonomous
(M-W U test; short-duration: CV = 0.081 % 0.024, n = 3; long-
duration: CV = 0.093 £ 0.014, n = 6; p = 0.6056), driven activity
(M-W U test; short duration: normalized current for half maxi-
mal firing = 1.21 = 0.054, n = 3; long-duration: normalized
current for half maximal firing = 1.11 = 0.073, n = 8 p =
0.2967), and the gradient of secondary range firing (M-W U test;
short-duration: normalized slope of the secondary range =
0.77 = 0.005, n = 3; long-duration: normalized slope of the
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secondary range = 0.69 * 0.09, n = 5; p = 0.1797) were similar in
neurons with either short or long-duration rebound bursts.
These data suggest that because Ca,1.2.-1.3 channels are weakly
coupled to SK K, channels, they can generate a net inward cur-
rent that contributes to the higher sensitivity of the secondary
firing range in STN neurons.

The effects of nifedipine on rebound burst activity were quite
different from the effects of apamin or w-conotoxin GVIA treat-
ment. No effect of nifedipine on the duration of rebound activity
was observed in neurons with short-duration rebounds (WSR
test; control = 47.4 * 11.7 msec, nifedipine = 42.4 = 12.8 msec,
n =5, p = 0.6858) (Fig. 13E,F). In contrast, nifedipine dramat-
ically reduced the duration of rebound activity in neurons with
long-duration rebound bursts (WSR test; control = 686.7 =
241.3 msec; nifedipine = 237.1 * 59.3 msec, n = 7, p = 0.028)
(Fig. 13G,H). However, the homogenization of rebound activity
that was observed in the presence of apamin was not as complete
in nifedipine, i.e., the duration of rebound activity in neurons
with rebound bursts >100 msec duration in control media was
not reduced to <100 msec by nifedpine, which suggests that the
channels underlying the early phase of the rebound depolariza-
tion may be differentially expressed or controlled by SK K,
channels. Taken together, the effects of nifedipine on the f~I
curve suggest that both short- and long-duration rebound burst-
ing neurons possess nifedipine-sensitive Ca,1.2-1.3 channels,
but these channels only contribute to rebound activity in neurons
with long-duration rebounds. Because apamin treatment con-
verts short-duration rebound bursting neurons into long-
duration rebound bursting neurons, SK K, channels may be
important in limiting the activation of Ca,1.2-1.3 channels in
short-duration rebound bursts under normal conditions.

Discussion

Autonomous rhythmic activity

Whereas all reports concur that Na, channels are necessary for
the autonomous, rhythmic, single-spike discharge of STN neu-
rons in vitro, the influence of SK K, and Ca, channels is more
controversial (Nakanishi et al., 1987; Bevan and Wilson, 1999;
Beurrier et al., 1999, 2000; Otsuka et al., 2001). Recent reports
suggest that the use of gluconate in whole-cell recordings can
exert a variety of relevant effects. These include a reduction in SK
K, and Ca, channel currents (Zhang et al., 1994; Velumian et al.,
1997). Bicuculline methiodide may also reduce the contribution
of SK K, channels (Johnson and Seutin, 1997; Seutin et al.,
1997). Using perforated patch recording and GABAzine, single-
spike activity was observed in STN neurons after SK K, channel
blockade, but the trajectory of the interspike interval was altered
and accompanied by irregular firing. These results, together with
data from imaging and Ca,2.2 channel blockade, support the
suggestion that calcium influx, primarily via Ca,2.2 channels
during and subsequent to action potential generation, activates
SK K, channels that mediate a component of the single-spike
afterhyperpolarization. Similar selective activation of SK K,
channels by calcium flowing through Ca,2.2 channels has been
observed previously (Viana et al., 1993; Davies et al., 1996; Pineda
et al., 1998; Wolfart and Roeper, 2002). We propose that the
interruption of autonomous activity by apamin or w-conotoxin
GVIA was caused by increased inactivation of Na, channels in the
absence of SK channel activity, which is consistent with an in-
crease in spike threshold. Therefore, SK K, channels facilitate
the precision of autonomous activity in STN neurons and play a
similar role in other neurons (Bennett et al., 2000; Pedarzani et
al., 2000; Wolfart et al., 2001; Cingolani et al., 2002).
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The slow time course of calcium transients following autono-
mous spikes is consistent with the operation of slowly deactivat-
ing Ca, channels. Low voltage-activated calcium channels that
deactivate slowly and are activated by single-spikes are possible
contributors (Chemin et al., 2002; Wolfart and Roeper, 2002).
Another possibility is calcium entry via rapidly deactivating Ca,
channels (Stewart and Foehring, 2001) and the subsequent re-
lease of calcium from intracellular stores (Wolfart and Roeper,
2002).

