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High-Frequency Pallidal Stimulation Disrupts Information
Flow through the Pallidum by GABAergic Inhibition

Satomi Chiken and Atsushi Nambu

Division of System Neurophysiology, National Institute for Physiological Sciences and Department of Physiological Sciences, Graduate University for

Advanced Studies, Myodaiji, Okazaki 444-8585, Japan

To elucidate the mechanism of deep brain stimulation (DBS) targeting the internal segment of the globus pallidus (GPi), neuronal activity
of the GPi and the external segment of the globus pallidus (GPe) was examined during local electrical microstimulation in normal awake
monkeys. Single-pulse stimulation of the GPi evoked brief inhibition in neighboring GPi neurons, which was mediated by GABA ,
receptors. High-frequency stimulation of the GPi completely inhibited spontaneous firings of GPi neurons by activation of GABA, and
GABAj receptors. Local single-pulse stimulation directly excited some GPi neurons. Such directly evoked responses were also inhibited
by high-frequency stimulation through GABA , receptors. In contrast to the GPi, single-pulse and high-frequency stimulation of the GPe
induced complex responses composed of GABAergic inhibition and glutamatergic excitation in neighboring GPe neurons. Cortically
evoked triphasic responses of GPi neurons were completely inhibited during high-frequency GPi stimulation. These findings suggest that
GPi-DBS dissociates inputs and outputs in the GPi by intense GABAergic inhibition and disrupts information flow through the GPi.

Introduction

Applying high-frequency electrical stimulation to subcortical
structures, known as deep brain stimulation (DBS), has been
accepted as a successful surgical therapy for a variety of neurolog-
ical diseases, especially movement disorders (Wichmann and De-
Long, 2006; Vitek, 2008). DBS targeting the subthalamic nucleus
(STN) and the internal segment of the globus pallidus (GPi) has
been largely used for treatment of Parkinson’s disease (Limousin
et al., 1995; Obeso et al., 2001). GPi-DBS has marked effects on
improvement of dystonic symptoms (Coubes et al., 2004;
Vidailhet et al., 2007; Ostrem and Starr, 2008). Despite the suc-
cessful use of DBS, the exact mechanism of the effectiveness of
DBS remains unclear and is still under debate: does DBS inhibit
or excite local neuronal elements?

Since DBS gives rise to similar effects to those of lesions, it was
originally considered to inhibitlocal neuronal elements. Actually,
GPi recording during human stereotactic surgery (Dostrovsky et
al., 2000; Wu etal., 2001; Lafreniere-Roula et al., 2010) and that in
the parkinsonian monkey (Boraud et al., 1996) showed that GPi-
DBS inhibited local neuronal firings. Similarly, STN-DBS in-
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duced inhibition in neighboring STN neurons (Filali et al., 2004)
and reduced activity of the GPi and substantia nigra pars reticu-
lata (SNr) (Benazzouz et al., 1995; Maltéte et al., 2007). On the
other hand, other reports suggested that DBS excited local neu-
ronal elements: STN-DBS increased activity of GPi neurons
through the excitatory STN-GPi projections (Hashimoto et al.,
2003; Galati et al., 2006; Reese et al., 2011); GPi-DBS reduced
activity of thalamic neurons through the inhibitory GPi-thalamic
projections (Anderson et al., 2003; Pralong et al., 2003;
Montgomery, 2006). Other reports indicated complex responses:
GPi-DBS induced excitatory and inhibitory multiphase re-
sponses in GPi neurons and changed their firing patterns (Bar-
Gad et al., 2004; McCairn and Turner, 2009; Leblois et al., 2010).

In the present study, to elucidate the mechanisms of GPi-DBS,
a pair of recording and stimulating electrodes was inserted into
the GPi of normal monkeys, and responses of GPi neurons to
single-pulse and repetitive high-frequency local GPi microstimu-
lation were analyzed in awake states. Activity of the external seg-
ment of the globus pallidus (GPe) neurons in response to local
GPe stimulation was also examined for comparison. To analyze
the responses, receptor blockers were applied in the vicinity of
recorded neurons. Finally, motor cortical stimulation was ap-
plied simultaneously with GPi-DBS. Motor cortical stimulation
induces triphasic responses composed of early excitation fol-
lowed by inhibition and late excitation in the GPi. Early excita-
tion is mediated by the cortico-STN-GPi hyperdirect pathway,
whereas inhibition and late excitation are mediated by the
cortico-striato-GPi direct and cortico-striato-GPe-STN-GPi in-
direct pathways, respectively (Nambu et al., 2000, 2002b;
Tachibana et al., 2008). During voluntary movements, neuronal
signals originating in the cortex are considered to be transmitted
through these pathways, reach the GPi, and control movements
(Mink, 1996; Nambu et al., 2002b). Thus, cortically evoked re-
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sponses can give us clues to understand how GPi-DBS interferes
with the information flow through the cortico-basal ganglia
pathways. Based on these electrophysiological findings, we will
discuss the mechanism of GPi-DBS.

Materials and Methods

Four monkeys (three Japanese and one Rhesus) of either sex, weighing
6.5—8.5 kg were used. The experimental protocols were approved by the
Institutional Animal Care and Use Committee of National Institutes of
Natural Sciences, and all experiments were conducted according to the
guidelines of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Before experiments, the monkeys were trained
daily to sit in a monkey chair quietly.

Surgery. Under general anesthesia with ketamine hydrochloride (5-8
mg/kg body weight, i.m.), xylazine hydrochloride (0.5-1 mg/kg, i.m.),
and sodium pentobarbital (25 mg/kg, i.v.), the monkeys received a sur-
gical operation to fix their heads painlessly in a stereotaxic frame attached
to amonkey chair (Nambu et al., 2000, 2002a). Screws and pipes made of
polyether ether ketone, which are compatible with magnetic resonance
imaging, were used. All surgical procedures were performed under asep-
tic conditions, and arterial oxygen saturation and heart rate were contin-
uously monitored. Ketamine hydrochloride and xylazine hydrochloride
were additionally administered, when necessary. Antibiotics and analge-
sics (ketoprofen) were injected (i.m.) after surgery.

Two to three days after the first surgery, the skull over the primary
motor cortex (M1) and the supplementary motor area (SMA) was re-
moved under light anesthesia with ketamine hydrochloride (5-8 mg/kg,
im.) and xylazine hydrochloride (0.5-1 mg/kg, i.m.). The forelimb re-
gions of the M1 and SMA were identified by electrophysiological meth-
ods (Nambu et al.,, 2000, 2002a). According to this mapping, three pairs
of bipolar stimulating electrodes made of a 125-um-diameter Teflon-
coated stainless wire were implanted chronically into the M1 and SMA:
two pairs into the forelimb region of the M1 and one pair into the fore-
limb region of the SMA. Exposed areas were covered with acrylic resin,
with the exception of the orofacial area of the M1 (10-15 mm in diam-
eter), which was left uncovered for access to the GPi and GPe ipsilateral to
the M1 and SMA. A rectangular plastic chamber covering the hole was
fixed with acrylic resin.

Recording of pallidal neuronal activity during local microstimulation.
Three to four days after implantation of the stimulating electrodes, neu-
ronal recording in the awake states was started. During the experimental
session, the body weight and food intake of the monkeys were monitored
daily. A glass-coated Elgiloy-alloy microelectrode (0.8—1.5 M{) at 1 kHz)
was used for single-unit recording of GPi and GPe neurons. A bipolar
stimulating microelectrode consisting of a glass-coated Elgiloy-alloy mi-
croelectrode and a 50-um-diameter Teflon-coated tungsten wire (Cali-
fornia Fine Wire Company), which was glued to the surface of the
Elgiloy-alloy electrode (intertip distance, 0.5 mm; 0.2—0.5 MQ at 1 kHz),
was used for local microstimulation (Fig. 1, inset). For longer repetitive
stimulation, a low-impedance (5-8 k(2 at 1 kHz) electrode consisting of
two 76-pum-diameter Teflon-coated platinum wires (Nilaco) with 0.5-
mm-length bare tips, which was glued to the inside of a 25-gauge stainless
steel tube (intertip distance, 0.8 mm), was used for local bipolar stimu-
lation in some neurons. The recording and stimulating electrodes were
held inside an 18-gauge guide tube by a multielectrode hydraulic micro-
drive system (MO-98D, Narishige Scientific Instrument). A small inci-
sion in the dura mater was made with local application of lidocaine. The
recording and stimulating electrodes together with the guide tube were
inserted obliquely (45° from vertical in the frontal plane) into the brain
(Fig. 1). The position of each electrode was controlled individually by
hydraulic microdrives. The distance between the recording and stimu-
lating electrodes was calculated as the difference in the depth along the
track of the electrodes (Fig. 1, inset).

Signals from the recording and stimulating electrodes were amplified
(X5000) and filtered (200—5000 Hz). Waveforms of the action potentials
were continuously monitored with an oscilloscope. The GPi and GPe
were identified by the depth profile of the electrode penetrations and
their sustained spontaneous firing. Unit activity was isolated and con-
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Figure1. Schematicdrawing of the experimental setup. Bipolar stimulating electrodes were
implanted chronically into the forelimb regions of the primary motor cortex (M1) and supple-
mentary motor area (SMA). Recording and stimulating electrodes were inserted together
obliquely (45° from vertical) into the internal (GPi) and external (GPe) segments of the globus
pallidus through a guide tube. The recording electrode consisted of a glass-coated Elgiloy-alloy
microelectrode and two silica tubes for drug delivery (inset). The stimulating electrode for local
bipolar microstimulation consisted of a glass-coated Elgiloy-alloy microelectrode and a Teflon-
coated tungsten wire.

verted to digital pulses using a homemade time-amplitude window dis-
criminator. The digital pulses sampled at 2 kHz and the analog
waveforms sampled at 2050 kHz were stored on a computer for off-line
analysis. Single-pulse (monophasic, 300 ws pulse width, 10-90 nA
strength) and repetitive (monophasic, 300 ws pulse width, 10-90 nA
strength, 20-100 Hz, 10 pulses) local microstimulations were applied
through the bipolar stimulating electrodes every 1.4 s, and neuronal
responses of GPi/GPe neurons were examined. Other parameters, such
as shorter pulse width (50-200 us), higher stimulus frequency (130-160
Hz), and longer pulse train (50-200 pulses and continuous), were also
used in some neurons. The local stimulation produced artifacts, which
consist of a saturation period of the amplifier and a large deflection of the
baseline, and last for 1.5-3 ms. To examine short-latency responses dur-
ing the artifacts, the analog waveforms with lower gain (X1000) and a
lower cutoft frequency (15-5000 Hz) were sampled at 50 kHz and stored
in some neurons. Responses to the bipolar cortical stimulation (mono-
phasic single-pulse, 300 us pulse width, 0.5-0.6 mA strength) through
the electrodes implanted in the M1 and SMA were also examined.