Repetitive high-frequency firing
At low frequencies of activity, somatic calcium levels tracked the
generation of action potentials. At frequencies of activity >10 Hz
calcium levels accumulated, and the peak level of calcium was
linearly related to firing frequency. Similar relationships have
been found in other types of neuron (Helmchen et al., 1996;
Wang, 1998). As firing frequency increases, SK K, channels are
likely to be activated more tonically and influence the frequency
rather than timing of spikes. Indeed, SK K, channels or Ca,2.2
channel blockade increased firing rates in response to equivalent
input but did not disrupt the pattern of driven activity. The initial
“speed-up” and subsequent adaptation were unaltered by SK K,
or Ca,2.2 channel blockade. The decline in driven activity during
repeated cycles of current injection was also not apamin-
sensitive. These data are consistent with reports in other neurons
that apamin-sensitive SK K, channels influence the frequency of
driven activity but do not underlie spike-frequency adaptation
(Lorenzon and Foehring, 1992; Viana et al., 1993; Gorelova and
Reiner, 1996). In other neurons, adaptation and a long-lasting
reduction in post-train excitability are mediated by apamin-
insensitive K, channels (Lancaster and Nicoll, 1987; Lorenzon
and Foehring, 1992) that are not prominent in STN neurons.
The linearization of the f~I relationship after SK K, or Ca,2.2
channel blockade suggests that the relationship between firing
frequency and SK K, channel activation is greater for primary
than secondary range activity. However apamin-sensitive post-
train afterhyperpolarization accumulated as the frequency of
preceding activity increased and did not saturate at the transition
between primary and secondary range firing. Another possibility
for the enhanced sensitivity of secondary range firing is therefore
the activation of a persistent inward current at depolarized po-
tentials. The linearization of the f~I relationship after SK K, or
Ca, 2.2 channel blockade could therefore be produced by the rel-
ative depolarization of the interspike interval (in the primary
range) to levels normally associated with secondary range firing.
In support of this hypothesis (1) the characteristic concave inter-
spike voltage trajectory of the primary range was replaced by a
more convex/depolarized trajectory in apamin or w-conotoxin
GVIA, (2) blockade of Ca,1.2—1.3 channels reduced the sensitiv-
ity of secondary range firing in control media, and (3) the foot of
the activation curve of Ca,1.2—1.3 channels is in the subthreshold
range (Song et al., 2000). Ca,1.2-1.3 channels may therefore be
recruited by depolarization of the interspike voltage during SK
K¢, or Ca,2.2 channel blockade or during the transition from
low- to high-frequency activity in control media.