Drug injection in the vicinity of recorded pallidal neurons. For single-unit
recording of GPi/GPe neurons in combination with local application of
drugs, an electrode assembly consisting of a glass-coated Elgiloy-alloy micro-
electrode for unit recording and two silica tubes for drug delivery was in-
serted instead of a simple Elgiloy-alloy recording microelectrode (Kita et al.,
2004; Tachibana et al., 2008) (Fig. 1, inset). The following drugs were dis-
solved in saline and injected (total volume of 0.2—0.6 ul of each drug, ata rate
0f0.03 ul/min): (1) a mixture of (*)-3-(2-carboxypiperazin-4-yl)propyl-1-
phosphonicacid (CPP, the NMDA receptor antagonist, 1-2 mm; Sigma) and
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide
disodium (NBQX, the AMPA/kainate receptor antagonist, 1-2 mm; Sigma);
(2) gabazine (the GABA, receptor antagonist, 1-2 mum; Sigma); (3) [3-
[[(3,4-dichlorophenyl)methyl]amino]propyl] (diethoxymethyl) phos-
phinic acid (CGP52432, the GABA; receptor antagonist, 0.5-1.0 mm; Tocris
Bioscience). Spontaneous discharges and responses to the local GPi/GPe
microstimulation before and after drug injection were examined. Intrapal-
lidal injection of saline alone altered neither the spontaneous firing nor re-
sponse patterns to the local stimulation. Our previous study showed that the
effective radius of the drugs was estimated to be <1 mm, and that these drugs
effectively blocked the corresponding receptors (Kita et al., 2004, 2006;
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Figure2.  Responses of GPi neurons to local GPi single-pulse microstimulation. A7, Raw traces of a GPi neuron before (top) and
after (bottom) removing the stimulus artifacts by the template subtraction method. Local stimulation (50 wA) was delivered at
time 0 (arrow with dotted line). Twenty consecutive traces were superimposed. Spontaneous discharges were inhibited by the
stimulation. A2, A3, Raster and PSTHs (100 trials; bin width, 1 ms) recorded from the same neuron to local stimulation of 30 A
(A2) and 50 A (43). Local stimulation was delivered at time 0 (arrows). The mean firing rate and statistical levels of p << 0.05
(one-tailed t test) are indicated in PSTHs by a black and white dashed line (mean), a black solid line (upper limit), and a white solid
line (lower limit), respectively. B, Responses of another GPi neuron. Local stimulation (30 w.A) was delivered at time 0 (arrow with
dotted line). The neuron exhibited weak excitation (arrowhead) preceding the inhibition. €, Durations of inhibition of GPi neurons
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Tachibana et al., 2008). The experiment of drug
injection was performed once per recording day.

Data analysis. Spontaneous discharge rates
were calculated from continuous digitized re-
cordings for 50 s. Responses of GPi/GPe neu-
rons evoked by the local microstimulation
were examined by the following methods: (1)
Stimulus artifacts were removed by the tem-
plate subtraction method (Wichmann, 2000;
Hashimoto etal., 2002). A template of artifacts
is constructed by averaging traces including ar-
tifacts at stimulus onset. Then, the artifact tem-
plate was subtracted from the individual traces.
However, constant-latency responses, such as
directly evoked spikes, become a part of the
artifact template in this procedure and may be
overlooked. Thus, (2) raw traces with lower
gain (X1000) and a lower cutoff frequency
(15-5000 Hz) were carefully analyzed. (3) Peri-
stimulus time histograms (PSTHs; bin width of
1.0 ms) were constructed for 100 stimulus trials
from digitized recordings. The mean * SD val-
ues of the discharge rate during the 100-ms pe-
riod preceding onset of stimulation were
calculated for each PSTH and considered as the
baseline discharge rate. Changes in neuronal
activity in response to stimulation (i.e., excita-
tion and inhibition) were judged significant if
the discharge rate during at least two consecu-
tive bins (2 ms) reached a significance level of
p < 0.05 (one-tailed t test) (Nambu et al., 2000;
Chiken et al., 2008; Tachibana et al., 2008). The
latency of each response was defined as the
time at which the first bin exceeded this level.
The responses were judged to end when two
consecutive bins fell below the significance
level. The end point was determined as the time
at which the last bin exceeded this level. As the
response patterns evoked by single-pulse mi-
crostimulation were simple, their amplitude
was defined as the number of spikes during the
significant response minus that of the baseline
discharge in the 100-trial PSTH (i.e., the area of
the response). If no significant changes were
found, the amplitude was set to be zero. The
post-train responses, which outlasted the end
of repetitive stimulus period, were evaluated by
the same method. On the other hand, repetitive
stimulation evoked complex responses com-
posed of excitation and inhibition. Their am-
plitude was defined as the difference between
the mean discharge rate during repetitive
stimulation and the baseline discharge rate.
With both methods, positive and negative
mean excitatory and inhibitory responses,
respectively. Responses to cortical stimula-
tion were also examined by the similar
methods.

Histology. In the final experiment, several
sites of neuronal recordings were marked by
passing a cathodal direct current (20 pA for
30 s) through the recording electrode. The

<«

evoked by local single-pulse stimulation of 30 A (n = 18)
and 50 A (n = 20) are plotted against the distances between
the recording and stimulating electrodes. Liner regression
lines for 30 and 50 A stimulation were calculated.
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Figure3.  Responsesofa GPineuron tolocal GPirepetitive microstimulation. A-C, Repetitive

stimulation (30 A, 10 pulses) at 20 Hz (4), 50 Hz (B), and 100 Hz (€) was applied. Raw traces of
spike discharges (7) and raster and PSTHs (2) are shown. Arrows indicate the timing of local
stimulation. Each inhibition evoked by local stimulation fused together when stimulation was
applied at 50 and 100 Hz. Calibration in A7 is applicable to BT and C7.

monkeys were anesthetized deeply with sodium pentobarbital (50
mg/kg, i.v.) and perfused transcardially with 0.1 m PBS (pH 7.3)
followed by 10% formalin in 0.1 M phosphate buffer, the same buffer
containing 10% sucrose, and then 30% sucrose. The brains were re-
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moved immediately and saturated with the same buffer containing
30% sucrose. They were cut into frontal 60-um-thick sections on a
freezing microtome. The sections were mounted onto gelatin-coated
glass slides, stained with 0.7% neutral red, dehydrated, and cover-
slipped. The sections were observed under a light microscope, and the
recording sites were reconstructed according to the lesions made by
current injection and traces of electrode tracks. The sites of stimula-
tion in the M1 and SMA were also examined histologically.

Results

Responses of GPi neurons evoked by local stimulation
Responses to local GPi single-pulse stimulation were exam-
ined in 48 GPi neurons (spontaneous discharge rate, 68.0 *
31.4 Hz, mean = SD) as shown in Figure 2. Stimulus artifacts
consisting of a saturation period and a baseline deflection
lasted for 1.5-3 ms and hindered detection of spikes for the
period (Fig. 2A1, top). After removing the stimulus artifacts by
the template subtraction method (Fig. 2A1, bottom), the dead
time was reduced to 0.5 * 0.4 ms, which is comparable to
those reported previously in the GPi/GPe and STN (Bar-Gad
et al., 2004; Meissner et al., 2005), and traces could be exam-
ined immediately after the short saturation period. Local
single-pulse stimulation (up to 90 nA) inhibited spontaneous
discharges of 46 GPi neurons (96%) for 4-95 ms at short
latencies (2.8 = 1.1 ms, Fig. 2A). Among 46 GPi neurons, six
neurons (13%) exhibited short-latency (1.6 £ 0.6 ms) weak
excitation preceding the inhibition (Fig. 2B), and two neurons
(4%) showed weak excitation after the inhibition (data not
shown). The duration of inhibition was increased with in-
creasing stimulus intensity as exemplified in Figure 2A2, A3
(28.9 =159 msat 30 nA;40.7 = 14.0 ms at 50 uA; n =7;p <
0.05, paired t test). The relationship between the duration of
inhibition, the stimulus intensity, and the distance between
the stimulating electrode and the recorded neuron is shown in
Figure 2C. The duration of inhibition was decreased with in-
creasing the distance. Stimulation evoked inhibition in neu-
rons located 800 wm away from the stimulating site.

In 42 neurons among 46 GPi neurons, responses to local
GPi repetitive stimulation were also examined. Local repeti-
tive stimulation of GPi inhibited neuronal activity of all the
GPi neurons examined, as shown in Figure 3. Stimulation at a
low frequency of 20 Hz evoked discrete inhibition corre-
sponding to each stimulus (Fig. 3A). When the frequency of
stimulation was increased to 50 and 100 Hz, each inhibition
fused together, and neuronal firings were completely inhibited
during stimulation (Fig. 3B,C). Such total inhibition at 100
Hz was observed in 32 GPi neurons (76%). The inhibition
outlasted the stimulus period after the end of stimulation in
all the GPi neurons examined (Fig. 3B2,C2). The duration of
the post-train inhibition was 77.2 = 61.2 ms at 100 Hz and
sometimes >100 ms. In the recovery phase from inhibition,
synchronized activation of GPi neurons was observed in some
cases (Fig. 3B2,C2). In two GPi neurons, stimulation at 20 Hz
evoked mixed responses composed of inhibition and excita-
tion, whereas stimulation at 50 and 100 Hz evoked only
inhibition.

The stimulation parameters used above are slightly different
from those in human DBS. GPi-DBS for parkinsonian patients
uses continuous repetitive stimulation with shorter pulse width
(60—-90 ws or more), higher stimulus frequency (130-185 Hz),
and constant voltage (1-3.6 V or more) through large electrode
areas. Thus, effects of other stimulus parameters were examined
in five GPi neurons (Fig. 4A). Shorter pulse width (50-200 pus;
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Figure4.  Responses of GPineurons to local GPi repetitive stimulation. 4, PSTHs of a GPi neuron showing responses to repetitive
microstimulation. Stimulation of 70 A, 50 s pulse width, 100 Hz, 10 pulses (A7), 70 A, 100 s pulse width, 100 Hz, 10 pulses
(A2),50 A, 300 s pulse width, 130 Hz, 10 pulses (43), 50 A, 300 s pulse width, 160 Hz, 10 pulses (44), 50 1A, 300 s pulse
width, 100 Hz, 50 pulses (A5), and 50 1A, 300 s pulse width, 100 Hz, 200 pulses (46) was applied. B, Raw traces (B7) and PSTH
(B2) of another GPi neuron showing responses to repetitive stimulation (3.0 V, 300 ws pulse width, 100 Hz, 200 pulses) through
low-impedance electrodes. Neuronal discharges were completely inhibited during the stimulation. , Neuronal discharges of the
same neuron during continuous stimulation for 755 (300 s pulse width, 100 Hz, 7500 pulses) through low-impedance electrodes.
Neuronal discharges are shown as digital signals. Spontaneous discharges (top trace) were largely inhibited during stimulation of
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Fig. 4A1,A2), higher stimulus frequency
(130-160 Hz; Fig. 4A3,A4), and longer
pulse train (50-200 pulses; Fig. 4A5,A6)
also effectively inhibited neuronal dis-
charges during the stimulation. Compar-
ing the duration of the post-train
inhibition, longer pulse width and higher
stimulus frequency were effective to in-
hibit neuronal discharges. On the other
hand, longer pulse train (>200 pulses) in-
duced shorter post-train inhibition (Fig.
4A5,A6), suggesting receptor desensitiza-
tion and/or transmitter depletion. Con-
stant voltage stimulation and continuous
repetitive stimulation were also applied
through low-impedance stimulating elec-
trodes (see Materials and Methods, Re-
cording of pallidal neuronal activity
during local microstimulation) in six GPi
neurons (Fig. 4B, C). Repetitive constant
voltage stimulation effectively inhibited
neuronal discharges (Fig. 4B). Longer (75
s) continuous repetitive stimulation al-
most completely inhibited the neuronal
discharges (Fig. 4C). The constant voltage
stimulation through low-impedance elec-
trodes produced larger artifacts and longer
dead time (1.1 = 0.2 ms after the template
subtraction); thus, the stimulating micro-
electrode was usually used for local stimula-
tion in the present study.

To detect short- and constant-latency
responses, neuronal activity of 21 GPi
neurons was recorded with lower gain and
a lower cutoff frequency (Fig. 5). In this
recording condition, the dead time at 50
A stimulation was 0.18 = 0.07 ms (n =
21). Local GPi single-pulse stimulation
evoked a spike at a short and constant la-
tency (0.53 = 0.18 ms) in 8 GPi neurons
(38%, Fig. 5A), which was followed by
inhibition. The features indicate that
the spikes were generated not synapti-
cally but directly. Local repetitive stim-
ulation at a low frequency of 20 Hz
successfully evoked spikes correspond-
ing to each stimulus (data not shown).
When the frequency of stimulation was
increased to 50 Hz, the spike latencies,
spike jitter, and failure rates of spike
generation were increased (Fig. 5BI).
Stimulation at 100 Hz finally inhibited
spike generation (Fig. 5B2, third and
fourth stimuli).