Rebound burst firing

Subthalamic neurons are heterogeneous with respect to their
burst firing, which is elicited from potentials more hyperpolar-
ized than those traversed during autonomous oscillation (Beur-
rier etal., 1999, 2000; Bevan et al., 2000, 2002; Otsuka et al., 2001).
Most studies concur that the early component of rebound burst
firing is driven in part by nickel-sensitive, rapidly inactivating
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channels that presumably belong to the Ca,3 class that are inac-
tivated during autonomous activity and recover from inactiva-
tion during hyperpolarization. In addition, a subset of neurons
exhibits long-duration bursts, the late phase of which is driven in
part by Ca,1.2-1.3 channels (Beurrier et al., 1999; Song et al.,
2000; Otsuka et al., 2001). Our imaging studies confirm that sub-
threshold rebound activity is indeed associated with influxes of
calcium. Despite this consensus, different roles have been con-
cluded for the manner in which calcium dynamics influence re-
bound activity. In one report, intracellular BAPTA shortened
rebound activity, a finding that has been interpreted to mean that
calcium entry activates nonspecific cation channels that in part
underlie long-duration rebound activity (Beurrier etal., 1999). In
another report, intracellular BAPTA extended rebound activity, a
finding that has been interpreted to mean that calcium entering
during rebound activity activates potassium channels, which
truncate rebound activity (Otsuka et al., 2001). However, the
introduction of alien calcium chelators can have a variety of ef-
fects, which increase the difficulty of interpretation (Neher and
Augustine, 1992; Helmchen and Tank, 1999). The findings of our
study are consistent with the view that calcium entry during re-
bound activity activates SK K, channels, which reduce the du-
ration and intensity of rebound activity. Surprisingly, SK K,
channels were much more effective in reducing rebound activity
in neurons with short-duration bursts. However the magnitude
of apamin-sensitive single-spike afterhyperpolarization and the
effects of apamin on autonomous and driven firing were not
significantly different in neurons with short- or long-duration
rebound bursts, suggesting that the manner and magnitude of SK
K, channel activation is more heterogeneous for rebound than
repetitive activity. Our findings suggest that the strength of cou-
pling of SK K, channels to Ca,3 channels (a source of calcium
relatively untapped during repetitive activity), rather than the
differential expression of Ca,1.2-1.3 or calcium-activated non-
specific cation channels or differential coupling to Ca,2.2 chan-
nels underlies rebound diversity. Strong coupling of SK K,
channels and Ca,3 channels has also been observed in other neu-
rons (Wolfart and Roeper, 2002). The powerful augmentation of
rebound burst firing after SK K, channel blockade also facili-
tated a switch from autonomous single-spike activity to rhythmic
bursting in STN neurons. This pattern of activity had previously
only been recorded reliably in whole-cell recordings that used
gluconate and/or bicuculline methiodide (Beurrier et al., 1999,
2000, 2001; Baufreton et al., 2001, 2003).

Functional implications

Subthalamic neurons exhibit firing properties that are likely to
contribute to their function and dysfunction in vivo. Autono-
mous single-spike activity, which may contribute to the function
of STN neurons as a driving force of activity in the basal ganglia in
vivo (Wichmann et al., 1994), is less regular in the absence of SK
K, channels. As the precise timing of action potential generation
is important for neural coding (Rieke et al., 1999), synaptic per-
turbation of autonomous activity (Bevan et al., 2002) is a poten-
tial mechanism by which STN neurons encode information. Such
a proposal would be untenable if autonomous activity was inher-
ently stochastic.

SK K, channels also maintain the low-sensitivity of STN neu-
rons at frequencies associated with quiet wakefulness and confer
a high-pass filtering property that only permits the transition to
high-sensitivity, high-frequency activity during concerted/syn-
chronous excitatory input that is presumably associated with
movement (Kitai and Deniau, 1981; DeLong et al., 1985; Mat-
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sumara et al., 1992; Fujimoto and Kita, 1993; Wichmann et al.,
1994; Bevan et al., 1995; Mouroux and Feger, 1995; Maurice et al.,
1998a,b; Magill et al., 2000, 2001). SK K, channels are also crit-
ical for maintaining rebound diversity, although the significance
of this property is unclear at the present time. Finally, because
burst activity is more pronounced in STN neurons in PD (Berg-
man et al., 1994; Levy et al., 2000, 2002) and bursts are strongly
regulated by SK K, channels, the dopaminergic modulation of
SK K¢, channels (Alexander et al., 2002) and their coupled Ca,
channels (Catterall, 2000) may be of pathophysiological
significance.
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