<«

3.0 V (second trace). After the end of 3.0 V continuous
stimulation, spontaneous discharges were recovered (data
not shown). Stimulation of 5.0 V inhibited spontaneous
activity more effectively (third trace). After the 5.0 V stim-
ulation, spontaneous discharges were recovered (bottom
trace).
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of the GPe neurons exhibiting a biphasic
response (81 = 33 Hz) was slightly higher
than that of the GPe neurons exhibiting
monophasic inhibition (68 = 34 Hz), but
there was no significant difference.

Local repetitive stimulation was ap-
plied to 15 GPe neurons exhibiting a bi-
phasic response and 27 GPe neurons
exhibiting monophasic inhibition to local
single-pulse stimulation. Most of the GPe
neurons (64%, 12 of 15 with a biphasic
response and 15 of 27 with monophasic
inhibition to local single-pulse stimula-
tion) exhibited mixed responses com-
posed of inhibition and excitation during
repetitive stimulation (Fig. 6A2,A3). In
more than half of them (56%, 15 of 27),
excitation outlasted the termination of the
stimulation at 100 Hz stimulation (Fig.
6A3). Such post-train excitation sometimes
lasted for > 100 ms (22%, 6 GPe neurons).
Other GPe neurons (36%, 3 of 15 with a
biphasic response and 12 of 27 with mono-
phasic inhibition to local single-pulse stim-
ulation) exhibited mainly inhibition during
repetitive stimulation (inhibition and weak
excitation in Fig. 6B2 and complete inhibi-

tion in Fig. 6B3). Local repetitive stimula-
tion at 100 Hz completely inhibited
neuronal firings during stimulation in 11 of
such 15 GPe neurons (73%) as observed in
GPi neurons; however, it also induced post-
train excitation (60%, 9 of 15; Fig. 6B3).

Effects of local drug injection on locally
evoked responses

To elucidate the mechanism of inhibition
evoked by local stimulation, gabazine was
applied in the vicinity of 10 GPi neurons,
and the inhibitory inputs to GPi neurons
mediated by the GABA, receptors were
blocked (Fig. 7). Gabazine injection regu-
larized and increased the spontaneous fir-

Figure5.

failed to evoke spikes (B2, third and fourth stimuli).

Responses of GPe neurons evoked by local stimulation

Responses of 51 GPe neurons (spontaneous discharge rate,
73.2 * 33.4 Hz) to local GPe single-pulse stimulation were exam-
ined (Fig. 6) and compared with those of GPi neurons. Local
single-pulse stimulation induced biphasic responses composed
of inhibition (duration at 30 nA, 12.1 = 6.5 ms) and subsequent
excitation (duration at 30 wA, 24.5 £ 6.5 ms) in 20 GPe neurons
(39%; Fig. 6A1) or monophasic inhibition (duration at 30 uA,
18.8 £ 9.9 ms) in 31 GPe neurons (61%; Fig. 6B1). The firing rate

Directly evoked spikes of a GPi neuron to local GPi microstimulation. Raw traces recorded with lower gain and a lower
cutoff frequency are shown. 4, Responses to local single-pulse stimulation. Twenty consecutive traces were superimposed. Stim-
ulation was delivered at time 0 (arrow with dotted line). Stimulation (30 1.A) evoked spikes (arrowhead) at a short and constant
latency (alternate long and short dashed line). B, Responses to local repetitive stimulation (30 w.A, 10 pulses) at 50 Hz (B7) and 100
Hz (B2). Traces with long (top) and short (bottom) time scales are shown. Arrows with dotted lines indicate the timing of local
stimulation (time 0 in the bottom traces). Arrowheads indicate evoked spikes. Local repetitive stimulation increased the spike
latencies, spike jitter, and failure rates of spike generation (B1, second, third, and fourth stimuli; B2, second stimulus) and finally

ing rates of the GPi neurons (from 76.5 =
30.7 t0 96.6 = 29.3 Hz, n = 105 p < 0.01,
paired t test with Bonferroni correction)
as reported previously (Tachibana et al.,
2008). Gabazine injection abolished (9 of
10) or markedly decreased (1 of 10) inhi-
bition evoked by single-pulse stimulation
(from —258.7 = 185.4 to —2.8 = 8.9
spikes; n = 10; p < 0.01; Fig. 7A1,BI).
Inhibition during repetitive stimulation
of 10-50 A at 100 Hz also disappeared in
most neurons (9 of 10) and markedly decreased in the other
neuron (1 of 10) after gabazine injection, and excitation appeared
in all cases (from —74.1 * 35.5to 56.5 = 55.5 Hz; n = 10; p <
0.01; Fig. 7A2,B2). These results suggest that inhibition evoked by
single-pulse and repetitive stimulation is mediated by the
GABA, receptors. However, when stimulus intensity was in-
creased to 50-90 wA, inhibition beginning at the latter half of
stimulation appeared (Fig. 7B3). Such strong repetitive stim-
ulation also induced post-train excitation and inhibition (Fig.



2274 - ). Neurosci., February 6, 2013 - 33(6):2268 —2280 Chiken and Nambu e Effects of High-Frequency Pallidal Stimulation

GPe

1 Single 1

N
o

o
o

£ <
240 530
1723
g g20
o3 5

2
7] (2] 10

4

——

'C ‘i-‘fé)‘
2 I‘ v

l
;’:\"» %ﬁ;@

M e e it

e e e L

Spikes / bin
Spikes / bin
N
o

S S
3 . : ' i
@\\w&}éﬁﬁ

'S
o

w
o

Spikes / bin
N
o

-
o

Spikes / bin

o

04 06 0.0 0.2 . )
s A 100 Hz s

0.0 0.2
MUY 100 Hz
Figure 6.  Responses of GPe neurons to local GPe microstimulation. A, B, Raw traces, raster, and PSTHs of two GPe neurons showing response to single-pulse stimulation (30 .A) (1) and repetitive
stimulation (30 wA, 10 pulses) at 50 Hz (2) and 100 Hz (3). A, A GPe neuron exhibiting a biphasic response composed of inhibition and subsequent (Figure legend continues.)
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the latter half of the stimulation, and post-train excitation and inhibition (B3).

7B3). Effects of local gabazine injection on the directly evoked spikes
were also examined in four GPi neurons (Fig. 8). Although stimula-
tion evoked spikes directly, repetitive high-frequency (100 Hz) stim-
ulation failed to evoke spikes (Fig. 8A). After gabazine injection,
failure rate was decreased, and each stimulus successfully evoked
spikes in all cases (Fig. 8B), suggesting that direct excitation was
suppressed by GABA, receptor-mediated inhibition during high-
frequency stimulation.

To examine the origin of the excitation that appeared after
gabazine injection, a mixture of NBQX and CPP was additionally
injected in the vicinity of four GPi neurons and glutamatergic
inputs through ionotropic glutamate receptors (i.e., AMPA/kai-
nate and NMDA receptors) were blocked (Fig. 9A). Additional

<«

excitation to local single-pulse stimulation (A7) and mixed responses composed of inhibition
and excitation to local repetitive stimulation (A2, A3). B, Another GPe neuron exhibiting inhi-
bition to local single-pulse stimulation (B7), mixed responses composed of inhibition and weak
excitation to local 50 Hz stimulation (B2), and complete inhibition and post-train excitation to
local 100 Hz stimulation (B3). Calibration in A2 and B2 is applicable to A3 and B3, respectively.

0.0 0.1
44444 100 Hz *

Effects of local gabazine (GABA, receptor antagonist) injection in the vicinity of the recorded GPi neuron on responses
evoked by local GPi microstimulation. A, Raw traces and PSTHs to local single-pulse stimulation (10 wA) (A7) and repetitive
stimulation (10 A, 100 Hz, 10 pulses) (42) under control conditions. B, Raw traces and PSTHs after gabazine injection. Gabazine
injection abolished inhibition to single-pulse stimulation (10 wA) (B7) and replaced inhibition to repetitive stimulation (10 A,
100 Hz, 10 pulses) with excitation (B2). Stronger repetitive stimulation (60 A, 100 Hz, 10 pulses) evoked inhibition, beginning at

J. Neurosci., February 6, 2013 - 33(6):2268 —2280 « 2275

injection of NBQX/CPP reduced the spon-
taneous firing rate (from 88.5 *= 4.6 to
53.9 * 18.1 Hz, n = 4; p < 0.05), and the
excitation during high-frequency stimula-
tion was blocked in two cases and markedly
decreased in the other cases (from 58.8 =
48.7 to —12.0 £ 19.6 Hz; n = 4; p < 0.05;
Fig. 9A1,A2). These results suggest that the
excitation that appears after gabazine injec-
tion is mediated by ionotropic glutamate re-
ceptors. Finally, to elucidate the origin of the
post-train inhibition that remained after
gabazine injection, CGP52432 was addi-
tionally injected in the vicinity of two GPi
neurons, and inhibitory inputs through
GABAj receptors were blocked. Injection of
CGP52432 abolished the remaining inhibi-
tion (from —418.1 and —415.7 to 0 spikes;
n = 2; Fig. 9B1,B2), suggesting that the re-
maining inhibition is mediated by GABA,
receptors.

Similarly, drug effects were examined
in nine GPe neurons (Fig. 10). Gabazine
injection increased the spontaneous firing
rate (from 71.5 * 25.3t0 112.4 = 28.0 Hz;
n = 9; p < 0.01) and the regularity of the
firing of the GPe neurons as reported pre-
viously (Kita et al., 2004). The inhibition
evoked by single-pulse stimulation was
totally (7 of 9) or mostly (2 of 9) abolished
(—215.1 £ 227.2 to —9.8 = 19.5 spikes;
n = 9; p <0.05; Fig. 10A1,A2). Inhibition
(Fig. 10BI) and mixed responses com-
02 : posed of inhibition and excitation (Fig.
10C1I) evoked by high-frequency stimula-
tion were replaced by excitation (Fig.
10B2,C2) in all cases (from —69.2 * 41.0
to 64.9 = 38.0 Hz; n = 9; p < 0.05). The
excitation was strongly attenuated by ad-
ditional local injection of NBQX/CPP in
all cases (to 14.6 £ 36.0 Hz; n = 6; p <
0.05; Fig. 10B3,C3).

Effects of local high-frequency stimulation on cortically
evoked responses of GPi neurons

Among 48 GPi neurons examined, 26 neurons (54%) responded to
cortical stimulation in the forelimb regions of the M1 and/or SMA
and were considered to be located in the forelimb region of the
motor territory. Cortical stimulation induced distinct triphasic re-
sponses composed of early excitation followed by inhibition and late
excitation (Fig. 11A) as reported previously (Nambu et al., 1990,
2000; Yoshida et al., 1993; Tachibana et al., 2008). Each component
of the response is mediated by the cortico-STN-GPi hyperdirect,
cortico-striato-GPi direct, and cortico-striato-GPe-STN-GPi indi-
rect pathways, respectively (Nambu et al., 2000, 2002b; Tachibana et
al., 2008) (Fig. 11C). To examine effects of local high-frequency
stimulation on the cortically evoked responses, cortical stimulation
was applied during local high-frequency stimulation in 12 GPi neu-
rons. The cortically evoked responses were completely abolished
during repetitive high-frequency stimulation in all cases (Fig.
11B). These results indicate that high-frequency GPi stimula-
tion inhibits cortically induced responses, as well as spontane-
ous activity.
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Effects of local gabazine injection on directly evoked spikes of a GPi neuron. 4, Raw traces to local repetitive stimulation (40 A, 100 Hz, 10 pulses) with long (top) and short (bottom)

time scales under control conditions. Twenty consecutive traces were superimposed. Arrows with dotted lines indicate the timing of local stimulation (time 0 in the bottom traces). Arrowheads
indicate directly evoked spikes. Repetitive high-frequency stimulation failed to evoke spikes (from sixth to 10th stimuli). B, Raw traces after local gabazine injection. Gabazine injection decreased

failure rate, and each stimulus successfully evoked spikes (fifth, ninth, and 10th stimuli).

Locations of recorded GPi/GPe neurons

Locations of recorded GPi/GPe neurons in one of the monkeys used
in the present study are exemplified in Figure 12. GPi/GPe neurons
are plotted using different symbols based on response patterns to
local repetitive high-frequency (100 Hz) stimulation. GPi neurons
exhibited inhibition, whereas GPe neurons exhibited inhibition or
mixed responses composed of inhibition and excitation.

Discussion

The present study examined neuronal activity of GPi/GPe neu-
rons in response to local stimulation in normal awake monkeys to
elucidate the mechanism of GPi-DBS. High-frequency stimula-
tion of the GPi completely inhibited spontaneous firings of GPi
neurons by activation of GABA,, and GABAj, receptors. This in-
hibition was strong enough to suppress directly evoked spikes
and cortically evoked triphasic responses of GPi neurons. These
results suggest that GPi-DBS induces GABAergic inhibition and
disrupts information flow through the GPi.

Local stimulation changes pallidal activity through
GABAergic and glutamatergic neurotransmission

Local single-pulse stimulation in the GPi evoked short-latency
inhibition in the neighboring (<800 wm) GPi neurons, whereas
repetitive high-frequency stimulation completely inhibited

spontaneous discharges (Figs. 2, 3). Inhibition of spontaneous
discharges during GPi-DBS has been observed in human parkin-
sonian patients (Dostrovsky et al., 2000; Wu et al., 2001;
Lafreniere-Roula et al., 2010) and monkeys (Boraud et al., 1996).
The present study suggests that inhibition evoked by single-pulse
stimulation is mediated by the GABA , receptors and that inhibi-
tion by repetitive stimulation is mediated by both the GABA , and
GABAjy receptors (Figs. 7, 9). The GPi receives inhibitory
GABAergic inputs from the striatum and GPe, as well as excit-
atory glutamatergic inputs from the STN (Smith et al., 1994;
Shink and Smith, 1995). As afferent axons can be easily excited by
local stimulation (Jankowska et al., 1975), it is likely that local
single-pulse GPi stimulation activates GABAergic axon terminals
from the striatum and/or GPe and evokes GABA release. Released
GABA binds to postsynaptic GABA, receptors. Repetitive stim-
ulation released enough GABA to activate postsynaptic GABAy
receptors and accumulated GABA spills out of synapses and
binds to extrasynaptic GABAy receptors (Charara et al., 2005).
The glutamatergic axon terminals from the STN are also expected
to be activated by local GPi stimulation. Actually, excitation
evoked by repetitive stimulation emerged after local gabazine
injection, and it was mostly abolished by NBQX/CPP (Figs. 7, 9).
The glutamatergic excitation may be overwhelmed by GABAer-
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injection (€2). Additional NBQX/CPP injection diminished the excitation (€3).

gic inhibition because GABAergic inputs are dominant (Shink
and Smith, 1995). Another possibility is that glutamate release
from STN terminals is blocked by activation of presynaptic
GABAj, receptors (Charara et al., 2005; Kaneda and Kita, 2005).

Gabazine + NBQX/CPP

Effects of local injection of gabazine and NBQX/CPP on evoked responses of GPe neurons. A, B, PSTHs of a GPe neuron
showing responses to local GPe single-pulse stimulation (30 w.A) (4) and repetitive stimulation (30 A, 100 Hz, 10 pulses) (B)
under control conditions (47, BT), after gabazine injection (A2, B2), and after additional NBQX/CPP injection (A3, B3). The
inhibition evoked by single-pulse and repetitive stimulation was abolished after gabazine injection (42, B2), and excitation to the
repetitive stimulation appeared (B2). The excitation diminished after additional NBQX/CPP injection (B3). C, PSTHs of another GPe
neuron showing responses to local GPe repetitive stimulation (30 A, 100 Hz, 10 pulses). Complex responses composed of
inhibition and excitation were evoked by repetitive stimulation (C7). Inhibition was replaced with excitation after gabazine
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To the contrary, other studies showed that GPi-DBS induced
multiphasic responses consisting of excitation and inhibition
(Bar-Gad et al., 2004; McCairn and Turner, 2009; Leblois et al.,
2010). Continuous repetitive stimulation may elicit receptor de-
sensitization and/or transmitter depletion (Fig. 4) and cannot
effectively excite or inhibit postsynaptic neurons, resulting in
multiphasic responses of excitation and inhibition.

On the other hand, a large number of GPe neurons exhibited
complex responses to local stimulation: biphasic responses com-
posed of inhibition followed by excitation were evoked by single-
pulse stimulation, and responses including both excitation and
inhibition were induced during repetitive stimulation (Figs. 6,
10). Bar-Gad et al. (2004) reported similar multiphasic responses
in GPe/GPi neurons of parkinsonian monkeys. The GPe receives
excitatory glutamatergic inputs from the STN and inhibitory
GABAergic inputs from the striatum and GPe itself (Smith et al.,
1994; Shink and Smith, 1995). Therefore, local stimulation prob-
ably activates both the GABAergic and glutamatergic axon termi-
nals. Indeed, local injection of gabazine abolished the inhibition,
whereas local injection of NBQX/CPP abolished the excitation
(Fig. 10). The difference in response to local stimulation between
the GPiand GPe neurons is possibly the result of the difference in
the balance of GABAergic and glutamatergic inputs. Shink and
Smith (1995) reported that the density of GPe terminals on GPi
neurons is higher than those on GPe neurons. Another explana-
tion may be excitation through GPe-STN-
GPe reciprocal connections: local GPe
stimulation inhibits GPe activity and
causes disinhibition of excitatory STN-
GPe pathways. Contrast effects by GPi
and GPe stimulation suggest that effects of
local stimulation strongly depend on the
composition of the afferent axon termi-
nals. Observing the responses evoked by
local stimulation can help to differentiate
between the GPi and the GPe during ste-
reotactic surgery. GPi- and GPe-DBS ex-
ert different effects on improvement of
parkinsonian symptoms (Yelnik et al.,
2000, Vitek et al., 2004), which might be
explained by the different effects of
stimulation.

Direct excitation evoked by

local stimulation

It is reasonable that local stimulation ex-
cites local neuronal elements. Actually, lo-
cal stimulation of the GPi evoked spikes at
ashort and constant latency in the present
study (Fig. 5). Constant-latency excita-
tion evoked by local stimulation was ob-
served in GPi (Johnson and Mclntyre,
2008; McCairn and Turner, 2009) and
STN (Moran et al., 2011) neurons. Previ-
ous studies also showed that high-
frequency stimulation excited local
neuronal elements: GPi-DBS reduced
thalamic activity through inhibitory
GPi-thalamic projections in monkeys
(Anderson et al., 2003) and dystonia patients (Pralong et al.,
2003; Montgomery, 2006); STN-DBS increased GPi activity
through excitatory STN-GPi projections (Hashimoto et al., 2003;
Galati et al., 2006; Reese et al., 2011). Microdialysis studies showed
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Figure 12. Distribution of recorded GPi/GPe neurons in a monkey. Locations of GPi/GPe
neurons are indicated by different symbols based on response patterns evoked by local repeti-
tive high-frequency stimulation in frontal sections. The distance of the sections from the audi-
tory meatus is shown in millimeters beneath each section. inh, Inhibition; inh+ex, mixed
responses composed of inhibition and excitation.

that STN-DBS increased both glutamate and GABA levels in the SNr of
normal rats (Windels et al., 2000; see also Windels et al., 2005). However,
in the present study, high-frequency stimulation suppressed direct exci-
tation of the GPi through strong GABAergic inhibition (Figs. 5, 8). The
modeling study indicated that suprathreshold stimulation suppressed
intrinsic firings in the soma but generated efferent outputs at the stim-
ulus frequency in the axon (McIntyre et al., 2004). It is likely that the
efferent axons are still excited and provide inhibitory inputs to the thal-
amus (Anderson et al., 2003).

High-frequency GPi stimulation disrupts information flow
through the GPi

The striatum and STN are input stations of the basal ganglia and
receive inputs from a wide area of the cerebral cortex (Mink,
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1996; Nambu et al., 2002b). The information is processed
through the hyperdirect, direct, and indirect pathways and
reaches the GPi. GPi activity finally contributes to thalamic and
cortical activity and plays a key role in controlling voluntary
movements (Mink, 1996; Nambu et al., 2002b). Abnormal burst-
ing and oscillatory GPi activity was observed in Parkinson’s dis-
ease and dystonia (Wichmann et al., 1994; Starr et al., 2005;
Chiken et al., 2008; Nishibayashi et al., 2011; Tachibana et al.,
2011). Moreover, abnormal GPi activity patterns were evoked by
cortical stimulation in these disorders (Chiken et al., 2008; Kita
and Kita, 2011; Nishibayashi et al., 2011). Such abnormal GPi
activity may cause symptoms of movement disorders. The pres-
ent study revealed that high-frequency GPi stimulation com-
pletely inhibited the cortically evoked responses (Fig. 11), as well
as the spontaneous discharges of GPi neurons by activation of
GABA, and GABAj receptors. These observations suggest an
alternative view on the mechanism of DBS: GPi-DBS dissociates
inputs and outputs in the GPi by intense GABAergic inhibition
and disrupts information flow of abnormal GPi activity to the
thalamus and motor cortex. In fact, GPi-DBS triggered by motor
cortical activity with delay effectively ameliorates parkinsonian
symptoms (Rosin et al., 2011): such GPi-DBS specifically blocks
neurotransmission of abnormal neuronal activity originated in
the motor cortex.

A similar mechanism was also suggested in disrupting corti-
cocortical signal propagation by high-frequency thalamic stimu-
lation (Logothetis et al., 2010). This mechanism may explain the
paradox that GPi-DBS produces similar therapeutic effects to
lesions of the GPi: both GPi-DBS and GPi lesion interrupt infor-
mation flow through the GPi. This mechanism may also be ap-
plicable to STN-DBS because STN-DBS induced inhibition in
STN neurons of human parkinsonian patients (Filali et al., 2004)
and interrupted cortico-basal ganglia neurotransmission
through the STN in rodents (Maurice et al., 2003). However, a
recent study using optogenetics indicated that selective stimula-
tion of cortico-STN axons in the STN improved symptoms of
parkinsonian rodents (Gradinaru et al., 2009). Effects of STN-
DBS on STN neurons should be further studied using similar
methods in the present study.

Difference between human DBS and high-frequency
stimulation in the present study

The stimulation parameters mostly used in the present study are
slightly different from those in human DBS. GPi-DBS for parkin-
sonian patients uses continuous repetitive stimulation with
shorter pulse width (60-90 us or more), higher frequency (130—
185 Hz), and constant voltage (1-3.6 V or more). Stimulating
electrodes in humans (four cylindrical electrodes separated by 1.5
or 0.5 mm; electrode length, 1.5 mm; diameter, 1.27 mm) have
longer interelectrode distances (2.0-9.0 mm) and a larger elec-
trode area (6.0 mm?). These parameters are suitable for stimu-
lating axons rather than somata (McIntyre and Grill, 1999). Thus,
the above discussions that local stimulation excites afferent axons
may be applicable to human GPi-DBS. Actually, repetitive stim-
ulation using different parameters invariably produced inhibi-
tion in the GPi (Fig. 4). High-frequency stimulation through
macroelectrodes and microelectrodes induced similar inhibition
in human parkinsonian patients (Filali et al., 2004). In addition,
normal monkeys were used in the present study. GABA , receptor
binding and mRNA expression were increased in the GPiand SNr
in parkinsonian patients and animals (Galvan and Wichmann,
2007), suggesting that inhibitory effects by released GABA in
parkinsonian GPi are stronger than those in normal GPi. Actu-
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ally, high-frequency GPi stimulation in human parkinsonian pa-
tients exhibited strong continuous inhibition (Dostrovsky et al.,
2000; Lafreniere-Roula et al., 2010). Thus, the suggested mecha-
nism that released GABA from afferent terminals inhibits GPi
activity is applicable to human GPi-DBS.
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